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Abstract 

The scattered rainforests of the Atherton Tablelands in north Queensland are a classic 

example of habitat fragmentation. Many populations of cool-adapted species occurring in this 

area are restricted to small fragments and their habitat is expected to shrink further with 

climate change. If cool-adapted species are to persist into the future they will need to have the 

possibility to disperse to highland refugia. This thesis: “Patching up the divide: population 

dynamics and genetics of small mammals in a fragmented rainforest landscape” identifies key 

fragmentation aspects and evaluates the potential for connectivity on a landscape-wide and a 

fine scale.  

 

I measured the influence of forest configuration, patch size, connectivity and isolation age on 

the population structure of rainforest mammals. In continuous and fragmented rainforest tree-

kangaroos and possums were surveyed by spotlighting and rodents and other small marsupials 

by mark-recapture techniques. Population demography of three common and abundant rodent 

species: Melomys cervinipes, Rattus leucopus and Uromys caudimaculatus was studied in 

more detail. DNA was sampled from two focal rodent species, Melomys cervinipes and Rattus 

leucopus, to evaluate how the mosaic nature of the landscape affected genetic variation, 

differentiation, relatedness and gene flow. For genetic investigations five microsatellite loci 

were amplified in M. cervinipes and eight loci in R. leucopus. The mitochondrial DNA D-loop 

was also targeted in R. leucopus. Vegetation structure surveys were conducted to reveal fine-

scale variation in the habitat and its influence on population demography and genetic structure 

of the two main study species.  

 

I found that non-flying mammal species diversity was greatest in continuous forest and in 

large fragments with few climbing palms and less ground cover, indicating that large patches 

can support a near complete rainforest mammal species assemblage, including fragmentation-

sensitive species that were mostly absent from small patches. Abundance of the three focal 

rodent species decreased with decreasing patch size, significantly so for R. leucopus. 

Decreasing patch size may have had negative impacts on breeding rates in the three focal 

rodent species. The number of M. cervinipes lactating females significantly declined in 

smaller patches. For the largest rodent species (Uromys caudimaculatus) subadults were 

found only in large fragments, suggesting that this species might only breed in large 
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fragments, this result, however, was based on small sample sizes and should be treated with 

caution. Sex ratio and the proportion of adults to subadults did not vary significantly with 

patch size in the two smaller rodent species (M. cervinipes, R. leucopus). However M. 

cervinipes adults and R. leucopus subadult females were in poorer body condition in small 

fragments, potentially indicating that small fragments contained fewer resources.  

 

Mark recapture in fragmented and continuous forest sites revealed that most movements by 

M. cervinipes and R. leucopus occurred on a small scale (30-60 m). The distances moved by 

most individuals were shorter in small fragments compared with larger remnants and 

continuous forest. This effect was primarily influenced by vegetation structure, while space 

limitation, resource availability and mating opportunities likely played an additional role. 

Vegetation structural elements most influential for routine movements and dispersal 

behaviour of both species were: ground cover, abundance of climbing palms and canopy 

height. Where climbing palms were common, rodents tended to be more sedentary, while in 

areas with a high percentage of ground cover and canopy cover more movements occurred. It 

appeared that the two smallest rodents (M. cervinipes and R. leucopus) had a population 

demography that was well adapted for life in small fragments and that these species adjusted 

their foraging behaviour to suit present resource availability and mating opportunities. The 

larger rodent (U. caudimaculatus) could experience a lack of good-quality breeding habitat in 

small sites but populations seemed to persist and dispersing individuals could use these 

remnants as stop-over places when migrating between larger sites. 

 

Populations of M. cervinipes and R. leucopus have maintained high genetic variation and 

showed no clear evidence of inbreeding. Genetic variation and relatedness were not affected 

by site size, but were influenced by connectivity and time since isolation. Populations in small 

sites may have maintained genetic variation by retaining a sufficiently large population size 

and by gene flow. In currently unconnected sites that had been isolated for a short period of 

time, lower genetic diversity and higher relatedness was found than in continuous forest, or 

sites previously isolated and then reconnected by riparian corridors. This demonstrated that 

connectivity allowed gene flow to restore and maintain genetic variation. Population genetic 

structure reflected both historical and recent fragmentation. Historical environmental changes 

from the Pleistocene could be detected in separate populations from the eastern and the 

western Tablelands, but recent anthropogenic impacts also influenced genetic differentiation. 
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Population differentiation and migration rates for M. cervinipes and R. leucopus were driven 

by an interaction between geographic distance and connectivity but these two factors did not 

explain the entire complexity. Directional gene flow from smaller towards larger sites 

consistently occurred across the landscape in both species. It appeared that individuals were 

selecting against low quality habitat (in small sites) and were dispersing towards higher 

quality habitat (in large sites). Although many individuals were emigrating from small 

patches, genetic diversity in these sites remained high, indicating that even low migration 

rates provided a regular influx of new genetic material.  

 

Populations of M. cervinipes had lower genetic differentiation and relatedness and higher 

heterozygosity compared with R. leucopus. These species also experienced barriers and fine-

scale structuring of the habitat differently. Values of spatial autocorrelation for R. leucopus in 

small and in large fragments were on average higher than for M. cervinipes, suggesting that 

the former species was more restricted by fine-scale changes, for example, in vegetation 

structure. Differences appeared to be related to the ecology of the two species. Melomys 

cervinipes is a scansorial species that can climb trees with great agility. This ability expands 

its niche and allows it to use food resources and shelter not available to terrestrial species such 

as R. leucopus. It also increases the resilience of M. cervinipes to fragmentation, allowing 

easier movements along vegetated riparian strips with canopy connectivity but sparse 

understorey. In contrast, the requirement for tree cover hampers the dispersal of M. cervinipes 

through grassland as migration rates were lower than those of R. leucopus when sites were 

separated by long distances of pasture. Nevertheless migration rates for both species were, on 

average, low, suggesting that dispersal movements were rare events in an ecological 

timeframe. Therefore continued gene flow will be crucial to avoid future negative effects 

caused by inbreeding and genetic drift. A well-connected metapopulation can maintain both 

species and genetic diversity as increased heterogeneity in the landscape can support a wider 

variety of species and genetic drift will increase the genetic difference between populations. 

Small patches appeared to perform an important function in the landscape, as valuable habitat 

and as stepping stones across the matrix between larger patches of forest. To ensure uniform 

distribution of gene flow across the landscape it will be important to improve habitat quality 

of small fragments and matrix permeability, while accommodating individual species 

characteristics and requirements. Therefore genetic estimates of dispersal were combined with 

resistance mapping and climate refugia models to identify key rainforest patches and potential 

areas for corridor construction.  
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1.1 Problem statement and background  

Habitat fragmentation leads to the subdivision of large areas of habitat into patches of 

different sizes, isolation of those habitat patches and subsequent reduction of the core habitat 

in those patches due to edge effects (Wilcove et al. 1986). Populations in small habitat 

fragments have a higher chance of extinction due to increased exposure to negative edge and 

matrix effects and due to an augmented susceptibility to stochastic events (Laurance et al. 

1997; Lindenmayer et al. 1999a; Fahrig 2003; Laurance et al. 2007). Isolation of habitat 

fragments can impede faunal dispersal and therefore increase the risk of inbreeding and loss 

of genetic variation due to random genetic drift (Lande 1988; Keller & Waller 2002; 

Frankham 2005; Allendorf et al. 2013). Inbreeding has been shown to reduce fitness and 

resilience to random events and therefore predisposes populations to extinction (Coltman et 

al. 1999; Keller & Waller 2002; Reed & Frankham 2003). However, in a fragmented 

terrestrial landscape, isolation is not always complete (Thébaud & Strasberg 1997; Bowler & 

Benton 2005; Van Dyck & Baguette 2005; Baguette & Van Dyck 2007). Although modelled 

on Island Biogeography Theory (MacArthur & Wilson 1967), fragments are not islands in an 

inhospitable ocean (Laurance 2008); many species can move across the landscape and their 

success will largely depend on their dispersal abilities and tolerance to the matrix between the 

fragments (Laurance 1991a; Thébaud & Strasberg 1997; Mech & Hallett 2001; Bowler & 

Benton 2005; Van Dyck & Baguette 2005; Baguette & Van Dyck 2007; Gilbert-Norton et al. 

2010).  

 

1.1.1 Extinction risk 

Habitat loss and fragmentation are widely regarded as a major threat to the planet’s 

biodiversity and a partial cause of the present extinction crisis (Wilcox & Murphy 1985; 

Laurance & Bierregaard 1997; MacDonald 2003; Laurance et al. 2007; Estavillo et al. 2013; 

Laurance et al. 2014). This level of threat is recognised because habitat loss and 

fragmentation have large negative effects on biodiversity in terms of species richness and 

interactions, as well as on population abundance, dynamics, distribution, growth rate and 

genetic diversity (Fahrig 2003; Estavillo et al. 2013; Traeholt & Novarino 2013; Laurance et 

al. 2014). When patches are small and isolated, species richness is affected. In particular, 

there are reductions in the number of rare, specialist, K-selected species (slow growth rate, 

low fecundity and long lifetime) and species with large area requirements, consequently 

reducing the length of the trophic chain (Laurance 1991a; 1997; Laurance & Bierregaard 
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1997; Fahrig 2003; Pardini et al. 2005). Population abundance and growth rate are negatively 

affected due to a decrease in success of foraging, breeding and dispersal and often an increase 

in predation rate (Laurance 1991a; Lidicker 1999; Fahrig 2003; Hausmann et al. 2005; 

Pardini et al. 2005). Populations in low abundance are additionally more prone to 

environmental variations and stochastic, demographic and genetic effects, which collectively 

can drive them into extinction (Laurance 1991a; Keller & Waller 2002).  

 

Due to subdivision of the habitat, population distribution and dynamics will conform to that 

of a metapopulation if dispersal is possible (Hanski 1999). Metapopulation theory in 

fragmented landscapes has been modelled on Island Biogeography Theory (IBT), which 

predicts that populations on small islands far from the mainland have an increased chance of 

extinction (MacArthur & Wilson 1967). However, contrary to species on islands that are 

surrounded by an impenetrable oceanic matrix, many species in terrestrial landscapes have the 

potential to disperse across the inhospitable terrestrial matrix. Therefore IBT was adapted into 

metapopulation theory to describe habitat fragmentation in terrestrial landscapes (Hanski 

1999; Laurance 2008). Metapopulation theory in fragmented landscapes mostly conforms 

largely to IBT but adds a parameter for dispersal that is referred to as ‘source-sink dynamics’ 

(Pulliam 1988). In sources, birth rates are higher than mortality rates whereas in sinks the 

reverse is true. In sources, excess births are expected to produce density dependent dispersal, 

resulting in emigration rates greater than immigration rates, with the reverse happening in 

sinks (emigration< immigration). Source-sink dynamics are therefore expected to determine 

the direction of dispersal from the fragment and the demography within it (Pulliam 1988). As 

sink populations are reliant on sources for their persistence, sink populations can go extinct if 

they become isolated from a source (Pulliam 1988; Watkinson & Sutherland 1995; Dias 1996; 

Gaggiotti & Smouse 1996; Delibes et al. 2001; Gundersen et al. 2001; Amarasekare 2004). 

  

Fragmentation creating small, isolated populations will decrease genetic diversity by 

disrupting gene flow, by increased inbreeding and random genetic drift (Lande 1988; 

Frankham 2005; Lowe & Allendorf 2010; Allendorf et al. 2013). Loss of genetic diversity 

reduces fecundity and population viability (Lande 1988; O'Donnell 1991) and the ability of 

organisms to evolve and cope with environmental change (Banks & Taylor 2004; Traill et al. 

2010). Therefore long-term population persistence will be compromised (Allendorf et al. 

2013).  
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The impacts of habitat fragmentation can be further exacerbated by edge effects, which 

effectively reduce core habitat (Murcia 1995; Laurance et al. 2007). Edge effects are diverse 

physical and biological phenomena associated with the abrupt, artificial boundaries of habitat 

fragments (Laurance et al. 2007). Sharp edges and contrasts may cause serious losses of 

residual biological value because of the intrusion of detrimental abiotic (e.g. increased 

temperature fluctuations) and biotic forces (e.g. weed seed dispersal) (Harris & Scheck 1991). 

Edge effects can cause deterioration of habitat quality near an ecological boundary and failure 

of faunal dispersal due to edge avoidance (Lande 1988; Laurance 1991b; Lidicker 1999; 

Laurance 2004). Edges are dynamic and their extent will vary depending on factors such as 

the successional stage of the edge, floristics, orientation, edge aspect, fragment size and 

shape, seasonality, seed dispersal, extreme weather events, fires and type of matrix (Murcia 

1995; Turton & Freiburger 1997; Laurance et al. 2007; Catterall et al. 2008; Prevedello & 

Vieira 2010).  

 

1.1.2 Fragmentation in the study area 

The scattered rainforests of the Atherton Tablelands in the Wet Tropics bioregion of north 

Queensland are a classic example of habitat fragmentation. The Atherton Tablelands were 

mostly covered by dense upland rainforest before European settlement in the area. During the 

1870s Europeans first came to the area (Gilmore 2005) to commence logging operations and 

later cleared much of the Tablelands for agriculture and cattle grazing (Gilmore 2005). This 

left the rainforest of the Tablelands highly fragmented with forest remnants ranging from 1 to 

600 ha in area, which are scattered over an area of approximately 900 km
2
 (Harrison et al. 

2003). Even though most of the remaining rainforests in the region are now conserved, many 

small remnants are in private ownership where logging and clearing for agriculture still 

proceeds (Tucker & Murphy 1997; Kanowski et al. 2003a; Catterall et al. 2004; Laurance & 

Goosem 2008).  

 

Even with intense fragmentation, tropical rainforests in North Queensland are still listed in the 

Global 200, a collection of the Earth’s most outstanding, important and diverse terrestrial, 

freshwater and marine habitats (Olson & Dinerstein 2002) and is known as a mega-diverse 

region especially in terms of primitive and endemic species (Williams et al. 2008a; Stork et 

al. 2011). These rainforest remnants are recognized as internationally important refugia for 

many rare and threatened taxa (Harrison et al. 2003; Williams 2006; Williams et al. 2008b). 
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Furthermore, a large proportion of these endemic species are adapted to the cooler, wetter 

uplands (Williams et al. 2003; Winter 2004) and climate change could cause a significant 

reduction or complete loss of the core environment of these endemic animals (Williams et al. 

2003; Williams 2006). This means that habitat of threatened and endemic fauna is not only 

fragmented with consequent further reduction of core habitat due to edge effects, but also that 

climate change may cause some of the fragments to become unsuitable for survival. The 

combined impacts of fragmentation, edge effects and climate change will mean that in future 

planning it will be critical to identify important areas of cool habitat for the protection of these 

endemic species (Williams et al. 2008b; Laurance et al. 2011; Shoo et al. 2011). The Atherton 

Tablelands provide a valuable study area to investigate the effects of fragmentation, discover 

whether fauna are adapting to this fragmented environment and consider strategies to 

counteract species extinctions and preserve areas of high importance such as postulated 

refugia from climate change. 

 

1.2 Knowledge gap  

A wide range of research has been conducted concerning mammals of fragmented sections of 

the Wet Tropics. Studies have mostly focussed on species composition, abundance, 

demography (Laurance 1989; 1990; Laurance & Laurance 1995; Laurance & Laurance 1996; 

Streatfeild 2001; Harding & Gomez 2006; Elmouttie 2009; Moore 2010) and the importance 

of corridors (Crome et al. 1994; Hausmann 2004; Horskins 2005; Paetkau et al. 2009). Most 

have used spotlighting or trapping techniques (Pahl et al. 1988; Laurance 1989; 1990; 

Laurance & Laurance 1995; Laurance & Laurance 1996; Laurance 1997; Laurance et al. 

2008) and only a few also incorporated a genetic component (Leung et al. 1993; Streatfeild 

2001; Horskins 2005; Paetkau et al. 2009). The scale on which previous studies were 

performed varies greatly. Small-scale studies researched species distributions and abundance 

and also included surveys of population structure and demography (Streatfeild 2001; 

Elmouttie 2009). Studies specifically attempting to assess inter-remnant dispersal and gene 

flow were mainly conducted at a small scale, including several habitat patches in one area or 

sites that were centred around a single corridor system (Streatfeild 2001; Horskins 2005; 

Paetkau et al. 2009). On a landscape-wide scale, studies focussed on patch size, edge effects 

and connectivity, comparing species composition and abundance (Laurance 1990; 1991a; 

1994; Laurance & Laurance 1996; Laurance 1997; Laurance & Laurance 1999; Williams et 

al. 2002; Hausmann 2004; Harding & Gomez 2006; Laurance et al. 2008).  
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Effects of patch size and isolation on small mammal populations on a landscape-wide scale 

have only once been complemented with population genetics in the Australian Wet Tropics 

(Leung et al. 1993). Genetic markers used in that particular study (allozymes) were more 

likely to be dominated by historical (natural) rather than current (anthropogenic) 

fragmentation (Cunningham & Moritz 1998). High mutation rate genetic markers, such as 

microsatellites, will more rapidly approach equilibrium with current processes and are now 

the tool of choice (Cunningham & Moritz 1998). As genetic techniques are evolving rapidly, 

techniques using microsatellite DNA are more readily available than in the past. Three more 

recent studies working on a smaller scale have applied microsatellite techniques either in 

small mammal population specific genetic studies (Streatfeild 2001) or in studies of corridor 

usage by small mammals (Streatfeild 2001; Horskins 2005; Paetkau et al. 2009). 

Mitochondrial DNA analysis was used to complement microsatellite DNA, allowing detection 

of both historical and recent gene flow. These techniques have been proven to be successful in 

the study of endemic (in)vertebrates in the Wet Tropics (Schneider et al. 1998; Hugall et al. 

2002; Sumner et al. 2004) Although these studies provided a basis regarding site-specific and 

corridor effects, more information is required to extrapolate the results to a landscape-wide 

scale and assess the full extent of fragmentation effects.  

 

This has left a significant gap in our knowledge on landscape-wide variation in population 

structure and genetics of mammal species in fragmented rainforest of the Atherton 

Tablelands. On a finer scale the response to vegetation structure and edge-matrix boundary 

can differ greatly depending on the scale at which animals are perceiving their habitat 

(Stenseth & Lidicker 1992; Prevedello et al. 2010). Small mammals can respond to edges and 

variation in habitat in a more subtle way than previously expected (Lidicker 1999), therefore 

it was important to study vegetation structure in more detail to attempt to explain these fine-

scale responses (Lidicker 1999; Prevedello et al. 2010; Prevedello & Vieira 2010). To my 

knowledge there have been no comprehensive assessments of different fragmentation effects 

on small mammal populations on the Atherton Tablelands, which incorporated genetic 

surveys of these species on both a large and small scale. As population genetic techniques are 

improving rapidly, they have become a useful tool to identify vulnerable populations and to 

allow detection of rare events such as inter-remnant dispersal. This new information allowed 

me to map the resistance of the landscape and to indicate where connectivity could be 

increased. This knowledge will contribute to managing threatened populations more 
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effectively in the future, and assist to identify where conservation efforts should be 

concentrated.  

 

1.3 Aims 

The aims of my project were to investigate landscape-wide and fine-scale fragmentation 

effects on small mammal populations and to use genetic tools to identify key aspects that 

could be targeted for conservation management. Three rodent species were the main study 

group as they were rainforest-restricted, likely to be impacted by fragmentation, abundant for 

adequate sampling and co-occurring with endemic mammal species that are thought to be 

even more sensitive to fragmentation and climate change, thereby providing potential as 

indicator species. Study sites included continuous rainforest control sites and fragmented 

patches of rainforest varying in size, isolation history and connectivity. 

 

1.4 Thesis outline 

Chapter 2 reviews the main drivers of fragmentation impacts using examples from the study 

area which also illustrate its history and importance.  

Chapter 3 summarises the general methods used in this thesis and provides more detail on the 

specific study sites and species.  

In Chapter 4 I use small mammal trapping and spotlighting techniques to investigate the effect 

of rainforest configuration (fragmented versus continuous forest) and rainforest patch size on 

the occurrence of mammal species, and on the population demography (abundance, sex ratio, 

age class ratio, body condition and small-scale movements) of three rodent species. In 

Chapter 5 I investigate the influences landscape-scale fragmentation has on the population 

genetics of a scansorial and a terrestrial rat species considering sites varying in forest 

configuration, patch size, isolation distance, isolation history and patch connectivity.  

Chapter 6 analyses vegetation structure at each site in more depth and at a finer scale in terms 

of effects on species composition, abundance, body condition, small-scale movement distance 

and genetic variation of small mammal species.  

Finally in Chapter 7, I synthesise the information from previous chapters visually, in the form 

of maps showing landscape resistance. The maps indicate areas that could be targeted for 

increasing connectivity. I highlight possible climate change refugia and suggest means of 

providing connectivity towards them. A conservation action plan for fragmented areas is 

conceived and discussed using examples from the study region. 



 

 

2 The pieces of the fragmentation puzzle 
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No other land community matches the species diversity and ecological complexity of tropical 

forests (Laurance & Bierregaard 1997). Tropical forests are the planet's most biologically 

diverse ecosystems: seven percent of the land surface holds more than half of the planet’s life 

forms (Wilson 1992; Laurance & Bierregaard 1997). Yet the rate of deforestation in the 

tropics is alarmingly high (FAO 2011); several hundred million hectares of forest have been 

destroyed during the past few decades (Achard et al. 2002; Mayaux et al. 2005; FAO 2011; 

Hansen et al. 2013). About 50% of the rainforest that covered the globe from 1947 until 2010 

has now disappeared (FAO 2011). The tropical rainforests in north Queensland, Australia are 

no exception to this rule: forty percent of the original area of rainforests in north Queensland 

was cleared by 1980 (Tracey 1982). Habitat loss and fragmentation pose a severe threat to 

tropical biotas (Laurance et al. 2000; Tucker 2000; Leary & Mamu 2004). Tropical species 

are especially at risk because they often occur at low densities, have low rates of reproduction, 

low dispersal abilities, limited tolerance of modified habitats and depend on mutualistic 

interactions (Laurance 1991a; Stork & Turton 2008; Laurance et al. 2009). 

 

2.1 The fragmentation puzzle: the Wet Tropics in pieces 

Australia's tropical rainforests are confined to disjunct tracts in coastal and upland regions of 

north east Queensland (Webb & Tracey 1981; Bowman 2000). This humid tropical region of 

north Queensland (lat. 15-19° S, long. 145-146° 30’ E) contains the largest continuous area of 

rainforests in Australia (6000 km²), representing 0.2% of the total area of the continent 

(Tracey 1982).  

 

2.1.1 Historical fragmentation 

Many areas in the world now supporting rainforest have had a turbulent history, particularly 

in the late Tertiary and Quaternary (Kershaw 1981; 1994; Moritz et al. 1997; Hilbert 2008). 

The Atherton Tablelands in north east Queensland are exemplary (Kershaw 1976; Kershaw & 

Sluiter 1982; Kershaw et al. 1993; Cunningham & Moritz 1998). Pleistocene contractions due 

to repeated flows of basalt from volcanoes intermittently smothered and expanded the 

rainforest of north east Queensland (Kershaw 1994). Bioclimatic models of this period 

suggest that rainforest was largely restricted to two distinct regions of the Wet Tropics, one in 

the Atherton Tablelands and another around the headwaters of the Daintree River (Figure 2.1: 

location of Daintree and Atherton), as these two areas contain several Pleistocene rainforest 

refuges (Kershaw & Nix 1988), as shown in several genetic studies on vertebrate and 



Chapter 2: The pieces of the fragmentation puzzle 

10 

invertebrate fauna (Moritz et al. 1997; Cunningham & Moritz 1998; Schneider et al. 1998; 

Hugall et al. 2002; Moritz 2002; Sumner et al. 2004; Hilbert 2008; Bryant 2013). This 

historical background has contributed to areas of rainforest on the Atherton Tablelands being 

centres of endemism containing a large number of taxa with primitive characteristics (Winter 

et al. 1984; Laurance 1989; Cunningham & Moritz 1998; Williams et al. 2003). Volcanic 

events continued to as recently as 26 000 to 10 000 BP (Kershaw et al. 1993; Kershaw 1994; 

Moritz et al. 1997). The most recent of these events was followed by a drier climate and 

burning by Aboriginal Australians (Kershaw 1981; Kershaw et al. 1993; Kershaw 1994), 

which converted most of the area to dry sclerophyll forest; rainforest persisted only on higher 

slopes of the eastern and western side of the Tablelands and near watercourses (Kershaw et al. 

1993; Kershaw 1994; Moritz et al. 1997). Around 7000 BP most of the area was again 

colonised by rainforest and a stable period followed (Kershaw 1992; Moritz 2002). 

 

2.1.2 Recent fragmentation 

This stable period did not last. In addition to long-term natural processes impacting 

populations of flora and fauna in the rainforests of north Queensland, there was also 

anthropogenic clearing that commenced in the late 19
th

 century (Gilmore 2005; Hilbert 2008). 

During the 1870s ‘cedar getters’ (Queensland Red Cedar, Toona ciliata) were attracted to the 

Tablelands. This first led to selective logging (20% of the rainforests had disappeared by 

1880) and soon the area was also targeted for crop and dairy farming (Catterall et al. 2004; 

Turton 2008). By 1983, 76 400 ha of the original 79 000 ha of forest had been removed 

(Turton 2008). Issues of conservation arose and in 1988 a large part of the rainforest was 

gazetted as the Wet Tropics World Heritage area (WTWHA) (Figure 2.1) (WTMA 2010). 

Even though most of the remaining rainforest in the region are now conserved in the 

WTWHA, many small remnants are in private ownership where logging and clearing for 

agriculture still proceeds (Tucker & Murphy 1997; Kanowski et al. 2003a; Catterall et al. 

2004; Laurance & Goosem 2008). Not only is the remnant vegetation in danger of 

disappearing because of continued logging and clearing but it is also highly fragmented and 

embedded in a landscape matrix of agriculture and urban development (Laurance 1997; 

Harrison et al. 2003). Moreover, due to selective logging and clearing of nutrient-rich soils for 

agriculture most of these surviving remnants of rainforest occur in steep and dissected areas 

on poorer soils (Laurance 1997; Kanowski et al. 2001b; Laurance & Goosem 2008; Turton 

2008).  
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Figure 2.1: The Wet Tropics Queensland World Heritage Area with Cairns/Kuranda inset (WTMA 2010) 
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Despite the fact that habitat of the Wet Tropics has been dramatically reduced and 

fragmented, the tropical rainforests in north Queensland are still listed in the Global 200, a 

collection of the Earth’s most outstanding, important and diverse terrestrial, freshwater and 

marine habitats (Olson & Dinerstein 2002) and is known as a mega-diverse region especially 

in terms of primitive and endemic species (Williams et al. 2008a; Nomura et al. 2009; Stork 

et al. 2011). The Wet Tropics comprise one of the most important centres of mammalian 

endemism in tropical Australia (107 mammal species of which 14 are endemic) support the 

most diverse assemblage of sympatric marsupial folivores (8 species) (Laurance & Laurance 

1996; Wilson 2000) and contains 25% of the rodent species found in Australia of which one is 

endemic (Williams 2006; Stork et al. 2011). For this reason these rainforests are recognized 

as internationally important refugia for many rare and threatened taxa (Harrison et al. 2003).  

 

2.1.3 Future: climate change 

These unique species are now under threat of climate change. A warming of 1 to 5°C and 

altered precipitation levels in the range of -23 to +17% in the humid tropics of north 

Queensland is predicted to occur by 2080 and modelling shows that under a worst case 

scenario (of 5°C warming and -23% reduced rainfall) (IPCC 2013) a 90 to 99% decrease in 

upland rainforest is expected, even if rainfall remains constant (Hilbert et al. 2001; Hilbert 

2008; 2010). In the Wet Tropics a high proportion of endemic mammals are confined and 

adapted to the cooler, wetter uplands, limiting their distribution (Williams et al. 2003; Winter 

2004). Climate change could result in many extinctions, because a significant reduction or 

complete loss of the core habitat of all regionally endemic vertebrates is expected (Williams 

et al. 2003; Williams 2006). Where artificial landscape fragmentation prevails and land-uses 

are changing rapidly, tropical species are likely to be unable to migrate at a sufficient rate to 

keep pace with the changing climate and unable to adapt due to narrow physiological 

tolerances (Janzen 1967; Peters & Darling 1985; Pearson & Dawson 2003; Williams et al. 

2003; Colwell et al. 2008; Laurance 2008). Therefore identifying and conserving possible 

climate refugia, and allowing dispersal toward these protected domains, is crucial for 

continued survival of endemic upland species (Williams et al. 2008b; Gilbert-Norton et al. 

2010; Shoo et al. 2011).  
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2.2 Source-sink population dynamics  

Dispersal is of vital importance for the future of fragmented populations in the Wet Tropics, 

requiring consideration of drivers at the landscape-scale. However, theoretical predictions on 

dispersal vary widely and all depend on typical landscape characteristics and population 

dynamics. The model of source-sink dynamics based on metapopulation theory (Hanski 1999) 

is commonly used to explain dispersal and population dynamics in fragmented landscapes 

(Watkinson & Sutherland 1995; Dias 1996; Gaggiotti & Smouse 1996; Clinchy 1997; Kim et 

al. 1998; Foppen et al. 2000; Delibes et al. 2001; Gundersen et al. 2001; Amarasekare 2004; 

Beck et al. 2004; Tattersall et al. 2004; Runge et al. 2006; Bjorklund et al. 2010). Source-sink 

population dynamics arise when density dependent dispersal connects at least two 

populations, and individuals emigrating from a population with positive growth (a source) 

support another population with negative growth (a sink) (Pulliam 1988; Runge et al. 2006) 

(Table 2.1). Similarly, interference competition can force subordinate individuals from high-

quality source habitat into inferior sink habitats (Diffendorfer et al. 1995; Tattersall et al. 

2004; Bowler & Benton 2005) (Table 2.1 & Figure 2.2a). Many variations exist to the normal 

source-sink pattern and these are illustrated in Figure 2.2 and summarised in Table 2.2. 

Individual characteristics such as the average distance travelled by dispersers, and the ease 

with which dispersers cross the edge and matrix between a sink and a source patch are 

important influences on emigration rates (Buechner 1989; Bowler & Benton 2005), which are 

determined by landscape characteristics such as 1) habitat quality; 2) relative patch size of a 

dispersal sink relative to the source; 3) the degree of connectivity determined by isolation; and 

4) type of matrix (Buechner 1989; Bowler & Benton 2005). In the following sections 

fragmentation effects on, or arising from these four main factors are further described, 

together with their impact on animal populations.  

 
Table 2.1: Hypothesised source-sink dynamics in mammal populations  

(Greenwood 1980; Pulliam 1988; Tattersall et al. 2004) 

Source Sink 

death rate < birth rate death rate > birth rate 

emigration > immigration emigration < immigration 

high habitat quality low habitat quality 

large patch size small patch size 

high number of breeding adults high number of juveniles 

large body size small body size 

more females than males fewer females than males 

high number of dominant individuals 

high body condition 

high number of subordinate individuals  

low body condition 
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Table 2.2: Summary of different scenarios of source-sink dynamics  

(Watkinson & Sutherland 1995 
1
; Dias 1996 

2
; Clinchy 1997 

3
; Delibes et al. 2001 

4
; Gundersen et al. 2001

5
; 

Amarasekare 2004 
6
; Bowler & Benton 2005 

7
) 

Category Source Sink Cause 

source-sink (a) emigration > 

immigration 

emigration < 

immigration 

Interference competition and density dependent 

dispersal due to higher birth rates in source force 

superfluous individuals towards sink 
1,6,7

  

pseudo sink emigration > 

immigration 

emigration << 

immigration 

Local recruitment is density dependent as in a 

normal source sink situation but immigration is not 

necessary to support the population and increases it 

beyond local carrying capacity 
1,2

  

dependent source  emigration >> 

immigration 

emigration < 

immigration 

Emigration from the source patch is so high it 

becomes dependent on immigrants from the sink 
5 

 

black hole sink 

(c) 

emigration >> 

immigration = 0 

emigration = 

immigration 

Sinks receive immigration from the source but 

there is no net back-migration to the source 
2
 

attractive sink, 

deceptive source 

(c) 

emigration >> 

immigration = 0 

0 = emigration 

<< immigration 

Due to maladaptive habit selection sinks become 

attractive, and in reality act as death traps 
4  

depleted source 

(conversion from 

source to sink) 

(b) 

emigration < 

immigration 

emigration > 

immigration 

Selection against low quality habitat (sink) results 

in a net movement towards the source, depleting 

resources in the source because of surplus 

individuals. If immigrants are male, there will be 

no contribution to the source population, and 

intraspecific competition will be increased 
3,5

  

Note: (a), (b) and (c) are illustrated in Figure 2.2 

 

 
Figure 2.2: Illustration of possible different scenarios of source-sink dynamics 

Note: Purple=immigration, yellow=emigration, thickness of arrows illustrate the rate of migration  



Chapter 2: The pieces of the fragmentation puzzle 

15 

2.3 Habitat fragmentation: the pieces of the puzzle 

2.3.1 Habitat quality 

Habitat quality consisting of resource availability and vegetation structural elements that can 

provide shelter for fauna occurring in fragmented habitat may deteriorate due to edge effects, 

internal fragmentation from roads and other clearings (Turton & Freiburger 1997; Goosem 

2007; Pohlman et al. 2007; Laurance & Goosem 2008; Laurance et al. 2009). Edges may 

cause further loss of habitat value because of the intrusion of both abiotic and biotic factors 

(Harris & Scheck 1991). Abiotic edge effects include changes in microclimate (greater 

fluctuations in temperature, light and humidity), elevated wind turbulence, and elevated input 

of agricultural chemicals (Turton & Freiburger 1997; Pohlman et al. 2007). Biotic edge 

effects can be caused by the presence of secondary vegetation, by invasions of weedy or 

generalist plants and animals, and by changes in ecological processes such as nutrient cycling, 

energy flows and species interactions (Laurance 2004; Pohlman et al. 2007; Goosem 2008; 

Laurance & Goosem 2008). Direct biological edge effects will result in changes in abundance 

and distribution of species due to the altered physical conditions near the edge and the 

physiological tolerances of species involved, while indirect biological edge effects are a result 

of altered species interactions due to direct edge effects (Murcia 1995; Laurance et al. 2008). 

  

One species interaction with co-evolved interdependencies, which is highly important for 

rainforest biota, is that the majority of plant species require animals for seed dispersal (Parry 

et al. 2007). Birds that feed on fleshy fruits disperse the seeds of around 70% of plant species 

in Australian rainforests (Tucker & Murphy 1997; Moran et al. 2004; Westcott et al. 2008). 

Bats and rodents also undertake significant roles in predation and dispersal of many rain 

forest seeds in north Queensland (Tucker & Murphy 1997; White et al. 2004; Westcott et al. 

2008). However, many of the rainforest mammals capable of moving large seeds will rarely 

cross an agricultural or grazing matrix between forest patches (White et al. 2004). Seed 

dispersal will thus be limited to within rather than between fragments, making recolonisation 

of isolated patches difficult and therefore also affecting the floristics and habitat quality of 

fragments. Fauna are less inclined to disperse seeds to those lower quality fragments, 

effectively reducing recruitment through seed dispersal, resulting in further deterioration of 

habitat quality in these fragments (Tucker & Murphy 1997; White et al. 2004). 

 



Chapter 2: The pieces of the fragmentation puzzle 

16 

Although edge effects appear to have a general negative impact on specialist rainforest 

species, other species thrive or are attracted to edge habitat (Laurance 1990; 1991b; 1997; 

Lidicker 1999). Many small mammals successfully cope in secondary vegetation because they 

are adapted to ecosystems with high disturbance (Whitmore 1990; Malcolm 1997; Whitmore 

1997) and are habitat generalists (Elmouttie 2009). Melomys cervinipes (Fawn-footed 

Melomys) and Rattus leucopus (Cape York Rat), for example, increase significantly in 

abundance near forest edges and in disturbed forest (Laurance 1997; Goosem 2001; 2004), 

while numbers of Rattus fuscipes (Bush Rat) decline (Laurance 1997; Bentley 2008). The 

reason for this, in the case of M. cervinipes, is probably because food resources and ground 

cover are increased and more evenly distributed in disturbed forest with a more open canopy 

(Laurance 1989; 1991b; Goosem 2000a; Nomura et al. 2009) and the presence of saplings and 

small diameter vines provide additional substrates for climbing and foraging (Laurance 1994). 

Early regeneration stages and forest with less foliage cover have a higher productivity of fruit 

and insects, which small mammals can feed on (Pardini et al. 2005). The two Rattus species 

probably undergo a proportional change in abundance at the edge because R. leucopus favours 

the typical edge conditions with many treefalls and dense rattan growth that provide foraging 

and shelter opportunities (Laurance 1994), while R. fuscipes prefers the structurally complex 

forest types with dense ground cover of the forest interior (Lindenmayer et al. 1994; 

Macqueen et al. 2008) and avoids competition with large densities of R. leucopus (Laurance 

1994).  

 

Several arboreal folivores of the Wet Tropics bioregion also react positively to the rainforest 

edge (Harding & Gomez 2006). Using pellet counts as a relative index of arboreal folivore 

populations in north Queensland, Harding and Gomez (2006) found that edge transects 

contained a higher abundance of folivore pellets than did interior forest transects. The 

increased biomass and nutritionally superior leaf quality may attract folivores to the forest 

edge (Kanowski et al. 2001b; Coombes 2005). Trichosurus vulpecula johnsoni (Coppery 

Brushtail Possum), Pseudochirops archeri (Green Ringtail Possum) and Dendrolagus 

lumholtzi (Lumholtz’s Tree-kangaroo) can use pioneer and secondary plant species (Pahl et 

al. 1988; Laurance et al. 2008), which are abundant in regrowth forest (Laurance 1989) and 

common along edges (Laurance & Laurance 1996; Coombes 2005). High abundance, 

however, may be a short-term effect caused by a sudden improvement in food quality 

following disturbance or by loss of habitat and incursions of ‘homeless’ animals (Fahrig 

2003). It is also possible that folivores attracted to forest edges suffer from increased 
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predation, causing lower survival, but higher turnover, of edge populations than interior ones 

(Harding & Gomez 2006), leading to a higher temporary abundance. An example from 

temperate forest voles illustrates this effect; after one to four years of forest harvesting voles 

increased in abundance in regenerating forest compared with retained patches of forest, but 

after five to eight years abundances declined, believed to be caused not by predation but by a 

reduction in optimal habitat conditions (Sullivan et al. 2008).  

 

Some species do not show a positive response and actively avoid edges (Laurance 1997; 

Lidicker 1999; Kanowski et al. 2001b). Edge sensitive mammal species such as Antechinus 

godmani (Atherton Antechinus), Antechinus adustus (Rusty Antechinus), Pseudochirulus 

herbertensis (Herbert River Ringtail Possum) and Hemibelideus lemuroides (Lemuroid 

Ringtail Possum) will largely avoid regrowth habitat (Laurance 1989; 1991a; Lindenmayer et 

al. 1999a) and were only found in areas with continuous tree-cover (Laurance 1990; Laurance 

& Laurance 1999). Hemibelideus lemuroides (Lemuroid Ringtail Possum ) feeds almost 

exclusively upon the leaves of mature-phase rainforest trees (Laurance 1997; Kanowski et al. 

2001b). Proliferation of pioneer and secondary vegetation in fragments reduces the number of 

food plants available to them (Laurance 1990). Most possums do not choose trees solely on 

the basis of their foliar chemistry and nutrient status but many also require tree hollows for 

denning, shade or shelter from the sun (Harper et al. 2008; DeGabriel et al. 2010). Cavities in 

old growth trees suitable for denning are rare in regrowth forest (Laurance 1990) and 

therefore a limiting factor for obligatory-denning possum species (Wilson 2000; Flynn et al. 

2011). In summary, for most small ground-dwelling mammals in the Wet Tropics the amount 

of edge present has an overall positive effect, while for arboreal mammal species the 

penetration of disturbance events towards the interior are likely to deteriorate habit quality.  

 

2.3.2 Patch size  

A key consequence of habitat fragmentation is that available habitat is reduced and 

subdivided into smaller patches. The more fragmented a landscape and the smaller the habitat 

patches, the more edge it will contain for a given amount of habitat. Therefore, edge effects 

can reduce the highest quality interior habitat in small fragments and the smallest fragments 

can be comprised almost entirely of edge habitat (Winter et al. 1984; Turton & Freiburger 

1997). Fragment shape will also determine the amount of interior versus edge habitat (Stamps 

et al. 1987). For example, circular fragments will have more core habitat than rectangular 

ones of the same size, and those with undulating edges may experience even greater edge 
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effects (Turton & Freiburger 1997). Another factor that can affect microclimate near the edge 

and therefore the amount of interior habitat is the orientation (e.g. north- versus south-facing) 

and aspect of forest edges (Turton & Freiburger 1997; Pohlman et al. 2007; 2009). 

 

Subpopulations in small patches typically suffer reduced population sizes and are therefore 

more exposed to stochastic environmental, demographic and genetic effects (Laurance 1991a; 

Keller & Waller 2002). Critical factors affecting the persistence of these small subdivided 

populations will include the number, size, and spatial distribution of patches of suitable 

habitat and dispersal rates between them (Lande 1988; Balkenhol et al. 2013). For a given 

area of fragmented habitat, a landscape configuration containing a larger number of small 

patches, some of them too small to sustain a local population or perhaps even an individual, is 

more likely to lead to localised extinction than a similar area with fewer but larger habitat 

patches (Fahrig 2013).  

 

The distributional patterns of all native mammal species and the species composition of 

mammal assemblages in forest patches appear to be strongly influenced by patch size 

(Bennett 1990). Decreasing remnant size tends to reduce species richness and abundance 

(Banks & Taylor 2004; Pardini et al. 2005; Pardini et al. 2010; Hanski et al. 2013). In a study 

in the Wet Tropics, species composition was determined by patch size: each fragment was 

usually dominated by one terrestrial and one scansorial rodent species, with the larger-bodied, 

edge-avoiding pair being more prevalent in large fragments, and the smaller-bodied, edge-

favouring pair dominating most small fragments (Laurance 1994;1997). The effects of patch 

size on rainforest rodent abundance appeared to vary depending on species. Melomys 

cervinipes did not differ in density between small (3.5-7.5ha) and large remnants (97.5ha) 

(Leung et al. 1993). Rattus leucopus increased in abundance in small (<20ha) forest remnants 

while Rattus fuscipes generally declined (Laurance 1994). The abundance of arboreal 

mammals in fragmented rainforests seemed to decline with decreasing patch size. (Laurance 

et al. 2008).  

 

One of the most important determinants of genetic variation in natural populations is the 

effective size (NE) of a population (Miller & Waits 2003). Low numbers of animals in small 

patches may not support genetically viable populations in the long term (Flynn et al. 2011) 

due to reduction in individual fitness and the ability to evolve (Reed & Frankham 2003; 

Sunnucks 2006). Small populations foster inbreeding via mating among relatives (Keller & 
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Waller 2002). Historically large, outcrossing populations that suddenly decline to a few 

individuals usually experience reduced viability and fecundity, known as inbreeding 

depression (Lande 1988), because inbreeding increases the proportion of homozygotes in the 

population and makes it more likely that recessive deleterious genetic mutations will be 

expressed (Keller & Waller 2002). Data from bird and mammal populations in the wild 

illustrate that inbreeding depression often significantly affected fitness characteristics 

including birth weight, survival, reproduction, resistance to disease, predation and 

environmental stress (Harris & Scheck 1991; Crnokrak & Roff 1999; Slate et al. 2000; Keller 

& Waller 2002; Frankham 2005). Inbreeding comprises the sum of past inbreeding plus new 

inbreeding: once it has occurred, the historical element cannot be repaired by increasing the 

population size, because inbreeding has increased the proportion of alleles in the population 

that are identical by descent (Conner & Hartl 2004; Sunnucks 2006). Thus, inbreeding 

accumulates at every generation in finite populations and accumulates more quickly in 

smaller populations (Conner & Hartl 2004; Sunnucks 2006). Therefore in small and isolated 

populations the risk of inbreeding depression is unavoidable (Lande 1988; Frankham 2005; 

Traill et al. 2010). Fitness and population growth rate can be reduced further in small isolated 

populations when inbreeding avoidance leads to mating avoidance. This effect has been 

observed in a skink species where males in fragmented habitat preferred not to mate than to 

mate with a relative (Stow & Sunnucks 2004). The result in highly inbred populations could 

be failure to successfully raise progeny with the population becoming reproductively unviable 

(Soulé 1987). 

 

A second genetic threat in small populations is caused by genetic drift where alleles become 

randomly fixed or are lost from the population, eroding levels of genetic variation necessary 

for adaptive evolution (Lande 1988; Banks & Taylor 2004; Frankham 2005). Simultaneously, 

deleterious mutations will tend to accumulate in small populations as random genetic drift 

influences a smaller gene pool and recessive deleterious mutations are more likely to combine 

and be expressed. For populations with an effective size of less than 100 this could lead to a 

‘mutational meltdown’ (Lynch & Gabriel 1990; Frankham 2005). While genetic drift and 

‘mutational meltdown’ require many generations and do not threaten populations in the short 

term (Frankham 2005), population bottlenecks, which cause a sudden reduction in population 

size, can speed up these processes (Pannell & Charlesworth 2000). If the population remains 

small for a number of generations, genetic diversity will be lost more quickly (DeYoung & 

Honeycutt 2005). 
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Genetic studies investigating small mammals from the Atherton Tablelands show that some 

species may be more affected by fragmentation than others. Despite a high abundance of U. 

caudimaculatus in small- to-medium-sized remnants, a loss of genetic variation in this species 

has been recorded at a 400 ha isolated rainforest reserve when compared with adjacent 

populations in relatively intact forest (Campbell 1996). Another study also found significantly 

lower genetic variation in fragments compared to continuous forest for two rodent species: U. 

caudimaculatus and M. cervinipes (Horskins 2005). A third study on the Atherton Tablelands 

on M. cervinipes could not find any differences in genetic variation between populations in 

large (97.5 ha) or small (2.5-7.5 ha) fragments but there was a slight decrease from small 

fragments to continuous forest sites (Leung et al. 1993). It seemed that populations of 20 to 

240 individuals could maintain a similar level of genetic variation through gene flow (Lacy 

1987; Leung et al. 1993) as several of the fragmented sites in this study (Leung et al. 1993) 

were connected via riparian corridors. So it seemed that animals in this study were 

maintaining genetic variation within the fragmented landscape and decreasing patch size did 

not cause significant loss but fragmentation per se did influence genetic variation when 

compared to continuous rainforest. It should be noted that the latter study used a different type 

of genetic markers (allozymes) than the former studies (microsatellite and mitochondrial 

DNA) and it is possible no significant difference between small and large fragments was 

found due to allozymes not having enough power to detect these small variations. 

 

Overall, species which best survive in small patches of habitat should possess low levels of 

inbreeding, high levels of genetic variation, small home ranges, high population growth rate 

and generalised habitat and feeding requirements. Species without these characteristics are 

more likely to become locally extinct (Pahl et al. 1988; Laurance 1991a; Saccheri et al. 1998). 

 

2.3.3 Isolation 

Isolation causes a negative influence on populations surviving in fragments (MacDonald 

2003). History and geographic distance determine the degree of isolation between populations 

(Brown & Kodrick-Brown 1977; Viana et al. 1997; Lindenmayer et al. 1999a) and strong 

isolation effects will exist when the distance between separate populations is much greater 

than the normal dispersal distance of individuals (Harris & Scheck 1991). Even organisms 

that fly can experience isolation barriers caused by cleared areas, heat-island effects and 

altered wind patterns (Harris & Scheck 1991; Laurance 2004; Laurance & Gomez 2005). 
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Isolation disturbs population dynamics and especially dispersal in spatially heterogeneous 

environments (Lande 1988). Limited dispersal will alter species composition in fragments, as 

some species will not possess the ability to cross certain isolation barriers (Pahl et al. 1988; 

Bjorklund et al. 2010). For example, H. lemuroides is strictly arboreal (Laurance 1990; 

Wilson et al. 2007) with individuals, rarely observed at ground level and assumed to almost 

never come to the ground (Wilson 2000; Wilson et al. 2007). Such behaviour suggests that it 

may not be able to cross habitats lacking trees such as farmland, grasslands or roads. 

Reduction in dispersal will cause reproductive separation and therefore reduce effective 

population size and levels of genetic diversity (Horskins et al. 2006; Lee et al. 2010). 

Isolation impacts on arboreal mammal species in the Atherton Tablelands have been detected. 

Population density of P. archeri and P. herbertensis, for example, decreased with increasing 

isolation, suggesting that they experience difficulties to disperse if they have to spend more 

time in the matrix (Laurance 1990; Laurance et al. 2008). 

 

If populations remain isolated for many generations, they may lose genetic diversity 

(Frankham 2005) and the capacity to evolve (Pannell & Charlesworth 2000; Lowe & 

Allendorf 2010). This will depend to a large extent on the amount of variation maintained in a 

population (Pannell & Charlesworth 2000) and how the populations are structured (Wright 

1943; Kimura 1968). Neutral genetic variation can be maintained under a balance between 

mutation and drift (Pannell & Charlesworth 2000). Isolation effects usually tip this balance 

and to avoid negative genetic and demographic effects it is important to keep population 

numbers high and to maintain gene flow through dispersal (Pannell & Charlesworth 2000; 

Frankham 2005; Allendorf et al. 2013). Gene flow will depend primarily on the absolute 

number of dispersers and successful mating between dispersers and residents in the new 

population (Cushman & Lewis 2010; Lowe & Allendorf 2010). The advantage of dispersal 

and gene flow was demonstrated in a study on rainforest-restricted bird species: more mobile 

species and thus better dispersers, showed higher allelic richness and higher levels of 

heterozygosity (Githiru & Lens 2007). For a population of M. cervinipes that occurred in a 

completely isolated island population, which had been isolated for thirty years, dispersal was 

inhibited and the island population showed significantly reduced heterozygosity compared to 

a population sampled in nearby continuous rainforest (Leung et al. 1993). Populations in sites 

from this study that had been isolated for fifty years through conversion to agricultural land 

also showed lower heterozygosity than continuous forest populations but this difference was 

not significant (Leung et al. 1993). Although these fragments had been geographically 
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isolated for a longer period of time than the island population, the short distance and presence 

of a matrix that can be physically crossed between the fragments allowed small amounts of 

gene flow (e.g. one migrant per 10 generations), and this seemed to be sufficient to avoid the 

harmful effects of genetic drift and inbreeding (Lowe & Allendorf 2010). This is because 

although increased genetic drift decreases variation within populations, it also increases 

variation among populations (Wright 1931; Cunningham & Moritz 1998; Balkenhol et al. 

2013) and therefore a small number of dispersers from one patch can reintroduce alleles that 

have been lost from the other patch (Hutchison & Templeton 1999). Gene flow will be more 

effective at mixing populations over short distances, but as distance increases genetic drift 

will create a greater divergence (Hutchison & Templeton 1999).  

 

Increasing connectivity not only enhances gene flow but also promotes stability in 

metapopulations by increasing colonization of unoccupied suitable patches (Foppen et al. 

2000; Lowe & Allendorf 2010). Population stability is also improved by immigrants who 

compensate for low survival or birth rates of residents (Lowe & Allendorf 2010). 

Colonisation success will depend on attributes of dispersing individuals as vital rates (birth 

and death rate) vary with dispersal status, body size, age, sex and life history stage 

(Greenwood 1980; Stow et al. 2001; Lowe & Allendorf 2010). If inexperienced juveniles are 

the main dispersers, for example, then mortality of dispersers is usually high (Efford 1998). In 

D. lumholtzi, juvenile males are recognised as the main dispersers (Newell 1999b; c; 

Coombes 2005) and can suffer high mortality in vehicle collisions when crossing roads 

(Goosem et al. 2008) and from predation by domestic dogs and dingoes when crossing 

pastures (Newell 1999a). Inter-patch distance is also an important factor influencing the 

degree of connectivity. As fragmentation increases and more habitat disappears, individuals 

attempting to move between forest patches are more likely to be required to move longer 

distances (Diffendorfer et al. 1995). Increasing distance between patches leads to higher 

travel costs, so fewer individuals will move between patches as inter-patch distance increases 

(Diffendorfer et al. 1995; Tattersall et al. 2004). Therefore dispersal and gene flow between 

isolated patches will depend on dispersal ability of the species and the motivation for 

individuals to move (Diffendorfer et al. 1995; Lidicker 1999).  

 

In the Wet Tropics, dispersal abilities of endemic mammals vary, mostly depending on their 

body size and site-fidelity. Large-bodied D. lumholtzi can disperse over long distances but 

have high site fidelity and do not move regularly between forest patches, only juveniles that 
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have to establish their own home range are forced to disperse (Newell 1999b). This means 

that this species will exhibit leptokurtic dispersal where the normal distribution of movements 

centres around short distances and rare events of long-distance movements skew the graph 

and produce a long tail to the right (Ibrahim et al. 1996). This type of dispersal can be found 

for most of the endemic mammals of the Wet Tropics. 

 

Dispersing between remnants can be a big issue for small mammals. The effect of isolation 

will depend on body size of the species and consequently on the scale that they perceive their 

habitat (Diffendorfer et al. 1995). Melomys cervinipes, for example, only has an average 

range distance for males of 71.52m and for females of 46.16 m (Smith 1985). However, it has 

been reported to cross 200 m in one night using a riparian corridor (Leung et al. 1993) and to 

move 1500 m through pine plantations (Bentley 2008), so the species is capable of travelling 

a longer distance if required. Rattus leucopus also has been reported to have a short average 

range distance of about 50.9 m ± 4.81 (Leung 1999). Rattus fuscipes was found to range 

slightly further to an average distance between 106.68 m and 127.10 m (Wood 1971) and 

usually moved between 0 and 80m (Bentley 2008) but could perform long distance 

movements of up to 365.76 m in a continuous temperate forest habitat (Wood 1971). Uromys 

caudimaculatus, the largest of these rodent species, was recorded to move one kilometre 

through continuous rainforest in two days (Goosem 2001). As illustrated, most regular 

movements of small mammals are of a relatively short distance and long distance movements 

are highly dependent on habitat type, therefore increasing isolation distance may significantly 

affect dispersal success. When habitat is absent, isolation barriers can be experienced at a very 

small scale. Studies on voles have shown that a distance across an inhospitable matrix of one 

metre was readily crossed, at four metres crossings became less common and nine metres was 

rarely traversed (Lidicker 1999). A 12- to 20-m-wide road clearing severely inhibited 

movement by M. cervinipes, while crossing inhibition of Rattus sp. was less severe and 

crossings by U. caudimaculatus were the least affected by the presence of the road (Goosem 

2001). However, U. caudimaculatus individuals were inhibited from crossing a grassy 

powerline corridor of 60 m in width, and did not cross a road (20 m wide) where grassland 

occurred on one or both road verges, therefore it appeared to have a behavioural aversion to 

grassland (Goosem 2001). The rarity of movement into grassland by U. caudimaculatus 

across roadways suggests that behavioural aversion to the substrate or vegetation cover can be 

a more significant restriction to movement than the distances between remnants (Goosem 

2001; Bentley 2008). Therefore dispersal between isolated fragments will not only depend on 
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body size and motivation but also on tolerance to the matrix between habitat fragments 

(Laurance 1991a; Stenseth & Lidicker 1992; Lidicker 1999; Prevedello & Vieira 2010). 

 

2.3.4 Matrix Type 

Forest fragments are not simply isolated patches of primary forest, instead they are separated 

by a matrix of a different type of vegetation. The type of matrix may control the nature and 

magnitude of edge and isolation effects, having a strong effect on inter-remnant dispersal, and 

regulating the use of corridors and stepping stones (Bentley 2008; Prevedello & Vieira 2010). 

In human-fragmented rainforests, the fragments are usually surrounded by a matrix of low 

biomass and structural complexity, such as pastures, croplands or young secondary growth 

(Murcia 1995; Laurance et al. 2000). Many organisms experience these landscapes as 

gradients of varying quality and resistance to movement rather than as mosaics of uniformly 

good habitat in a uniformly inhospitable matrix (Cushman et al. 2006). 

 

At these artificial boundaries between patch and matrix, edge effects occur, comprising 

diverse physical and biological phenomena (Laurance et al. 2007). Edges less than five years 

old tend to be structurally open and thus more permeable to lateral light and hot dry wind and 

therefore generally experience stronger edge effects (Camargo & Kapos 1995; Laurance 

2004). In this case the edge can result in failure of dispersal (Lande 1988). Once the 

vegetation at the edge is partially sealed by proliferating vines and second growth in older 

edges, the impact of the matrix on the fragment is likely to decline (Murcia 1995; Laurance et 

al. 2007; Pohlman et al. 2007). These soft edges are more permeable to emigrating 

individuals (Stamps et al. 1987).  

 

There is evidence that the type of matrix influences species diversity, composition, 

interactions, as well as population structure, and individual survival and reproduction 

(Prevedello & Vieira 2010). The invasion of alien species, the tolerance of matrix habitat and 

the ability to use the matrix as secondary habitat will greatly determine species richness and 

composition (Laurance 1991a; Lindenmayer et al. 1999b; Laurance et al. 2000; Izumi 2001; 

Bentley 2008; Harper et al. 2008; Prevedello & Vieira 2010). For example, Lynam (1997) 

found that species richness increased in fragments because of invasions of rodent species from 

outside the remnant. Matrix-tolerant species are better able to move among fragments and can 

recolonise fragments following local extinction (Laurance 1994; Laurance et al. 2000). The 
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ability of species to migrate in a fragmented landscape will depend on their dispersal ability 

and on the permeability of the surrounding matrix (Laurance 1989). The permeability of the 

matrix can be affected by nearby disturbances such as human-made structures and light 

pollution, width of each habitat, traits of and distance to adjacent habitat, and level of 

perceived cover and safety (Sawyer et al. 2011).  

 

The narrow habitat tolerances of ecological specialists in Wet Tropics rainforests mean they 

are unlikely to traverse distances more than 200 m through pasture to reach another habitat 

patch (Tucker 2000). The loss of canopy connectivity, therefore, has a significant negative 

impact on movement behaviour (Wilson et al. 2007). Possum species and tree-kangaroos that 

come to the ground to disperse across open pasture land or that cross roads persist better in a 

fragmented landscape (Pahl et al. 1988; Laurance & Laurance 1999; Coombes 2005). 

Trichosurus vulpecula and P. archeri, for example, are known to cross roads and are able to 

move in between fragments over open ground (Goosem & Turton 1999; 2000; Goosem 

2000a; Laurance et al. 2008), although P. archeri will rarely cross open space >100 m 

(Laurance 1990; Laurance & Laurance 1999). Pseudochirulus herbertensis prefer crossing an 

open space above ground although they have been observed coming to the ground (Goosem 

2000a; Laurance et al. 2008). Hemibelideus lemuroides are strictly arboreal and typically 

forage in the middle or upper canopy, almost never below 5 m (Laurance 1990; Wilson et al. 

2007), therefore they are not expected to disperse across the ground (Wilson 2000; Wilson et 

al. 2007). Although most possum species in the Wet Tropics are able to cross open spaces, 

these events are rare and this will restrict their movements through fragmented landscape.  

 

Furthermore, a hostile matrix with low permeability and a high degree of fragmentation can 

cause frustrated dispersal and increase mortality rates (Laurance & Bierregaard 1997; Izumi 

2001). Species that are unable to cross the matrix will be confined to a large number of small 

patches, ultimately reducing the overall population size and probability of persistence (Fahrig 

2003). A study conducted in temperate rainforest reported no inter-remnant dispersal between 

isolated patches by M. cervinipes and R. fuscipes, despite geographic distances between 

fragments being smaller than the distances R. fuscipes was found to move in continuous 

habitat (1750 m) (Bentley 2008). The maximum distance that an individual of R. fuscipes was 

recorded moving into the matrix was 24 m (Bentley 2008). Moreover, when the majority of R. 

fuscipes individuals were experimentally removed from remnant habitat surrounded by an 

inhospitable pine plantation matrix, population recovery was largely the result of population 
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growth from the few remaining resident animals, rather than from immigrants (Peakall & 

Lindenmayer 2006). Recovery and persistence in temperate fragments seemed to be largely 

dependent on rapid population growth and not on subsidies from individuals passing through 

the matrix habitat (Peakall & Lindenmayer 2006).  

 

Not only tolerance of the matrix but also being able to use the matrix as habitat will determine 

species composition. Dendrolagus lumholtzi are capable of travelling over the ground and 

cross paddocks, roads and visit gardens (Crome et al. 1994; Newell 1999b) and are known to 

browse weedy vegetation (Coombes 2005). Some rainforest dependent rodents have been 

reported venturing out into the matrix (Leung et al. 1993; Goosem 1997). Resource 

availability and competitive interactions seem to govern these occasional forays (Laurance 

1994; Goosem 1997). Rainforest rodents supplemented their diet by foraging in adjacent 

cattle pasture as some individuals of M. cervinipes, R. leucopus, and R. fuscipes were 

repeatedly captured there (Laurance 1994). Melomys cervinipes has been found in baited traps 

in grassy roadsides with a weedy/woody component when their grassland competitor 

Melomys burtoni (Grassland Melomys ) was absent (Burnett 1992; Goosem 1997; Goosem & 

Turton 1999). Uromys caudimaculatus has been found to forage outside the forest into 

disturbed habitat (Strahan 1995) and near dairies and farmhouses (Horskins et al. 2006).  

 

When the matrix is similar in structure to the remnant habitat they have a higher functional 

connectivity for organisms (Prevedello & Vieira 2010). Therefore, when small areas of 

suitable habitat occur in the matrix, species will be less affected by habitat alteration (Flynn et 

al. 2011). On the Atherton Tablelands, several forest-dependent mammal species were sighted 

in strips of regrowth and were able to cross the matrix of modified habitats surrounding 

fragments using regrowth along streams (Pahl et al. 1988; Laurance 1994). Species known to 

use these riparian corridors include T. vulpecula, P. archeri, D. lumholtzi, M. cervinipes, R. 

fuscipes, R. leucopus and U. caudimaculatus (Laurance 1991a; Crome et al. 1994; Laurance 

& Laurance 1999). Canopy closure and the presence of understorey appeared important for 

most species when using regrowth (Laurance 1991b; Crome et al. 1994; Goosem & Turton 

1999; Laurance & Laurance 1999). For example, forest-interior rodent species (M. cervinipes, 

R. leucopus, R. fuscipes, U. caudimaculatus) favoured stream-side microhabitats with heavy 

vegetation cover (Laurance 1989; Goosem & Turton 1999). When travelling between habitat 

fragments using a riparian corridor, U. caudimaculatus and M. cervinipes appeared to remain 

within corridor vegetation as they were not captured in the surrounding matrix (Horskins 
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2005). Similar results were demonstrated by Leung et al. (1993) where translocated M. 

cervinipes spent minimal time in the grassland, instead they used vegetation along creeks and 

patches of weeds as conduits for movement and once they entered the riparian corridor they 

did not leave it. Animals able to colonise corridors and disturbed habitat are also usually 

found in higher abundance in fragments than in continuous rainforest (Laurance 1989; Leung 

et al. 1993; Laurance & Laurance 1995; 1999; Leung 1999). Uromys caudimaculatus, R. 

leucopus and M. cervinipes, for example, used corridors and were more abundant in 

fragmented forest than in continuous forest (Laurance 1989; Laurance & Laurance 1995; 

Leung 1999). A more permeable matrix can therefore increase connectivity between remnants 

for many species and maintain a healthier metapopulation.  

 

2.4 Conclusion 

Fragmentation has many negative impacts for animals in the Wet Tropics and these may be 

exacerbated by climate change (Williams et al. 2003; Williams et al. 2008b; Laurance et al. 

2011). Therefore it will be imperative to identify and conserve possible climate refugia (Shoo 

et al. 2011), to ensure that dispersal towards these protected domains is possible. This will be 

crucial for continued survival of endemic upland species (Williams et al. 2008b; Gilbert-

Norton et al. 2010; Shoo et al. 2011). This literature review demonstrated that to create 

resilience in species and effectively conserve them, it is essential to increase knowledge of the 

traits of species that make them sensitive to fragmentation (e.g. population genetics, growth 

rate, dispersal ability and matrix tolerance) and to identify the main impacts (e.g. patch size or 

isolation distance) (Pahl et al. 1988; Laurance 1991; Saccheri et al. 1998; Lidicker 1999; 

Prevedello & Vieira 2010). To augment suitable habitat for these more sensitive species the 

amount of core patch and habitat quality must be assessed by measuring the penetration of 

edge effects towards the interior (Laurance 1990; 1994; Laurance & Bierregaard 1997; Turton 

& Freiburger 1997). To increase functional connectivity and counteract isolation the matrix 

should become more similar in structure to the habitat in the remnant patch (Prevedello & 

Vieira 2010). This may be achieved by leaving small patches of forest as stepping stones or 

by enhancing riparian corridors (Tucker 2001). 

 

This project aimed to measure these landscape-wide and more fine-scale impacts and how 

they affected two focal fragmentation-tolerant rodent species, M. cervinipes and R. leucopus. 

Rodents are widely used as study and model species (Krebs 1998; Aplin et al. 2003). They 



Chapter 2: The pieces of the fragmentation puzzle 

28 

usually occur in high abundance, are logistically easy to study because they can be easily 

trapped and have a high population turn-over (Aplin et al. 2003). This means that an adequate 

sample size can be obtained and genetic effects over a few generations can become apparent 

within a short time period. They are also good indicator species for the effects of 

fragmentation and changing environments as different rodent species show a wide range of 

adaptations to various habitats (Aplin et al. 2003). Melomys cervinipes and Rattus leucopus 

have a similar body size and similar ecosystem preferences, however they differ in their 

ecology: M. cervinipes is scansorial and able to use its habitat three-dimensionally, while R. 

leucopus is a terrestrial species restricted to two dimensions. Therefore comparing these 

species allows investigation of different responses to landscape-wide fragmentation and 

especially to vegetation structure within habitat patches on a fine scale. Additionally, I 

investigated whether these species are in fact resilient enough to adapt to future changes and 

what their response could mean for other less fragmentation-tolerant species. 



 

 

3 The study system 
 

 
Photograph courtesy of Kate Crosswell 
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3.1 Study sites 

Study sites were located on the Atherton Tablelands above 700 m of altitude (Table 3.1 & 

Figure 3.1). Species distributions of native non-flying mammal species and population 

demography and genetics of two focal rodent species within fragmented rainforest patches 

(P1-P9) (ranging in size and isolation distance) were studied and compared with each other 

and with continuous rainforest sites (F1-F4). I surveyed thirteen sites in total. The vegetation 

in the rainforest remnants and continuous rainforest were classified as rainforest Types 

(WTMA 2009) 1b (P1, P3, P8, P9, F3, F4), 6a (P6, F1, F2) and 61a (P2, P4, P5 and P7). Type 

1b is complex mesophyll vine forest (on deep fertile soils) in the moist to very wet uplands, 

mainly on basalt and alluvium. Type 6a is complex notophyll vine forest on wet and moist 

uplands and highlands mostly on basalts. Type 61a is a variable rainforest secondary 

successional forest complex, in this case located in the very wet uplands on basalt soils. The 

61a secondary forests chosen were in a relatively advanced stage of succession, but suffered 

natural disturbance from Cyclone Larry in 2006. Sizes of rainforest patches (P1-P9) ranged 

from 22.67 ha to 2.53 ha (Table 3.1). The geographic distances to the nearest trapping grids of 

the different sites varied between 420 m and 1490 m (Figure 3.3; Table 3.1). I sampled nine 

fragments and four continuous rainforest sites. The four continuous forest sites were located 

in two different National Parks: F1 and F2 in Mount Hypipamee National Park/Herberton 

State Forest Reserve (Figure 3.3) and F3 and F4 in the Mount Bartle Frere section of 

Wooroonooran National Park (Figure 3.2). The continuous rainforest sites corresponded in 

vegetation structure, altitude and natural long-term isolation history to nearby rainforest 

fragmented sites. The two trapping grids in each of the continuous forest sites were separated 

by a short distance (F1-F2: ca 400 m) that was similar to the shortest distance between 

fragmented sites (e.g. P3-P5) and a long distance (F3-F4: ca 850 m) that was similar to the 

average longest distance between fragmented sites (e.g. P6-P7). Fragmented forest patches, 

sites P1 and P2 are located about 700 meters apart (Figure 3.2), and are connected by a 

riparian corridor (50-70 m in width). The two connected sites had also undergone separate 

isolation history and contained different vegetation types. Therefore, a trapping grid was 

placed in each site to examine intra-patch variability. 
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Figure 3.1: Distribution of research sites on the Atherton Tablelands, Far North Queensland, Australia 
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Figure 3.2: Distribution of major research sites in the eastern Atherton Tablelands area 
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Figure 3.3: Distribution of major research sites in the western Atherton Tablelands area
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3.1.1 Study site isolation history 

The rainforest on the Atherton Tablelands underwent two types of fragmentation: historical 

fragmentation due to volcanic and climatic events (10 000 BP) (Kershaw et al. 1993; Kershaw 

1994; Moritz et al. 1997) and recent anthropogenic fragmentation due to clearing and land 

conversion (1920-1980) (Tucker & Murphy 1997; Kanowski et al. 2003a; Gilmore 2005). 

Historical fragmentation separated the eastern from the western Tablelands, as rainforest only 

persisted on the uplands surrounding the eastern and western mountain ranges and vegetation 

on the central plateau was largely converted to sclerophyll forest (Kershaw 1992; 1994). 

Therefore sites were sampled in both areas (Table 3.1 and Figure 3.1). 

 

The recent fragmentation history of sampled sites was obtained from previous studies (Pahl et 

al. 1988; Laurance 1989), historical information on the colonisation and evolution of different 

industries of the Atherton Tablelands (Gilmore 2005) and historical aerial photographs. The 

first European settlers arrived in the Atherton area around 1880 (Gilmore 2005). In 1918 

construction of a train line started in Malanda and clearing and timber harvesting expanded as 

transport of timber became more efficient (Gilmore 2005). In 1920 a dairy factory was built in 

Malanda, providing job opportunities and attracting people to the area (Gilmore 2005). 

Therefore, sites in the eastern Tablelands around Malanda that appeared as isolated forest 

remnants in the first set of historical aerial photographs of the area from 1943 were assigned a 

time of isolation between 1918 and 1920. The area in the western Tablelands around Upper 

Barron was reported by reliable long-term locals to have been cleared and fragmented around 

1960 when the Tablelands region received a second economic impulse and switched from 

mostly crop production (maize) to intense dairy farming (Gilmore 2005). This meant that 

strict demands for flat land for crop production and harvesting were no longer necessary and 

steep hilly country, such as found around Upper Barron, also became valuable as grazing 

pasture. Therefore, sites from the eastern Tablelands that appeared as fragmented on the 

earliest set of historical aerial photos from this area (1978), were assigned to have been 

isolated in 1960.  

 

Several sites proved to be exceptions when historical aerial photographic material was 

examined. Fragmented forest site P2 in the Malanda area was completely cleared in 1943 

(Figure 3.4) and appeared in the next available aerial photograph of 1978 as regrowth forest in 

a reasonably advanced stage (Figure 3.5). Thus this site was assigned an approximate 

isolation date of 1960, as this degree of regrowth is thought to appear in about twenty years 
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(Kanowski et al. 2003a; Catterall et al. 2008) and on aerial photographs from nearby sites in 

1963 substantial forest expansion was happening in the area. 

 
Figure 3.4: Eastern Tablelands sites, detail of historical photograph 1943 from series Bartle Frere QLD 

74586-1943 

 

 
Figure 3.5: Eastern Tablelands sites, detail of historical photograph 1978 from series Innisfail QLD 

QAP3511-4727-1978 

© State of Queensland (Department of Environment and Heritage Protection) 

Note: Sites undergoing large visible changes between photo series are indicated in yellow 
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A second site that differed from the majority when aerial photographs were examined was 

fragmented site P6. This site was connected to continuous rainforest in 1978 (Figure 3.6) and 

fragmentation was reported by a reliable local land-owner to have happened in the early 

1980s. This was during a period of controversy regarding the proposed World Heritage listing 

of the Wet Tropics (declared in 1988), which involved substantial clearing by landholders to 

avoid possible inclusion of land in the World Heritage Area (Laurance et al. 2008).  

 

 
Figure 3.6: Western Tablelands sites, detail of historical photograph 1978 from Atherton aerial mosaic 

(UQ, Griffith, NERP-TE 12.2) 

© State of Queensland (Department of Environment and Heritage Protection) 

Note: Sites undergoing large visible changes between photo series are indicated in yellow 

 

Across the different fragmented sites surveyed, the isolation period varied between 30 and 90 

years, with most sites isolated 90 years ago (Table 3.1). 
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Table 3.1: Detailed sample site characteristics 

Note: for IFPC value see Chapter 7 

Site  GPS Forest 

configuration 

Size (ha) Isolation 

history 

Isolation 

age 

(years) 

Connectivity Altitude 

(m) 

Vegetation 

type (WTMA 

2009) 

Vegetation 

status (mature 

or regrowth) 

Fencing Distance to 

nearest 

forest (m) 

IFPC Extra 

P1 17°20’48” S 

145°38’01” E 

fragmented 17.48 east 90 Corridor to 

P2 & to P3 

710-730 1b mature fenced 700 1091.09 Trapped 

once 

P2 17°21’11” S 

145°37’47” E 

fragmented 7.23 east 50 corridor to 

P1, P3 & P4 

710-750 61a regrowth fenced 700 1091.09  

P3 17°22’11” S 

145°38’45” E 

fragmented 15.91 east 90 Corridor to 

P2 & to P4 

700-740 1b mature unfenced 420 1394.3  

P4 17°22’00” S 

145°38’11” E 

fragmented 4.23 east 90 Corridor to 

P3 & to P2 

700-720 61a regrowth unfenced 1490 763.15 Cyclone 

damage 

P5 17°22’18” S 

145°38’29” E 

fragmented 2.53 east 90 grassland 720-740 61a regrowth unfenced 420 1089.27 Cyclone 

damage 

P6 17°25’18” S 

145°30’21” E 

fragmented 12.23 west 30 grassland 960-970 6a mature fenced 350 21503.85  

P7 17°25’49” S 

145°30’19” E 

fragmented 2.93 west 50 grassland 1010-

1030 

61a regrowth unfenced 1000 11288.72 Cyclone 

damage 

P8 17°23’18” S 

145°35’50” E 

fragmented 22.67 east 90 grassland 748-780 1b mature unfenced 650 NA Trapped 

once 

P9 17°22’44” S 

145°35’46” E 

fragmented 7.48 east 90 grassland 750-780 1b mature fenced 650 NA Trapped 

once 

F1 17°25’48” S 

145°29’42” E 

continuous 2038.69 west NA forest 980-990 6a mature NA 420 NA Cyclone 

damage 

F2 17°25’30” S 

145°29’44” E 

continuous 2038.69 west NA forest 1020-

1040 

6a mature NA 420 NA Cyclone 

damage 

F3 17°22’25” S 

145°42’39” E 

continuous 106 975.18 east NA forest 850-860 1b mature NA 800 NA  

F4 17°22’28” S 

145°42’58” E 

continuous 106 975.18 east NA forest 820-840 1b mature NA 800 NA  
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3.2 Study species 

In this study I examined the distributions of fifteen species (Table 3.2). These included rare, 

endemic mammals as well as more common species. These species range from true canopy-

dwellers such as Hemibelideus lemuroides (Lemuroid Ringtail Possum), climbing rodents 

such as Uromys caudimaculatus (Giant White-tailed Rat) to terrestrial mammals such as 

Rattus leucopus (Cape York Rat) (Table 3.2).  

 

Dendrolagus lumholtzi (Lumholtz’s Tree-kangaroo), Pseudochirops archeri (Green Ringtail 

Possum), Pseudochirulus herbertensis (Herbert River Ringtail Possum), and Hemibelideus 

lemuroides (Lemuroid Ringtail Possum) are endemic to the Wet Tropics region. The Coppery 

Brushtail Possum (Trichosurus vulpecula johnsonii) is a subspecies of the Common Brushtail 

Possum (Trichosurus vulpecula vulpecula) restricted to the Wet Tropics (Kerle & How 2008) 

and does not occur below 600 m in altitude (Kanowski et al. 2001b). Recent research has 

demonstrated that T. vulpecula johnsonii, so-called due to its red/tan fur colour, was not 

genetically distinct from T. vulpecula vulpecula but that T. vulpecula johnsonii was only 

associated with rainforest habitat and not sclerophyll forest (Kerr 2011). As there still exists 

confusion about nomenclature, Common and Coppery Brushtail Possums will be referred to 

as T. vulpecula. All the possum species and D. lumholtzi are arboreal species that rely on trees 

for food and shelter. Dendrolagus lumholtzi, P. archeri and T. vulpecula have been described 

as fragmentation tolerant, as they are known to occur in riparian strips, small rainforest 

remnants and have been seen crossing open ground (Laurance & Laurance 1999). 

Pseudochirulus herbertensis are considered to be sensitive to fragmentation and appear to 

occur only in large remnants or remnants connected to large tracts of forest (Laurance 1990; 

Laurance et al. 2008). As Hemibelideus. lemuroides are strictly arboreal and believed to 

hardly ever come to the ground (Wilson 2000; Wilson et al. 2007; Laurance et al. 2008); open 

spaces will restrict its movements. It has never been observed in isolated fragments and is 

considered to be fragmentation intolerant (Laurance & Laurance 1996; Laurance & Laurance 

1999). Dactylopsila trivirgata (Striped Possum) occur in northern Australia in wet sclerophyll 

forest and in rainforest and is also present in Papua New Guinea and some Indonesian islands. 

It feeds on insect larvae by probing for them with an elongated finger in decaying wood 

(Rawlins & Handasyde 2002). It can occur in degraded forests and woodlands and does not 

seem threatened by fragmentation (Rawlins & Handasyde 2002; Handasyde 2008). 
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Table 3.2: Study species list with range, habitat, ecology, body size and fragmentation tolerance 

species range habitat fragmentation body size 

Uromys caudimaculatus 4, 5, 8, 14 

(Giant White-tailed Rat) 

N QLD, PNG rainforest, scansorial tolerant (large fragments) medium 

Hydromys chrysogaster 9 

(Common Water Rat) 

AUS, PNG, INDO fresh and salt water, aquatic tolerant (large fragments medium 

Rattus leucopus cooktownensis 1 

(Cape York Rat) 

FN QLD (WT) rainforest, terrestrial tolerant (small fragments) small 

Rattus fuscipes coracius 1 

(Bush Rat) 

FN QLD (WT) rainforest, terrestrial tolerant (large fragments) small 

Melomys cervinipes 4, 8, 5 

(Fawn-footed Melomys) 

QLD rainforest, scansorial tolerant (small fragments) small 

Antechinus godmani 1, 3 

(Atherton Antechinus) 

FN QLD (WT) rainforest, terrestrial/scansorial intolerant small 

Perameles nasuta 2 

(Long-nosed Bandicoot) 

E AUS 

 

forest/grassland, terrestrial tolerant (small fragments) medium 

Isoodon macrourus 2, 11 

(Northern Brown Bandicoot) 

N AUS, PNG forest/grassland, terrestrial tolerant (small fragments) medium 

Thylogale stigmatica 10 

(Red-legged Pademelon) 

E AUS, PNG, INDO wet forest types, terrestrial tolerant (small fragments) large 

Dendrolagus lumholtzi 6 

(Lumholtz’s Tree-kangaroo) 

FN QLD (WT) rainforest, arboreal tolerant (small fragments) large 

Trichosurus vulpecula johnsonii 6 

(Coppery Brushtail Possum) 

FN QLD (WT) rainforest, arboreal tolerant (small fragments) large 

Pseudochirops archeri 6 

(Green Ringtail Possum) 

FN QLD (WT) rainforest, arboreal tolerant (large fragments) medium 

Pseudochirulus herbertensis 13 

(Herbert River Ringtail Possum) 

FN QLD (WT) rainforest, arboreal sensitive medium 

Hemibelideus lemuroides 6, 7, 13 

(Lemuroid Ringtail Possum) 

FN QLD (WT) rainforest, arboreal intolerant medium 

Dactylopsila trivirgata 12 

(Striped Possum) 

N AUS, PNG, INDO wet forest types, arboreal tolerant (small fragments) medium 

Note: abbreviations range: E: East, N: North, FN: Far north, WT: Wet Tropics endemic, QLD: Queensland, AUS: Australia, PNG: Papua New Guinea, INDO: Indonesia; 

reference list: Laurance 1994 
1
; Strahan 1995 

2
; Maxwell et al. 1996 

3
; Tucker & Murpy 1997 

4
; Goosem & Turton 1999 

5
; Laurance & Laurance 1999 

6
; Wilson 2000 

7
; 

Horskins et al. 2006 
8
; Aplin et al. 2008 

9
; Burnett & Ellis 2008 

10
; Gordon 2008 

11
; Handasyde 2008 

12
; Laurance et al. 2008 

13
; Moore 2010 

14
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All rodents listed in Table 3.2 are considered to be native to Australia. They did not originate 

from Gondwana but have colonised Australia from Asia in more recent times. Four to five 

million years ago the rodents arrived, when a land bridge in the form of a string of islands 

arose between these continents (Rowe et al. 2008), and then these rodent species further 

diversified in Australia (Rowe et al. 2008). Melomys cervinipes (Fawn-footed Melomys) and 

Uromys caudimaculatus (Giant White-tailed Rat) are mosaic-tailed climbing rats, while 

Rattus fuscipes (Bush Rat) and Rattus leucopus (Cape York Rat) are terrestrial rats, all of the 

above species are considered to be rainforest dependent. Melomys cervinipes are distributed in 

forests across Queensland and U. caudimaculatus occur in northern Queensland and Papua 

New Guinea. There have been recent suggestions of undescribed cryptic Melomys and 

Uromys species on the Atherton Tablelands and that these may belong to different genera 

(Moore & Burnett 2008). In recent taxonomic research, certain Melomys specimens were 

found to have been incorrectly classified, and in fact to be a sister genus to Melomys and 

Solomys (Bryant et al. 2011). Further study demonstrated that Melomys cervinipes consists of 

a polyphyletic species complex, with populations in the Wet Tropics forming a northern 

lineage together with populations from Eungella National Park (Bryant 2013). Taxonomy of 

Uromys is still being investigated. In this study, these recent taxonomic distinctions are not 

incorporated as they still need to be further clarified.  

 

Melomys cervinipes and Uromys caudimaculatus feed mainly on seeds and fruits but will also 

consume insects (Elmouttie 2009). Uromys caudimaculatus is also known to opportunistically 

predate eggs and small vertebrates (Moore 2010). Both species are present in remnant and 

regrowth communities (Tucker & Murphy 1997; Moore 2010), occur in riparian strips 

(Horskins et al. 2006) and can forage outside the forest if there is cover provided by woody 

vegetation (Goosem & Turton 1999). Uromys caudimaculatus is known to disperse a 

maximum of 1 km in two nights (Goosem 2001) and forages intensively over an area of 4 ha 

(Strahan 1995). Melomys cervinipes has an average home range for males of 71.52 m and for 

females of 46.16 m in swamp forest (Smith 1985), but has been reported to move 200 m in 

one night using a riparian corridor (Leung et al. 1993) and to move 1500 m through 

Araucarian plantation forest (Bentley 2008). Both species live on average for two to three 

years (Goosem 2000a; Moore 2010). Melomys cervinipes breeds throughout the year (Moore 

& Burnett 2008) but shows a peak breeding season between December and April (Goosem 

2000b). Uromys caudimaculatus produces one litter per year and its main breeding season 
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commences in September / October and peaks in December and January (Moore 2008; 

Streatfeild 2001). Young stay with their mother up to three months after birth (Moore 2008).  

 

Rattus fuscipes (Bush Rat) and Rattus leucopus (Cape York Rat) are not readily distinguished 

in the field (Lidicker & Laurance 1990; Vazquez-Dominguez et al. 2001) and the two species 

were therefore identified through genetic analysis. Rattus fuscipes coracius and Rattus 

leucopus cooktownensis are genetically distinct subspecies endemic to the Wet Tropics 

(Strahan 1995). Both species are reliant on rainforest habitat and feed on seeds, fruits and 

insects. Rattus leucopus is believed to favour edges whilst R. fuscipes tends to avoid edges 

(Laurance 1994). Due to difficulties with field identification, previous findings regarding 

distribution patterns with respect to edges in the species pair (Laurance 1997) need to be 

further evaluated. Rattus leucopus was reported to have a home range of 50.9 ± 4.81 m in 

tropical forest of Cape York (Leung 1999). Rattus fuscipes has a home range between 106.68 

m and 127.10 m (Wood 1971), usually moved between 0 to 80m (Bentley 2008) and 

performed long-distance movements through continuous habitat of South East Queensland 

rainforest up to 1750 m (Bentley 2008). The maximum distance that an individual of R. 

fuscipes was recorded moving into pasture matrix was 24 m (Bentley 2008). Rattus leucopus 

(Cape York Rat) and Rattus fuscipes (Bush Rat) individuals have been found to move one 

kilometre between forested areas through a newly constructed corridor in the Wet Tropics, 

three to five years after establishment (Paetkau et al. 2009). These two rodent species live on 

average two to three years (Moore & Leung 2008; Lunney 2008). Rattus leucopus females 

can give birth to three litters in one year (Moore & Leung 2008). Similarly, R. fuscipes can 

produce several litters per year in a good season (Lunney 2008). Both species exhibit a peak 

breeding season during summer (November to January) (Wood 1971; Goosem 2000b; Bentley 

2008).  

 

Hydromys chrysogaster (Common Water Rat) occurs throughout Australia with its 

distribution extending to Papua New Guinea and some Indonesian islands. It has an aquatic 

lifestyle, foraging in both fresh and salt water. Its diet includes fish, insects, crustaceans and 

even small mammals. Although the species is fairly common in Australia, there have been 

signs of population decline (Aplin et al. 2008). 

 

Antechinus godmani (Atherton Antechinus) is a rainforest-restricted Wet Tropics endemic 

species and appears to be limited to a narrow band of upland rainforest above 650 m elevation 
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south of Cairns (Burnett 2008). It can be abundant in continuous forest, is found in selectively 

logged forest areas but the species does not survive in fragments of less than 100 ha 

(Laurance 1994; Maxwell et al. 1996).  

 

Perameles nasuta (Long-nosed Bandicoot) is distributed along the entire east coast of 

Australia, while Isoodon macrourus (Northern Brown Bandicoot) occurs in northern Australia 

and in Papua New Guinea. Both species forage for invertebrates and fruit in forest 

undergrowth. In the northern part of their range they occur in rainforest habitat but also forage 

in gardens and grassland vegetation near forests (Strahan 1995) and are therefore considered 

to be fragmentation tolerant. I. macrourus also inhabits dry forest, wet to dry woodland, 

savannah, shrubland and tall grassland (Gordon 2008). In Queensland its range has contracted 

from parts of inland pastoral country and it has undergone local contraction in distribution 

elsewhere due to the impacts of development, farming, and grazing (Gordon 2008). 

 

Thylogale stigmatica (Red-legged Pademelon) is a forest-restricted macropod that occurs in 

eastern Australia, Papua New Guinea and some Indonesian islands. It browses rainforest 

plants and ferns during the day and will venture outside the edge of the forest to graze pasture 

grass at the edge of the forest at night (Vernes 1995). It is thought to be marginally affected 

by fragmentation as it has disappeared from some small patches and is prone to dog predation 

(Vernes et al. 1995; Burnett & Ellis 2008).  

 

3.3 Data collection 

Methods involving protected wildlife, live animals and collecting blood samples were 

approved under James Cook University ethics approval A1569, James Cook University 

Biosafety approval CNS001 and Queensland Parks and Wildlife Services permit 

WISP08662211. 

 

3.3.1 Spotlighting 

I spotlighted (maximum 2 spotlights of 30W or LED 800 lumens with a red filter) on the edge 

of the forest to document presence and abundance of each target species: the macropod, 

bandicoot and possum species listed in Table 3.2. I standardized surveys across sites by 

working with the same observer every time (myself) and performing the spotlighting survey at 

each location for approximately one hour, along the same transect distance. Each site was 
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surveyed three times. Animals were recognized by the colour of their eye-shine, fur 

coloration, body size, vocalisations and movements (Wilson 2000). Tree-kangaroos can be 

identified by sound, because no other animal in north Queensland loudly crashes to the 

ground then bounds away when startled (Laurance & Laurance 1999). General information 

(site type, date and duration of the survey) and environmental variables such as cloud cover, 

rainfall, temperature, wind velocity and moon phase were recorded. During these surveys the 

species, time, age/class, sex if possible, behaviour, conspecifics, height in tree, GPS, distance 

from edge, and vegetation structure were noted.  

 

3.3.2 Trapping 

Over a two year period and during 6246 trap nights, M. cervinipes, U. caudimaculatus, R. 

leucopus, R. fuscipes, T. vulpecula, I. macrourus and P. nasuta were targeted to be trapped. 

Trapping was conducted over three to four trap nights per trapping session and this for three 

trapping sessions per site. However, only one spotlight and one trapping survey were 

conducted at P1, P8 and P9 as these were undertaken during a pilot stage of the study. 

Seventy-two traps were set out in every patch in a 100 x 140 m grid (where size of the patch 

allowed). In one of the smallest patches (P7) only 52 traps could be deployed, with the grid 

covering the entire fragment. Wire cages (total=24) and Elliot traps (total=48) were 

distributed 20 m apart in a balanced design (Figure 3.7). On the third trapping occasion only 

64 traps (48 Elliot traps and 16 wire cages) were deployed, reducing the number of wire cages 

by one per trap line after assessing initial movement data of larger mammals and trap success 

of wire cages. Adapting this design did not affect trap success of the wire cages per site (two-

sample t-test: t=1.42, df=9, p=0.191).  

 

Aluminium Elliot traps type A (8 x 9 x 33 cm) were used to capture smaller mammals such as 

M. cervinipes (body length 16 cm), R. leucopus and R. fuscipes (body length 21 cm). 

Occasionally, the larger U. caudimaculatus also ventured into Elliot traps, but were not 

harmed by the small trap size. Larger wire cages (30 x 30 x 66 cm) were used to trap T. 

vulpecula (body length 55cm), U. caudimaculatus (body length 33cm), I. macrourus and P. 

nasuta (body length 40-43 cm). Both trap types are constructed with a trigger plate at the back 

of the trap that closes the trap door when the animal walks on it. Traps were set in the late 

afternoon and were checked upon first daylight. Animals did not remain in traps for longer 

than 12 hours. The traps were baited using a mixture of rolled oats, peanut butter, vanilla 
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essence and honey. No water was supplied, as the animals could not dehydrate over the short, 

cool period in the trap. Elliot traps and wire cages were completely enclosed to prevent 

predators reaching the trapped animals. Cages and traps were set above stream flood level and 

in shaded locations to avoid hyperthermia. They were partially covered with a plastic bag to 

provide shelter from rain and cold. After every trapping session, traps were removed from 

site, washed with a high-pressure cleaner and dried in the sun. 

 

 
Figure 3.7: Trapping grid design 

Note: Red circles = Elliot traps and green squares = wire cages 

 

Animals were removed from the trap by fitting a bag around the trap and opening the door, 

enticing movement out of the trap into the bag for safe handling. I wore latex gloves when 

handling the animals to prevent leptospirosis transfer and processed each animal as calmly 

and quickly as possible to minimise the stress caused by handling. Each animal was weighed 

in a calico or plastic bag using a ± 2 g Pesola balance, bag weight was deducted from total 

weight. Length of the animal’s head (tip of the nose to back of the skull) and length of hind 

foot (toe to heel) was measured using callipers (± 0.1 mm). Sex and sexual status were also 

recorded according to pre-set categories (females: perforated, non-perforated, pregnant, 

lactating; males: testis and epididymis development was scored from 0=juvenile to 

3=breeding condition). The pouch of marsupials was checked for young but no pouch young 

were removed from the pouch. Rodents and bandicoots were marked for mark-recapture 

analysis using monel metal ear tags, providing information on distance and direction of 

movement on subsequent recapture. Trichosurus vulpecula were only weighed and 

photographed for later identification. Blood samples were collected by making a pin prick in 

the ear with a sterile needle. This produced a small drop of blood, which was stained onto a 

FTA
TM

 card (Fast Technology for Analysis of nucleic acids) (© Whatman), to preserve the 
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specimen. After animals were measured, weighed, sexed, marked with ear tags and blood 

samples for DNA analysis were taken, they were released at point of capture. FTA cards were 

each placed in a separate envelope and then in zip-lock plastic bags to be stored in a lock-tight 

box with dehumidifying pellets. This was an easy and quick method to apply in the field and 

samples could be preserved at room temperature for a long time and took a minimum of 

storage space. Extraction and amplification of DNA from blood samples was a technique with 

which the laboratory manager was familiar, having experience from previous human forensic 

research. Previous studies also had shown success amplifying microsatellite DNA from 

mammal blood (Caballero et al. 2012; Kios et al. 2012; Silva et al. 2012; Soma et al. 2012; 

Kie et al. 2013) preserved on FTA
TM

 cards (Heim et al. 2012). The DNA samples were 

analysed using microsatellite and mitochondrial DNA markers (3.4.2 & Chapter 5).  

 

3.3.3 Vegetation structure surveys 

To assess habitat quality I undertook vegetation structure surveys (Kanowski et al. 2003a; 

Kanowski & Catterall 2006) in all thirteen sites, assessing 58 transects in total. During a pilot 

study, six replicate transects per site were examined but, due to the small size of some of the 

sites, transects were considered to be in too close proximity to avoid pseudoreplication, and in 

these sites only four transects were assessed. In each fragment at least 2 interior transects and 

2 edge transects were assessed. In continuous forest only interior transects were assessed, due 

to the lack of edge vegetation, as continuous forest trapping grids were located at least 70 m 

from the edge. However, the same number of transects (4) were laid out. Vegetation sampling 

transects were randomly chosen using a 50x50 m grid overlay with edge habitat delineated < 

50 m from the forest edge with forest interior habitat beyond 50 m. Each grid cell was 

numbered and edge and interior cells were selected randomly using a random number 

generator (Figure 3.8 in blue). This grid overlay covered the entire site for small fragments as 

traps were also located throughout these areas, but for large fragments and continuous forests, 

the location of the vegetation structure grids were chosen to overlap the trapping grid, so 

vegetation structure could be assessed in the area where animals were actually captured. I 

used a rapid vegetation survey technique developed by Kanowski et al. (2003a) to assess the 

vegetation structure at the sites. Within each study site, a 50-m-long transect was laid out 

(Figure 3.9).  
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Figure 3.8: Grid for transect selection  Figure 3.9: Transect layout for vegetation structure 

surveys (modified from Kanowski & Catterall 2006) 

 

Along this transect, I counted the number of pieces of coarse woody debris (pieces ≥ 10 cm 

diameter) and fine woody debris (2.5 – 9.9 cm diameter) (Figure 3.9). At three points along 

the transect (5, 25 and 45 m) I placed quadrats (1 m × 1 m) and estimated the percentage 

ground cover of grass, herbs, ferns, vines and scramblers, moss, leaf litter, coarse woody 

debris, rock and bare soil (Figure 3.9). At the same three points, an inclinometer measured the 

height of canopy trees and emergent trees and the cover of the forest canopy was measured 

using a spherical densiometer held at breast height (1.3 m). At these three points, I counted 

the number of living (<10 cm DBH and ≥10 cm DBH) and dead trees in 10 m × 10 m 

quadrats and recorded the relative abundance of twenty ‘Special Life Forms’ (hemi-epiphytes, 

slender vines, robust vines, vine towers, vine tangles, thorny scramblers: individual plant and 

thicket, ground ferns, cordylines, palm trees, understorey palms, clumping epiphytic ferns, 

other epiphytes (e.g. orchids), herbs with long wide leaves, herbs with long strap-like leaves, 

cycads with stout stems, ground cycads, Pandanus, weeds) on a scale of 0 to 3 (0 = absent, 1 

= present, 2 = frequent, 3 = abundant) (Figure 3.9). The abundance score for each special life 

form was scored across the three quadrats per transect to produce a composite abundance 

score (range 0 to 9). 

 

3.4 Genetic analysis 

As biochemistry and molecular biology techniques have improved, an array of techniques 

have become available to detect heritable differences among individuals directly by 

comparing variation either in the lengths of comparable pieces of DNA (e.g. allele sizes of 

microsatellite DNA) or by looking at base pair differences between DNA sequences from the 
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same region of the genome (e.g. mitochondrial DNA sequences) (Sunnucks 2006). Cells from 

most eukaryotes contain two genomes: nuclear DNA and DNA in organelles (mitochondria in 

animals and chloroplasts in plants). Organelle DNA in animals is usually inherited from one 

parent (mostly the mother), nuclear DNA from both parents. Because of their different 

properties, these genomes often record different aspects of population biology and history; 

microsatellites provide information about recent history and dynamics of populations and 

individuals, while mitochondrial sequences can allow for evolutionary inferences between 

species and populations further back in time. Thus comparing the two can be very informative 

and give a more complete picture than only one marker type (Moritz 1994; Rassmann et al. 

1997; Sunnucks 2000). In this study of rainforest small mammal species, both microsatellite 

and mitochondrial DNA markers were used to allow comparisons of current and historical 

population dynamics.  

 

Microsatellite DNA consists of short combinations of nucleotides that are repeated many 

times. They are prone to high rates of mutation due to slippage errors in replication (DeYoung 

& Honeycutt 2005; Hawk et al. 2005). Variation among microsatellite alleles is assessed by 

measuring differences in the length of the repeated sequences that result from the addition or 

deletion of repeat units (DeYoung & Honeycutt 2005). Because of their favourable 

combination of properties, such as high levels of variation, their abundance in the genome, 

selective neutrality and ability to give gene genealogical information relatively easily, 

microsatellites are now the mainstay of many fields of population biology, particularly those 

looking for fine-scale, short-term information (DeYoung & Honeycutt 2005). 

 

Animal mitochondrial DNA (mtDNA) is typically a closed circle of double-stranded DNA 

that is passed clonally via one parent to the next generation (Poulton & Bindoff 2001; 

DeYoung & Honeycutt 2005). In general, the rate of mutation in mtDNA is five to ten times 

greater than in nuclear DNA (DeYoung & Honeycutt 2005), as there is less efficient error-

correction and DNA repair, as well as more replications within cell lines (Avise 2000). 

Nonetheless, mtDNA genes tend to be conserved among species due to strong inheritance 

patterns and lack of recombination, suggesting strong functional constraint (Avise 2000). 

Animal mitochondrial DNA is passed usually via the mother, so mtDNA analysis can detect if 

matrilineal history is different to patrilineal, e.g. if females are less differentiated in mtDNA 

than males, this can be due to females having lower dispersal rates than males but other 

reasons should be considered (Palumbi & Baker 1994, Karl et al. 2012; Toews & Brelsford 
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2012). As mtDNA in males does not contribute to the next generation (unlike their nuclear 

markers), and females have only one mtDNA type, mtDNA has a much smaller effective 

population size than nuclear markers (DeYoung & Honeycutt 2005). Consequently mtDNA 

experiences genetic drift more strongly and differentiates more quickly between populations 

and species than nuclear markers. Therefore historical patterns can be detected more easily in 

mtDNA than in nuclear DNA and mtDNA reveals patterns of gene flow attributable to 

maternal behaviour (Palumbi & Baker 1994; Conner & Hartl 2004). Populations that 

experience restricted gene flow tend to differentiate in mtDNA more quickly than in nuclear 

DNA loci (Sunnucks 2000) making mtDNA particularly useful in diagnosing taxa subject to 

fragmentation effects. Certain regions of mtDNA have been found to be more suited for 

particular genetic applications, for example the non-coding control region or ‘D-loop’ evolves 

more rapidly compared to protein-encoding genes such as, for example, cytochrome b, and 

can therefore provide information on more recent historical events. Previous studies have 

been successful in amplifying this ‘D-loop’ region in M. cervinipes and R. leucopus 

(Vazquez-Dominguez et al. 2001; Horskins 2005; Horskins et al. 2006). For its attributes and 

due to current knowledge on population evolution caused by recent and more historical events 

I targeted the D-loop sequence in this study.  

 

I examined three rodent species in this study: Melomys cervinipes, Rattus leucopus and Rattus 

fuscipes. Rodents are widely used as study and model species (Krebs 1998; Aplin et al. 2003). 

They usually occur in high abundance, are logistically easy to study because they can be 

easily trapped and have a high population turn-over (Aplin et al. 2003). Melomys cervinipes, 

Rattus leucopus and Rattus fuscipes have a similar body size and similar ecosystem 

preferences, however they differ in their ecology: M. cervinipes is scansorial and able to use 

its habitat three-dimensionally, while R. leucopus and R. fuscipes are terrestrial species 

restricted to two dimensions. Therefore comparing these species allows investigation of 

different responses to landscape-wide fragmentation and especially to vegetation structure 

within habitat patches on a fine scale.  
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3.4.1 Population genetics  

A genetic marker is a heritable characteristic that varies among organisms in a way that 

carries information on the history of relationships between individuals (Sunnucks 2000). This 

is based on the fact that individuals that are more closely-related will share more genetic 

similarities. Populations tend to have different frequencies or sequences of certain genetic 

markers, which can be used to assess the probability of population membership. Genetic 

markers can therefore be used to measure genetic individuality, parentage, kinship, 

inbreeding, population differentiation, gene flow and, population and species distributions 

(Sunnucks 2000). This makes genetic markers particularly useful for research on habitat 

fragmentation. Reduction in effective population size due to fragmentation can be detected by 

a decline in genetic diversity, an increase in inbreeding and population differentiation (Keller 

& Waller 2002; Frankham 2005). Dispersal and gene flow will also be affected by 

fragmentation barriers (Lowe & Allendorf 2010). A particular strength of molecular 

techniques is that they can assess dispersal on a level that ecological studies cannot. With 

sampling a population only once, dispersal can be investigated in species where dispersal 

rates are too low to be observed in the field, but still sufficient to affect genetic structure 

(Slatkin 1985). Moreover genetic analysis can examine only those movements that are 

reproductively successful and therefore also allow inferences on gene flow.  

 

In sexual species, microsatellite loci are recombined from each parent to make new, unique 

individual genotypes at each generation, so these markers are useful for the shortest- and 

finest-scale population processes, such as individual identification and movement tracking, 

parentage analyses, and detecting relatedness among individuals (Sunnucks 2000; DeYoung 

& Honeycutt 2005). Microsatellite DNA analyses require the use of multiple loci in order to 

confidently distinguish individuals animals from one another, however at each locus, the 

genetic combinations expressed can also be analysed as individual genes with frequencies and 

geographic distributions. The allelic frequencies change at the population level and are 

therefore effective for analysis of moderate time periods, and for identifying large spatial 

scale processes such as gene flow & population subdivision (Sunnucks 2000; Conner & Hartl 

2004). However, a relatively small amount of gene flow leads to homogenization of allele 

frequencies over subpopulations, after which no additional increase in gene flow can be 

detected by frequency-based methods. In contrast, genealogies from DNA sequences are less 

affected by this limitation because they include information about the magnitude of allelic 

difference between populations. So measures of gene flow estimated from sequence 
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genealogies are more accurate than measures based on allele frequencies, especially at higher 

rates of migration (Clegg et al. 1998; Conner & Hartl 2004). Additionally, genealogical 

approaches can reconstruct the likely evolutionary relationships between equivalent DNA 

sequences (e.g. which sequences are most closely-related, which are the most ancestral) 

(Conner & Hartl 2004). In summary, using molecular techniques and combining a set of 

markers with different, complementing characteristics, can expand our understanding of 

ecological patterns (Table 3.3). 

 
Table 3.3: Comparison of mitochondrial and microsatellite DNA adapted from Sunnucks (2006) 

Genetic 

marker 

Number of 

loci analysed 

Resolution  Inheritance mode Population genetics 

mtDNA one high (sequence 

base pairs) 

uniparental 

(usually maternal) 

phylogeography, taxonomy, 

hybridization, sex differences 

microsatellites any number low (allele size) biparental individuality, parentage, 

relatedness, dispersal, population 

history 

 

3.4.2 Laboratory Techniques  

3.4.2.1 DNA extraction 

For DNA extraction a protocol was adapted from Kline et al. (2002). A small 2 mm disc of 

the blood-stained FTA card was taken with a core punch. One millilitre of sterilised 

deinonised water was added to the disc, followed by vortex mixing for 10 seconds and 

incubation with shaking for 15 minutes at room temperature. Subsequently the solution was 

centrifuged for 3 minutes at 12 500 x g and the liquid removed. This wash step was repeated. 

After the second wash step, 200 μl of freshly prepared, continuously stirred 5 % suspension of 

Chelex-100 (©Bio-Rad) was added to the washed disc. This solution was briefly vortex 

mixed, centrifuged for 10 seconds at 12 500 x g and then incubated for 2 hours at 56ºC. After 

incubation the solution was again vortex mixed and centrifuged for 10 seconds. The solution 

was then boiled at 100ºC for 8 minutes. In a final step the solution was centrifuged for 3 

minutes at 12 500 x g and 130 μl of the supernatant containing the DNA was stored in a clean 

tube.  

 

3.4.2.2 Microsatellite DNA amplification 

Five microsatellite loci were amplified for Melomys cervinipes. The following primers, based 

on a dinucleotide repeat motif were used for M. cervinipes (Horskins 2005; Paetkau et al. 

2009) (Table 3.4).  



Chapter 3: The study system 

51 

Table 3.4: Microsatellite primers for DNA analysis of Melomys cervinipes 

Locus Forward Primer sequences 

5’  3’ 

Reverse Primer sequences 

5’  3’ 

Allele size 

range 

Fluorescent 

dye 

Mc1K GCACAGCAGCCTAGGCAT GGCCTGTGCAGATATCTAGT 86-130 FAM  

Mc2B GCAGGCATAGGTATGATGAC GAGACAGCATGATCAGCAC 85-135 NED 

Mc2E ATCAACATTCCCTCCGA ATCTTTTTCACAGCAGGACT 206-235 FAM 

Mc2O GTTATCTAAGAGTTTACAGTC

GGAGGGTGGACT 

AGTCAAGGTCATCAGGCTCA 133-181 VIC 

Mc2P CTTTCATAAGTTGCCTTGATCT ATCTGCTGTTACCACTGGAG 181-222 NED  

 

The fluorescently labelled primers (NED=yellow, VIC=green and FAM=blue) were chosen 

based on expected allele size ranges (personal communication with Litticia Bryant and David 

Paetkau) to minimize size overlap and to analyse the loci in one sequencing run, with peaks 

readily distinguished. Several optimisation protocols were run but amplification to contain 

enough PCR-product for analysis was not successful (Appendix 3.1). Therefore due to time 

and budget constraints samples were sent to the Australian Genome Research Facility 

(AGRF) in Melbourne for amplification and for capillary separation by electrophoresis and 

amplified fragment length analysis. 

 

For R. leucopus and R. fuscipes amplification and analysis of ten microsatellite loci was 

performed by AGRF following the protocol by Vazquez-Dominguez et al. 2001 and Hinten et 

al. 1999. The primers (Table 3.5) were based on a dinucleotide repeat motif. 

 
Table 3.5: Microsatellite primers for DNA analysis of Rattus fuscipes and Rattus leucopus 

Locus Forward Primer sequences 

5’  3’ 

Reverse Primer sequences 

5’  3’ 

Allele size 

range 

Fluorescent 

dye 

RfgB6 CGCATTTGGTTCCCAGCAT CCCCAACCCAAATGTTTTTGTT 222-247  FAM  

RfgC2 CCTCCCACACTGCCCAAACA TGCCCTAAATTCCATCCTTAGCA 144-174 PET 

RfgD6 AAAACAGTTGCTGGTCTGGC

AAA 

CGGCCCTTTCACGCTCAT 274-304 NED 

RfgD8 GGGCAGGGAGCCAGACCA TCCATGGCAAAGAACCCGA 241-292 FAM 

RfgE5 CATGAAGAAGGCTCAGCAA

GCA 

GCTAGGCTCCTCTCTAAGCACTGA 115-162 VIC 

RfgF6 TTGGGGATTATAGGCCTGCG TTTAAGGCTAGTACATTTTGAACCA

C 

126-156 FAM 

RfgG1 CCCCAGCTGAACTTCAGCAA

CT 

TGGGATGAGGGGGAGCAAGA 215-290 VIC 

RfgJ5 ATTTGTTCCCAACGTATTCC

TGA 

TCCAGTCCCAAGAGAGAGCCTTA 161-193 NED 

RfgL1 AGGCAGAGAGCAGTCAAGG

ACAT 

GGTGGGATGGTTCGGCAGA 315-331 FAM 

RfgL4 TCAGTTCCTGGGATTCCCAC

TT 

GGCCGAACTACGGAAAAATGA 221-263 PET 
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3.4.2.3 Mitochondrial DNA amplification 

For mitochondrial DNA the following primers were used (Vazquez-Dominguez et al. 2001; 

Horskins 2005; Paetkau et al. 2009) (Table 3.6) to amplify the non-coding mitochondrial 

control region or D-loop (400-700bp) of M. cervinipes, R. leucopus and R. fuscipes. 

 

Table 3.6: Mitochondrial DNA primers for Melomys cervinipes, Rattus fuscipes and Rattus leucopus 

Locus species Light strand 

5’  3’ 

Heavy strand 

5’  3’ 

MT15996L M. cervinipes 

R. leucopus 

R. fuscipes 

CTCCACCATCAGCACCCAAAC 

 

 

MT16498H M. cervinipes  CCTGAAGTAGGAACCAGATG 

MT16502H R. leucopus 

R. fuscipes 

 TTTGATGGCCCTGAAGTAAGAACCA 

 

Several optimisation protocols were run for M. cervinipes samples but amplification to 

contain enough PCR-product for analysis was not successful (Appendix 3.2). Therefore due to 

time and budget constraints samples were sent to the Macrogen 
Inc

 in Seoul, South Korea for 

further PCR trials and for capillary separation by electrophoresis, but unfortunately these 

trials were also unsuccessful. Therefore results for mtDNA analysis for M. cervinipes were 

not obtained. 

 

Amplification of mtDNA of Rattus leucopus and Rattus fuscipes was performed using a 

reaction volume of 25 μl consisting of: 1x TopTaq Buffer (©Qiagen), 2.5 mM MgCl2, 200 

μM dNTP’s, 0.4 μM of each primer, 0.02 U/ μl TopTaq DNA polymerase (© Qiagen), 3-20 

ng DNA template and adding H2O (MQ) to reach required volume. The cycle protocol 

involved a denaturation step of 95 C for 15 sec, annealing step: 40 cycles of 94 C for 45 sec, 

51 C degrees for 45 sec, 72 C degrees for 1 min, with a final extension step at 72 C for 4 

min. The PCR product was then run on gel electrophoresis (1.5% agarose), 60 V, 30 minutes 

to check for the presence of the amplified product. In a final clean up step the PCR product 

was purified and excess nucleotides and primer product were removed by adding Exo-Ap 

mix, which contains exonuclease (20U/μl) and FastAp (1U/μl) (©ThermoScientific), and 

incubating it 20 min at 37 °C and 15 min at 80 °C. This cleaned up PCR product was then 

sent to Macrogen 
Inc

 (South Korea) for capillary separation by electrophoresis and sequencing 

analysis. 

 

3.5 Statistical analysis 

Every chapter contains a detailed statistical analysis methods section and is therefore not 

described here.  



 

 

4 The effect of patch size and forest 
configuration on species 

composition and population 
demography of non-flying mammals 
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4.1 Abstract 

Habitat fragmentation leads to reduction and subdivision of forest into patches of 

different sizes, which impedes dispersal and exposes animals to edge effects. With the 

reduction of suitable habitat, subpopulations of animals in small habitat patches are 

more exposed to stochastic environmental and demographic effects, and therefore 

increased extinction risk. I measured the influence of forest configuration and patch 

size on the population structure of rainforest mammals. In continuous and fragmented 

rainforest tree-kangaroos and possums were surveyed by spotlighting and, rodents and 

small marsupials by mark-recapture techniques. Population demography of three 

common and abundant rodent species: Melomys cervinipes, Rattus leucopus and 

Uromys caudimaculatus was studied in greater detail. I found that non-flying mammal 

species diversity increased with patch size, indicating that large patches can support a 

near complete rainforest mammal species assemblage, including fragmentation-

sensitive species that were mostly absent from small patches. Abundance of the three 

focal rodent species decreased with decreasing patch size, significantly so for R. 

leucopus. Decreasing patch size may have had negative impacts on breeding rates in 

the three focal rodent species. The number female M. cervinipes that were lactating 

was positively related to patch size with body condition decreasing in smaller patches 

for adult males and females. The body condition of subadult Rattus leucopus was 

similarly affected by patch size. Most small rodent individuals moved shorter 

distances in small fragments compared to large fragments. This could indicate that 

these animals adjust their foraging behaviour to suit available resources and mating 

opportunities. While body condition was not affected, age class ratios in U. 

caudimaculatus appeared to be influenced by patch size with subadults only caught in 

large patches. This suggests that breeding may also be reduced in smaller patches for 

this species. However, this was based on small sample sizes and should be treated 

with caution. It appears that the population demography of the two smallest rodents 

(M. cervinipes and R. leucopus) is well adapted for life in a fragmented habitat. The 

larger rodent (U. caudimaculatus) seemed to experience a lack of good-quality 

breeding habitat within small sites but could use these areas as stop-over places when 

dispersing between larger sites.  
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4.2 Introduction  

Habitat fragmentation leads to the reduction and subdivision of large amounts of 

habitat into patches of different sizes. This patchy nature of the habitat impedes 

dispersal and exposes animals to edge effects (Murcia 1995; Fahrig 2003). The extent 

to which microclimatic edge effects are predicted to reach into the forest vary from 15 

to 60 m. (Murcia 1995; Turton & Freiburger 1997; Laurance 2004), but some biotic 

changes are believed to penetrate much further than this (Laurance & Bierregaard 

1997). In fragmented areas edge effects may influence more than 50% of the 

remaining fragment (Winter et al. 

1984; Turton & Freiburger 1997). 

This implies that small fragments are 

particularly at risk to be entirely 

comprised of edge habitat. For 

example, if edge effects penetrate 

100 m into a square 4 ha fragment 

(200 x 200 m), no interior habitat 

would remain (Figure 4.1: circled in 

white).  

Figure 4.1: Illustration of how forest fragment size and shape affects the relative amount of core 

and edge habitat 

Note: Matrix= dark green, core habitat= light green and edge habitat= red 

 

Due to the reduction of suitable habitat, subpopulations of animals in small patches 

are exposed to stochastic environmental, demographic and genetic effects (Laurance 

1991a; Keller & Waller 2002). Species have minimum patch size requirements: 

smaller patches may not sustain a local population or perhaps even an individual, 

leading to localised extinctions. These minimum size requirements are defined by the 

extinction threshold, a threshold habitat level below which the population cannot 

sustain itself (Fahrig 2003). Similar to predictions for island populations, smaller 

patches will usually contain fewer species than large patches (MacArthur & Wilson 

1967; Fahrig 2003). In rainforest the distributional patterns of all rainforest specialists 

and the composition of assemblages of mammals appear to be strongly influenced by 

the size of forest patches (Bennett 1990). Decreasing remnant size tends to reduce 

species richness and abundance (Banks & Taylor 2004; Pardini et al. 2005). In a study 

of Wet Tropics small mammals, each fragment was usually dominated by one 
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terrestrial and one scansorial rodent species, with the larger-bodied, edge-avoiding 

pair (Rattus fuscipes (Bush Rat) and Uromys caudimaculatus (Giant White-tailed 

Rat)) being more prevalent in large fragments, and the smaller-bodied, edge-favouring 

pair (R. leucopus (Cape York Rat) and M. cervinipes (Fawn-footed Melomys)) 

dominating most small fragments (Laurance 1994;1997).  

 

Species in small patches will also generally occur in lower abundances than they 

would in large patches (Pardini et al. 2005). The endemic possums of the Wet Tropics 

experience reductions in abundance depending on patch size. The number of 

Hemibelideus lemuroides (Lemuroid Ringtail Possum) declined by 99.8 % in forest 

fragments (1.4 to 590 ha) and secondary regrowth compared to continuous forest 

(Laurance et al. 2008). The abundances of Pseudochirulus herbertensis (Herbert 

River Ringtail Possum), Pseudochirops archeri (Green Ringtail Possum) and 

Dendrolagus lumholtzi (Lumholtz’s Tree-kangaroo) declined in fragments that were 

smaller than 20 ha (Laurance 1990; Laurance et al. 2008). Trichosurus vulpecula on 

the other hand was most abundant in small fragments (5.0-6.3ha) (Laurance 1990), 

while about twenty years later there was little difference in abundance between 

continuous forest and small fragments, but the general trend over the twenty year 

period was overall decline (Laurance et al. 2008). Abundance of rainforest rodents in 

patches of different sizes varied with species. No differences in population density 

was detected for M. cervinipes between small (3.5-7.5ha) and large remnants (97.5ha) 

(Leung et al. 1993), whereas R. leucopus increased in abundance in small (<20ha) 

forest remnants while R. fuscipes generally declined (Laurance & Laurance 1995). 

Uromys caudimaculatus declined in abundance in small fragments and in gullies 

(Laurance 1989), but is reported to survive in forest fragments as small as 7.5 hectares 

(Moore 1995).  

 

In rainforest fragments, we can expect not only declines in abundance but also 

differences in sex ratio and proportions within age classes. In mammals, males tend to 

be the dispersing sex and might be expected to occur in higher abundance in small 

fragments when searching widely for mating opportunities (Stenseth & Lidicker 1992; 

Lidicker 2002). In contrast, females are expected to be more prevalent in large 

fragments where resources and territories are more readily available (Clout & Efford 

1984; Bentley 2008; Flynn et al. 2011). This scenario would cause a male-biased sex 



Chapter 4: The effect of patch size and forest configuration on population demography 

57 

ratio in small patches due to more dispersing males or due to parents skewing sex 

ration towards males and a more equal sex ratio in large patches. Two independent 

studies found more T. vulpecula males than females in disturbed areas (Clout & 

Efford 1984; Flynn et al. 2011). Young males were also the main recolonisers of 

fragments where the species had previously become locally extinct (Clout & Efford 

1984). Dispersal mostly by young individuals could therefore also cause a bias 

towards subadults in small sites (Lidicker et al. 1992). In small fragments we might 

expect to find more dispersing subadults which may be seeking a home range and are 

not necessarily resident (Clout & Efford 1984; Lidicker et al. 1992; Efford 1998).  

 

Additionally, small fragments usually have lower habitat quality and fewer readily 

available resources than continuous forest and larger fragments due to greater 

likelihood of disturbances such as grazing as well as the greater influence of edge 

effects (Laurance 1990; Dias 1996; Foppen et al. 2000; Beck et al. 2004). For this 

reason individuals in small fragments are often found to have reduced body condition 

compared with animals in larger fragments and continuous forest (Zanette et al. 

2000). Intraspecific competition might also contribute to this pattern as subordinate 

animals in a poor body condition tend to be pushed into the smaller fragments with 

reduced habitat quality (Clout & Efford 1984; Lidicker et al. 1992; Diffendorfer et al. 

1995; Lidicker 1999; Tattersall et al. 2004; Bowler & Benton 2005).  

 

Movements of animals within patches can be also affected by fragment size. Three 

main parameters may cause changes in movement behaviour in fragments: resource 

availability, species density and predator abundance (Bowler & Benton 2005; Bentley 

2008; Revilla & Wiegand 2008). Fragmentation alters the distribution of resources, 

from widespread and abundant in large patches and continuous habitat to localised 

and clumped in small patches (Van Dyck & Baguette 2005). Additionally, larger 

remnants and continuous forest may have a greater chance of supporting suitable 

habitat (Lindenmayer et al. 1999a). When resources are widespread and abundant as 

in continuous habitat, they are readily available and routine movements are predicted 

to be more regular than in highly fragmented landscapes with resources in discrete 

patches at considerable distance from each other (Van Dyck & Baguette 2005). For 

example, for possum species important resources such as tree hollows are mostly 

lacking in small fragments due to edge effects which include tree mortality (Turton & 
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Freiburger 1997; Laurance 2004; Laurance et al. 2007). The nutritional quality and 

toxicity of leaves may be different because of microclimate changes due to edge 

effects (Kanowski et al. 2001b; Kanowski et al. 2003b; Jones et al. 2006), therefore 

individuals must search more widely to find suitable resources (Laurance and 

Laurance 1996). In contrast R. fuscipes has been found to reduce foraging distances in 

remnants compared to continuous forest, possibly to avoid competition in small forest 

patches where species density is increased (Bentley 2008). Decreased home ranges 

and non-dispersive movements have also been found for populations of other rodent 

species in fragments (Diffendorfer et al. 1995). Tropical ringtail possums have been 

found to reduce their activity on forest edges on brightly moonlit nights in order to 

hide from visually hunting predators such as owls (Laurance and Laurance 1996). So 

it is possible that this arboreal group reduces levels of movement in small fragments 

with a sparser canopy to avoid predation. For ground-foraging rodents, on the other 

hand, the reverse may be true. Due to more light penetration through the canopy in 

small fragments, ground cover is increased which limits exposure to predators 

(Laurance 1991b). Moreover, certain rainforest-dependent large predators such as 

Dasyurus maculatus (Spotted-tailed Quoll), Ninox rufa (Rufous Owl), and large 

Morelia spilota (Carpet Python), tend to disappear from most small fragments as a 

result of decreasing habitat quality and the introduction of Bufo marinus (Cane Toad) 

(Laurance 1990). For these reasons foraging in small remnants by ground-dwelling 

rodents is thought not to be affected by predation (Bentley 2008) and in small 

fragments these species are expected to move in relative safety over greater distances. 

Nonetheless, smaller, generalist predators such as Tyto alba (Barn Owl), Ninox 

novaeseelandae (Boobook Owl), small (< 1.5 m long) Morelia spilota (Carpet 

Python) and Pseudechis porphryriacus (Red-bellied Black Snake), who could hunt 

these small ground-foraging rodents easily, are relatively common (Laurance 1990; 

1997). Cats and dogs can also access these small fragments more easily and could 

cause an increased predation impact (Tucker & Murpy 1997). In summary, to find 

scattered resources in small fragments animals are predicted to move longer distances 

but to avoid competition and predation they are predicted to move shorter distances. 
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4.3 Aims and predictions 

Previous small-scale localised studies researched species distributions and abundance 

and also included surveys of population structure and demography (Streatfeild 2001; 

Elmouttie 2009). On a landscape-wide scale, studies focussed on patch size, edge 

effects and connectivity, comparing species composition and abundance (Laurance 

1990; 1991a; 1994; Laurance & Laurance 1996; Laurance 1997; Laurance & 

Laurance 1999; Williams et al. 2002; Hausmann 2004; Harding & Gomez 2006; 

Laurance et al. 2008). This study expands on previous knowledge by researching 

demography parameters such as sex ratio, age class ratio, body index and within-site 

movements on both a local and a landscape-wide scale.  

 

I investigated the occurrence, abundance, sex ratio, age class ratio, sexual status, body 

condition and movements of small mammals in remnant rainforest patches of a 

variety of sizes and also in continuous rainforest control sites. I predicted that species 

composition would vary in these patches and that some species (e.g. H. lemuroides), 

would be restricted to large remnants and/or continuous forests, while other species 

(e.g. M. cervinipes) would be more common in small sites, depending on their 

fragmentation tolerance and susceptibility to edge effects (Laurance 1990; 1991a; 

1994). I also expected species richness, diversity and evenness to decrease with patch 

size (Laurance 1989; 1990; Pardini et al. 2005). I anticipated high abundances of 

animals in large patches and continuous forest and low abundances in small patches 

(Laurance 1989; 1990; Pardini et al. 2005). In large patches and continuous forest I 

predicted individuals to occur in good body condition with an equal sex ratio and an 

adult-biased age class ratio, while in small patches I expected to find more males, 

more subadults and more individuals in poor body condition, (Clout & Efford 1984; 

Diffendorfer et al. 1995; Tattersall et al. 2004; Bowler & Benton 2005). Movement 

distances by small mammals within trapping grids were expected to be longer in large 

patches and continuous forest compared to small patches (Lindenmayer et al. 1999b; 

Van Dyck & Baguette 2005).  
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4.4 Material and Methods 

4.4.1 Study sites 

For the analyses in this chapter I used data from all thirteen sites, unless stated 

otherwise. Patches of rainforest are numbered from P1 to P9, continuous rainforest 

sites from F1 to F4 (see Chapter 3). An estimate of site size in hectares was made by 

measuring the surface of the sites in Google
TM

 Earth version 7.1.1.1888 (Google Inc. 

2013). Although corrections were not made for topography, most patches occurred 

across relatively uniform topography, meaning this estimate provided good size 

comparisons. Sizes varied from approximately three to thirty ha (Table 3.1). For 

continuous forest sites the largest area of forest without interruptions by roads or other 

forest types was measured. Continuous forest site sizes varied from 2000 to 107 000 

ha (Table 3.1). Thus there were very large size differences between patches and 

continuous forest sites, requiring natural log transformed to assist with comparisons 

and regression modelling. However, because of this large size difference, fine scale 

variation between patches was difficult to detect and therefore calculations were 

conducted for all sites (fragmented rainforest patches and continuous forest) (referred 

to as site size) and for only patches (referred to as patch size) to look for any 

incongruence.  

  

4.4.2 Study methods 

These methods were approved under James Cook University ethics approval A1569 

and Queensland Parks and Wildlife Services permit WISP08662211. 

 

4.4.2.1 Spotlighting 

On the edge of the forest I conducted spotlight surveys to document the presence and 

abundance of each species (3.3.1). Target species were Thylogale stigmatica (Red-

legged Pademelon), Parameles nasuta (Long-nosed bandicoot), Isoodon macrourus 

(Northern Brown Bandicoot), Trichosurus vulpecula (Brushtail Possum), 

Pseudochirops archeri (Green Ringtail Possum), Pseudochirulus herbertensis 

(Herbert River Ringtail Possum), Hemibelideus lemuroides (Lemuroid Ringtail 

Possum) and Dendrolagus lumholtzi (Lumholtz’s Tree-Kangaroo). I standardized the 

survey effort across my sites by using data from the same observer every time 

(myself) and performing the spotlight survey at each location for one hour along the 



Chapter 4: The effect of patch size and forest configuration on population demography 

61 

same transect distance. Each site was surveyed three times. Only one spotlight survey 

was conducted for fragmented rainforest patches P1, P8 and P9 as these were sampled 

during a pilot study. To correct for repeat observations during multiple surveys only 

the maximum number of individuals of each species detected in one of the three 

surveys was used.  

 

4.4.2.2 Trapping 

Over a two year period small and medium-sized mammal species were targeted for 

trapping (3.3.2), including: Melomys cervinipes (Fawn-footed Melomys), Uromys 

caudimaculatus (Giant White-tailed Rat), Rattus fuscipes (Bush Rat), Rattus leucopus 

(Cape York Rat), Antechinus godmani (Atherton Antechinus), Trichosurus vulpecula 

(Brushtail Possum), Isodoon macrourus (Northern Brown Bandicoot) and Parameles 

nasuta (Long-nosed Bandicoot). Trapping was conducted over 3 trap nights in three 

trapping sessions per site. Only one trapping survey was conducted for P1, P8 and P9 

as these were sampled during a pilot study. The timing of each trapping session was 

randomised by size of the site and time of year. Seventy-two baited traps were set out 

in every patch in a 100 x 140 m grid (where size of the patch allowed). In one of the 

smallest patches (P7) only fifty-two traps could be deployed, but this grid covered the 

entire fragment. Wire cages (total=24) and Elliot traps (total=48) were distributed 20 

m apart in a balanced 6-rowed design (Figure 3.7). On the third trapping occasion 

only sixty-four traps (48 Elliot traps and 16 wire cages) were deployed. Upon capture, 

animals were weighed, measured, sex, and sexual status determined and then marked 

with ear tags. Subsequently they were released at point of capture. Each animal was 

weighed in a calico or plastic bag using a ± 2 g Pesola balance, bag weight was 

deducted from the total weight. Length of head (tip of the nose to back of the skull) 

and length of the hind foot (toe to heel) was measured using callipers (± 0.1 mm). Sex 

and sexual status were also recorded according to pre-set categories (female: 

perforated, non-perforated, pregnant, lactating; male: both testis and epididymis 

development were scored from 0 (no testis and epididymis development, juvenile) to 

3(full testis and epididymis development, breeding condition). When individuals were 

recaptured, the place of recapture provided information on distance and direction of 

movement. Movement distances were estimated from distances between trap 

locations. All trap locations were GPS logged and those coordinates were uploaded 

into Google 
TM

 Earth (Google Inc 2013). In Google 
TM

 Earth (Google Inc 2013) the 
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shortest straight line distances between trap locations for every recapture were 

measured. Individuals were recaptured during a single trapping period ranging from 1 

to 3 days or across different trapping periods ranging from 1 month to 2 years. 

Distance was recorded as a movement by an individual at the date of recapture, 

regardless if the animal was recaptured overnight or after two years.  

 

4.4.3 Statistical analysis 

4.4.3.1 Spotlighting data 

Spotlighting data of abundance was first standardised by using the maximum number 

of observed individuals per species per site surveyed. In a second step abundance data 

were corrected for detectability of present species. To calculate this, Bayesian models 

(with Markov Chain iterations) were fitted using the OpenBugs program (McCarthy 

2007). Models were run 1 000 000 times to reach convergence and the first 10 000 

results were used as burn-in and were discarded. As spotlighting only occurs along the 

edge of the forest, sites with a lower forest to edge ratio (small sites) provided a 

higher chance of detecting animals. Therefore models were calculated using patch 

size as a prior predictor. Previous studies in the same area have also shown that patch 

size was a good predictor for presence of certain arboreal species (Laurance 1990; 

Laurance & Laurance 1999; Laurance et al. 2008). First, the probability of occurrence 

(presence/absence) was calculated by fitting a logistic regression model with non-

informative priors. In the model, the probability of occurrence was dependent on 

patch size and the number of occasions the species was detected during surveys 

(Appendix 4.1). Detectability was calculated using an adaptation of the zero-inflated 

binomial model from Martin et al. (2005). This model calculated detectability based 

on non-informative priors, the probability of occurrence (calculated earlier) and patch 

size (Appendix 4.1). Multiplying the probability of occurrence and the detectability 

for a species returned the detectability of a present species. The detectability of 

present species was then multiplied with the maximum number of observed 

individuals and this returned standardised abundances per species and per site. Results 

from surveys used for detectability calculations can be found in Appendix 4.2 and 4.3. 

For most species detectability was relatively even across sites, there was a medium to 

high likelihood to detect observed species (Appendix 4.4). Detectability was lowest 
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for D. trivirgata and H. lemuroides. The likelihood of detecting present species 

increased with site size, except for D. trivirgata and D. lumholtzi (Appendix 4.4).  

 

4.4.3.2 Trapping data parameters 

Basic trapping parameters were calculated to assess trapping data (sensu Laurance 

1992) (Appendix 4.5). Capture percentage, which is the total number of individuals 

per site and per species caught in 100 traps, was calculated by subtracting the total 

number of recaptures from total captures, dividing the result by the total number of 

trap nights and multiplying this by 100. This was used as an adjusted abundance 

measure. Recapture percentage was calculated as the total number of recaptures 

divided by the total number of captures multiplied by 100. Trap success, which gives 

an indication of how many traps were occupied in a particular site by a certain species 

per 100 trap nights, was calculated by dividing the total number of captures of this 

species by the number of trap nights, multiplied by 100.  

 

4.4.3.3 Species composition of non-flying mammals 

The data from the pilot study conducted in rainforest patches P1, P8 and P9 was not 

used for calculations of species composition, diversity and detectability. However, as 

capture percentage and trap success in these three sites were high, the data from these 

sites were included for abundance estimates and other individual measurements. 

 

4.4.3.3.1 Ordination 
Species composition was assessed with non-metric Multi-Dimensional Scaling 

(NMDS) ordination plots (fragment or continuous forest) using R version 3.0.0 (R 

Core Team 2013) and package vegan 2.0-6 (Oksanen et al. 2013). Ordination orders 

sites according to species composition and regresses explanatory variables that 

correlate best with the ordination axes. Explanatory variables used for species 

compositions were forest configuration (fragmented or continuous forest), site size 

(natural log transformed) and vegetation type (mesophyll, notophyll or secondary 

forest). For this NMDS ordination a Bray-Curtis distance matrix was used to plot 

species and sites along two axes. A goodness of fit (inertia) test using 1000 

permutations between the arrow (explanatory variable) and the ordination axes was 

also performed. This test simply permutes the rows of community data, repeats the 



Chapter 4: The effect of patch size and forest configuration on population demography 

64 

analysis and gets a random result. If the observed value is better than 95% of the 

random models, the results are found to be significant. 

 

4.4.3.3.2 Diversity indices  
Species which are rare in data are often found to be given too much weight when 

analysing patterns. Therefore further data exploration regarding species composition 

was performed with the use of diversity indices. Diversity indices were calculated 

using the statistical program R 3.0.0 (R Core Team 2013) and package vegan 2.0-6 

(Oksanen et al. 2013). The following diversity indices were calculated: species 

richness (R), Shannon Wiener diversity (H) (Shannon & Weaver 1949), Beta diversity 

(Whittaker 1960) and Pielou’s evenness (J) (Pielou 1969). As the data were normally 

distributed and there were no significant outliers and homogeneous variance, linear 

regressions were calculated in R 3.0.0 to assess the effect of site size on species 

diversity.  

 

4.4.3.4 Abundance of focal rodent species 

As certain species were rare, generalised linear modelling for abundance was only 

applied to three focal rodent species (M. cervinipes, R. leucopus and U. 

caudimaculatus) that were common and present in relatively high abundance at every 

site. An abundance estimate for every trapping day at every site was calculated using 

mark-recapture modelling in the R package Rcapture (Baillargeon & Rivest 2012). In 

Rcapture, Poisson regressions are fitted with a generalised linear model function, after 

which the log-linear parameters are transformed into demographic parameters. For 

this data, the open population Joly-Seber model was applied because animals were 

released and subsequently recaptured during later trapping occasions. Therefore 

immigration/emigration, mortality and births are likely and must be considered over 

all trapping sessions. The algorithm produced estimates of abundance for every 

trapping period. These abundance estimates were standardised for size of the trapping 

grid because a larger trapping grid was used at P8 (150m x 180m) and a smaller grid 

at P7 (80m x 120m), whereas the other sites encompassed 100m x 140m. Abundance 

estimates were also standardised to 100 trap nights. These calculations produced a 

standardised absolute abundance estimate for the sample site, which could also be 

described as trapping grid density. 
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Standardised absolute abundance estimates or trapping grid densities were then 

analysed in a generalised linear model with Poisson error distribution in R 3.0.0 using 

the package glmmADMB (Fournier et al. 2012; Skaug et al. 2012). Explanatory 

variables included site size (ha) (natural log transformed when analysing all sites, i.e. 

including both patches and continuous forest sites, not transformed when analysing 

only patches) and the date (as an integer value, as trapping was conducted over 

different periods in time during the two-year sampling period). The interaction 

between the two explanatory variables was also examined.  

 

4.4.3.5 Sex ratio, age class ratio and sexual status of focal rodent species 

Sex ratio (males vs females), age class ratio (adults vs subadults) and sexual status 

(non-perforated females, perforated females, pregnant females, lactating females, 

males with testis (T) and epididymis (E) development: T0E0, T0E1, T1E1, T2E2, 

T3E3) of individual captures (excluding duplicate records of recaptured animals) of 

the three most common rodent species (M. cervinipes, R. leucopus and U. 

caudimaculatus) were evaluated using a binomial regression model with time 

(trapping period=sampling time) and site size (natural log transformed when 

analysing all sites, i.e. including both patches and continuous forest sites, not 

transformed when analysing only patches) as explanatory variables in the package 

MASS in R 3.0.0 (Venables & Ripley 2002). To examine differences in age class and 

sex ratio within sites, Pearson’s χ
 2

 tests of independence were performed using the 

package MASS in R 3.0.0 (Venables & Ripley 2002) and p-values were adjusted for 

multiple comparisons between sites using the Bonferroni correction (Rice 1989).  

 

Age classes for rodents were determined using weight (Wood 1971; Lidicker et al. 

1992; Leung 1999; Streatfeild 2001). Sexual status was used to check for correct 

assignment to age classes, but weight was used as a dominant predictor. Often 

females that stop breeding can become imperforate, even though they are sexually 

mature (Wood 1971). On the other hand perforate females have not always ovulated 

for the first time (as shown in laboratory studies) and young males are still aspermous 

even though they are showing testis development (Wood 1971). So even though these 

individuals are physically capable of breeding they are not sexually mature and 

therefore should be classified as subadults. From laboratory and field studies an upper 

weight limit was set and this can be used to consistently classify individuals in the 
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correct age classes (Wood 1971; Leung 1999; Streatfeild 2001). As capture 

percentage of the juvenile age class for M. cervinipes described in Wood (1971) 

(<40g) was very low, the juvenile and subadult age classes were combined into one 

class that contained all the individuals <65g and which henceforward will be referred 

to as subadults. All individuals >65g were classified as adults. For Rattus leucopus, 

the classification by Leung (1999) was followed. Individuals <100g were classified as 

subadults and >100g as adults. For U. caudimaculatus a classification system by 

Streatfeild (2001) was adopted, individuals <450g were identified as subadults and 

>450g as adults.  

 

Separate binomial models for each subset of sexual status per species were also 

performed, for example to determine if the number of lactating females of M. 

cervinipes was dependent on site size. Each individual was assigned a value of one if 

it had a specific sexual status (e.g. lactating female) and a value of zero if it did not 

have that status. P-values were adjusted for multiple comparisons between sexual 

status groups using the Bonferroni correction (Rice 1989).  

 

4.4.3.6 Body size of focal rodent species 

Weight and head length were used as body size indicators of the three common rodent 

species and also to define age class. To determine if there were any differences 

between sexes and age classes based on these parameters, they were modelled against 

explanatory variables: age and sex, using a linear regression with package MASS in R 

3.0.0 (Venables & Ripley 2002). A stepwise multiple regression model was created 

where non-significant variables were removed after ANOVA at each step. 

Subsequently the model was re-created using only variables found to be significant 

until all variables or their interactions were significant. Additionally, Akaike’s 

Information Criterion (AIC) values of different models were compared. AIC offers a 

relative estimate of the information lost when a given model is used to represent the 

process that actually generates the data (Akaike 1974). Therefore the model with the 

lowest AIC value will have the best fit of all available models. P-values obtained from 

these models were adjust for multiple comparisons between these groups using 

Bonferroni correction (Rice 1989). 
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4.4.3.7 Body condition of focal rodent species 

Body condition of the three common rodent species was examined using the method 

of Krebs & Singleton (1993). For M. cervinipes and R. leucopus a linear regression of 

weight versus head length of all individuals (all age classes, all sexes and all sites) 

was performed in the package MASS (Venables & Ripley 2002) in R 3.0.0. For U. 

caudimaculatus foot length was used in the regression rather than head length because 

this measurement showed a closer relationship with weight and therefore provided a 

more accurate estimation of expected weight. Young U. caudimaculatus tend to have 

a head disproportionately large compared to the rest of their body, but this is not the 

case with the foot (personal observation). In contrast, young R. leucopus and M. 

cervinipes have disproportionately large feet (personal observation). 

 

For all sites and for only patches the estimates from the equation of the linear 

regression of weight and head length for M. cervinipes and R. leucopus had similar 

significance and power (Appendix 4.12). The estimates for all sites of the linear 

regression of weight and hind foot length for U. caudimaculatus were slightly 

stronger than those from only patches (Appendix 4.12). More U. caudimaculatus 

individuals were caught in continuous rainforest sites adding valuable data. Expected 

weight was calculated from the regression equation and a body condition index was 

calculated by dividing observed weight by expected weight. Individuals with a value 

<1 were considered underweight and individuals with a value >1 were considered 

overweight. 

 

Body condition indices of the three rodent species were modelled against explanatory 

variables: time, site size (natural log transformed when analysing all sites; patches and 

continuous forest sites), age and sex, using a linear regression with package MASS in 

R (Venables & Ripley 2002). Stepwise multiple regression models were created 

similar to body size (4.4.3.6) To obtain an indication of whether the effect of patch 

size differed between groups, the data were divided into age and sex classes and linear 

regression models were prepared for each group (adult male, adult female, subadult 

male, subadult female) with explanatory variable site size and sampling time. P-

values obtained from these models were adjusted for multiple comparisons between 

these groups using Bonferroni correction (Rice 1989). 



Chapter 4: The effect of patch size and forest configuration on population demography 

68 

4.4.3.8  Movement distance within sites of focal rodent species 

A generalised linear mixed model with a Poisson error distribution was fitted to 

movement data comprising the movement distance by an individual on each trapping 

occasion. Explanatory variables included site size, sampling time, sex and age while 

distance moved was the response variable. A mixed model was fitted because there 

were repeated measurements for individuals from different trapping occasions. A 

mixed model takes these repeated measurements into consideration as a random factor 

and adjusts degrees of freedom for the model accordingly. In this case a random 

factor based on individual tag number was incorporated. During an initial model 

exploration including all individuals, the interaction between age and sex was 

analysed. This interaction was further explored using subsets of the data for adult 

males, adult females, subadult males and subadult females to assess if any of these 

groups were affected differently by site size or by sampling time (Stenseth & Lidicker 

1992; Lidicker 2002). 

 

Analyses were conducted using R 3.0.0 with package glmmADMB (Fournier et al. 

2012; Skaug et al. 2012) for building generalized linear mixed models (GLMMs). 

Model selection and comparison were achieved using the package MUMIn (Barton 

2013) which calculates Akaike’s information criterion values (AIC), corrected for 

small sample sizes (AICc). From calculated AICc differences for each model (Δi, the 

model’s AICc minus the minimum AICc among candidate models) were calculated 

and those with Δi less than two were considered to be ‘best’ (Barton 2013). Of those 

models the average with the best fit was calculated (Appendix 4.16 & 4.17). Effect 

size estimates with 95% confidence intervals (CIs) for predictor variables included in 

the best-fitting model of those considered in each analysis were reported. P-values 

obtained from these models were adjusted for multiple comparisons between these 

groups using Bonferroni correction (Rice 1989). 
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4.5 Results 

4.5.1 Species composition of non-flying mammals 

4.5.1.1 Ordination  

A first data exploration on species composition using nMDS ordination that included 

all sites and all species showed several interesting patterns. Continuous forest sites F1 

and F2 appeared to have a more similar species composition to small sites than to 

large (Figure 4.2). Most species appeared not affected by site size. Hemibelideus 

lemuroides (Figure 4.2: Hl) was plotted close to site F2, as it was rare and only found 

in high abundance at this site. Species composition was significantly affected by site 

size but not by vegetation type and forest configuration (Table 4.1).  

 
Table 4.1: NMDS ordination permutation test results of species composition influenced by 

vegetation type, forest configuration and site size including all sampled sites and species 

Variables NMDS 1 NMDS 2 R
2
 p value 

site size 0.978 -0.208 0.67 0.032 

vegetation type -0.871 -0.491 0.35 0.212 

forest configuration 0.359 0.933 0.26 0.315 

 

 
Figure 4.2: NMDS ordination biplot of species composition influenced by forest configuration, 

vegetation type and site size including all sampled sites and species 

Note: K=2, stress= 0.083, length of the arrow is proportional to the correlation between the variable and the 

ordination, direction of the arrow shows the increasing gradient, categories were transformed into number values: 

veg= vegetation type (1= mesophyll forest, 2= notophyll forest, 3=secondary forest), forest= forest configuration 

(0=patches, 1=continuous forest), size= site size (natural log transformed), sites in red, species in black: Ag= A. 

godmani, Dt=D. trivirgata, Dl=D. lumholtzi, Hc=H. chrysogaster, Hl=H. lemuroides, Im=I. macrourus, Mc=M. 

cervinipes, Mm=M. musculus, Pa=P. archeri, Ph=P. herbertensis, Pn=P. nasuta, Rl=R. leucopus, Rf=R. fuscipes, 

Ts=T. stigmatica, Tv= T. vulpecula, Uc=U. caudimaculatus. 
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As the ordination seemed to be disproportionately affected by rare species 

(Dt=Dactylopsila trivirgata (Striped Possum) and Hl=H. lemuroides) and species 

only occurring abundantly in one site (Rf=R. fuscipes and Ag=A. godmani) (see 

species scores Appendix 4.6) ordination was repeated to determine whether abundant 

species common to the majority of sites (Tv=T. vulpecula, Mc=M. cervinipes, Rl=R. 

leucopus and Uc=U. caudimaculatus) were influenced by these variables. This 

analysis showed that site size (p=0.037) was again significant but also vegetation type 

(p=0.007) had a significant effect and forest configuration (p=0.049) had a marginally 

significant effect (Table 4.2). Uromys caudimaculatus was correlated mainly with the 

first axis, which was mostly explained by site size (Table 4.3) and visual inspection of 

the ordination biplot showed that U. caudimaculatus was mostly associated with large 

sites or continuous forest (Figure 4.3). M. cervinipes was plotted in the middle of the 

graph, signifying that it had no close association with any variable and there was no 

clear trend for this species (Figure 4.3). Rattus leucopus occurrences were correlated 

with both ordination axes (Table 4.3), and were more closely associated with 

fragmented, regrowth sites (such as P2) (Figure 4.3). Trichosurus vulpecula was most 

closely associated with continuous forest sites F1 and F2 (Figure 4.3) but was highly 

correlated with both ordination axes (Table 4.3), and the biplot showed it was highly 

associated with both continuous forest sites and small patches (Figure 4.3). 

 
Table 4.2: NMDS ordination permutation results of species composition influenced by vegetation 

type, forest configuration and site size including all sampled sites and only common species 

Variables NMDS 1 NMDS 2 R
2
 p value 

site size 0.938 -0.348 0.75 0.037 

vegetation type -0.781 0.625 0.78 0.007 

forest configuration 0.245 -0.969 0.67 0.049 

 

Table 4.3: NMDS ordination species scores including only common species 

Variables NMDS 1 NMDS 2 

M. cervinipes -0.1621 -0.04647 

R. leucopus -0.1975 0.21363 

U. caudimaculatus 0.4424 0.00955 

T. vulpecula -0.3354 -0.19257 
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Figure 4.3: NMDS ordination biplot of species composition influenced by forest configuration, 

vegetation type and site size including all sampled sites and only common species 

Note: K=2, stress= 0.055, arrows: veg= vegetation type (1= mesophyll forest, 2= notophyll forest, 

3=secondary forest), forest= forest configuration (0=patches, 1=continuous forest), size= site size (log 

transformed), sites in red, species in black: Mc=M. cervinipes, Rl=R. leucopus, Tv= T. vulpecula, 

Uc=U. caudimaculatus 

 
4.5.1.2 Diversity indices  

Species richness across all sites varied between 6 and 10 mammal species per site 

(Table 4.4: maximum in bold). Shannon Wiener diversity (H) was similar between 

sites, with continuous forest site F2 and P5 (2.53 ha) being lowest in diversity and 

fragment P6 (12.23 ha) having the highest diversity (Table 4.4: in bold). P6 also was 

greatest in evenness (J) (Table 4.4: in bold), while F2 again was lowest. The 

heterogeneity of diversity between sites is demonstrated by a beta diversity between 

sites of 1.025.  

 
Table 4.4: Species diversity varying with site size of sampled forest plots 

Site Size (ha) Species richness (R) Shannon Wiener 

diversity (H) 

Pielou’s evenness (J) 

P5 2.53 6 1.163 0.649 

P7 2.93 7 1.468 0.754 

P4 4.23 8 1.390 0.668 

P2 7.23 10 1.617 0.702 

P6 12.23 10 1.963 0.853 

P3 15.91 9 1.776 0.808 

F1 2038.69 8 1.591 0.765 

F2 2038.69 6 1.053 0.587 

F3 106975.2 9 1.715 0.781 

F4 106975.2 6 1.408 0.781 
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Including all sites (continuous forest and fragmented patches), site size did not have a 

significant effect on species richness, Shannon Wiener diversity or on Pielou’s 

evenness (Appendix 4.7). When considering only patches, there was an overall 

positive trend between patch size and species diversity, which was significant for 

Shannon Wiener diversity (Appendix 4.7: R
2
=0.66, F value = 10.70, df= 4, p=0.031) 

(Figure 4.4). 
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Figure 4.4: Linear regression between patch size, species richness, diversity and evenness  

 

4.5.2 Abundance of non-flying mammal and three focal rodent species  

Most sites had similar abundances of species and most species were found both in 

large and in small sites (Figure 4.5). A few exceptions were Hydromys chrysogaster 

(Water Rat) and Antechinus godmani (Atherton Antechinus), which only occurred in 

continuous forest sites, F3 and F4, and Dactylopsila trivirgata (Striped Possum), 

which was only found once in P5. Detectability and capture rates for these three 

species were generally low (Appendix 4.4 & 4.5). Rattus fuscipes occurred in high 

abundance in two continuous forest sites (F3 and F4) but only two individuals were 

trapped per site in P2 and P3 and therefore meaningful comparisons between sites 

were not possible. Melomys cervinipes, R. leucopus and U. caudimaculatus, however, 

occurred across all sites in relatively high abundance. Therefore these three species 

were targeted for further analyses. 
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Figure 4.5: Trapping grid density per 100 trap nights (adjusted abundance) of all species found at each site, ordered by site size 



Chapter 4: The effect of patch size and forest configuration on population demography 

74 

Across all sites (continuous forest sites and fragmented patches) the abundance of M. 

cervinipes was significantly affected by sampling time (Appendix 4.8: z= -7.08, df= 

64, p<0.001), and the abundance of R. leucopus was significantly affected by site size 

(Appendix 4.8: z= -2.73, df= 49, p=0.006), being less abundant in the larger 

continuous forest sites (Figure 4.5), was driving this negative effect of site size 

(Figure 4.6). The abundance of U. caudimaculatus was not affected by the 

explanatory variables or their interactions when all sites were included (Appendix 

4.8). 
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Figure 4.6: The relationships between fitted abundance (from a Poisson regression that included 

site size and sampling time) and the natural log of site size for three focal rodent species 

 

When the effects of patch size were modelled using only patches, there was a 

marginal interaction effect between sampling time and patch size for both M. 

cervinipes and R. leucopus (Appendix 4.8: M. cervinipes: z= -2.02, df= 41, p=0.043; 

R. leucopus: z= -2.00, df=35, p=0.046). Patch size similarly positively affected the 

abundance of M. cervinipes (Appendix 4.8: z= 2.03, df= 41, p=0.043) and R. leucopus 

(Appendix 4.8: z= 2.00, df= 35, p=0.045), with a highly significant positive effect on 

U. caudimaculatus (Appendix 4.8: z= 2.48, df= 26, p=0.013). The patch only 

regressions showed that larger patches had greater abundances of the three common 

rodent species (Figure 4.7). 
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Figure 4.7: The relationships between fitted abundance (from a Poisson regression that included 

patch size and sampling time) and patch size for three focal rodent species 

 

4.5.3 Sex ratio of rodent species populations 

Neither sampling time nor site size (when continuous forest patches were included) 

nor patch size (when only remnant patches were considered) influenced the sex ratio 

of the different populations of any of the three focal rodent species (Appendix 4.9). 

Although there appeared to be a slight male bias in M. cervinipes in most sites, and R. 

leucopus appeared female biased in several sites, this trend within sites was not 

significant (Figure 4.8). The trend in sex ratio of U. caudimaculatus was inconclusive 

in most sites because of low capture numbers (Figure 4.8). 
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Figure 4.8: Proportion of different sexes of three focal rodent species across sites of different sizes  

Note: N= total number of individual captures, sites where total individuals captured were less than 5 are not shown. For R. leucopus not shown are P9, F2, F3 and F4, for U. 

caudimaculatus: P2, P5, P6, P7, P8, P9, F1 and F2 
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4.5.4 Age class ratio of rodent species populations 

Across all sites, the age class ratio (proportion of adults to subadults) of U. 

caudimaculatus was significantly affected by site size (Appendix 4.10: z= -2.07, df= 

57, p=0.039), time (Appendix 4.10: z= -2.06, df=57, 0.040) and their interaction 

(Appendix 4.10: z= 2.06, df= 57, p=0.040). Figure 4.9 demonstrates that subadults of 

this species were only caught in large patches and continuous forest sites. When 

considering only patches, there was no significant influence of the tested parameters 

on the age class ratio of the three common rodent species (Appendix 4.10). Melomys 

cervinipes and R. leucopus populations at most sites appeared to be biased towards 

subadults, while U. caudimaculatus appeared generally adult-biased (Figure 4.9), but 

most of these patterns were non-significant, except for R. leucopus where more 

subadults than adults were trapped in fragmented site P7 (2.93 ha; (χ
 2

(1, N=17) = 

9.94, p=0.020) (Figure 4.9). Age class ratio results of U. caudimaculatus per site was 

mostly based on low capture numbers (Figure 4.9) and some ratios only represent one 

individual, so data were inconclusive for these sites.  
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Figure 4.9: Proportion of different age classes of three focal rodent species across sites of different sizes 

Note: * Indicates significant difference of abundance of adults versus subadults within sites, N= total number of individual captures, sites where total individuals captured 

were less than 5 are not shown. For R. leucopus not shown are P9, F2, F3 and F4, for U. caudimaculatus: P2, P5, P6, P7, P8, P9, F1 and F2 
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4.5.5 Sexual status of rodent species populations 

For M. cervinipes females and males in breeding condition showed a positive 

significant response to sampling date (Appendix 4.11: lactating females: z= 3.09, df= 

382, p=0.018; T3E3 males: z=4.66, df= 384, p<0.001) and young males (T0E0, 

T0E1) a negative response (Appendix 4.11: T0E0: z= -4.39, df= 383, p<0.001; T0E1: 

z= -2.94, df= 382, p=0.027). The distribution of different sexual status classes of M. 

cervinipes was variable in time, there was no real indication of a breeding season as 

there were still juveniles, pregnant and lactating females found in the late dry season 

(September/October) but from the models and the graphs it was indicated that there 

were more juveniles in the beginning of the year (April/May) (Appendix 4.11). 

Lactating females and young males (T0E0) were more abundant in large fragments 

and continuous forest (Appendix 4.11: lactating females: z= 2.99, df= 382, p=0.027; 

T0E0: z= 2.84, df= 383, p=0.045). For R. leucopus no significant effects between 

sexual status, sampling time and site size were found (Appendix 4.11). Patch size 

(Appendix 4.11: z= 3.12, df= 36, p= 0.014) and sampling time (Appendix 4.11: z= 

2.87, df= 36, p= 0.028) had a positive effect on U. caudimaculatus older males 

(T2E2). This group was also the most commonly captured and therefore reflected the 

overall abundance trend (Appendix 4.11). Abundances for certain sexual status 

categories for this species were low and therefore could not return conclusive results. 

 

4.5.6 Body size of rodent species populations 

Weight was used as a predictor to divide age classes based on previous studies 

(4.4.3.5). The suitability of this method for M. cervinipes, R. leucopus and U. 

caudimaculatus was confirmed by linear regression modelling that showed significant 

differences in weight between adults and subadults (Table 4.5), and significant 

differences in head length between age classes of all three species (Table 4.6). 

Melomys cervinipes and U. caudimaculatus were found to be sexually dimorphic in 

weight: males were significantly heavier than females (Figure 4.10). This pattern was 

not found for R. leucopus and there were also no significant differences in head length 

between sexes for all three species (Table 4.6 & Figure 4.10). 
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Table 4.5: Linear regression results of body weight of focal rodent species depending on age and 

sex  

Species df AIC Adjusted R
2
 Variable Coefficient  

estimate 

S.E. F value p value 

M. cervinipes 378 2761.0 0.492 age 13.436* 1.475 356.96 <0.001 

    sex 2.604* 0.937 6.33 0.010 

R. leucopus 107 987.2 0.654 age 283.000* 181.000 214.51 <0.001 

    sex 50.900 205.000 1.41 0.238 

U. caudimaculatus 57 732.6 0.626 age 258.760* 31.920 65.70 <0.001 

 

 
Table 4.6: Linear regression results of head length of focal rodent species depending on age and 

sex 

Species df AIC Adjusted R
2
 Variable Coefficient  

estimate 

S.E. F value p value 

M. cervinipes 374 1690.0 0.172 age -173.00* 94.50 40.51 <0.001 

R. leucopus 113 530.6 0.484 age -189.00* 86.50 97.20 <0.001 

    sex -634.00 203.00 0.24 0.622 

U. caudimaculatus 58 415.5 0.269 age 9.99* 2.38 17.56 <0.001 

Note: * Significant coefficient estimates, only significant effects are shown for models with highest significance and lowest AIC value 
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Figure 4.10: Box plots of body weight and head length of three focal rodent species depending on 

sex and age 
Note: * Indicates sex or age class that is significantly larger in body weight or head length 
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4.5.7 Body condition of rodent species populations 

For M. cervinipes across all sites, there were significant differences in body condition 

between age classes (Appendix 4.13: F=238.06, df= 377, p<0.001) and sexes (Appendix 4.13: 

F=6.07, df=377, p=0.014), and there was a significant interaction of patch size and age 

(Appendix 4.13: F= 18.26, df= 293, p<0.001), therefore subsets according to age class and sex 

were analysed separately. Across all sites for adult females, sampling time (Appendix 4.14: 

F= 7.08, df= 53, p= 0.040) was a significant negative variable affecting body condition 

(Figure 4.11). In the linear regression model with only patches, patch size had a significant 

positive influence on body condition of adult males (Appendix 4.14: F= 11.9, df= 93, p= 

0.004) and females (Appendix 4.14: F= 12.51, df= 34, p= 0.004) (Figure 4.11).  
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Figure 4.11: Linear regression of body condition of M. cervinipes in different age and sex groups 

depending on patch size and sampling time 

Note: * Indicates significant trend for this group, dotted lines are 95% confidence intervals 

 

For R. leucopus, across only patches, age (Appendix 4.13: F= 33.26, df= 104, p<0.001) and 

the interaction between sex and patch size (Appendix 4.13: F= 4.98, df= 104, p= 0.028), were 

significant variables in the model and therefore subsets according to age class and sex were 

analysed separately. Body condition of subadult females in patches was positively affected by 

patch size (Appendix 4.14: F= 7.01, df= 33, p= 0.048) and the interaction of patch size and 

time (Appendix 4.14: F= 9.18, df= 27, p= 0.020) had a significant effect on subadult males 

(Figure 4.12).  
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Figure 4.12: Linear regression of body condition of R. leucopus in different age and sex groups depending 

on site/patch size and sampling time  

Note: * Indicates significant trend for this group, dotted lines are 95% confidence intervals 

 

For U. caudimaculatus only age caused a significant effect (Appendix 4.13: F= 37.6, df= 59, 

p<0.001) on body condition and this was true across sites and when only patches were 

included (Appendix 4.13 & Figure 4.13). There was no significant effect of sampling time or 

site/patch size on any of the age classes or sexes (Figure 4.13). 
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Figure 4.13: Linear regression of body condition of U. caudimaculatus in different age and sex groups 

depending on site and patch size  

Note: Dotted lines are 95% confidence intervals 
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4.5.8 Small-scale movements of rodent species populations 

On average within all sites sampled M. cervinipes moved over a distance of 36.2 m, R. 

leucopus over 33.3 m and U. caudimaculatus over 65.1 m (Appendix 4.15). Across all sites 

there were significant effects of age of the individual (Appendix 4.17: z= 4.45, df= 230, 

p<0.001) and the interaction between age and sex (Appendix 4.17: z= -6.55, df= 233, 

p<0.001) on the distance moved by M. cervinipes. Adult individuals moved on average 40.6 

m, whereas average movement distance by subadults was shorter; they moved 31.1 m 

(Appendix 4.15). This difference was also present when only remnant forest patches were 

considered (Appendix 4.17). Therefore subsets according to age class and sex were analysed 

separately. 

 

When the distance moved by adult male M. cervinipes in all sites were analysed, sampling 

time (Appendix 4.19: z= 5.31, df= 85, p<0.001) and site size (Appendix 4.19: z= 4.05, df= 64, 

p<0.001) had a significant positive effect and, their interaction (Appendix 4.19: z= -4.06, df= 

56, p<0.001) had a significant negative influence (Figure 4.14). However, when only remnant 

patches were included, sampling time (Appendix 4.19: z= 8.84, df= 97, p<0.001) was the only 

significant positive effect on the distance moved by adult males. Distance moved by subadult 

females were negatively affected by site size (Appendix 4.19: z= -3.73, df= 31, p<0.001) and 

the interaction between site size and sampling time (Appendix 4.19: z=3.72, df= 46, p<0.001) 

had a positive effect (Figure 4.14) but again these effects were not found when considering 

only patches (Appendix 4.19). Neither sampling time nor site or patch size influenced 

movements by subadult males (Appendix 4.19).  
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Figure 4.14: Generalised linear mixed model of movement distance of M. cervinipes in different age and 

sex groups depending on site size and sampling time  

Note: * Indicates significant trend for this group, dotted lines are 95% confidence intervals 
 

For all R. leucopus individuals across fragmented patches of forest, age (Appendix 4.17: z= 

3.13, df= 52, p=0.008) had a significant effect on the distance moved. On average adult 

individuals moved 32.3 m and subadults 34.3 m (Appendix 4.15). As responses therefore 

would differ between different age classes, subsets of data according to age class and sex 

were analysed separately. For adult females sampling time had a significant positive effect 

(Appendix 4.19: z= 3.23, df= 22, p=0.020) and for subadult males site size (Appendix 4.19: 

z= 4.60, df= 13, p<0.001) and sampling time (Appendix 4.19: z=3.99, df= 17, p<0.001) had a 

positive effect on movement distances and their interaction (Appendix 4.19: z= -4.60, df= 14, 

p<0.001) was negative (Figure 4.15). These patterns did not appear when analysing only 

patches (Appendix 4.19).  
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Figure 4.15: Generalised linear mixed model of movement distance of R. leucopus in different age and sex 

groups depending on site size and sampling time 

Note: * Indicates significant trend for this group, dotted lines are 95% confidence intervals 
 

Across all sites for U. caudimaculatus there was a significant effect of sex (Appendix 4.17: z= 

2.46, df= 33, p=0.012) on distance moved by all individuals. Male individuals moved on 

average 71.8 m and females 35 m (Appendix 4.15). For U. caudimaculatus individuals in 

patches, age also significantly affected movement distance (Appendix 4.17: z= 4.97, df= 13, 

p<0.001). In patches subadults moved on average 40 m and adults 67.4 m (Appendix 4.15). 

Additionally in patches the interaction of age and sex (Appendix 4.17: z= 2.74, df= 13, 

p=0.006) had a significant effect on distance moved. Unfortunately subsetted data for 

different age and sex classes could not be confidently analysed as the number of individuals 

for the separate classes were too low and some classes were missing from several sites.  
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4.6 Discussion 

4.6.1 Species composition and diversity of non-flying mammals 

When rare species were included species composition was influenced by site size (Table 4.1). 

Species composition of more common species was influenced by site size, forest 

configuration and vegetation type (Table 4.2). If the continuous forest sites were excluded, 

patch size had a significant effect on Shannon Wiener diversity. So it appears that as 

predicted, large remnant forest patches were associated with higher species diversity and 

evenness (Laurance 1990; 1991a; Pardini et al. 2005) (Table 4.4 & Figure 4.4). However, 

some continuous rainforest sites had low species richness so this pattern should be interpreted 

with caution. The western Tablelands continuous forest sites F1 and F2 had a more similar 

species composition to that found in small fragments and were very different from the eastern 

Tablelands continuous rainforest sites F3 and F4 (Figure 4.2). Several factors distinguish F1 

and F2 from F3 and F4: different fragmentation history (west versus east), different altitude 

and different WTMA forest type (WTMA 2009). Further, sites F1 and F2 were more affected 

by recent cyclones (Cyclone Larry 2006 and Cyclone Yasi 2011) than F3 and F4. Large 

canopy gaps due to tree falls at these sites appeared to have altered both the microclimate and 

the vegetation structure, which resembled the edge affected vegetation found in small 

fragments (Pohlman et al. 2007; Kanowski et al. 2008; Laurance et al. 2008; Wilson et al. 

2008). In chapter six the effects of vegetation structure will be analysed in more detail.  

 

Several species including Hydromys chrysogaster (Water Rat), Antechinus godmani (Atherton 

Antechinus) and Rattus fuscipes (Bush Rat) were associated with large expanses of 

continuous rainforest (Figure 4.2 & 4.5). Hydromys chrysogaster is thought to be rainforest 

dependent but has been found in matrix habitat and in fragments on the Atherton Tablelands 

(Laurance 1994; Goosem et al. 2006). This species was only caught on one occasion in 

continuous rainforest so the data offer no opportunity for conclusive deductions. Antechinus 

godmani was caught in moderately high abundance (Appendix 4.5 & Figure 4.5) in two 

continuous rainforest sites but was never detected in any of the fragments. Laurance (1994) 

found a similar result but did detect the species in a very large 590 ha fragment and the 

species is said to not occur in fragments smaller than 100 ha (Maxwell et al. 1996; Burnett 

2008). Our fragments were all less than this area so it is not surprising this species was not 

detected in sampled remnants. Antechinus godmani is a restricted rainforest endemic and is 

classified as forest dependent (Burnett 2008). A species from the same genus, Antechinus 
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flavipes (Yellow-footed Antechinus), believed to be fragmentation tolerant and even 

occurring in higher abundance in fragments than in continuous forest twenty years ago 

(Laurance 1994), was not trapped on any occasion. The lack of captures of this species might 

be related to sampling bias as traps were baited with oats, unlikely to be the preferred 

attractant for insectivores. Laurance (1994) baited traps with beef scraps and chicken wings 

and this may have increased chances of trapping antechinus and other insectivorous and 

carnivorous mammals. However, if the absence of these two species from fragments indicates 

their disappearance over the years, rodent species now occurring may face less competition 

for food and den sites with a consequent increase in the carrying capacity of these fragments 

for rodents (Laurance 1994).  

 

R. fuscipes was captured in high abundance in two continuous rainforest sites (F3 and F4) but 

only four individuals were trapped in two large fragments (P2 and P3) (Figure 4.5). The 

association of R. fuscipes with large fragments and continuous forest was also noted by 

Laurance (1994) and Williams et al. (2002), although discrimination of species between these 

two congeners is difficult. In the past, identifications were based on morphological features 

including skull measurements and hair analysis (Lidicker & Laurance 1990; Williams et al. 

2002). In this study Rattus species were identified using genetic assignment testing (5.4.2.1). 

Nonetheless, patterns appear similar between these previous studies and mine. I found that R. 

fuscipes was more prevalent in continuous forest and that Rattus leucopus (Cape York Rat) 

dominated fragments. Laurance (1994) found a strong negative correlation between the 

abundance of the two Rattus species and he deemed direct competition a likely cause. These 

two Rattus species overlap in diet and foraging strategies (Laurance 1992) and during captive 

arena trials they behaved aggressively towards each other (Laurance 1989). Rattus leucopus 

also shows a high preference for disturbed habitat such as forest edges (Laurance 1994; 

Goosem & Marsh 1997; Goosem 2001). Therefore, elevated abundances of R. leucopus in 

small fragments with a high edge to core ratio, coupled with the small fragment's limited 

resources, could result in more intense competition and drive R. fuscipes to local extinction, 

particularly if this species was unable to disperse to suitable habitat in small fragments 

through a pasture matrix, thus reducing opportunities for recolonisation (Laurance 1994).  

 

Pseudochirulus herbertensis (Herbert River Ringtail Possum) also clustered more closely 

with larger sites (Figure 4.2). Pseudochirulus herbertensis generally is expected to avoid 

secondary vegetation but has been observed in small fragments (Laurance 1990; Laurance & 
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Laurance 1999). However, its abundance is believed to decline as sites became smaller than 

20ha (Laurance 1990; 1994). Unfortunately, there were very few detections of this species so 

adjusted abundance estimates could not be compared. However, the species was sighted in 

sites from 2.93ha to >200 000ha (Figure 4.5) supporting previous findings (Laurance 1990; 

Laurance & Laurance 1999). 

 

As found in previous studies, U. caudimaculatus occurred in higher abundance in large 

fragments and continuous rainforest than in small fragments (Laurance 1991a; 1994) (Figure 

4.6 & Figure 4.7). In these studies the abundance of U. caudimaculatus showed a declining 

trend near edges and disturbed habitat. My research confirms this pattern, as U. 

caudimaculatus was present in its lowest abundance (P5=2.53ha) and was even absent in the 

smallest fragments (P7=2.93ha) and in the heavily disturbed continuous forest sites (F1 and 

F2) (Figure 4.5). 

 

The association of D. trivirgata with small sites found in this study is a function of its low 

detectability (Appendix 4.4) and is unlikely to reflect a preference in the species. Dactylopsila 

trivirgata has an elongated fourth finger with which it probes for insect larvae in rotting snags 

(Rawlins & Handasyde 2002). Dead standing wood is mostly lacking in small fragments 

(Laurance & Laurance 1996) and thus smaller fragments would not be expected to be a 

preferred habitat. However, as I found here, it can survive in these fragments and although 

small fragments are said to contain less dead standing wood, they do have a high mortality 

rate of trees so there is usually more coarse woody debris found on the forest floor (Laurance 

2004). This species is also found in more open woodland and does not seem to be affected by 

fragmentation (Handasyde 2008).  

 

In general this study found similar patterns in species composition and abundance as in 

previous studies. Site size and forest configuration (fragmented vs continuous) seemed to 

structure species according to their tolerances and preferences, with large fragments and 

continuous forests having a higher species diversity. However, I found that they are not the 

only variables impacting on species occurrence and density. Vegetation structure could also 

have a profound impact and the differences between the continuous forest areas suggest that, 

while other factors may contribute, damage from cyclones may influence species presence 

even within continuous forest. Variation caused by vegetation structure will be explored 

further in Chapter six. 
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4.6.2 Abundance, sex ratio and age class ratio of focal rodent populations 

Abundance of M. cervinipes, R. leucopus and U. caudimaculatus was generally lower in 

continuous forest than in patches, significantly so for R. leucopus (Appendix 4.8).Conversely, 

when patches alone were considered, for all three species there was a significant positive 

effect of patch size on abundance. Sampling time had an effect on M. cervinipes across all 

sites. There was a significant interaction between sampling time and patch size for R. 

leucopus and M. cervinipes when considering only patches, but sampling time itself did not 

affect R. leucopus.  

 

The low abundance of M. cervinipes and R. leucopus in continuous forest sites may have been 

driven by competition effects. Rattus fuscipes was present in high abundance in continuous 

forest and may be suppressing populations of M. cervinipes and R. leucopus. As R. leucopus 

prefers edge over interior habitat (Laurance 1994), its absence from continuous forest could 

be expected; the only two continuous forest sites in which it was found were the more 

disturbed sites (F1 and F2) with canopy gaps and dense creek vegetation. In these sites no R. 

fuscipes and only one individual of U. caudimaculatus were trapped, indicating that M. 

cervinipes and R. leucopus face less interspecific competition for the available resources. 

Melomys cervinipes, may benefit most from this, as it occurred in highest abundance at those 

sites (Figure 4.5). Uromys caudimaculatus was found to decline in abundance with increasing 

site size (Figure 4.6). This effect was mainly caused by its low abundance and almost 

complete absence from the two disturbed continuous rainforest sites (F1 and F2). Its 

abundance was high in the other two continuous rainforest sites (F3 and F4). Because of this 

large variation among continuous rainforest sites the decrease in abundance was not 

significant. 

 

Across all sites M. cervinipes also showed a significant decline in abundance with time 

(Appendix 4.11); less animals were trapped in the second year even though trapping effort 

increased. The wet season, Summer of 2012 was relatively dry and most of the annual rain did 

not fall until April (Bureau of Meteorology 2012). This may have caused a decrease in 

resources (Bentley 2008; Angelier et al. 2011) and subsequently a decrease in abundance 

(Streatfeild 2001; Marcello et al. 2008). 

 

Patch size had a significant positive effect on the abundances of M. cervinipes, R. leucopus 

and U. caudimaculatus, but this effect was most pronounced in U. caudimaculatus 

populations (Figure 4.7). This may indicate their different sensitivities to fragmentation 
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(Laurance 1991a; 1994). Uromys caudimaculatus seemed less fragmentation tolerant than the 

other two species, as its sex ratio and age class ratios appeared to be affected by patch size 

(Figure 4.8 & Figure 4.9). Sex ratios remained fairly even across sites. However, in many of 

the small sites only males were found and overall females were seldom trapped, but due to 

low capture rates this evidence was inconclusive. Age class ratios appeared to be skewed 

towards adults in most sites (Figure 4.9). Moreover, subadults were only found in the largest 

patches (P3 and P6). However, sample sizes for U. caudimaculatus were small and results 

should be treated with caution. Nonetheless, this observed pattern could indicate that larger 

patches have a higher availability of resources (Lindenmayer et al. 1999a; Van Dyck & 

Baguette 2005) for females to rear their young and they might defer breeding in small patches 

until more resources become available or they find higher quality habitat (Zanette et al. 2000; 

Streatfeild 2001; Zanette 2001; Flynn et al. 2011). For M. cervinipes an indication of this was 

found as more lactating females and young males were present in large fragments and 

continuous rainforest (Appendix 4.11). The other two rodent species showed no significant 

variation in sex and age class ratio depending on site size. However, M. cervinipes did appear 

male-biased in some of the sites and both species seemed slightly subadult biased. As males 

are mostly the dispersing sex and their survival strategy is focussed on finding mating 

opportunities (Clout & Efford 1984; Stenseth & Lidicker 1992; Flynn et al. 2011), they are 

more likely to occur in lower quality habitat, such as fragmented rainforest exposed to varying 

edge effects. This slight skew was also found in other studies (Wood 1971; Leung 1999; 

Bentley et al. 2000) and might be caused by a trapping bias. Males and subadults tend to 

forage more widely and therefore have a higher likelihood of encountering the traps (Wood 

1971). 

 

One of the initial predictions (4.3) was justified: rat species declined in abundance with 

decreasing patch size (Laurance 1989; 1990; Pardini et al. 2005). However, abundances of M. 

cervinipes and R. leucopus were lower in continuous forest and showed no significant male-

biased sex ratio or subadult biased age class ratio in small patches as expected(Clout & Efford 

1984; Diffendorfer et al. 1995; Tattersall et al. 2004; Bowler & Benton 2005), indicating that 

small patches contain habitat for these rodents that is of similar quality to that in larger 

fragments. This ability to survive in small fragments could release them from interspecific 

competition with congeners or larger rodents. This means that small fragments represent 

valuable habitat for small mammals and could be used as important stop-over sites by larger 

mammals while seeking new territories.  
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4.6.3 Body condition of rodent species populations 

Body condition of adult male and adult female M. cervinipes decreased over time and for 

females this effect was significant. Over a short time period animals may lose body condition 

if they were often recaptured and spent a lot of time in the traps. Animals recaptured over 

several days tended to decrease in body weight. On a longer time scale there was a substantial 

difference between wet seasons of subsequent trapping years, and lower resource availability 

in the second year may have caused the decline in body condition (Angelier et al. 2011). 

Bentley (2008) found that M. cervinipes females responded to lower food availability and 

increased their foraging movements and thus energy expenditure when there was a late onset 

of the wet season. 

 

Significantly more lactating M. cervinipes females were present in large patches and 

continuous forest, although no such effect was found for R. leucopus. Decreasing patch size 

may have a negative impact on breeding rates in M. cervinipes, as significantly fewer 

lactating females were found in smaller patches and body condition was decreased for adult 

males and females (Figure 4.11). This was also the case for subadult female R. leucopus 

(Figure 4.12). Resources tend to be more abundant and widespread in large fragments (Van 

Dyck & Baguette 2005), while small fragments generally have a lower habitat quality and 

resources occur in a more clumped distribution (Laurance 1990; Dias 1996; Foppen et al. 

2000; Beck et al. 2004; Van Dyck & Baguette 2005). Females may be particularly sensitive to 

resource availability in their habitat, as they have to feed their young (Wood 1971; Stenseth & 

Lidicker 1992). Even more, subadult females need to establish their own home range where 

there are enough resources available to rear their young in the future (Stenseth & Lidicker 

1992). Therefore, females invest a great deal of energy on finding resources and a good 

quality home range (Ostfeld et al. 1985; Lidicker et al. 1992; Salvioni & Lidicker 1995; 

Lidicker 1999). When resources are scarce, females increase their foraging effort (Bentley 

2008). Additionally, subadult females that have not dispersed from their home range will also 

experience direct competition from their siblings (Baguette & Van Dyck 2007). Males tend to 

forage more widely than females (Wood 1971). Therefore in unfavourable habitat, such as 

small patches, males would not only incur higher energy costs due to lower resource 

availability, but also to find mates they would have to search more widely (Zanette et al. 

2000; Angelier et al. 2011), as in a lot of the small sites, sex ratio appeared male-biased. 

Males in low body condition may also be more likely to encounter traps (Wood 1971) if a 

lack of resources makes them more attracted to the bait. However, it has been noted that the 
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radius of attraction to bait is only relatively small for small mammals and therefore 

individuals should already be associated with the area in which they are trapped (Bowman et 

al. 2000). For this reason this should not cause a significant trapping bias. 

 

Body condition of U. caudimaculatus did not vary significantly and was not influenced by 

patch size or time. Animals of these species surviving in these fragments seem to have 

adapted to their living environment and were able to maintain their condition. As they are 

larger in body size and are much more mobile they may not respond to the same fine-scale 

habitat variation (Laurance 1994) as the smaller rodents do. They have also been observed 

foraging outside of the fragments and are often found near houses (Laurance 1994; Strahan 

1995; Goosem & Marsh 1997; Goosem 2001). Additionally they are good climbers, making 

some resources such as hard nuts available only to them (Moore 2010), and they are known to 

opportunistically predate other small animals and their nests (Laurance & Grant 1994).  

 

Body condition of individuals was expected to increase with patch size. This was the case, but 

the effects were different between species, age classes and sexes. Not just site size but 

underlying patterns such as population density and resource availability might be the real 

cause.  

 

4.6.4 Small-scale movements of rodent species populations 

Adults moved further than subadults in all three species (Appendix 4.17), which could be 

expected as juveniles and subadults tend to stay close to the nest and within their parent’s 

home range (Wood 1971). Males moved further than females in U. caudimaculatus 

(Appendix 4.15) but this difference was not detected for the other two rodent species. 

Mammal females are usually the resident sex and mammal males in general move further than 

females, especially in the breeding season (Wood 1971; Clout & Efford 1984; Salvioni & 

Lidicker 1995). Males need to actively search for mating opportunities, and, as the abundance 

of female U. caudimaculatus was low in most sites, males would have to search more widely 

to find them.  

 

Movements by adult male M. cervinipes, adult female and subadult male R. leucopus were 

positively affected by time (Figure 4.14, Figure 4.15); they moved further in the dry season. 

This is likely caused by a combination of reduced food availability and seasonal reproductive 

and developmental timing. Food supply is expected to drop in the winter months (July-
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October) and previous studies have shown that food supply had a significant influence on R. 

leucopus populations (Leung 1999). In December fruit production peaks and the rains keep 

the forest litter wet which creates ideal conditions for leaf litter invertebrates and therefore 

food supply is abundant and widespread (Goosem & Tucker 1995; Leung 1999; Elmouttie 

2009). When the forest becomes drier in the winter months, moisture remains in the leaf litter 

only near creek beds and fruits are largely absent (Leung 1999; Elmouttie 2009), so food 

supply is decreased and only occurs in a clumped distribution. This means that animals will 

need to move further to find enough resources to sustain their energy demand. For subadults 

both the shortage in food supply and the need to establish their own home range will entice 

them to go on further foraging exploits.  

 

Movement distances of adult male M. cervinipes and subadult male R. leucopus were 

positively affected by site size (Figure 4.14, Figure 4.15, Figure 4.16). This could be a result 

of safer foraging on abundant resources and by decreased inter- and intraspecific competition 

due to lower species density in large sites. There was more canopy closure both in large 

patches and continuous forest and therefore large aerial predators may find it difficult to spot 

prey and animals can move further more safely (Lidicker et al. 1992; Laurance & Laurance 

1996). There may also be less competition in large patches and continuous forest: resources 

are in general more abundant and species density is lower (Leung 1999; Bentley 2008), so 

animals can move further without conflicting with their neighbours.  

The movement distances of subadult female M. cervinipes showed a negative response to site 

size. For subadult females, if resources are abundant in larger sites, they may be better able to 

share the home range of their mothers and therefore stay in close vicinity, moving smaller 

distances (Wood 1971; Salvioni & Lidicker 1995; Van Dyck & Baguette 2005).  

 

In this study varied patterns of movement were found, illustrating that responses to food 

supply, population density and mating opportunities over time and space can differ not only 

between species but also within species depending on sex and age class (Stenseth & Lidicker 

1992; Lidicker 2002; Gomez et al. 2011). Movement distances are therefore likely to be 

affected by other variables and site size alone, as an explanatory variable, might not be 

enough to make valuable predictions. Studies of small mammals have shown that sexes can 

dramatically alter their movement pattern depending on microhabitat (Stenseth & Lidicker 

1992; Lidicker 2002), so possibly more fine-scaled inferences need to be made and I explore 

this option in Chapter six.  
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4.7 Conclusion  

Forest area had a clear impact on species diversity and was also influenced by vegetation 

type. The two sets of continuous forest sites differed markedly in their species composition, 

perhaps due to disturbance from cyclones, though other factors may be involved. For three 

rodent species (M. cervinipes, R. leucopus and U. caudimaculatus) abundances were generally 

lower in continuous forest compared to fragmented sites. This is probably because all three 

species are edge tolerant and may even prefer edge habitat. Conversely, among patches only, 

abundance decreased with decreasing patch size, significantly so for R. leucopus. Decreasing 

patch size may have had negative impacts on breeding rates in the three focal rodent species. 

The number of lactating females of M. cervinipes was positively related to patch size with 

body condition decreasing in smaller patches for both adult males and females. The body 

condition of Rattus leucopus subadults was similarly affected by patch size. While body 

condition was not affected, age class ratios in U. caudimaculatus appeared to be influenced by 

patch size with subadults only caught in large patches. This suggests that breeding may be 

reduced in smaller patches for this species as well. However, this was based on small sample 

sizes and should be treated with caution. Overall, these results suggest that while larger 

fragments tend to support a higher species diversity, small fragments can still maintain high 

rodent abundance. This demonstrates that maintaining small landscape elements will preserve 

valuable habitat for smaller mammal species and could provide larger species with important 

stepping stones to disperse between larger fragments.  
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5.1 Abstract 

If small populations remain isolated for many generations, they can lose genetic diversity and 

their capacity to evolve can be decreased. Loss of genetic diversity will depend largely on the 

amount of genetic variation maintained in a population and how the populations are structured 

and connected. Patterns in genetic variation, differentiation, relatedness and gene flow for two 

focal rodent species, Melomys cervinipes and Rattus leucopus, were investigated using 

microsatellite loci (five for M. cervinipes and eight for R. leucopus) and mitochondrial DNA 

control region sequence (R. leucopus only). Melomys cervinipes and Rattus leucopus 

populations maintained high genetic variation and showed no clear evidence of inbreeding. 

Possible mechanisms for the maintenance of genetic diversity in these highly fragmented 

populations include: rapid population recovery, maintenance of large populations within 

fragments and metapopulation dynamics. Genetic variation and relatedness were not affected 

by site size, but were influenced by connectivity and isolation age. In currently unconnected 

sites that had been isolated for a short period of time, lower genetic diversity and higher 

relatedness was found than in continuous forest, or sites previously isolated and then 

reconnected by riparian corridors. This demonstrated that connectivity allowed gene flow to 

restore and maintain genetic variation.  

 

Historical changes due to rainforest contraction in the Pleistocene due to volcanic events and 

climate drying causing rainforest contraction, as well as anthropogenic habitat fragmentation 

were reflected in population genetic structure. Two separate clades from the eastern and the 

western Tablelands could be detected and recent anthropogenic impacts further differentiated 

genetic structure. Population differentiation and migration rates for M. cervinipes and R. 

leucopus were driven by an interaction of geographic distance and connectivity via riparian 

corridors or continuous forest habitat but these two factors did not explain the entire 

complexity. Directional gene flow from smaller towards larger sites consistently occurred 

across the landscape in both species. It appeared that individuals were selecting against low 

quality habitat (in small sites) and were dispersing towards higher quality habitat (in large 

sites). Although many individuals were emigrating from small patches, genetic diversity in 

these sites was still high, indicating an occasional influx of new genetic material. These small 

patches therefore performed an important function in the landscape, appearing to be used as 

stepping stones across the matrix between larger patches of forest. This shows that a well-

connected metapopulation can maintain both species and genetic diversity as increased 



Chapter 5: Mosaic habitat connectivity and population genetics 

97 

heterogeneity in the landscape can support a wider variety of species and genetic drift will 

increase the genetic difference between populations.  

 

Melomys cervinipes populations had lower genetic differentiation and relatedness and higher 

heterozygosity compared with R. leucopus and this appeared to be a function of the different 

ecology of the two species. Melomys cervinipes is a scansorial species that can climb trees 

with great agility. This ability expands its niche and allows it to use food resources and shelter 

not available to terrestrial species such as R. leucopus, also increasing its resilience to 

fragmentation and allowing easier movements along vegetated riparian strips with canopy 

connectivity but sparse understorey. However, the requirement for tree cover will not aid 

dispersal of M. cervinipes through grassland and, migration rates were lower than those of R. 

leucopus when required to move for long distances through pasture. Nevertheless migration 

rates for both species were, on average, low, suggesting that these movements were rare 

events. Therefore continued gene flow will be crucial to avoid future negative genetic effects 

caused by inbreeding and genetic drift. To ensure uniform distribution of gene flow across the 

landscape it will be important to improve matrix permeability and habitat quality of small 

fragments, while accommodating individual species characteristics and requirements.  
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5.2 Introduction 

Isolation and reduction in size of habitat fragments disturbs population dynamics, especially 

dispersal which, in turn determines gene flow and local colonisation and extinction dynamics 

(Lande 1988). If small populations remain isolated for many generations, they can face a 

threat of low genetic diversity (Frankham 2005) which, affects their capacity to evolve as 

environmental conditions change (Pannell & Charlesworth 2000; Lowe & Allendorf 2010). 

The amount of genetic variation maintained in a population influences evolutionary 

adaptability (Pannell & Charlesworth 2000), together with the way populations are structured 

and connected (Wright 1943; Kimura 1968). There are many processes that can cause loss of 

neutral genetic variation in a population and fragmentation effects causing isolation and 

reduced population size will increase impacts of random genetic drift, population bottlenecks 

(Pannell & Charlesworth 2000) and decrease opportunities for random mating, and can 

therefore foster inbreeding via mating among relatives (Keller & Waller 2002).  

 

Gene flow can help restore historical genetic variation in small populations that were 

previously isolated and can ensure the preservation of genetic variation (Pannell & 

Charlesworth 2000; Frankham 2005). Four main theoretical models are used to describe gene 

flow between populations: the island, stepping stone, isolation-by-distance and isolation-by-

resistance model. The key differences between these models are the assumptions each makes 

about the probabilities of migration between populations across a landscape. The island model 

(Wright 1943) suggests that when a number of subpopulations exist, each with their own 

allele frequencies, all subpopulations can interchange migrants with equal probability and 

some individuals of each subpopulation leave to become migrants. Migrants are a random 

assortment of the genotypes in the population and migrants immigrate into the new population 

irrespective of their genotypes (Wright 1943). Geographic proximity does not influence the 

probability of gene flow, and the degree of differentiation is highly dependent on levels of 

dispersal between each pair of islands (Wright 1943). A population under island model 

conditions will typically show no relationship between genetic and geographic distance 

(Figure 5.1).  

 

The stepping stone model (Kimura 1968) is very similar to the island model, except that 

nearby subpopulations are more likely to exchange migrants than distant ones. In this case, 

suitable habitat exists in isolated patches but the organism is generally only capable of 

moving the shorter distance between adjacent patches rather than across the whole range. The 
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relationship between geographic and genetic distance in these populations will occur in a 

stepwise manner (Figure 5.1).  

 

In the isolation-by-distance (IBD) model (Wright 1943) the habitat is relatively continuous 

but gene flow is slightly inhibited throughout the range, such that more distant individuals are 

genetically less similar. The population and genetic structure becomes a series of overlapping 

‘neighbourhoods’, because dispersal distances of individuals are limited, it takes a number of 

generations for genes to ‘flow’ from one geographic area to another. These neighbourhoods 

reflect restricted mobility of the species rather than physical barriers. A population under the 

isolation-by-distance model will typically show a gradual increase of genetic distance with 

geographic distance (Figure 5.1).  

 

A fourth model the isolation-by-resistance (IBR) model (McRae 2006) makes predictions 

about genetic structuring in complex landscapes. It accounts for habitat heterogeneity in 

studies of isolation by distance and helps predict genetic and evolutionary consequences of 

landscape changes such as habitat fragmentation (McGarigal et al. 2002; Cushman et al. 

2006). One of the key measures used by IBR is the resistance distance, which uses genetic 

information from populations to calculate likely movement paths of animals as in an 

electronic grid, which is then used to gain a landscape map of how resistant the area is to 

being traversed (McRae et al. 2008). The resistance distance provides a more appropriate 

predictor of equilibrium genetic differentiation than Euclidean distance because it accounts 

for heterogeneity in species’ distributions and migration rates (McRae 2006; McRae et al. 

2008). The IBR model predicts a positive relationship between genetic differentiation and the 

resistance distance (Figure 5.1) (McRae 2006; McRae et al. 2008).  
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Figure 5.1: Illustration of island, stepping-stone, isolation-by-distance and isolation-by-resistance model 

 

Gene flow depends primarily on the absolute number of dispersal events and successful 

matings among populations (Cushman & Lewis 2010; Lowe & Allendorf 2010). Gene flow is 
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more effective at mixing populations over short distances, and as distance increases genetic 

drift will generate a greater divergence (Hutchison & Templeton 1999). Thus, it is critical to 

retain gene flow among increasingly fragmented habitat patches to avoid negative impacts of 

random genetic drift and inbreeding (Frankham 2005). Unfortunately gene flow can also be 

detrimental with immigrants carrying deleterious mutations and reintroducing genetic load to 

the destination population (Keller & Waller 2002). Another negative effect, outbreeding 

depression, occurs when the progeny of individuals from different populations have lower 

fitness than their parents (Edmands 2007; Frankham et al. 2011). These effects seem less 

severe than inbreeding but are potentially just as detrimental from the second generation 

onwards (Edmands 2007). In Arabian Oryx, for example, inbreeding and outbreeding 

depression each had an equivalent effect on juvenile survival (Marshall & Spalton 2000).  

 

Fragmented populations provide an ideal experimental model to study population genetics as 

they will have experienced a decrease in population size due to less habitat area and a 

reduction in dispersal due to isolation (Lande 1988; Lowe & Allendorf 2010), both of which 

cause loss of genetic variation and a decline in gene flow. Depending on the size of the 

fragment and degree of connectivity certain predictions can be made. Small isolated 

populations, for example, are expected to have a higher chance of harbouring individuals with 

lower genetic diversity and higher relatedness. Rodent populations in fragmented landscapes 

are widely used as model species, usually occurring in high abundance with high population 

turnover (Krebs 1998; Aplin et al. 2003). This allows easy comparisons among different 

fragmented landscapes over a short time period with genetic effects appearing over a few 

generations (Wang et al. 2005; Macqueen et al. 2008).  

 

Although fragmented rainforests of the Atherton Tablelands in the Wet Tropics bioregion 

have been subject to many studies on rodent species (Laurance 1989; 1991a; Laurance & 

Grant 1994; Laurance 1994; Goosem & Marsh 1997; Laurance 1997; Goosem 2001; Williams 

et al. 2002; Hausmann 2004; Hausmann et al. 2005; Elmouttie 2009; Nomura et al. 2009), 

knowledge regarding population genetics of rodent species is limited and studies have been 

mostly conducted on a small scale with a lack of replication, focussing on within-patch 

structure and the effectiveness of a single corridor (Campbell et al. 1995; Campbell 1996; 

Streatfeild 2001; Horskins et al. 2006; Paetkau et al. 2009). One large-scale study found that 

Melomys cervinipes populations showed a slight decrease in genetic variation between 

fragmented forest and nearby continuous rainforest and a significant reduction in a completely 
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isolated island compared to continuous rainforest (Leung et al. 1993). A small-scale study on 

Uromys caudimaculatus populations found a significant loss of genetic variation in a 400 ha 

isolated rainforest reserve when compared with adjacent populations in continuous forests 

(Campbell 1996). A more recent study confirmed these patterns for both species (Horskins 

2005). Even more, this study detected that U. caudimaculatus showed signs of genetic 

differentiation over a distance of 300 m (Horskins 2005) and was highly differentiated over an 

isolation distance of 4 km, even though a thin strip of sparsely distributed riparian vegetation 

was present along these distances. In contrast, individuals of R. leucopus and R. fuscipes were 

found to move through a corridor of approximately 1 km in length and 70 m in width (Paetkau 

et al. 2009). These examples show that not only fragmentation and isolation distance will 

influence dispersal but also the perceived degree of connectivity (Puttker et al. 2008; Puttker 

et al. 2011).  
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5.3 Aims 

The aim of this study was to expand on the limited knowledge of population genetics of 

rainforest-restricted rodents on the Atherton Tablelands and to assess the effect of patch size, 

isolation history and connectivity on populations of two focal rodent species, Melomys 

cervinipes and Rattus leucopus. Additionally a comparison between M. cervinipes and R. 

leucopus provided a possibility to evaluate how their different ecology affected their genetic 

responses to fragmentation; the former being a scansorial rodent that can use habitat three-

dimensionally and the latter a terrestrial rodent that can only use the habitat in two 

dimensions, which means R. leucopus could be less resilient to loss of habitat. The study sites 

consisted of a mosaic of small and large patches (2.5 to 23 ha), isolated from each other over 

varying distances (420 to 1490 m), connected by continuous rainforest, riparian corridors or 

separated by grassland (Figure 5.2) and isolated in different times in history (Table 3.1). 

Previous studies indicated that the focal rodent species should be able to survive in patches of 

these sizes (Leung et al. 1993; Laurance 1994) and should be able to disperse in between 

these habitats given their natural dispersal distance has been recorded to reach up to 1.5 km 

and over (Wood 1971; Goosem 2001; Bentley 2008). The rainforest on the Atherton 

Tablelands underwent two types of fragmentation: historical fragmentation due to volcanic 

and climatic events (the last of which occurred approximately 10 000 BP) (Kershaw 1994; 

Moritz et al. 1997) and recent anthropogenic fragmentation due to clearing and land 

conversion (1920-1980) (Gilmore 2005). To incorporate historical fragmentation, populations 

were sampled from two regions on the Atherton Tablelands (Figure 5.3: eastern Tablelands: 

F3, F4, P1-P5 and western Tablelands: F1, F2, P6 and P7). The importance of this was found 

in previous studies on rainforest skinks (Cunningham & Moritz 1998; Sumner et al. 2004) 

and M. cervinipes (Bryant 2013) where genetic differentiation between these areas on a 

historical time scale was detected. Additionally, recent fragmentation was studied by 

sampling sites in the more central-eastern area of the Tablelands that was anthropogenically 

fragmented (P1-P7) (Figure 5.3). Most of the area in the eastern Tablelands was cleared 

between 1918 and 1920 (P1-P5) (Gilmore 2005). The area in the western Tablelands was 

probably fragmented later around the 1960s (P6 & P7) (Gilmore 2005). In the study design 

fragmentation effects on both sides were replicated as closely as possible, so any genetic 

signal would not be distorted by historical fragmentation alone (Table 3.1). This mosaic 

heterogeneity in the landscape provided a natural experiment to assess the different factors of 

habitat fragmentation and how each single parameter influences genetic variation and gene 

flow.  
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Figure 5.2: Overview of patch size and isolation distance variation of sampled sites 

Note: Trapping grids indicated with red lines, satellite imagery from © Google Earth 
TM
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Figure 5.3: Overview of locations of field sites on the Atherton Tablelands 

Note: Satellite imagery from © Google Earth 
TM 
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5.4 Material and methods 

5.4.1 Laboratory Techniques  

DNA was extracted from Whatman © FTA Classic cards by adapting the Chelex protocol by 

Kline et al. 2002 (3.4.4.1). Five microsatellite DNA markers were amplified for Melomys 

cervinipes and ten loci for R. leucopus (3.4.4.2) and analysed by the Australian Genome 

Research Facility (AGRF) in Melbourne using the microsatellite primers listed in Table 5.1 

(Horskins 2005; Paetkau et al. 2009). 

 
Table 5.1: Microsatellite DNA primers for two focal rodent species 

Species  Locus Forward Primer sequences 

5’  3’ 

Reverse Primer sequences 

5’  3’ 

M. cervinipes Mc1K GCACAGCAGCCTAGGCAT GGCCTGTGCAGATATCTAGT 

 Mc2B GCAGGCATAGGTATGATGAC GAGACAGCATGATCAGCAC 

 Mc2E ATCAACATTCCCTCCGA ATCTTTTTCACAGCAGGACT 

 Mc2O GTTATCTAAGAGTTTACAGTCGGAG

GGTGGACT 

AGTCAAGGTCATCAGGCTCA 

 Mc2P CTTTCATAAGTTGCCTTGATCT ATCTGCTGTTACCACTGGAG 

R. leucopus RfgB6 CGCATTTGGTTCCCAGCAT CCCCAACCCAAATGTTTTTGTT 

 RfgC2 CCTCCCACACTGCCCAAACA TGCCCTAAATTCCATCCTTAGCA 

 RfgD6 AAAACAGTTGCTGGTCTGGCAAA CGGCCCTTTCACGCTCAT 

 RfgD8 GGGCAGGGAGCCAGACCA TCCATGGCAAAGAACCCGA 

 RfgE5 CATGAAGAAGGCTCAGCAAGCA GCTAGGCTCCTCTCTAAGCACTGA 

 RfgF6 TTGGGGATTATAGGCCTGCG TTTAAGGCTAGTACATTTTGAACCAC 

 RfgG1 CCCCAGCTGAACTTCAGCAACT TGGGATGAGGGGGAGCAAGA 

 RfgJ5 ATTTGTTCCCAACGTATTCCTGA TCCAGTCCCAAGAGAGAGCCTTA 

 RfgL1 AGGCAGAGAGCAGTCAAGGACAT GGTGGGATGGTTCGGCAGA 

 RfgL4 TCAGTTCCTGGGATTCCCACTT GGCCGAACTACGGAAAAATGA 

 

The non-coding mitochondrial control region or D-loop (400-700bp) of Melomys cervinipes 

and R. leucopus were amplified using the primers listed in Table 5.2 (Vazquez-Dominguez et 

al. 2001; Horskins 2005; Paetkau et al. 2009) (3.4.4.3). Amplified mitochondrial DNA of R. 

leucopus was sent to Macrogen 
Inc

 (South Korea) for capillary separation by electrophoresis 

and sequencing analysis. Amplification of mitochondrial DNA of Melomys cervinipes was not 

successful and therefore results could not be obtained (3.4.4.3).  

 
Table 5.2: Mitochondrial DNA primers for two focal rodent species 

Marker Light strand primer sequence 

5’  3’ 

Heavy strand primer sequence 

5’  3’ 

MT15996L CTCCACCATCAGCACCCAAAC  

MT16498H  CCTGAAGTAGGAACCAGATG 

MT16502H  TTTGATGGCCCTGAAGTAAGAACCA 
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5.4.2 Statistical analysis 

5.4.2.1 Species identification 

Rattus leucopus and Rattus fuscipes are difficult to distinguish based on morphological 

characteristics, usually requiring skull measurements of dead individuals or hair analysis 

(Lidicker & Laurance 1990; Williams et al. 2008a). The Rattus congeners in this study were 

identified using microsatellite iterative assignment testing following the method outlined by 

Vazquez-Dominguez et al. (2001) and the Doh iterative assignment calculator (Brzustowski 

2002). I randomly assigned 88 individuals to Rattus leucopus and 89 to Rattus fuscipes. The 

output from every assignment of each individual as either R. leucopus or R. fuscipes 

according to microsatellite data was reiterated for five times until all individuals were clearly 

correctly assigned to one species. Rattus species identities were further cross-checked with 

mitochondrial DNA reference sequences archived from other studies (Brown et al. 1986; 

Campbell et al. 1995; Usdin et al. 1995; Vazquez-Dominguez et al. 2001; Robins et al. 2007; 

Robins et al. 2010) in NCBI-BLAST (Altschul et al. 1990) and via clustering methods with 

these sequences (Vazquez-Dominguez et al. 2001).  

 

5.4.2.2 Sample duplication 

Individuals were sampled over a two-year period, with the potential that individuals may have 

lost ear tags between trapping sessions and could therefore be resampled, although those with 

obvious tag scars were not resampled. In the Excel plug-in GenAlEx 6.5 (Peakall & Smouse 

2012) genotypes were matched using two different methods. The microsatellite 

multilocus/matches option searched for similarities in genotype and lists individuals matched 

for all loci, as well as those matched for all but one locus. Missing data for certain loci meant 

that the latter samples may have come from different individuals so both were included in 

subsequent analyses. Queller and Goodnight’s relatedness estimate (QGR) varies between -1 

and 1, with 1 meaning that the individuals are identical (Queller & Goodnight 1989). 

Duplicates were considered to be individuals with genotypes matching at all loci and with a 

relatedness estimate of 1. Results were also cross-checked with field notes to avoid excluding 

twins, so records of suspected duplicate individuals were verified if possible recapture was 

suspected due to tag scar or obvious markings. Only one of the repeat samples was used in 

further analysis. The probability of identity (PID), the probability that two individuals picked 

at random show identical genotypes at multiple loci, was also calculated (Waits et al. 2001) in 

GenAlEx 6.5. The lower the value, the greater the power to discern between individuals. A 
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PID lower than 0.01 is required for population genetic studies and a PID of 0.001-0.0001 would 

be required for forensic applications (Mills et al. 2000). PID for M. cervinipes was 0.006 and 

for R. leucopus / fuscipes 0.005, which indicated according to previous studies (Vidya & 

Sukumar 2005; Mukesh et al. 2013) that the combination of five microsatellites for M. 

cervinipes and eight microsatellites for R. leucopus / fuscipes had sufficient discriminating 

power to discern between individuals.  

 

5.4.2.3 Null alleles, Hardy-Weinberg equilibrium and linkage disequilibrium in 
microsatellite markers 

The program Microchecker version 2.2.3 (Van Oosterhout et al. 2004) was used to check for 

null alleles across each microsatellite locus. Null alleles are non-amplified alleles that, when 

segregating with another allele, result in an apparent homozygote. When null alleles are 

present in the data genotype-based statistics such as inbreeding coefficient (FIS) calculations, 

parentage analysis and population genetic parameters based on allelic count data will be 

severely biased (Pemberton et al. 1995). Loci with null alleles were left out of analysis or the 

frequencies were adjusted in accordance with Oosterhout’s null allele frequency estimation 

(Van Oosterhout et al. 2006). 

 

Hardy-Weinberg equilibrium (HWE) is a statement of expected genotype frequencies under a 

model of random mating with no mutation, migration or selection (Hardy 1908; Weinberg 

1908; Sunnucks 2006). The presence of HWE was analysed in Arlequin 3.5 (Excoffier & 

Lischer 2010) using exact tests with 100 000 permutations for each sampled population where 

at least 5 or more individuals were sampled. P-values were adjusted for multiple testing using 

the Bonferroni correction (Rice 1989). If loci were out of HWE frequency-based methods 

could be biased. 

 

Linkage disequilibrium is the non-random association of alleles at different loci (Excoffier & 

Heckel 2006). Linkage disequilibrium was analysed in Arlequin 3.5 (Excoffier & Lischer 

2010) using a likelihood ratio test with 100 000 permutations. If loci were in linkage 

disequilibrium frequency-based methods could be biased. 

 

5.4.2.4 Heterozygosity and allelic richness in microsatellite markers 

Heterozygosity and allelic richness can serve as indicators for genetic variation in 

microsatellite DNA (Conner & Hartl 2004). Heterozygosity was analysed in GenAlEx 6.5 

(Peakall & Smouse 2012). Heterozygosity is a measure of whether the two copies of alleles 
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(one from each parent) at a locus in diploid organisms are the same or different (Sunnucks 

2006). Heterozygosity can be calculated in two ways: observed heterozygosity (HO) – the 

proportion of heterozygotes actually seen in the data and expected heterozygosity (HE) – the 

heterozygosity that would be obtained if the sample were in Hardy-Weinberg equilibrium. 

Allelic richness (Ar) reflects the number of different alleles in a population and was 

calculated by using the diveRsity package 1.4.6 in R 3.0.0 (Keenan 2013). It was calculated 

via bootstrapping using 1000 resamples (n= 10), with replacement per population sample 

locus per population sample. Mean values across loci were also calculated. This method 

corrects allelic richness results for sample size. 

 

5.4.2.5 Mitochondrial DNA consensus and alignment 

As mitochondrial DNA amplification for M. cervinipes was unsuccessful, only results for R. 

leucopus could be analysed. Amplified DNA was sequenced via capillary electrophoresis at 

Macrogen 
Inc

 (South Korea). Raw sequences were complemented, checked for inconsistencies 

and stutter bands in DNASTAR Lasergene ® Seqman II 5.00. The consensus sequences were 

then aligned with ClustaW method (Thompson et al. 1994) and by cross-checking with 

reference sequences from GenBank (Benson et al. 2000) in MEGA 5.2.1 (Tamura et al. 

2011). The following reference sequences (GenBank acquisition numbers) for mitochondrial 

D-loop DNA were used: Melomys cervinipes (U17182) (Campbell et al. 1995), Rattus 

leucopus cooktownensis (AY605244) (Vazquez-Dominguez et al. 2001), Rattus leucopus 

(EF186333) (Robins et al. 2007), Rattus fuscipes (U13745) (Usdin et al. 1995), Rattus 

fuscipes (EF186322) (Robins et al. 2007), Rattus sordidus (EF186363) (Robins et al. 2007), 

Rattus rattus (X04735) (Brown et al. 1986), Rattus norvegicus (X04734) (Brown et al. 1986) 

and Rattus lutreolus (GU570666) (Robins et al. 2010).  

 

5.4.2.6 Neutrality tests for mitochondrial DNA 

Tajima’s test (Tajima 1989) and Fu’s test (Fu & Li 1993) for neutrality were performed on the 

aligned sequences in Arlequin 3.5 (Excoffier & Lischer 2010). The purpose of these tests 

were to distinguish between a DNA sequence evolving randomly (“neutrally”) and one 

evolving under a non-random process, including directional selection or balancing selection, 

demographic expansion or contraction, genetic hitchhiking, or introgression. Both tests use 

different methods and can produce different results depending on underlying patterns and 

therefore both methods were explored (Excoffier & Lischer 2010).  

http://en.wikipedia.org/wiki/DNA_sequence
http://en.wikipedia.org/wiki/Directional_selection
http://en.wikipedia.org/wiki/Balancing_selection
http://en.wikipedia.org/wiki/Genetic_hitchhiking
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A negative Tajima's D signifies an excess of low frequency polymorphisms relative to 

expectation, indicating population size expansion (e.g. after a bottleneck or a selective sweep) 

and/or purifying selection (Tajima 1989). A positive Tajima's D signifies low levels of both 

low and high frequency polymorphisms, indicating a decrease in population size and/or 

balancing selection (Tajima 1989). Calculating a conventional p-value associated with any 

Tajima's D value is difficult. Arlequin 3.5 uses a parametric approximation of the p-value 

assuming a beta-distribution limited by minimum and maximum possible D values (Excoffier 

& Lischer 2010). 

 

5.4.2.7 Haplotype diversity and nucleotide diversity 

Haplotype diversity (h) and nucleotide diversity (π) were used as indicators for genetic 

variation for mitochondrial DNA and were analysed in Arlequin 3.5 (Excoffier & Lischer 

2010). Haplotype diversity is defined as the probability that two haplotypes drawn uniformly 

at random from the population are not the same (Conner & Hartl 2004). Nucleotide diversity 

is defined as the number of nucleotide differences per site between two randomly chosen 

sequences at a genomic locus and is presented as a percentage (Nei & Li 1979).  

 

5.4.2.8 Genetic variation influenced by site size, connectivity and isolation age 

To estimate if site size was significantly correlated with genetic variation (i.e. allelic richness, 

expected and observed heterozygosity and haplotype diversity), a Spearman Rank correlation 

was performed in R 3.0.0 (R Core Team 2013). Spearman Rank correlation was chosen 

because it is a non-parametric test that is more robust for outliers (Choi 1977) and although 

site size was natural log transformed outliers still occurred. This was also the case for allelic 

richness. Values for allelic richness, expected heterozygosity and observed heterozygosity 

were averaged across loci. As in Chapter 4 one analysis was performed using all sites (natural 

log transformation) and another using only forest patches (no natural log transformation). 

 

To estimate if habitat connectivity or isolation age had an impact on genetic variation, the 

sites were subdivided in different groups for ANOVA testing performed in R 3.0.0 (R Core 

Team 2013). Connectivity of each site was categorised as either connected by a corridor, 

continuous forest or unconnected. Isolation age was indexed as sites that were fragmented 

either 0, 30, 50 or 90 years ago. These ages were calculated as an approximation from aerial 

photographs and historical records. To test for any significant difference within groups, Tukey 

post hoc tests based on honestly significant difference (HSD) were performed. To allow for 
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useful comparisons with assigned categories and to avoid pseudo-replication the values for 

sites F1 and F2 and for F3 and F4 were averaged, as these sites were replicates occurring in 

the same continuous forest and therefore had not been isolated. 

 

5.4.2.9 Relatedness, inbreeding and parentage 

Inbreeding is caused by mating among relatives, which increases homozygosity and 

relatedness (Keller & Waller 2002). The inbreeding coefficient (FIS) measures inbreeding 

between relatives within subpopulations (Sunnucks 2006; Peakall & Smouse 2012). FIS 

ranges between -1 (every individual heterozygous) and +1 (every individual homozygous). At 

Hardy Weinberg Equilibrium and thus when individuals are mating randomly FIS is 0. FIS 

values were analysed in Arlequin 3.5 (Excoffier & Lischer 2010) via locus by locus AMOVA 

with 10 000 permutations. AMOVA goes through a hierarchical analysis of variance and 

partitions the total variance into covariance components due to intra-individual differences, 

inter-individual differences, and/or inter-population differences. Covariance components are 

used to compute fixation indices (Wright 1951; 1965; Slatkin 1991). 

 

Pairwise relatedness (QGR) is the proportion of the alleles between a pair of individuals that 

are identical by descent (Queller & Goodnight 1989). Queller and Goodnight’s R varies 

between -1 and 1, with 1 meaning that the measured individuals are identical, 0.5 meaning 

they are full siblings or parents and offspring, 0 meaning they are not related and negative R 

values indicating that individuals share fewer alleles than expected on the basis of Hardy-

Weinberg allele frequencies. Pairwise relatedness was analysed following Queller and 

Goodnight’s method (Queller & Goodnight 1989) in GenAlEx 6.5 (Peakall & Smouse 2012) 

and was calculated for all individuals. 

 

QGR and FIS were calculated using the allele frequencies for each species of only the 

individuals within every site, corrected for sample size. Values for FIS and Queller and  

Goodnight’s pairwise relatedness were averaged across pairs of individuals within sites and 

also averaged across continuous site replicates (F1 and F2, F3 and F4). To estimate if habitat 

connectivity and isolation age had an impact on relatedness and inbreeding values, the sites 

were subdivided in different groups for ANOVA as for genetic variation (5.4.2.8 

above).Where assumptions for ANOVA were violated, Kruskal Wallis tests and Mann 

Whitney U tests with Bonferroni correction were substituted. 
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A more in depth analysis investigated how individuals were related, analysing parentage 

using CERVUS 3.0 (Kalinowski et al. 2007). I assigned parentage with CERVUS to trios 

(both parents and offspring) using the likelihood ratio approach (the likelihood that the 

candidate is the true parent divided by the likelihood that the candidate is not). The overall 

likelihood ratio for each candidate parent is calculated by multiplying the likelihood ratios at 

each locus with the natural log of this value providing a ‘LOD’ score. Delta, the difference in 

LOD scores between the most likely and the second most likely candidate parent was used as 

a criterion for assignment of parentage (Kalinowski et al. 2007). CERVUS simulated 

parentage analysis to evaluate the confidence in assignment of parentage to the most likely 

candidate parent as a confidence level (relaxed (80%) and strict (95%)).  

 

To determine our critical delta I simulated 10 000 parent offspring combinations using the 

following parameters: 20 candidate parents, 60% of candidates sampled, 84% proportion of 

loci typed, an error rate of 0.01 and a minimum of four loci genotyped. Relatedness and 

inbreeding was set to zero, to see how many individuals would be assigned parentage without 

any prior bias. Individuals were assigned to offspring or candidate parents based on ecological 

data (date of capture, age class, sex and sexual status). For example, pregnant females from 

the first trapping period were assigned as candidate mothers; young males from the last 

trapping period as offspring. In case a putative parent had been wrongly assigned to an 

individual offspring, a second run was initiated where all offspring were ranked according to 

their relatedness to each parent. This tested the strength of relationships identified in the first 

run, and helped to discover any unassigned relationships between individuals. These 

relationships were always rechecked by sexual status and weight class of the individuals. Data 

were evaluated using the Delta and LOD scores (Kalinowski et al. 2007) and then compiled 

into genetic pedigrees. Although CERVUS only identifies parent-offspring pairs, siblings 

could be identified through shared parents and links through offspring. For these pedigrees 

ecological data such as capture date, sexual status and age class were used to verify genetic 

patterns.  

 

5.4.2.10 Population structure and differentiation 

Isolation changes variance in allele frequencies and causes population differentiation and 

structuring. To reveal any effects of isolation, four different factors were analysed: Bayesian 

population structure analysis, haplotype distribution, F-statistics and Mantel tests. As the 

algorithms used in each analysis rely on different assumptions (e.g. Hardy Weinberg 
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equilibrium and linkage equilibrium or incorporated robustness for deviations from these 

equilibria) it is important to avoid bias from a particular calculation method, by compiling and 

comparing results of all factors to interpret an overall conclusion. 

5.4.2.10.1  Genetic Bayesian clustering 
The Bayesian clustering method in Structure v 2.3.4 (Pritchard et al. 2000; Falush et al. 2003; 

2007; Hubisz et al. 2009) tests for evidence of population genetic structuring and assigns 

individuals to genetic clusters. As the number of genetic clusters (K) was unknown, Structure 

was used to assign individuals into the most likely K from K = 1, i.e. no genetic structure at 

all, to K=11 i.e. every sampled population being genetically distinct as well as an 

overestimate K = 12. Estimates of K were based on 10 iterations, each with a burn-in of 50000 

(number of generations ignored when summarising the outputs of a completed analysis) and 

Markov Chain Monte Carlo (MCMC) lengths of 500 000 using the admixture model and 

correlated allele frequencies. The number of burn-ins and MCMC length was determined on 

the basis of previous research on similar species (Paetkau et al. 2009) and traces of likelihood 

of each iteration were checked for stability prior to the extraction of any data for analysis. The 

initial calculation contained no information on sampling location but in the second run, 

sampling location was used as a Bayesian prior for location. The optimal value of K was 

based on both log probabilities [Pr(X|K)] and ΔK method (Evanno et al. 2005). Summary 

outputs were visualised in Structure Harvester v0.6.93 (Earl & vonHoldt 2012) as plots. 

Individual assignment to a particular cluster was based on the largest average proportion of 

their genotype assigned to a cluster over the 10 iterations (Anderson & Congdon 2013).  

 

The large geographic distance between two groups of sampling sites (Upper Barron: P6, P7, 

F1, F2 and Malanda: P1-P5, F3, F4) caused a large genetic divergence, to examine any 

possible structure within these major groups, analyses were performed on each group 

separately, as suggested by McCracken et al. 2013. The data were subdivided into geographic 

groups and reanalysed for clusters, with the number of sites per group as initial values of K 

(e.g. K=4 for the western Tablelands group). As genetic clusters from Structure v2.3.4 were 

similar with or without location as a Bayesian prior, and incorporating a prior resulted in 

greater distinction between genetic clusters (lower Delta K), only results from analysis with 

prior are reported. Appendix 5.10 contains results without a prior.  
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5.4.2.10.2  Haplotype distribution 
Haplotype diversity acquired from mitochondrial DNA was mapped across the landscape to 

visualise shared haplotypes among different sites. 

5.4.2.10.3  F- statistics 
There is much debate as to what is the best way to calculate population differentiation on a 

fine scale as some estimators are influenced by total genetic diversity, sample size or 

underlying assumptions. Here six estimators of divergence and fixation: Nei’s DST, FST, F’ST, 

RST, φST  and Jost’s D, were calculated and compared to allow for comparison with previous 

studies. Only results from three estimators FST, φST and Jost’s D are presented. Nei’s genetic 

distance (Nei’s DST) (Nei 1972) assumes that a new allele can have any form from the array of 

all possible forms, rather than being very similar to the allele from which it mutated. It is 

calculated using average homozygosities from microsatellite data. FST (Fixation Index 

Statistics) (Wright 1943) is the standard measure of divergence at individual loci among 

subpopulations when examining allele frequencies of microsatellite data (Lowe & Allendorf 

2010), allowing comparisons with previous studies. Calculated using average heterozygosity, 

FST ranges between 0 and 1, with large values indicating that at least some subpopulations 

have very different allele frequencies and have exchanged few migrants, whereas small or 0 

values indicate subpopulations with very similar allele frequencies and a great deal of migrant 

exchange (Wright 1943). When Wright introduced the FST index, it was a theoretical predictor 

and there were no techniques to study the genetic components of a trait. This changed 

dramatically with the advent of protein electrophoresis in the 1970s. Weir and Cockerham 

(1984) introduced a new way to estimate FST from protein electrophoresis, adapting it for 

multi-allelic loci and making unbiased with respect to sample size. Currently this is the most 

applied FST estimator. However, as FST can be influenced by within-population variation and 

markers such as microsatellites usually follow a stepwise mutation model and not an infinite 

allele model, RST was developed (Slatkin 1995). Nonetheless, not all microsatellite loci will 

follow the stepwise mutation model and F’ST is a FST-like measure that is standardised for 

within-population diversity (Meirmans 2006), calculated via hierarchical analysis of 

molecular variance (AMOVA) (Peakall & Smouse 2012), similar to calculation of FIS values. 

FST is also limited when genetic markers have high levels of heterozygosity, resulting in low 

FST values that imply low population differentiation. Instead, Jost’s D bases calculations on 

the number of effective alleles (Jost 2008). A last limitation of FST is that it was developed as 

a fixation index and can therefore reflect fixation and not differentiation in allele frequencies 

among populations. D performs better at measuring the latter, while FST and F’ST are better at 



Chapter 5: Mosaic habitat connectivity and population genetics 

114 

describing the influence of demographic events on the distribution of genetic variation, such 

as fixation through genetic drift and isolation (Meirmans & Hedrick 2011). All three main 

differentiation statistics: FST, F’ST and Jost’s D, are reported to provide a more robust analysis 

of population structure (Meirmans & Hedrick 2011). For sequence data FST and D are not 

appropriate measures and φST is calculated for haplotypic data through AMOVA using 

sequence divergence (Excoffier & Lischer 2010).  

 

I used GenAlEx 6.5 (Peakall & Smouse 2012) to calculate F-statistics through AMOVA 

(1000 permutations). FST, F’ST, RST and Jost’s D were calculated for nuclear DNA and φST for 

mitochondrial DNA. Population-wide AMOVA results from GenAlEx 6.5 were also 

examined using Arlequin 3.5 (Excoffier & Lischer 2010) as GenAlEx 6.5 may 

overstandardise and omit information useful for interpretation. AMOVA revealed that most 

variation was contained within individuals. As RST underestimates within individual variation 

(Meirmans 2006), does not perform as well as FST when there are high levels of gene flow 

(Balloux & Goudet 2002) and it appeared that mutation rate was following the infinite allele 

model and not the stepwise mutation model for which RST was developed, RST was not the best 

estimator for this dataset. Therefore results are only reported in Appendix 5.13. 

 

The diveRsity package 1.4.6 in R 3.0.0 (Keenan 2013) assessed the magnitude of 

differentiation between population pairs by calculating and plotting bootstrapped (1000 

bootstraps) 95% confidence intervals (CI) of population pairwise comparisons of Jost’s D. CI 

overlap was evaluated to determine which population pairs were most differentiated. To 

investigate whether habitat connectivity or isolation age impacted population differentiation, 

the site pairs where Jost’s D was calculated for, were grouped for ANOVA in R 3.0.0 (R Core 

Team 2013). Connectivity groups comprised: connected by a) a corridor, b) continuous forest 

or c) no connection. Isolation age groups comprised 0, 30, 50 and 90 years separation.  

 

5.4.2.10.4  Mantel test 
A main driver determining genetic population structuring and degree of isolation is 

geographic distance (Wright 1951; Kimura 1968) (Figure 5.1). Mantel tests search for a 

statistical correlation between the elements of two matrices: one with pairwise geographic 

distances and one with pairwise genetic distances between sample sites. Matching entries by 

permutation yields a correlation coefficient (rxy) for the two data matrices, with a range from 

–1 to +1, and examines significance by permuting rows and columns. In GenAlEx 6.5 Mantel 
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tests (with 999 permutations) for isolation by distance (geographic distance matrix ln+1 

transformed) analysed FST, F’ST and Jost’s D for performance by correlations within and 

between species. To investigate if different genetic markers made similar predictions, φST 

values calculated from microsatellite and mitochondrial DNA were compared.  

5.4.2.11 Historical and recent gene flow 

In addition to knowledge regarding genetic differences between populations, it is important to 

understand how these populations diversified and how diversity is maintained through gene 

flow. This can be achieved by constructing phylogenies using mitochondrial DNA or by using 

microsatellite DNA to perform population assignment. Furthermore, detecting current gene 

flow, estimating the number of migrants in recent generations, and identifying first generation 

migrants from microsatellite data, will indicate how populations may evolve in the future. 

 

5.4.2.11.1  Phylogenetic trees 
Genealogical approaches depend on reconstructing the likely evolutionary relationships 

between equivalent DNA sequences or allele frequencies (Sunnucks 2006) and therefore can 

give an indication of historical connectivity. Phylogenetic inference requires two separate 

functions: creating phylogenies and choosing the ‘best’ among the large number of possible 

phylogenies. Phylogenetic trees were constructed using techniques including Neighbour 

joining, UPGMA (Unweighted Pair Group Method with Arithmetic Mean), Maximum 

Likelihood and Maximum Parsimony and were evaluated using bootstrap values. 

 

For microsatellite DNA, phylogenetic trees were constructed from allele frequencies and 

genetic distance measurements of different populations using PopTree2 (Takezaki et al. 2010) 

and the neighbour-joining method (Saitou & Nei 1987) and bootstrapping (resampling with 

replacement for 1000 iterations). The following distance measures were applied: DA (Nei et 

al. 1983), Nei’s DST (Nei 1972), FST (Latter 1972), Nei’s corrected DST, and corrected FST. The 

latter two measures were corrected for sample size, using the number of chromosomes 

sampled per population. In the analysis of actual data DA distance has been shown to be more 

efficient in obtaining the correct tree topology for microsatellite data (Takezaki & Nei 1996; 

2008), therefore trees constructed using DA distance were the main focus for interpretation. 

 

After comparing evolution based only on population-wide diversity, a more in depth 

individual-based analysis constructed mitochondrial DNA phylogenies in MEGA 5.2.1 

(Tamura et al. 2011) following the Tamura-Nei model of DNA sequence evolution (Tamura 
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& Nei 1993). This allowed comparisons with previous analyses of mitochondrial DNA from 

Rattus species (Vazquez-Dominguez et al. 2001). Four different trees were constructed using 

Neighbour joining (Saitou & Nei 1987), UPGMA (Sneath & Sokal 1973), Maximum 

Likelihood (Tamura & Nei 1993) and Maximum Parsimony (Nei & Kumar 2000) techniques. 

Bootstrap consensus trees were inferred from 1000 replicates (Felsenstein 1985). All positions 

with less than 0% site coverage were eliminated, so that no alignment gaps, missing data, or 

ambiguous bases were allowed at any position. Different phylogenetic trees were evaluated 

by comparing branching and bootstrap values. For Maximum Likelihood phylogeny the initial 

trees for the heuristic search were obtained by applying the Neighbour-Joining method to a 

matrix of pairwise distances estimated using the Maximum Composite Likelihood (MCL) 

approach. The Maximum Parsimony tree used the Subtree-Pruning-Regrafting (SPR) 

algorithm (Nei & Kumar 2000) with search level one in which initial trees were obtained by 

random addition of sequences (10 replicates). Rattus leucopus and R. fuscipes were analysed 

together to verify species clustering, to compare evolutionary distances and to identify any 

possible hybrids. Branches corresponding to partitions reproduced in less than 50% bootstrap 

replicates were collapsed for clearer plotting.  

 

5.4.2.11.2  Population assignment 
Genetic markers were used to assign individuals to putative populations on the basis of their 

multilocus genotype derived primarily from microsatellites, thus providing an estimate of 

dispersal and gene flow (DeYoung & Honeycutt 2005). Three main methods used for 

population assignment with microsatellite markers include distance, frequency and Bayesian 

methods (Nei et al. 1983; Paetkau et al. 1995; Rannala & Mountain 1997; Waser & Strobeck 

1998; Cornuet et al. 1999; Baudouin & Lebrun 2001), although Bayesian and frequency 

based methods seem to perform best (Cornuet et al. 1999). In this study two frequency based 

methods (Paetkau et al. 1995; Paetkau et al. 1997; Waser & Strobeck 1998), two Bayesian 

methods (Rannala & Mountain 1997; Baudouin & Lebrun 2001) and one distance based 

method (Nei et al. 1983) were applied.  

 

The allele frequency assignment test procedure in GenAlEx 6.5 (Peakall & Smouse 2012) was 

based on Waser and Strobeck’s method (1998) and was corrected for bias by the ‘leave one 

out’ option. This removes the test individual’s genotype from the population it was sampled 

in, before estimating the allele frequencies used to calculate the expected frequency for that 

genotype (Waser & Strobeck 1998; Peakall & Smouse 2012). The allele frequency Doh 
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assignment test calculator (Brzustowski 2002) works in a similar fashion but deals with 

zeroes and individual sampling differently, adjusting all frequencies in every population to 

avoid zero (Titterington et al. 1981). To test for likely migrants, for each population every 

individual's genotype is re-drawn randomly from the gene pool for that population, assuming 

Hardy-Weinberg equilibrium, and sampling with replacement over 10 000 permutations.  

Frequency based methods compute likelihood based on two explicit assumptions: loci should 

be at Hardy- Weinberg equilibrium and at linkage equilibrium (Paetkau et al. 1995; Waser & 

Strobeck 1998), whereas distance methods assign the individual to the genetically closest 

population using inter-population distances. Nei’s DA distance scored best of all genetic 

distance measurements proposed by Nei for population assignment (Cornuet et al. 1999) and 

therefore was selected for calculation in GeneClass2 (Piry et al. 2004). As Bayesian methods 

are more robust to linkage and Hardy Weinberg disequilibrium, I conducted two Bayesian 

population assignments using GeneClass2 (Piry et al. 2004): the methods of Rannala & 

Mountain (1997) and Baudouin & Lebrun (2000). Each population assignment ran for 10 000 

iterations using the simulation algorithm for probability computation through Monte Carlo 

resampling by Paetkau et al. (2004) with a threshold of 0.01, with all five methods 

implemented on all three rodent species. 

 

5.4.2.11.3  Migration rate 
In addition to the information for each individual regarding residency or source of migrant, I 

analysed the population genetic data to determine how often animals were moving in between 

subpopulations. Recent migration rates were calculated in BayesAss 1.3 (Wilson & Rannala 

2003), to estimate migration rates (m) between populations using Monte Carlo Markov Chain 

(MCMC) iterations and additionally to estimate each individual’s immigrant ancestry and the 

generation in which immigration occurred (i.e. the individual can be assigned as an immigrant 

from a specific population, a non-immigrant, or the offspring of an immigrant and a non-

immigrant). Arlequin files were reformatted for use in BayesAss 1.3 with Formatomatic 0.8.1 

(Manoukis 2007). The initial values for length of chain, burn-in and sampling rate were set as 

proposed in Wilson & Rannala (2003) and then adjusted until data reached convergence. For 

M. cervinipes and R. fuscipes the MCMC was set at 10 000 000 with a burn-in of 2 000 000 

and a sampling rate of 2000. For R. leucopus the MCMC was set at 20 000 000 with a burn-in 

of 4 000 000 and sampling rate of 2000. A prior distribution of allele frequency (P), migration 

rate (m) and inbreeding (F) was set so that the accepted number of proposed changes in 

likelihood was between 40 to 60% of the total number of iterations (Wilson & Rannala 2003): 
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for M. cervinipes: P=0.15, F=0.30 and m= 0.07; for R. leucopus: P=0.30, F=0.40 and m=0.15; 

for R. fuscipes: P=0.25, F=0.35 and m=0.10. Different initial seed values were incorporated to 

determine whether calculated values reached coalescence. Data were also compared to the 

confidence interval distribution of migration rates for cases where there is no information in 

the data and to assess if calculated values differed from this distribution. 

To estimate if habitat connectivity, patch size ratio and isolation age had an impact on 

migration rate, ANOVA was performed in R 3.0.0 (R Core Team 2013). As migration rates 

were calculated per population pair, for example the migration rate from patch P1 to P2, 

paired sites were grouped by connectivity type: corridor, continuous forest or unconnected; by 

patch size ratio: migration from large to small, small to large or equal size ratio; and by 

isolation age: time since paired sites had been isolated from each other e.g. P6 and F2 had 

been isolated for 30 years (3.1, Table 3.1). This allowed me to investigate whether, for 

example, migration rate was higher from a large to a small patch or from a small to a large 

patch. Migration rate was also correlated against geographic distance between site pairs 

(Spearman Rank in R 3.0.0 (R Core Team 2013)).  

 

Estimates from BayesAss 1.3 covered recent migration rates and from where these 

immigrants may have originated over several recent generations, but not individual 

assignment of first generation migrants. GeneClass2 (Piry et al. 2004) estimates the number 

of first generation migrants similarly to population assignment calculations (5.4.2.12.2). The 

likelihood of the individual genotype within the population where the individual has been 

sampled (L_home) was selected as the statistical criterion for likelihood estimates of detection 

of first generation migrants, as this is preferred when not all source populations have been 

sampled (Paetkau et al. 2004; Piry et al. 2004). As for population assignment several methods 

were investigated for similar predictions, one distance based (Nei’s DA), one frequency based 

(Paetkau et al. 1995) and two Bayesian (Rannala & Mountain 1997; Baudouin & Lebrun 

2001). Every test was run for 10 000 iterations using the simulation algorithm for probability 

computation through Monte Carlo resampling by Paetkau et al. 2004 with a threshold of 0.01. 

To increase the prior information for the analysis, populations were divided into groups 

previously identified as genetic clusters separated in distinct geographic locations 

(5.4.2.11.2). For M. cervinipes groups were eastern Tablelands fragments (P1-P5), eastern 

Tablelands continuous forest sites (F3 and F4), and western Tablelands sites (F1, F2, P6 and 

P7). For R. leucopus the grouping comprised the eastern and western Tablelands.  
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5.5 Results  

5.5.1 Species identification 

Iterative assignment identified 110 individuals as Rattus leucopus and 67 individuals as 

Rattus fuscipes. Rattus fuscipes was captured in four sites: two individuals in P2, two 

individuals in P3 and all the individuals captured in F3 and F4 were Rattus fuscipes 

(Appendix 5.1). As landscape-wide comparisons between sites for Rattus fuscipes would 

therefore be of low resolution, they were not conducted. Rattus leucopus occurred in all sites 

except in F3 and F4 (Appendix 5.1). 

 

5.5.2 Null alleles, linkage and Hardy Weinberg Equilibrium of microsatellite DNA 

For the five loci used to amplify M. cervinipes microsatellite DNA no null alleles were 

detected. Locus Mc2B in population F4 (p=0.030) and locus Mc1K in P2 (p=0.042) showed 

significant deviations from Hardy Weinberg Equilibrium (HWE) (Appendix 5.4) but these 

loci were in HWE in all other populations and so were retained for all analyses. Of the ten 

microsatellite loci tested for Rattus leucopus locus RfgF6 was monomorphic in all sites and 

RfgG1 was monomorphic in 8 sampling sites, and were omitted from further analysis. In P1 

the locus RfgD8 showed evidence of null alleles and frequencies were adjusted in accordance 

with Oosterhout’s null allele frequency estimation (Van Oosterhout et al. 2006), with 

subsequent tests not detecting null alleles. There were no significant departures from HWE in 

Rattus leucopus (Appendix 5.4). For Rattus fuscipes, locus RfgB6 showed evidence of null 

alleles in population F3, as well as linkage disequilibrium and deviations from HWE 

(p<0.001). It was therefore excluded from further analysis. Significant deviations from HWE 

were found at locus RfgC2 in population F4 (p=0.026) (Appendix 5.4). Significant linkage 

disequilibrium occurred in most populations for all three species (Appendix 5.2). No loci 

were consistently linked across multiple populations, suggesting that loci were not physically 

linked. Some programs for population genetic analysis could be affected by deviations from 

HWE and linkage disequilibrium (LD) and therefore interpretation of these results considered 

disequilibrium patterns.  

 

5.5.3 Neutrality tests of mitochondrial DNA 

A very rough rule of thumb for significance of Tajima’s test of neutrality is that values greater 

than +2 or less than -2 are likely to be significant (Tajima 1989). Tajima’s D was significant 

in four populations (F1, P1, P2 and P6) of R. leucopus with negative values larger than -2 

which may indicate population size expansion after a bottleneck (Tajima 1989; Excoffier & 
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Lischer 2010), a relatively likely scenario for these four populations (Appendix 5.3). Because 

of the properties of Fu’s FS, this value should be considered significant at the 5% level if its 

p-value is below 0.02 (Fu & Li 1993; Excoffier & Lischer 2010). Only the population in 

fragment P2 demonstrated significant deviation from neutrality under this rule (Appendix 

5.3). A very negative value such as found in P2 is likely to be caused by demographic 

expansion (Fu & Li 1993; Excoffier & Lischer 2010). Therefore both tests suggested that the 

R. leucopus population in fragment P2 had undergone recent expansion. For R. fuscipes none 

of the sampled sites showed significant deviation from neutrality (Appendix 5.3).  

 

5.5.4 Genetic variation 

5.5.4.1 Genetic variation in microsatellite DNA of three focal rodent species 

In M. cervinipes there was high observed heterozygosity and allelic richness varied equally 

across all sites (Table 5.3), with between five and ten alleles across loci and sites (Appendix 

5.4). For R. leucopus the heterozygosity observed across site was lower. Highest values 

tended to occur in large fragments (P3) and continuous forest sites (F1 and F2) (Table 5.3), 

with between one and nine alleles across loci and sites (Appendix 5.4). Rattus fuscipes had 

higher observed heterozygosity levels than R. leucopus (Table 5.3), although a complete 

comparison was not feasible as only two continuous forest sites (F3 and F4) contained a high 

sample size and R. leucopus was not captured at these sites. For R. fuscipes, there were 

between nine to twenty alleles across loci and sites (Appendix 5.4). 

 
Table 5.3: Genetic variation in microsatellite DNA of focal rat species averaged across loci 

Species Site Sample size Allelic 

richness 

Observed 

heterozygosity 

Expected 

heterozygosity 

M. cervinipes F1 28.6 8.7 0.889 0.841 

 F2 30.8 8.9 0.798 0.811 

 F3 10.8 7.6 0.795 0.803 

 F4 10.0 7.4 0.860 0.848 

 P1 10.8 7.6 0.815 0.825 

 P2 12.4 7.5 0.806 0.804 

 P3 25.0 8.8 0.824 0.811 

 P4 32.6 8.7 0.779 0.804 

 P5 22.0 8.2 0.864 0.818 

 P6 17.6 7.6 0.785 0.755 

 P7 20.2 7.6 0.810 0.763 

R. leucopus F1 12.0 5.6 0.635 0.642 

 P1 10.6 5.7 0.635 0.591 

 P2 15.0 6.3 0.725 0.648 

 P3 13.0 6.2 0.702 0.658 

 P4 13.6 4.9 0.550 0.513 

 P5 11.0 5.0 0.534 0.535 

 P6 16.9 5.0 0.563 0.528 

 P7 14.5 5.1 0.647 0.586 

R. fuscipes F3 28.9 13.8 0.788 0.789 

 F4 33.8 15.0 0.826 0.826 

Note: Sample sizes are average values as not all loci were amplified in each individual (Appendix 5.4), only 

sites with at least 10 individuals are shown 
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5.5.4.2 Genetic variation in mitochondrial DNA of R. leucopus and R. fuscipes 

Mitochondrial DNA analysis for R. leucopus revealed 50 unique haplotypes in 80 individuals 

from nine sampling sites with none dominating a single population. Several haplotypes only 

diverged in one nucleotide (Appendix 5.5). Between seven and nine haplotypes were recorded 

per population (Table 5.4), with many being unique to one population. Five haplotypes were 

shared between different populations, with most population pairs only having one in common 

(Figure 5.16). Haplotype diversity was high in all sites (Table 5.4). Nucleotide diversity 

varied between 0.01 and 0.14 (Table 5.4).  

 

For R. fuscipes there were 21 unique haplotypes for 22 individuals tested from three sampling 

sites. Most haplotypes only diverged in one nucleotide (Appendix 5.5). Only one haplotype 

was shared between two individuals from the same site. Haplotype diversity was high (Table 

5.4) and nucleotide diversity was on average higher compared with R. leucopus (Table 5.4). 

 
Table 5.4: Genetic variation in mitochondrial DNA of R. leucopus and R. fuscipes 

Species Site Sample  

size 

Number of 

haplotypes 

Haplotype  

diversity 

S.E. Nucleotide 

diversity 

S.E. 

R. leucopus F1 11 9 0.860 0.034 0.037 0.020 

 P1 10 7 0.820 0.036 0.063 0.035 

 P2 8 7 0.844 0.040 0.012 0.007 

 P3 9 8 0.864 0.038 0.098 0.054 

 P4 9 8 0.864 0.038 0.143 0.078 

 P5 10 9 0.880 0.036 0.059 0.032 

 P6 10 8 0.840 0.036 0.134 0.072 

 P7 11 9 0.876 0.035 0.037 0.020 

R. fuscipes F1 11 11 0.909 0.060 0.180 0.095 

 F2 9 8 0.864 0.064 0.095 0.052 

Note: only sites with at least 5 individuals are shown 
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5.5.4.3 Genetic variation influenced by site size, connectivity and isolation age 

For M. cervinipes there was no significant correlation between site size and allelic richness 

(all sites: ρ= -0.060, df=8, p= 0.878; patches: ρ= -0.037, df=6, p= 0.937), expected 

heterozygosity (all sites: ρ= -0.628, df=8, p= 0.070; patches: ρ= 0.234, df=6, p= 0.613) and 

observed heterozygosity (all sites: ρ= -0.250, df=8, p= 0.521; patches: ρ= -0.036, df=6, p= 

0.964). Connectivity and isolation age had no significant impact on allelic richness (Appendix 

5.6). However, isolation age (F=7.10, df=3, p=0.03) influenced expected heterozygosity, 

mainly driven by lower expected heterozygosity in the 30 than in the 0 year isolation age 

classes (HSD= -0.07, p=0.039) and between the 30 and 90 year isolation age classes (HSD, 

0.06, p=0.054), although the latter was not significant. Expected heterozygosity increased 

with isolation age with a similar, though non-significant trend for observed heterozygosity 

(Appendix 5.6, Figure 5.4). 

 

Similarly for R. leucopus site size did not influence allelic richness (all sites: ρ= 0.479, df=7, 

p= 0.230; patches: ρ= 0.468, df=5, p= 0.289), expected heterozygosity (all sites: ρ= 0.333, 

df=7, p= 0.428; patches: ρ= 0.464, df=5, p= 0.302), observed heterozygosity (all sites: ρ= 

0.476, df=7, p= 0.243; patches: ρ= 0.429, df=5, p= 0.354), nucleotide diversity (all sites: ρ= 

0.024, df=7, p= 0.955; patches: ρ= 0.286, df=5, p= 0.556), but for haplotype diversity, the 

correlation that included all sites was marginally significant (all sites: ρ= -0.707, df=8, p= 

0.050) and haplotype diversity in rainforest patches was negatively affected by increasing 

patch size (patches: ρ= -0.847, df= 6, p= 0.016) (Appendix 5.6 & Figure 5.5). Neither 

connectivity nor isolation age had a significant effect on allelic richness, expected 

heterozygosity, observed heterozygosity, haplotype diversity and nucleotide diversity 

(Appendix 5.6). 
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Figure 5.4: Graphs and box plots for correlation and ANOVA analysis of genetic variation (allelic richness and heterozygosity) with site size, connectivity and 

isolation age for M. cervinipes 

Note: HO= observed heterozygosity, HE= expected heterozygosity 
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Figure 5.5: Graphs and box plots for correlation and ANOVA analysis of genetic variation (allelic richness, heterozygosity, haplotype and nucleotide diversity) and 

site size, connectivity and isolation age for R. leucopus 



Chapter 5: Mosaic habitat connectivity and population genetics 

125 

5.5.5 Relatedness, inbreeding and parentage 

There were no signs of inbreeding from either the pairwise relatedness (QGR) or inbreeding 

coefficients (FIS) in M. cervinipes populations. Inbreeding and relatedness values were in 

general low (Table 5.5), although relatedness appeared slightly higher in populations from 

fragments P6 and P7 (Table 5.5).  

 

Similarly, there were no signs of inbreeding in R. leucopus populations. Relatedness values 

were higher than for M. cervinipes and this difference was significant across all sites (df=1, 

Χ
2
=155.5, p<0.001) and also within most sites (Figure 5.6 & Appendix 5.7). Relatedness for 

R. leucopus was high in P6 and P7 but also in small sites: P4 and P5 (Table 5.5). Rattus 

fuscipes showed lower relatedness values than R. leucopus (Figure 5.6) but again comparisons 

were difficult as no sites contained large numbers of both species.  

 
Table 5.5: Inbreeding and pairwise relatedness values per population of three focal rodent species 

 site N QGR FIS 

M. cervinipes F1 406 0.036 -0.0474 

 F2 465 0.076 0.036 

 F3 55 0.056 0.019 

 F4 45 -0.014 0.041 

 P1 55 0.016 0.037 

 P2 78 0.062 0.015 

 P3 300 0.061 0.005 

 P4 528 0.081 0.028 

 P5 231 0.060 -0.032 

 P6 153 0.167 -0.047 

 P7 210 0.139 -0.098 

R. leucopus F1 66 0.209 0.054 

 P1 55 0.281 -0.078 

 P2 105 0.164 -0.009 

 P3 78 0.154 -0.026 

 P4 91 0.397 -0.054 

 P5 55 0.333 0.049 

 P6 136 0.405 -0.043 

 P7 105 0.295 -0.112 

R. fuscipes F3 406 0.040 0.014 

 F4 561 -0.002 0.006 

Note: N= number of individuals compared in a pairwise manner, only sites with at least 5 individuals are shown 

 
5.5.5.1 Inbreeding influenced by site size, connectivity and isolation age 

In M. cervinipes neither inbreeding (FIS) nor relatedness (QGR) were influenced by site size 

(Figure 5.7, Appendix 5.8: FIS: all sites: ρ= 0.533, df=8, p= 0.148; patches: ρ= 0.500, df=6, p= 

0.267; QGR: all sites: ρ= -0.600, df=8, p= 0.097; patches: ρ= -0.250, df=6, p= 0.595). 

However, connectivity (F=14.22, df=2, p<0.001), isolation age (F=7.05, df=2, p<0.001) and 

the interaction between these variables (F=6.45, df=1, p=0.011) significantly influenced 

relatedness between individuals (Appendix 5.8). 
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Figure 5.6: Pairwise relatedness frequency histograms and box plots per population per species 

Note: * Significant difference between species, QG R= Queller & Goodnight’s pairwise relatedness. 
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The connectivity effect was driven by unconnected sites where relatedness was greater than in 

continuous forest sites (HSD= 0.08, p<0.001) and sites with corridors (HSD= 0.07, p<0.001) 

(Figure 5.7). The effect of isolation age was driven by lower relatedness in sites that had been 

fragmented for 90 years than sites fragmented for 50 years (HSD= -0.06, p= 0.020). 

Interactions demonstrated that sites that had been unconnected for 30 years (30-0: HSD= 

0.11, p=0.003) and for 50 years (50-0: HSD= 0.14, p<0.001) had higher relatedness amongst 

individuals than continuous forest sites and corridor sites separated for 90 years (30-90: 

HSD= -0.10, p=0.011; 50-90: HSD= -0.13, p<0.001). Unconnected sites separated for 50 

years had higher relatedness than unconnected sites separated for 90 years (HSD= -0.13, 

p=0.001). Overall, sites that had been separated for a shorter amount of time and had less 

connectivity, experienced higher relatedness (Figure 5.7). In M. cervinipes, inbreeding values 

(FIS) were significantly affected by connectivity (F=9.88, df=2, p=0.013) (Appendix 5.8). 

There was less inbreeding in unconnected sites compared with continuous forest (HSD=         

-0.07, p=0.045) and corridor sites (HSD= -0.08, p=0.012) (Figure 5.7). Isolation age had no 

significant influence on inbreeding values (Appendix 5.8). 

 

Similarly site size had no influence on inbreeding or relatedness in R. leucopus populations 

(Figure 5.7; Appendix 5.8: FIS: all sites: ρ= 0.024, df=7, p= 0.977; patches: ρ= -0.214, df=5, 

p= 0.662; QGR: all sites: ρ= -0.286, df=7, p= 0.501; patches: ρ= -393, df=5, p= 0.396). Due 

to non-homogenous variance for relatedness in different sites, a Kruskal Wallis test was 

performed, showing that both connectivity (Χ
2
=21.34, df=2, p<0.001) and isolation age 

(Χ
2
=25.15, df=2, p<0.001) affected relatedness. Mann Whitney U post hoc testing revealed 

that the connectivity effect was driven by higher relatedness in unconnected sites compared 

with continuous forest sites (U=1438, z=3.02, p=0.008) and sites with corridors (U=6559, 

z=3.79, p<0.001). The isolation age effect was driven by higher relatedness for sites that were 

fragmented for 30 years than sites that were unfragmented (0 years) (U=587, z=3.37, 

p=0.005) and sites isolated for 50 years (U=2128, z= -4.59, p<0.001) and for 90 years (U= 

2951, z=-3.43, p=0.004) (Figure 5.7). Connectivity and isolation age had no effect on 

inbreeding values (Appendix 5.8). Their interaction was marginally significant (df=1, 

F=18.90, p=0.049) but the trend of this interaction was unclear in Tukey post hoc testing, with 

no combinations significantly different. 
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Figure 5.7: Graphs and box plots for correlation and ANOVA analysis of inbreeding indicators (pairwise relatedness and inbreeding coefficient) with site size, 

connectivity and isolation age for M. cervinipes and R. leucopus 
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5.5.5.2 Parentage analysis 

From the parentage analysis I constructed an overview on relatedness patterns, shared 

ancestry and investigated signs of inbreeding. From the parentage pedigrees of M. cervinipes 

and R. leucopus it was clear that most individuals had a mixed heritage with parents and 

offspring found in different sampling sites (Appendix 5.9). Eight percent of M. cervinipes, 

21% of R. leucopus and 26% of R. fuscipes offspring were assigned to at least one most likely 

candidate parent with 95% confidence and 18% M. cervinipes, 22% R. leucopus and 5% R. 

fuscipes offspring were assigned with 80% confidence (Appendix 5.9). Twenty-eight percent 

M. cervinipes individuals, 29% R. leucopus individuals and 19% R. fuscipes individuals 

shared a large proportion of their alleles with one most likely parent but parentage could not 

be assigned confidently. These relationships may reflect a historical signal, indicating that 

they had a common ancestor several generations in the past. Mating systems appeared 

polygamous, males and females had multiple mates.  

 

Individuals of M. cervinipes from rainforest patches: P1, P2, P3, P4 and P5 had shared 

ancestry and seemed to exchange a moderate number of individuals (Table 5.6). Parentage 

assignment with the highest level of confidence usually involved within-site pairings, 

although mixed pairings did occur (Appendix 5.9). Individuals from fragment P5 were all 

closely related, but no signs of inbreeding were detected. Recapture rates in this site were 

very high (Appendix 5.9), suggesting that a large proportion of the population was sampled 

and a good snapshot of the relationships between individuals were obtained. Individuals from 

the fragments P6 and P7, and from continuous forest sites F1 and F2 also had mixed heritage 

and pairings appeared tighter within sites (Appendix 5.9 and Table 5.6). Only four individuals 

sampled in fragment P6 had parents from P7, F1 or F2. Few individuals of the small sample 

from continuous forest F3 and F4 could be assigned parentage. There was no clear sign of 

recent exchange of individuals between sites, although one individual from F4 may have had 

a parent or grandparent in F3.  

 

Rattus leucopus individuals in the fragments P1, P2, P3 and P5 showed similar patterns of 

mixed heritage as for M. cervinipes. The main difference was that no interchange could be 

detected between P4 and the other sites. All parents and progeny were assigned within P4. In 

the fragments P6 and P7, and continuous forest sites F1 and F2 many individuals were of 

mixed heritage with a high level of confidence (Appendix 5.9 & Table 5.6). Pairings in F1 



Chapter 5: Mosaic habitat connectivity and population genetics 

130 

appeared very tight as most individuals were assigned a candidate parent with 95% 

confidence, but no signs of inbreeding were apparent. 

 

Two R. fuscipes individuals of continuous forest site F4 were assigned mixed heritage with a 

high level of confidence, they both had a parent in common from F3 (Appendix 5.9). The two 

individuals trapped in fragment P2 were mother and son. Clustering in F4 was tighter than in 

F3: more individuals could be assigned to a parent with a high level of confidence. 

 
Table 5.6: Number of offspring from parentage assignment that had at least one most likely parent in a 

sampled site 

M. cervinipes parent          

offspring P1 P2 P3 P4 P5 P6 P7 F1 F2 F3 F4 

P1 2 0 0 0 0 0 0 0 0 0 0 

P2 1 1 0 0 1 0 0 0 0 0 0 

P3 1 0 9 2 2 0 0 0 0 0 0 

P4 2 0 2 12 1 0 0 0 0 0 0 

P5 0 2 3 1 9 0 0 0 0 0 0 

P6 0 0 0 0 0 2 3 1 3 0 0 

P7 0 0 0 0 0 2 9 1 1 0 0 

F1 0 0 0 0 0 1 0 10 2 0 0 

F2 0 0 0 0 0 1 0 4 14 0 0 

F3 0 0 0 0 0 0 0 0 0 4 1 

F4 0 0 0 0 0 0 0 0 0 0 1 

 

R. leucopus parent        

offspring P1 P2 P3 P4 P5 P6 P7 F1 F2 

P1 4 2 0 0 1 0 0 0 0 

P2 4 5 1 0 0 0 0 0 0 

P3 1 0 4 0 1 0 0 0 0 

P4 0 0 0 6 0 0 0 0 0 

P5 0 1 0 0 7 0 0 0 0 

P6 0 0 0 0 0 5 1 2 0 

P7 0 0 0 0 0 5 4 1 1 

F1 0 0 0 0 0 1 0 6 0 

F2 0 0 0 0 0 1 1 0 0 

 

R. fuscipes parent   

offspring P2 P3 F3 F4 

P2 1 0 1 0 

P3 0 0 0 0 

F3 0 0 7 2 

F4 0 0 3 12 
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5.5.6 Population isolation 

5.5.6.1 Genetic Bayesian clustering and AMOVA 

Based on the Evanno method, the most likely number of genetic clusters (K) for M. cervinipes 

was two (Appendix 5.10), separating out two geographic regions: eastern Tablelands (P1-P5) 

and western Tablelands (F1, F2, P6 & P7). Sites F3 and F4, although geographically located 

in the eastern Tablelands, appeared intermediate between the two groups (Figure 5.8). The 

AMOVA results (Appendix 5.11) revealed that the genetic variation between regions (East 

and West) (2%, p=0.001) was almost as large as between populations (3%, p=0.001), 

confirming the result for two distinct genetic clusters.  
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Figure 5.8: Bar plot of genetic clusters using all M. cervinipes individuals 

Note: Each individual is represented by a thin bar divided into colours which represent its proportional 

membership to a genetic cluster. Individuals are grouped according to sample site.  

 

When these two groups were divided and reanalysed separately three genetic clusters were 

found for the western Tablelands: two clusters in the continuous forest represented by the F1 

and F2 population and one cluster comprising the fragments P6 and P7 (Figure 5.9). 
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Figure 5.9: Bar plot of genetic clusters using only M. cervinipes individuals from the western Tablelands 
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The eastern Tablelands region comprised two genetic clusters : one with the continuous forest 

sites F3 and F4 and one with the fragments P1 to P5 (Figure 5.10). P1 and P2 were most 

similar in genetic composition to F3 and F4 (Figure 5.10). An examination of the fragments 

(P1-P5) only, resulted in two genetic clusters one on each side of the North Johnstone river 

with P1, P2 and P4 in one group, and P3 and P5 in the other (Figure 5.11).  
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Figure 5.10: Bar plot of genetic clusters using only M. cervinipes individuals from the eastern Tablelands 
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Figure 5.11: Bar plot of genetic clustering using only M. cervinipes individuals from fragments of the 

eastern Tablelands and position of genetic clusters in the landscape 

Note: Satellite imagery (Google Earth
 TM

) shows the position of the fragments with respect to the North 

Johnstone River. 
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For R. fuscipes three genetic clusters were found: one cluster contained individuals found at 

continuous forest site at F3, a second one contained both individuals from continuous forest 

F4 and fragment P2 and a third one comprised individuals from fragment P3 (Figure 5.12). 

The two individuals caught in P2 showed great genetic similarity to the individuals in 

continuous forest F4. AMOVA among regions was not conducted as this species was found in 

few sites. 

 

p
r
o

p
o

r
ti

o
n

 i
n

fe
r
r
e

d
 g

e
n

e
ti

c
 c

lu
s

te
r

F 3 F 4 P 2 P 3

0 .0

0 .2

0 .4

0 .6

0 .8

1 .0

Figure 5.12: Bar plot of genetic clustering using all R. fuscipes individuals 

 

Similarly as for M. cervinipes two genetic clusters (eastern and western Tablelands) were 

found for R. leucopus (Appendix 5.10 & Figure 5.13).  
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Figure 5.13: Bar plot of genetic clustering using all R. leucopus individuals 

 

The AMOVA analysis (Appendix 5.11) showed an even larger distinction between regions 

for R. leucopus than for M. cervinipes. About 17% (p=0.001) of the total variation for 

microsatellite DNA and 24% (p=0.001) for mitochondrial DNA was caused by the variation 

between regions and only 7% (p=0.001) by populations for microsatellite DNA and 2% 
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(p=0.203) for mitochondrial DNA. Among individuals a negative value for the variance was 

found for microsatellite DNA (Appendix 5.11), indicating that there was no genetic structure 

among individuals and individuals were outcrossing (Excoffier & Lischer 2010). For 

mitochondrial DNA this was not the case. The western Tablelands consisted of two clusters: 

one containing the continuous forest sites and one with the fragments (Figure 5.14).  
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Figure 5.14: Bar plot of genetic clustering using only R. leucopus individuals from the western Tablelands 

 

The eastern Tablelands comprised three genetic clusters: one containing fragments P1, P2 and 

P3, a second one containing P5 and a third one represented by P4. This clustering was 

different to the pattern seen in M. cervinipes and did not seem to be determined by the river. It 

is interesting to note that the smallest fragments P5 and P4 each formed a distinct cluster 

(Figure 5.15).  
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Figure 5.15: Bar plot of genetic clustering using only R. leucopus individuals from the eastern Tablelands 
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5.5.6.2 Haplotype distribution in R. leucopus 

Mitochondrial DNA analysis of R. leucopus confirmed the presence of two genetic clusters 

East and West of the Tablelands (Figure 5.16). No haplotypes were shared between these 

populations. Within clusters one to two haplotypes were shared between populations. For the 

eastern Tablelands, fragment P1 contained all haplotypes that were shared amongst the 

different sites. Fragment P2 contained haplotypes also present in P1 and P4. P4 and P5 had a 

similar haplotype distribution, each differing in one they had in common either with P2 or P1, 

respectively (Figure 5.16). 

 

  
Figure 5.16: Haplotype distribution in mitochondrial DNA samples of R. leucopus 

Note: Landscape overview in upper right corner, colours match frames for zoomed in site locations: 

blue=western Tablelands, yellow=eastern Tablelands, dark purple in the pie chart represents unique haplotypes 

not shared across populations. 
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5.5.6.3 Nei’s genetic distance (DST) 

The minimum genetic distance for M. cervinipes was recorded between fragments P3 and P5 

(DST =0.146) matching the short geographic distance (± 300 m) separating these sites. It is 

interesting to note (Appendix 5.12, shaded in grey) that the genetic distance between 

fragments P2 and P4 (DST =0.200), which are separated by 2 to 3 km of pasture, was shorter 

than the genetic distance between P2 and P1 (DST =0.345), which were connected through a 

700 m riparian corridor. Conversely for R. leucopus the minimum genetic distance was 

recorded between fragments P1 and P2 (DST =0.073), which were connected through a 700 m 

corridor. On average genetic distances were significantly higher (t=2.93, df= 35, p=0.006) for 

R. leucopus (µ=0.520, S.E.=0.042) than for M. cervinipes (µ=0.392, S.E.=0.014). 

 

5.5.6.4 F-statistics 

AMOVA analysis for M. cervinipes revealed significant differentiation at all levels (Appendix 

5.11). While the East-West division accounted for 2% of the variation among regions 

(p=0.001) and a similar amount of variation was present among populations (3%, p=0.001), 

most of the variation was caused by variation in loci within individuals (92%, p=0.001) 

(Appendix 5.11). Results for R. leucopus followed a similar trend: the amount of variation 

between populations (7%, p=0.001) was less than the amount of variation caused by 

individual differences (76%, p=0.001). For R. fuscipes fragments P2 and P3 were not included 

in the analysis as population estimates were impossible with only two individuals per 

population. Most of the variation was again comprised within individuals (96%, p=0.012), 

and an equal amount of variation was present among populations (2%, p=0.001) and among 

individuals (2%, p=0.089) within populations (Appendix 5.11).  

 

Most populations of M. cervinipes had an FST value significantly different from zero, 

demonstrating that the value for FST was large enough to show genetic differentiation 

(Appendix 5.13). The populations that were not significantly different from zero had low FST 

values and this could indicate that these populations were or are still exchanging migrants. 

The following populations had low FST values and were not genetically different from each 

other (Appendix 5.13: shaded in grey): continuous forest sites F3 & F4 (FST =0.033, p=0.159), 

fragment P1 & F3(FST =0.039, p=0.065), P1 & F4 (FST =0.036, p=0.057), P1 & P2 (FST 

=0.032, p=0.101), P1 & P3 (FST =0.025, p=0.058), P1 & P4 (FST =0.024, p=0.054), P2 & P4 

(FST =0.022, p=0.061) and P3 & P5 (FST =0.015, p=0.068). When comparing values for 

standardised F’ST to non-standardised FST similar trends were revealed (Appendix 5.13). F’ST 
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appeared more sensitive as more population pairs were significantly different from zero and it 

was possible to differentiate values better as they were slightly higher (Appendix 5.13). For 

this estimator only F3 & F4 (F’ST =0.014, p=0.101), P1 & P2 (F’ST =0.015, p=0.086), P1 & P4 

(F’ST =0.015, p=0.055), P3 & P5 (F’ST =0.009, p=0.086) were not significantly different from 

each other. Results showed that Jost’s D and FST made very similar predictions, the only 

difference was that Jost’s D value for the P1 & F3 (Jost’s D=0.165, p=0.047) population pair 

was significantly different from zero (Appendix 5.13). Values were higher than for FST so 

differentiation from Jost’s D was more distinct and easier to interpret.  

 

For R. leucopus most population pairs had an FST value significantly different from zero, only 

population pair P1 & P2 (FST = 0.022, p= 0.249) were not significantly differentiated 

(Appendix 5.13). F’ST calculations supported the FST population structure, with P1 and P2 

being not significantly differentiated from each other (F’ST =0.013, p=0.152), estimated values 

for F’ST were slightly higher on average and more pronounced (Appendix 5.13). Jost’s D 

followed the same trend (P1 & P2: Jost’s D=0.009, p=0.267) and values were higher 

compared to FST (Appendix 5.13). An examination of mitochondrial DNA φST of R. leucopus 

demonstrated that there was significant differentiation between almost all the sites that 

belonged to either the eastern (P1-P5) or western Tablelands regions (P6, P7, F1) (Table 5.7). 

There was no significant differentiation between populations within these regions.  

 

Table 5.7: Comparison between microsatellite FST and mitochondrial φST  results for R. leucopus  
FST microsat F1 P1 P2 P3 P4 P5 P6 P7 

F1  0.001 0.001 0.001 0.001 0.001 0.001 0.010 

P1 0.170  0.249 0.004 0.001 0.001 0.001 0.001 

P2 0.130 0.022  0.001 0.001 0.001 0.001 0.001 

P3 0.123 0.041 0.035  0.001 0.001 0.001 0.001 

P4 0.176 0.092 0.075 0.090  0.001 0.001 0.001 

P5 0.148 0.108 0.072 0.091 0.119  0.001 0.001 

P6 0.075 0.198 0.159 0.158 0.208 0.175  0.001 

P7 0.047 0.158 0.122 0.116 0.179 0.137 0.047  

φST mtDNA F1 P1 P2 P3 P4 P5 P6 P7 

F1  0.001 0.001 0.031 0.001 0.001 0.214 0.195 

P1 0.295  0.425 0.345 0.364 0.574 0.043 0.001 

P2 0.500 0.029  0.055 0.123 0.469 0.001 0.001 

P3 0.221 0.010 0.213  0.335 0.309 0.131 0.017 

P4 0.312 0.017 0.148 0.015  0.386 0.108 0.001 

P5 0.353 0.000 0.030 0.021 0.007  0.018 0.001 

P6 0.043 0.185 0.298 0.094 0.115 0.218  0.306 

P7 0.034 0.324 0.528 0.222 0.308 0.362 0.048  

Note: microsat= microsatellite and mtDNA= mitochondrial DNA, φST  and FST values in black below the diagonal, p values 

(exact test 999 permutation) above in grey, values not significantly different from zero are shaded in grey. 

 

Populations F3 and F4 were significantly differentiated for R. fuscipes. They showed a low 

but significant value for FST (FST=0.020, p=0.001), F’ST (F’ST=0.023, p=0.001) and Jost’s D 
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estimate (Jost’s D=0.112, p=0.001). No difference was detected between F3 and F4 using 

mitochondrial DNA markers (mtDNA: φST =0.036, p=0.242).  

After determining that populations were significantly different, the magnitude of this 

differentiation was compared between population pairs using 95% confidence intervals of 

Jost’s D results. The confidence intervals calculated for Jost’s D showed that the pair F1-F2 

was significantly less different than F3-F4 (Figure 5.17: circled in grey). These site pairs both 

occurred in continuous forest with F1 and F2 being ± 400 m apart and F3 and F4 ± 900 m 

apart. Therefore sites that were further apart had higher genetic differentiation even though 

there was high forest cover between them. The pairs F1-P7 and P3-P5 were significantly less 

different than P1-P2 (Figure 5.17: circled in red). The former two sites were both separated by 

300 m and 900 m of pasture land respectively and fragments P1-P2 were connected by a 700 

m riparian corridor. From this analysis it appeared that connectivity did not allow 

homogenisation of populations, but this was further tested using Mantel test and ANOVA 

(5.5.7.5 & 5.5.7.7). 
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Figure 5.177: Genetic differentiation (Jost’s D) between M. cervinipes population pairs 

Note: Population pairs showing significant differences are circled in different colours for comparison 

 

For R. leucopus Jost’s D of fragment pair P1-P2 (Figure 5.18: circled in grey) connected by a 

riparian corridor 700 m long, were significantly less differentiated than fragments P1-P4 

which are separated by pasture for 3 km. This demonstrates that in R. leucopus, there has been 

a great deal of genetic exchange between P1 and P2 and this is likely to be ongoing. In 

contrast, very little exchange has occurred between P1 and P4 (Figure 5.18: circled in grey). 

A completely different pattern was observed in M. cervinipes populations in which the very 

low population differentiation values for P1-P4 signified a great deal of genetic exchange 

between these two populations.  
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Figure 5.18: Genetic differentiation (Jost’s D) between R. leucopus population pairs  

Note: Population pairs showing significant differences are circled in different colours for comparison 

 

5.5.6.5 Mantel test for isolation by distance 

As confidence intervals for M. cervinipes demonstrated patterns of isolation by distance, 

Mantel tests examined relationships between the natural log of geographic distance and 

population differentiation measures further. Isolation by distance was detected for M. 

cervinipes (Jost’s D: r(xy)=0.775, p=0.001) and for R. leucopus (Jost’s D: r(xy)=0.888, 

p=0.010; φST: r(xy)=0.792, p=0.001). Population differentiation appeared to progress in a 

stepwise manner for R. leucopus (Figure 5.19), but this was probably a sampling artefact. 

 

  

Figure 5.19: Isolation-by-distance for M. cervinipes and R. leucopus using Jost’s D (microsatellite DNA) 

 

This pattern was not as pronounced for mitochondrial DNA (Figure 5.20). The apparent step-

wise pattern may possibly be attributed to the lack of several intermediate distance classes as 

no individuals of this species were captured in continuous forest sites F3 and F4, potentially 

generating this pattern.  
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Figure 5.20: Isolation-by-distance for R. leucopus using φST (mitochondrial DNA)  

 

5.5.6.6 Species comparison for differentiation estimators 

Mantel correlations demonstrated that patterns of landscape-wide differentiation in M. 

cervinipes (Mc) and R. leucopus (Rl) were similar over all differentiation measures (Table 

5.8). Data from only eight populations were investigated as three populations lacked data for 

R. leucopus (F2, F3 and F4). The highest correlation existed for Jost’s D (Table 5.8). There 

were several outliers for Rattus leucopus (Figure 5.21), indicating that the values for this 

species were, on average, higher, and therefore there was greater genetic differentiation 

between those population pairs. 

Table 5.8: Mantel test for species comparison using population differentiation estimators 

Mantel test r(xy) p value 

Nei’s DST (Mc) vs Nei’s DST (Rl) 0.700 0.001 

FST (Mc) vs FST (Rl)  0.637 0.012 

F’ST (Mc) vs F’ST (Rl) 0.712 0.005 

Jost’s D (Mc) vs Jost’s D (Rl) 0.749 0.012 

Note: Mc= M. cervinipes, Rl= R. leucopus 

 

 
Figure 5.21: Species comparison for population differentiation using Jost’s D  



Chapter 5: Mosaic habitat connectivity and population genetics 

141 

5.5.6.7 The influence of connectivity and isolation age on Jost’s D 

In contrast to the confidence interval comparisons (5.5.7.4) for M. cervinipes, connectivity 

had a significant impact on population differentiation (Jost’s D) (Figure 5.22; Appendix 5.14: 

F=4.83, df=2, p=0.025). Sites that were connected through a corridor were significantly less 

differentiated compared with unconnected sites (HSD= 0.07, p=0.023). There was a trend 

towards sites that had been isolated for a long period to be less differentiated than sites 

isolated over shorter periods (Figure 5.22; Appendix 5.14: F=2.55, df=3, p=0.100). This trend 

could possibly be caused by the reconnection of many of these long-isolated sites by recent 

corridors. However, the interaction between isolation age and connectivity was similarly not 

significant (Appendix 5.14: F=1.13, df=1, p=0.310). 

 

c o rr id o r fo re s t u n c o n n e c te d

0 .0 0

0 .0 5

0 .1 0

0 .1 5

0 .2 0

0 .2 5

J
o

s
t'

s
D

c o n n e c tiv ity

0 3 0 5 0 9 0

0 .0 0

0 .0 5

0 .1 0

0 .1 5

0 .2 0

0 .2 5

is o la t io n  a g e  (y e a rs )

J
o

s
t'

s
D

M . c e rv in ip e s

 

Figure 5.22: Box plots of Jost’s D for M. cervinipes related with connectivity and isolation age 

 

For R. leucopus the same trend was apparent as for M. cervinipes; sites connected through a 

corridor were less differentiated than unconnected ones, although not significantly (Figure 

5.23; Appendix 5.14: F=1.54, df=2, p=0.240). Isolation age followed an opposite trend to that 

seen in M. cervinipes: sites that had been isolated longer were more differentiated than sites 

isolated for a short period of time, but again this difference was not significant (Figure 5.23; 

Appendix 5.14: F=3.82, df=2, p=0.058).  
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Figure 5.23: Box plots of Jost’s D for R. leucopus related with connectivity and isolation age 

 

5.5.7 Historical and recent gene flow 

5.5.7.1 Population phylogenetic trees using microsatellite DNA 

The neighbour joining phylogenetic tree constructed using Nei’s DA of M. cervinipes’ 

microsatellite markers revealed two major groups in the genetic structure. Similar to the 

Bayesian clustering analysis, this method associated the eastern Tablelands continuous 

rainforest sites (F3 and F4) with the western Tablelands sites (F1, F2, P6 and P7) (Figure 

5.24). Branch lengths illustrated that the genetic distance between the two groups was long, 

and the likely reason that this node was divided into two by Bayesian clustering. A secondary 

branch was represented by the eastern Tablelands fragments (P1-P5). The tightest link was 

represented by the P3-P5 node, the population pair with the lowest overall genetic 

differentiation value. Bootstrap values overall were quite low, probably a consequence of only 

using five loci to construct this tree. 
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Figure 5.24: Neighbour-joining phylogenetic tree using Nei’s DA of microsatellite DNA of M. cervinipes  

 

A pattern similar to M. cervinipes was generated for R. leucopus (Figure 5.25) but 

unfortunately no R. leucopus individuals were trapped in the continuous forest sites in the 

eastern Tablelands allowing no comparison of all the patterns. Branching within the two 

nodes was different from M. cervinipes. For the western Tablelands the low sample size in F2 

(only two individuals) is a likely cause of the difference. For the eastern Tablelands, P3 was 

sitting at the root instead of P1 but again with its closest link to P5. P1 and P2 formed the 

tightest link with this pair also least genetically differentiated. 

 

Figure 5.25: Neighbour-joining phylogenetic tree using Nei’s DA of microsatellite DNA of R. leucopus 
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5.5.7.2 Phylogenetic trees using mitochondrial DNA 

Phylogenetic trees (Appendix 5.16) were constructed using 111 DNA sequences from Rattus 

leucopus and Rattus fuscipes. UPGMA clustered species and individuals with the highest 

level of confidence and is therefore presented here in more detail (Figure 5.26). For 

Neighbour Joining and UPGMA there were 259 positions in the final dataset. For UPGMA 

the optimal tree had a sum of branch length of 0.86 (Figure 5.26). For Maximum Likelihood 

and Parsimony (Appendix 5.16) there were 226 positions in the final dataset. Species identity 

assigned by microsatellite analysis was confirmed, individuals from continuous forest sites 

F3, F4 and two individuals from fragment P2 were identified as Rattus fuscipes. Sequencing 

results of the two R. fuscipes individuals from P3 were of very low resolution and could not 

be included in the analysis. Individuals from all other sites were identified as Rattus leucopus. 

Two groups within R. leucopus were clearly distinguished: individuals from the eastern and 

from the western Tablelands. A few individuals from fragment P3 formed a group that 

branched off the western Tablelands clade. Their sequences were probably more similar to 

this clade than the eastern Tablelands clade.  

Results and bootstrap values were similar for all four methods. UPGMA branched the species 

groups with the highest level of confidence (100) (Figure 5.26) and Neighbour Joining 

divided the western (98) and eastern clade (100) with the highest bootstrap values. The 

position of the out-groups (different Rattus species) varied, the Maximum Likelihood (57) and 

Maximum Parsimony (84) method clustered them closer to R. leucopus and R. fuscipes 

clades, while Neighbour Joining (88) and UPGMA (96) clustered them as a distinct out-

groups with a higher level of confidence (Appendix 5.16).  
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Figure 5.26: UPGMA phylogenetic tree of R. leucopus and R. fuscipes  
Note: The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test (1000 replicates) are shown next to the branches. The tree is drawn to scale with branch lengths in the same units as 

those of the evolutionary distances used to infer the tree. The orange box contains R. leucopus individuals from the eastern Tablelands, the blue box from the western Tablelands and the green box contains R. fuscipes 

individuals. 
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5.5.7.3 Population assignment testing using microsatellite DNA 

All methods for population assignment testing were consistent in their results for M. 

cervinipes (Appendix 5.17), with little variation even for individual assignment (results not 

shown). Migrants and residents were present in all populations on average in a 48-52% ratio 

(S.E.=4.32%) (Appendix 5.18), indicating that migration rates were high currently and/or in 

the past. A few individuals were assigned to populations that were several kilometres apart 

and no longer connected (Appendix 5.17), suggesting that population assignment might have 

been influenced by a large signal from historical connectivity. Doh assignment calculator and 

GenAlEx had the highest self-assignment (Appendix 5.18: 58% and 55%, respectively). The 

in depth analysis using the Doh assignment calculator revealed a large spread and variance 

(Appendix 5.19), demonstrating that individuals came from different source populations, 

particularly in continuous forest sites F1, F2 and F3 and fragments P2, P4 and P6 (Appendix 

5.19). A large proportion of these populations comprised putative migrants from different 

populations (Appendix 5.17). In GenAlEx plots of population assignment (Appendix 5.20), 

populations were not easily distinguished, having a great deal of overlap (Figure 5.27). Only 

geographically distant populations showed distinct patterns (Appendix 5.20, e.g. F1-P4).  

 

In R. leucopus, greater variation was found for different assignment methods. Distance and 

Bayesian methods found an average of 60 to 40 % resident-migrant ratio for R. leucopus 

populations but frequency based methods found an 80 to 20% ratio. Overall population 

assignment average was 69 to 31% resident-migrant ratio (S.E.=11.27%) (Appendix 5.18). 

Population assignment appeared more accurate (or more recent) than for M. cervinipes, more 

individuals were assigned to populations they could physically reach (Appendix 5.17). This 

could be a result of the greater number of loci used for the analysis. More information could 

be obtained for R. leucopus as eight microsatellite loci were targeted compared to five loci for 

M. cervinipes. In the Doh assignment analysis, fragmented populations P1, P3, P4, P5 and P7, 

were assigned individuals from different populations (Appendix 5.19). Source populations 

were different from M. cervinipes, suggesting migration was different in R. leucopus. 

Similarly to M. cervinipes, many nearby populations showed overlap (Appendix 5.21), 

although there were some differences. Few populations showed overlap with P4 (Appendix 

5.21 & Figure 5.27) and this was not the case for M. cervinipes. Additionally more distant 

populations were more distinct (Appendix 5.21). 
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In R. fuscipes the number of residents to the number of migrants averaged a 73% to 27% ratio 

(S.E.=6.82%), although there was slight variation between the different methods (Appendix 

5.18). This was a similar value to R. leucopus. The Doh analysis demonstrated that continuous 

forest F4 contained most individuals coming from different source populations (Appendix 

5.19). This occurred because individuals from fragment P2 were assigned to the F4 population 

(Appendix 5.17), similarly to the results from the Bayesian clustering analysis (5.5.7.1). 

When graphed, there was a great deal of overlap between populations (Figure 5.27), 

particularly in the case of fragment P2, which was nested within the continuous forest F4 and 

F3 populations (Figure 5.27). 

 

 

Figure 5.27: Example of population assignment graphs by GenAlEx 6.5 for all three focal species  
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5.5.7.4 Migration rates and detection of first generation migrants 

Values for recent migration rates calculated with BayesAss 1.3 analysis were, on average, low 

for all three species (Appendix 5.22, Figure 5.28, 30 & 31). For both M. cervinipes and R. 

leucopus the estimated values were highest for migration through grassland for a distance of ± 

900 m from fragment P7 to fragment P6 (M. cervinipes: m=0.17; R. leucopus: m=0.27) 

(circled, Figure 5.28 & 5.30). This could be the result of a historical signal, but connected 

sites (fragments P1-P2: M. cervinipes: m=0.02; R. leucopus: m=0.17) and continuous forest 

sites (F1-F2: M. cervinipes: m=0.07; R. leucopus: m=0.05; F3-F4: M. cervinipes: m=0.03) had 

lower maximum migration rates (Figure 5.28 & 5.30), so there appears to be a high 

probability that this recent migration is still occurring between populations P6 and P7. All 

individuals captured in P6 were identified by BayesAss 1.3 analysis as either migrants from 

P7 or the offspring of migrants from P7 and residents of P6 (Appendix 5.23). Additionally in 

the western Tablelands, migration of both species between continuous forest sites F1 and F2 

over a distance of ± 400 m was less frequent, with only one individual per species identified 

to be the offspring of a migrant from F1 and a resident of F2 by the BayesAss 1.3 analysis 

(Figure 5.28, 5.30 & Appendix 5.23) while two individuals per species were found to be first 

generation migrants moving in both directions from the GeneClass 2 analysis (Appendix 

5.24). Migration in the western Tablelands was not only restricted to movements between 

fragments or between continuous forest sites. For M. cervinipes GeneClass 2 analysis 

identified one first generation migrant moving from fragment P7 to continuous forest F1, 

where the shortest movement distance would be ± 900 m through grassland. Similarly, two 

migrants moved the shorter distance of ± 300 m through grassland from fragment P6 to 

continuous forest F2 (Appendix 5.24). Migration rate (m=0.16) (Figure 5.30) and GeneClass 2 

assignment for R. leucopus confirmed dispersal from P7 to F1 (Appendix 5.24).  

 

In the eastern Tablelands migration rate was high from fragment P5 to P3, a distance of ± 300 

m through pasture (M. cervinipes: m=0.13; R. leucopus: m=0.08) (Figure 5.28 & 30), agreeing 

with the population assignment (5.5.8.3) and genetic differentiation analyses (5.5.7.4). For R. 

leucopus movement between these sites was not strictly unidirectional as two migrants 

detected by GeneClass 2 were found to be moving in opposite directions (Appendix 5.24). 

Migration rate from fragment P2 to P1 (connected by a 700 m riparian corridor) was also high 

in R. leucopus (m=0.17) and again individuals were found to be moving in both directions 

(Figure 5.30 & 32). Therefore R. leucopus individuals appeared to use the corridor, unlike M. 

cervinipes which had a low migration rate between these sites (m=0.02).  
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Contrastingly, migration rate from fragment P4 to P2 (m=0.10) was high for M. cervinipes, 

even though these sites were about 1.2 km apart and separated by a road (Figure 5.28 & 30). 

However, it was possible for animals to move along a 2.9 km riparian corridor instead of 

moving the shorter distance through the pasture (Figure 5.29). Eleven M. cervinipes 

individuals caught in fragment P2 were found to be migrants or offspring of migrants from P4 

(Appendix 5.23). A first generation migrant detected by GeneClass 2 analysis also indicated 

movement from P2 to P4 (Appendix 5.24). Possibly, movements on average were 

unidirectional but occasionally movements occurred in the opposite direction. For R. leucopus 

individuals from fragment P4 seemed to emigrate rarely and few individuals were exchanged 

with other populations (Appendix 5.23), as also noted in parentage analysis (5.5.6.2). 

 

Over the distance of ± 800 m between continuous forest sites F3 and F4 migration rates were 

relatively low for R. fuscipes (Figure 5.31: m= 0.14) and also low for M. cervinipes (Figure 

5.28: m=0.03). GeneClass 2 analysis detected only one individual per species moving from F4 

to F3 (Appendix 5.24). Twelve R. fuscipes and one M. cervinipes individual were identified as 

offspring of a F4 migrant and a F3 resident (Appendix 5.23), indicating that migration 

progressed slowly with irregular dispersal that possibly skipped a generation.  

 

This type of slow generational movement across all sites for all three rodent species was 

confirmed by corroborating parentage assignment with consensus individual population 

assignment (Appendix 5.25). Many individuals identified as migrants were found to be 

offspring of migrants and therefore had received the migrant status from their parents 

(Appendix 5.25).  

 

Importantly, the investigation of migration patterns demonstrated that most individuals of 

both R. leucopus and M. cervinipes dispersed from smaller sites (fragments P4, P5, P7) to 

larger sites (fragments P2, P3, P6, continuous forest F1). These smaller sites also contained 

fewest recent migrants in their populations (Appendix 5.23; Figure 5.29 & 32). This pattern 

was further investigated with correlation and ANOVA. 
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Figure 5.28: Pairwise migration rates between sampled sites for M. cervinipes  
Note: Migration rates from BayesAss 1.3 analysis are plotted for sites in one direction, F2-F1, signifies migration rate from F2 to F1. Dotted lines and error bars are 95% confidence intervals. 

Values below the lower dotted line are significantly low migration rates that do not contain enough information, above the upper dotted line confirm resident status, values that reach within these 

limits indicate significant migration, values mentioned in text are circled. 
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Figure 5.29: Illustration of migration rates in the landscape for M. cervinipes 

Note: Illustration of compiled results from BayesAss 1.3 and GeneClass 2 analysis. In blue frame: western Tablelands, in yellow frame: eastern Tablelands, red lines in sites 

are trapping grids, yellow arrows show direction of migration and the number of rat icons demonstrate the frequency of migration 
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Figure 5.30: Pairwise migration rates between sampled sites for R. leucopus 
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Figure 5.31: Pairwise migration rates between sampled sites for R. fuscipes 
Note: Migration rates from BayesAss 1.3 analysis are plotted for sites in one direction, F2-F1, signifies migration rate from 

F2 to F1. Dotted lines and error bars are 95% confidence intervals. Values below the lower dotted line are significantly low 

migration rates that do not contain enough information, above the upper dotted line confirm resident status, values that reach 

within these limits indicate significant migration, values mentioned in text are circled. 
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Figure 5.32: Illustration of migration rates in the landscape for R. leucopus 

Note: Illustration of compiled results from BayesAss 1.3 and GeneClass 2 analysis. In blue frame: western Tablelands, in yellow frame: eastern Tablelands, red lines in sites 

are trapping grids, yellow arrows show direction of migration and the number of rat icons demonstrate the frequency of migration. 
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5.5.7.5 The effect of isolation distance, connectivity, isolation age and patch size ratio on 
migration rate 

There was no significant correlation between geographic isolation distance and migration rate 

either in M. cervinipes (ρ= -0.204, df= 32, p= 0.248) or R. leucopus (ρ= 0.019, df= 30, p= 

0.917) (Figure 5.33). So distance did not inhibit migration, nor did lack of connectivity (M. 

cervinipes: F= 0.14, df= 2, p= 0.706; R. leucopus: F= 0.07, df= 2, p= 0.930). Isolation age 

also did not influence migration rate (M. cervinipes: F= 1.14, df= 3, p= 0.351; R. leucopus: F= 

0.77, df= 3, p= 0.520). However, the ratio of patch sizes had a significant impact on migration 

rate of both species (M. cervinipes: F= 4.36, df= 2, p= 0.021; R. leucopus: F= 7.12, df= 2, p= 

0.003) (Figure 5.33). Migration rates from small to large forest patches were significantly 

higher than from large areas of forest to small fragments (M. cervinipes: HSD= -0.04, p= 

0.017; R. leucopus: HSD= -0.07, p= 0.003) (Appendix 5.26).  
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Figure 5.33: Illustration of the relationship of migration rate with geographic distance and patch size ratio 

Note: Dotted lines are 95% confidence intervals 
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5.6 Discussion 

The aim of this chapter was to assess how the mosaic of landscape scale connectivity affected 

population genetics of rainforest-restricted rodents. This was considered according to a 

framework of the different ecology of the focal study species, one being a scansorial rodent 

(M. cervinipes) and the others terrestrial rodents (R. leucopus and R. fuscipes). Unfortunately, 

as R. fuscipes was absent from most sample sites (Appendix 5.1), landscape-wide 

interpretations were not possible for this species. However, where possible, results were used 

as a comparison with R. leucopus because the same genetic markers were used for the two 

Rattus species and they have similar ecology. These co-generic comparisons only provided 

limited information because the two species only co-occurred in two sample sites and R. 

fuscipes was only trapped in very low abundance in these sites. Therefore, differing responses 

of M. cervinipes and R. leucopus are the main focus of this discussion.  

 

5.6.1 Genetic diversity 

The maintenance of original genetic variation is an important factor influencing the evolution 

of fragmented populations (Lacy 1987; Pannell & Charlesworth 2000) because when they 

lose genetic diversity, their capacity to evolve may be reduced (Pannell & Charlesworth 2000; 

Lowe & Allendorf 2010). Melomys cervinipes had high allelic richness and high observed 

heterozygosity, the values being similar to those found in a previous study of this species in 

fragmented sites in the Atherton Tablelands (Table 5.3: Ar=9 and Ho=0.82; Horskins (2005): 

Ar=10 and HO= 0.83). Rattus leucopus showed lower levels of allelic richness (Table 5.3: 4) 

and observed heterozygosity (Table 5.3: 0.63) with values for expected heterozygosity (Table 

5.3: HE=0.58) lower than those found in Paetkau et al. (2009) (HE=0.78), who studied 

populations of this species on the Tablelands in a rainforest fragment (400 ha) and continuous 

forest, which could indicate impacts of fragmentation on the individuals in this study. Rattus 

fuscipes expected heterozygosity values across continuous forest sites F3 and F4 (Table 5.3: 

HE=0.80) were higher than found averaged across a fragmented and continuous forest site for 

R. fuscipes (HE=0.69) sampled by Paetkau et al. (2009), which indicates that individuals from 

this study had not lost any genetic variation due to fragmentation and were representative of a 

continuous rainforest control population. Additionally when comparing nucleotide diversity 

between R. fuscipes populations on Kangaroo Island (0.001-0.017) (Hinten et al. 2003) and R. 

fuscipes and R. leucopus populations in this study (0.01-0.18), the latter maintained a ten-fold 

higher nucleotide diversity than the former. Previous studies have indicated that lower 
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nucleotide diversity is most likely to be caused by a lower effective population size 

(Kaessmann 2008), which would be the case on Kangaroo Island through founder effects.  

 

For M. cervinipes site size did not have a significant effect on genetic diversity (Figure 5.4 & 

5.5). Leung et al. (1993) also found high heterozygosity across all sites for M. cervinipes and 

could not detect any significant differences between fragments of different sizes. They 

concluded that even a population of 20 individuals should be enough for this species to 

maintain genetic variation (Leung et al. 1993). Rattus leucopus appeared to show higher 

though non-significant observed heterozygosity in large fragments and continuous forest sites 

but haplotype diversity decreased with increasing fragment size (Figure 5.5). However, 

haplotype diversity can be influenced by sample size and nucleotide diversity would be a 

better estimator (Nei & Li 1979). Nucleotide diversity did not show any trend and indicates 

that site size had no significant effect on genetic diversity of this species.  

 

Time since isolation and forest connectivity influenced genetic variation in M. cervinipes. 

Sites with greater connectivity (sites connected through a corridor or continuous rainforest 

sites) and those that had been isolated for longer periods of time had higher heterozygosity 

values (Figure 5.4). Sites that had been isolated for 30 years and were separated from other 

rainforest patches by grassland had reduced heterozygosity compared to continuous forest 

sites (Figure 5.4). Although not significant, allelic richness in both species showed similar 

trends (Figure 5.4 & 5.5). Leung et al. (1993) also found this effect on heterozygosity in a    

M. cervinipes island population that had been isolated for 30 years. In a closed population the 

average heterozygosity decreases at a constant rate of one half of the effective population size 

per generation, so that small populations have a higher rate of loss than larger populations 

(Wright 1978). When assuming that M. cervinipes can produce one to two generations per 

year, 30 years of isolation could mean 30 to 60 generations, which would be sufficient to 

show genetic loss in a small isolated population (Wright 1978). They also found that a small 

fragmented rainforest patch of similar size to the island population separated by pasture from 

other fragments showed reduced genetic variation compared with continuous forest sites but 

this pattern was not significant and not as strong as for the island population (Leung et al. 

1993). They concluded that genetic variation in the rainforest fragment was maintained by 

continued migration through the grassland matrix, which meant the population was not closed 

and would not suffer loss as fast (Wright 1978) and also heterozygosity is only significantly 

reduced if population size stays low for a couple of generations (Nei et al. 1975; Frankel & 
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Soulé 1981). However, my study potentially adds another layer of complexity. In the first 

stage of isolation, sites may experience a sudden reduction in heterozygosity and allelic 

richness due to genetic drift and possibly increased inbreeding (Lande 1988; Keller & Waller 

2002; DeYoung & Honeycutt 2005). This was still apparent in the sites that had been isolated 

for only 30 and 50 years, and similar to the results of Leung et al. (1993) in the island 

population. A second stage of isolation may result in genetic purging that removes 

homozygous individuals (Keller & Waller 2002) and also allows time for regrowth of riparian 

vegetation that can form corridors. For example, forest was allowed to regrow around the 

1960s around the Malanda area (aerial photography 1943-1968, Figure 3.4 & 3.5), which 

restored migration and thereby heterozygosity levels were increased (Leung et al. 1993; Mech 

& Hallett 2001). This pattern allowed for a recovery of genetic diversity in sites that had been 

isolated for a longer time period such as the study sites that currently have corridors but 

otherwise have been isolated for 90 years (Figure 5.4 & 5.5).  

 

Maintaining high heterozygosity in fragmented populations, as was the case for the 

populations under study, is extremely important as heterozygosity is predicted to have an 

impact on fitness. There are three hypotheses that explain this conclusion (Hansson & 

Westerberg 2002). First, the direct effect hypothesis postulates that there is heterozygote 

advantage at a proportion of the loci assessed. This, however, is not applicable to selective 

neutral genetic markers, such as the microsatellites examined in this study. A second 

hypothesis states that there is apparent heterozygote advantage at the loci assessed, because 

these loci are in linkage disequilibrium (LD) with loci that really are undergoing selective 

pressure (Hansson & Westerberg 2002). These relationships could arise under bottlenecks that 

occur when there is a sudden population size reduction, and are likely to be strongest for loci 

that are most closely physically linked on the chromosome. This applies to situations where 

linkage disequilibrium is common and is a possibility in the populations under study, 

especially as most R. leucopus markers demonstrated linkage disequilibrium. Even more, LD 

itself is already an indicator of evolutionary processes such as founder effects and inbreeding 

following population decline (Slatkin 2008). The third hypothesis claims that loci assessed 

provide an indication of genome-wide levels of genetic variation at selectively important loci. 

In this case marker loci reflect what is happening at the level of loci under natural selection. 

In field studies this theoretical relationship between heterozygosity and fitness has been 

substantiated. For example, Soay sheep individuals with higher heterozygosity survived better 

through the winter (Coltman et al. 1999). So the high levels of heterozygosity and in 
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consequence high genetic variation observed in M. cervinipes in this study is expected to 

improve fitness (Hansson & Westerberg 2002) and also maintain adaptive potential (Lowe & 

Allendorf 2010). In contrast, lower levels of heterozygosity in R. leucopus may suggest 

decreased fitness and adaptive potential for this species. The maintenance of high 

heterozygosity in fragmented populations into the future will therefore be vital.  

 

5.6.2 Inbreeding 

Inbreeding could also reduce genetic variation. For M. cervinipes and R. fuscipes no evidence 

for inbreeding was found, but increased relatedness occurred in R. leucopus (Table 5.5). 

Pairwise relatedness in M. cervinipes was low and seemed to average near the expected value 

for populations engaging in random mating (Csillery et al. 2006). Most wild outbred 

populations have pairwise relatedness values that vary around 0.1 and which are lower than 

0.25 (Csillery et al. 2006), together with FIS values close to the 0 value of no inbreeding; this 

was the case for M. cervinipes and R. fuscipes (Figure 5.6). Additionally, parentage analysis 

did not reveal any clear signs of inbreeding (Appendix 5.9). Although there were a few family 

clusters present, no siblings or close relatives were found to be mating with each other.  

 

Rattus leucopus, on the contrary, did show signs of potential inbreeding. One population had 

an average pairwise relatedness value of 0.4 and in most populations relatedness was greater 

than 0.25 (Figure 5.6), indicating that individuals in these populations have a high chance of 

mating with relatives and therefore could suffer from inbreeding depression (Crnokrak & Roff 

1999; Keller & Waller 2002; Csillery et al. 2006). For both M. cervinipes and R. leucopus I 

detected no significant correlation between inbreeding values and site size (Figure 5.7). 

Further investigation of pairwise relatedness results elucidated that there was a discernible 

pattern attributable to isolation age and connectivity. The lowest relatedness values for both 

species were found, on average, in continuous forest sites (Figure 5.7). Unconnected sites, and 

in particular, sites that were isolated most recently showed the highest relatedness (Figure 

5.7). This was a similar result as found for genetic variation. Therefore, during initial 

fragmentation, although inbreeding may have increased, it is likely to have decreased once 

migration was restored (Hutchison & Templeton 1999; Keller & Waller 2002). The presence 

of larger numbers of relatives may also indicate that site isolation influences delayed dispersal 

(Lidicker 1999, Bentley 2008, Paetkau et al. 2009). Overall R. leucopus appeared to be more 

affected as relatedness values in this species were significantly higher than for M. cervinipes 

(Figure 5.6).  
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In conclusion, populations in the study area have maintained genetic diversity. They appear to 

have either overcome genetic bottlenecks by rapid population recovery or alternatively, 

population sizes remained sufficiently high so no loss of genetic variation or inbreeding 

occurred. However, there were indications that connectivity played an important role in 

preserving and or restoring genetic diversity. Therefore evidence for continued dispersal and 

migration between fragmented populations was explored by studying population structure and 

gene flow. 

 

5.6.3 Phylogeography 

The microsatellite and mitochondrial phylogeny (Figure 5.24, 25 & 26) linked groups 

according to fragmentation history. Phylogenetic and Bayesian clustering analyses for both M. 

cervinipes and R. leucopus revealed two main genetic clusters in the landscape (Figure 5.8, 13 

& 26). One group containing fragments (and for M. cervinipes continuous forest sites) in the 

eastern Tablelands and another group containing continuous and fragmented forest sites in the 

western Tablelands. It is likely that the continuous forest sites in the eastern Tablelands and 

western Tablelands were connected until about 10,000 years ago when volcanic activity and 

drying of the climate converted most of the landscape to dry sclerophyll forest (Kershaw 

1992; Kershaw et al. 1993; Kershaw 1994; Moritz et al. 1997). Rainforest persisted only on 

the higher slopes and the locations of the eastern and western Tablelands continuous forest 

sites would have been within these areas maintaining rainforest cover (Moritz et al. 1997; 

Shoo et al. 2011). This is likely to have caused a first genetic split between these two groups. 

However, the groups did not drift far apart as the continuous forests in those refugia persisted 

and were not reduced in size substantially. In contrast, the fragmented forest sites in the 

eastern Tablelands (P1 to P5) underwent severe anthropogenic fragmentation as of 1920, 

greatly reducing the fragments in size and exposing them to edge effects. This would have 

caused genetic differentiation more rapidly due to isolation effects and reduced population 

size (Cunningham & Moritz 1998; Frankham 2005; Allendorf et al. 2013).  

 

In the microsatellite phylogenetic tree of M. cervinipes, a secondary split was visible for the 

eastern Tablelands fragments (Figure 5.24) that could illustrate this more recent 

fragmentation. The neighbour joining method used for constructing this tree starts from the 

node that showed the highest similarity with another node, which in this case was P3 and P5. 

These two had the least amount of genetic differentiation and formed a tight cluster. P4 was 

then added to this branch as this population was more similar to P3 and P5 than the 
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populations P1 and P2 (Figure 5.11 & Figure 5.24). As FST analysis showed, the next link to 

P4 was with P2 as they had similar allele frequencies (Appendix 5.13). P2 was then clustered 

with P1 because of their connection via a riparian corridor (Figure 5.2). P1was the largest 

fragment and that most likely to have retained most genetic variation (Figure 5.11).  

 

Within both the grouping for eastern and western Tablelands fragmented sites more 

subdivisions were apparent, with each species influenced by different isolation barriers. For 

M. cervinipes within the eastern Tablelands the sites on either side of the North Johnstone and 

Ithaca River clustered together (group P1, P2 and P4; and group P3 and P5) (Figure 5.11) and 

within the western Tablelands three groups were evident: F1, F2 and the fragments (P6 and 

P7) (Figure 5.9). Rattus leucopus population structure on this smaller geographic scale 

appeared slightly different. Within the eastern Tablelands there were three clusters: one 

containing P1, P2 and P3; while the other two smallest sites P4 and P5, each formed a 

separate cluster (Figure 5.15). Within the western Tablelands similarly there were two 

clusters, the continuous and the fragmented forest sites (Figure 5.14). Therefore, clustering in 

M. cervinipes seemed to be mainly driven by geographic distance and natural barriers (such as 

a river), while for R. leucopus fragmentation, connectivity and patch size seemed to play a 

more important role.  

 

5.6.4 Genetic population structure 

F-statistics and Mantel testing revealed that isolation by distance effects were present in both 

species and that this was the main factor determining population differentiation (Figure 5.19, 

22 & 23). However, isolation by resistance caused by fragmentation (McGarigal et al. 2002; 

Cushman et al. 2006) also seemed to play a part. For R. leucopus the relationship with 

geographic distance appeared to follow a stepwise pattern (Wright 1943; Kimura 1968). 

However, it is important to remember that sites were not sampled over a continuous 

geographic scale and for R. leucopus an intermediate distance between the eastern Tablelands 

fragmented (P1-P5) and continuous forest sites (F3 & F4) was absent, and therefore it was 

difficult to distinguish between stepwise and continuous geographic effects. Nonetheless, 

when analysing mitochondrial data the pattern became more gradual, appearing to reflect 

historical connectivity while the microsatellite data incorporated present anthropogenic 

fragmentation (Figure 5.19 & 20). Therefore it appears that for R. leucopus nearby 

subpopulations were more likely to exchange migrants than distant ones. This probably also 

reflected the need for R. leucopus populations to be connected by a form of rainforest 
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vegetation (e.g. riparian corridor or continuous forest) if genetic exchange is to take place, as 

discovered earlier with microsatellite phylogeny.  

In contrast, it appeared as though M. cervinipes individuals were not experiencing isolation in 

such a strict pattern and were moving through the landscape more freely. Almost half of M. 

cervinipes individuals sampled per population were possible migrants (Appendix 5.18). This 

pattern was confirmed with FST , Jost’s D and migration rate values (Appendix 5.13 & 23). 

The least differentiation (and lowest FST values), was found between continuous forest sites 

F1 and F2 and between fragments P3 and P5 (fragments). In these cases, site locations were 

only a maximum of 400 m apart. Moreover, for Jost’s D, fragment P3 and P5 populations, 

which were separated by 300 m of grassland matrix were significantly less genetically 

differentiated and possessed higher migration rates than fragments P1 and P2, which were 

further (700 m) apart but connected through a 50-70 m wide riparian corridor (Figure 5.17 & 

5.29). Continuous forest sites F1 and F2 (±400 m apart) were significantly less genetically 

differentiated than continuous forest sites F3 and F4 (±900 m apart). These two site pairs were 

essentially included to investigate isolation by distance patterns without the confounding 

effects of fragmentation (Figure 5.17). Overall, this evidence indicates that isolation by 

distance and not fragmentation or connectivity could be the main driver of population 

differentiation for M. cervinipes. This conclusion is supported by the findings of previous 

research on M. cervinipes where sites that were far apart (about 4 km apart) had high 

population differentiation even though they were connected through a corridor (Horskins 

2005; Horskins et al. 2006). So even with connectivity present isolation distance still caused 

high differentiation.  

 

However, the pattern in M. cervinipes populations appeared to be more complex when 

investigated in greater detail. For example, there was a high migration rate between P2 and P4 

(1.4 km apart) (Figure 5.28) and this did not conform to the structuring pattern suggested by 

isolation-by-distance (Figure 5.19). Potentially, animals were using the riparian corridor (2.9 

km) connecting these sites (Figure 5.29). This suspicion was confirmed as I found that 

unconnected sites were significantly more differentiated than connected sites and those sites 

connected via a corridor had a level of genetic differentiation very similar to continuous forest 

sites (Figure 5.22). Not only connectivity but also the time period over which sites had been 

isolated significantly affected population differentiation. Sites that had been isolated for 

longer periods showed less differentiation (Figure 5.22). This provided evidence that genetic 
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connectivity in M. cervinipes could be maintained with the restoration of migration which 

coincided with the establishment of corridors. 

 

For R. leucopus the pattern was different. Population differentiation was more pronounced 

and was influenced more by isolation through landscape resistance where vegetation 

structural connectivity was lacking rather than isolation by distance. The reason for the 

stepwise pattern of population differentiation became clear by studying FST and Jost’s D 

values and identifying the number of migrants (Appendix 5.13 & 5.23). FST values for this 

species were high, varying between 0.02 and 0.2 (Appendix 5.13), which indicated that 

moderate to great differentiation had occurred between some populations (Wright 1943; 

Wright 1951). On average, populations only comprised about 30% migrants and offspring of 

migrants (Appendix 5.18). Furthermore, in contrast to M. cervinipes nearby, unconnected 

sites had higher population differentiation than sites with greater connectivity (Figure 5.23). 

Unfortunately population differentiation between continuous forest site pairs F1 & F2 and F3 

& F4 could not be compared due to low capture rates. Low genetic differentiation was 

recorded between continuous forest populations F3 and F4 of the congeneric R. fuscipes, even 

though these two populations were about 800 m apart, illustrating that geographic distance 

was not the main driver for this species with similar ecology.  

 

Additionally, the low genetic differentiation found for M. cervinipes between nearby, 

unconnected fragments, P3 and P5, was not observed for R. leucopus. The lowest 

differentiation across all measures was between fragments P1 and P2 and between these two 

sites and fragment P3 (Figure 5.18). These were not the sites separated by the shortest 

distance, instead they were between 700 and 2000 m apart. However these were the sites that 

were connected via riparian corridors and a concrete bridge (Figure 5.32). Therefore, although 

R. leucopus populations were greatly differentiated on a large scale, when connectivity was 

present on a smaller scale, population differentiation decreased (Figure 5.23).  

 

Also in contrast to M. cervinipes, sites that had been isolated for a shorter length of time had a 

lower level of differentiation (Figure 5.23) which would occur if sites that were separated 

most recently retained a historical signal of past connectivity. One of the fragments, P6, was 

still connected to continuous rainforest until the 1980s (Figure 3.6). Therefore it was possible 

that in some fragments sufficient generations had not passed for genetic drift to create 

genetically different populations (Macqueen et al. 2008), as there had been no major 
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alternative genetic impacts, such as bottleneck and inbreeding events, to speed up the process. 

An alternative explanation is that in the study area, older corridors were usually longer and 

less dense, providing less vegetative ground cover and thus may have encouraged fewer 

migrants than shorter, more dense corridors (Paetkau et al. 2009). A study on the Atherton 

Tablelands that assessed the effectiveness of a revegetated corridor about 3 years after the 

first planting, found R. leucopus and R. fuscipes migrants moving through the 70-120 m wide 

corridor and interbreeding. Animals seemed to colonise this linkage quite rapidly (Paetkau et 

al. 2009), illustrating that when acceptable conditions for a species were met, animals would 

use and move through a corridor. For animals in this study the older corridors may have been 

too sparse and/or narrow. 

 

5.6.5 Directional gene flow 

Population differentiation and migration rates for M. cervinipes and R. leucopus seemed to be 

driven by an interaction of geographic distance and connectivity. However, those two factors 

did not explain the entire complexity, as directional gene flow from small towards large sites 

consistently occurred across the landscape and in both species (Figure 5.29, 32 & 33). The 

highest migration rate for both species was found from the population in small fragment P7 (± 

3 ha) to large fragment P6 (± 12 ha), which were separated by about 900 m of pastureland 

(Figure 5.28 & 5.30). Of the unconnected fragments, these two had been separated most 

recently (50 years compared with 90 years), so this migration could possibly be attributed to a 

historical signal. However, migration rates between connected fragments (P1 & P2) and 

continuous forest sites (F1 & F2 and F3 & F4) were even lower. So it appeared very likely 

that migration was still occurring between unconnected fragments P7 and P6. The second 

highest migration rate for R. leucopus was from fragment P2 into P1 through a riparian 

corridor (Figure 5.30), while for M. cervinipes the second highest migration rate was from 

small fragment P5 (±2.5 ha) to large fragment P3 (±16 ha) separated by ± 300 m of 

pastureland (Figure 5.28). No corridor was available for movements between P5 and P3 or 

between P7 and P6. Therefore it seemed that connectivity was not the only facilitator of 

migration, and there must be another driver. 

 

A consistent significant pattern for both species was that movement occurred from small sites 

into large sites and this was almost exclusively the case (Figure 5.29, 32 & 33). For example, 

the fragment P4 population of M. cervinipes lost many emigrants to other nearby fragments: 

P1, P2 and P3 (Appendix 5.23). All of these fragments are larger than P4 and possibly 
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comprised better habitat, as the P4 fragment had been heavily impacted by cyclone Larry 

(2006) and was unfenced allowing a great deal of vegetation disturbance by cattle. Similar 

emigration patterns from small to large fragments occurred for both species.  

This directional movement from small to large sites could be explained by a variation on 

source sink dynamics. The model of source-sink dynamics (Pulliam 1988) is commonly used 

to predict dispersal and population dynamics in fragmented landscapes (Howe et al. 1991; 

Dias 1996; Gaggiotti 1996; Foppen et al. 2000; Delibes et al. 2001; Gundersen et al. 2001; 

Amarasekare 2004; Beck et al. 2004; Bowler & Benton 2005). Source-sink population 

dynamics arise when density dependent dispersal connects at least two populations, and 

individuals emigrating from a population with a positive growth (a source) support another 

population with negative growth (a sink) (Pulliam 1988; Runge et al. 2006). With high 

survival in small sites and less available space, an increase in population density could occur 

(Bowler & Benton 2005). Density-dependent dispersal would then drive emigration towards 

the sink, which in this case would be the site with the lowest density (the large site). This 

would result in net movement from small sites with high density to large sites with lower 

density. However, in this study abundance decreased with decreasing patch size (4.5.2) and 

although rodent species still occurred in high density in small fragment P4 (Appendix 5.27), 

this was not the case in other small sites. Previous studies have also not been successful at 

genetically detecting a density-dependent form of source-sink dynamics in bettong 

populations (Pope et al. 2005). Many variations to the original density dependent scenario 

exist (Watkinson & Sutherland 1995; Dias 1996; Clinchy 1997; Delibes et al. 2001; 

Gundersen et al. 2001; Amarasekare 2004; Bowler & Benton 2005) (Table 2.2) and the 

populations under study here seem to illustrate one of these variations. It appeared that 

animals may have been selecting against low quality and the small amount of habitat in the 

small fragments and dispersing towards a larger amount and potentially better quality of 

habitat in the large fragments. If small sites here are considered to be sinks and large sites to 

be sources, this would represent a reversed pattern of source-sink dynamics, which usually 

causes dispersal to occur from sources to sinks (Table 2.2). However, even if individuals do 

not have the perceptive ability to select against low quality habitat (and they probably do 

(Harper et al. 2008; Prevedello et al. 2010)), other metapopulation scenarios are still likely. 

 

Even though many individuals seemed to be leaving these small fragments, it appeared they 

still had an important function in the landscape as stepping stones and this could also be a 

probable scenario (Kimura 1968). For example, movement from continuous forest F1 to small 
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fragment P7 was recorded, P7 could then function as a stepping stone and allow for 

subsequent dispersal to large fragment P6 (Figure 5.29 & 32). Individual lineages from these 

sites identified in the parentage analysis confirmed this pattern (Appendix 5.9). Populations in 

these small fragments also remained in good health, retaining high genetic variation and 

showing no evidence of unusual demographic structure. Therefore they must have been 

receiving an occasional influx of new genetic material and breeding conditions remained 

satisfactory. Therefore maintenance of these small landscape elements will be important to 

ensure gene flow and genetic exchange (Buechner 1989) into the future. A recent study on a 

marsupial species in the Brazilian Atlantic forest found that immigration rates into small 

fragments decreased with intermediate forest cover but when cover was higher, greater 

dispersal occurred and population densities were high in all fragments irrespective of size 

(Puttker et al. 2011). Moreover, a well-connected metapopulation can maintain species and 

genetic diversity because greater heterogeneity in the landscape supports a variety of species 

and genetic drift will increase genetic difference between populations (Cunningham & Moritz 

1998; Fahrig 2003). Therefore the continuation of this balance will depend on the 

conservation of these small fragments and ensuring connectivity between these sites. If this 

balance shifted, inbreeding depression and loss of genetic variation may negatively affect 

populations living in these small areas (Keller & Waller 2002; Frankham 2005; Puttker et al. 

2011).  

 

5.6.6 Comparative response of a scansorial and terrestrial rodent species 

The lower differentiation and relatedness and higher heterozygosity for M. cervinipes 

compared with R. leucopus may be a result of their different ecology (Table 5.3, 5.6, Figure 

5.21 & Appendix 5.13). Melomys cervinipes is a scansorial species that can climb trees with 

great agility. This ability expands its niche and allows it to use food sources and shelter not 

available to terrestrial species such as R. leucopus (Rader & Krockenberger 2006a; b). Taking 

to the trees might also explain why even a sparsely planted corridor, with very little 

understorey might be sufficient to allow for movement between sites. Melomys cervinipes can 

also cross rivers if the canopies of the trees are touching, and requires only small branches for 

movements as it is a small and light animal only weighing between 40 and 120g (Wood 1971; 

Bentley et al. 2000). This provides a mechanism for successful movements between P4 and 

P2 and P3, where they can move along a thin riparian strip and cross a river. Leung et al. 

(1993) succeeded in radio-tracking a few translocated individuals and found that they used a 
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riparian corridor to return to their place of capture. However, in this study crossing the river 

separating the eastern fragments appeared more difficult for M. cervinipes than for R. 

leucopus, as population structure and differentiation of M. cervinipes appeared to be partly 

determined by the river and this was not the case for R. leucopus (Figure 5.11 & 5.15). The 

riparian strip between fragments P3 and P4 was sparsely vegetated and in most places along 

its length the river was too wide for canopy connectivity across the river. Therefore although 

the corridor may have been sufficient to guide movements from P4 to P2, to access P3 

animals would need to cross the concrete bridge (Figure 5.29 & 32).  

 

Radio-tracking in previous studies also revealed that by using a riparian corridor rodents 

could move 200 m in one night (Leung et al. 1993) and could disperse distances of 1500 m 

through Araucarian plantation forest (Bentley 2008). This probably explains the reason that 

little differentiation was found between fragments P3 and P5, even though these sites were 

separated by 300-400 m of pasture. However, moving across open spaces was probably not 

the preferred route for M. cervinipes, as the species is known to spend as little time as possible 

in grassland (Leung et al. 1993). For this species, a 12- or 20-m-wide road clearing severely 

inhibited movements (Burnett 1992; Goosem 2001) while the 60-m-wide grassy swathe of a 

powerline clearing through rainforest completely prevented movements (Goosem & Marsh 

1997). In contrast inhibition of crossings by Rattus sp. was less severe (Goosem 2001). This 

was also partly observed in this study: migration rates through the pasture between the 

unconnected sites P7 and P6 (900 m apart) were twice as high for R. leucopus as for M. 

cervinipes (Appendix 5.22). Over a longer distance M. cervinipes may need tree cover.  

 

However it appears that migration over a longer distance is also quite rare for Rattus species. 

Most migration rates for R. leucopus in this study were a result of second generation 

movement (Appendix 5.23) and differentiation showed that migration was rare and infrequent 

(although not absent) and therefore could have been the cause of lower heterozygosity and 

higher relatedness in unconnected fragments. A study from southern New South Wales found 

even more severe isolation effects, when the majority of R. fuscipes individuals were 

experimentally removed from remnant habitat surrounded by an inhospitable pine plantation 

matrix, population recovery was largely the result of population growth from the few 

remaining resident animals, rather than from immigrants (Peakall & Lindenmayer 2006). 

Recovery and persistence in these temperate fragments seemed to be largely dependent on 
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rapid population growth and not on subsidies from individuals passing through the matrix 

habitat.  

Previous authors studying movement also concluded that behavioural aversion to the substrate 

or type of vegetation cover can be a more significant restriction to movement than the 

distances between remnants (Goosem 2001; Bentley 2008), similarly to the results of this 

study. Even though isolation by distance over large geographic distances was found, on a 

smaller scale this pattern was confounded with connectivity effects. Other research has shown 

that both species seem to favour stream-side microhabitats with heavy vegetation cover 

(Laurance 1989; Goosem & Turton 1999) and when travelling between habitat fragments 

using a riparian corridor they remained within corridor vegetation (Leung et al. 1993; 

Horskins et al. 2006). Moreover, when a fragmented landscape had high connectivity due to 

the presence of riparian vegetation R. fuscipes populations were found to be barely genetically 

differentiated (Macqueen et al. 2008). This confirms that matrix types that are more similar in 

structure to a fragment have a higher functional connectivity for organisms (Prevedello & 

Vieira 2010) and when small areas of suitable habitat occur in the matrix, species will be less 

affected by habitat alteration (Flynn et al. 2011).  

 

Corridor studies have delivered conflicting results, some claiming that corridors are not really 

effective (Harris & Scheck 1991; Hobbs & Hopkins 1991; Saunders & Hobbs 1991; Soulé & 

Gilpin 1991; Horskins et al. 2006), others demonstrating their use (Crome et al. 1994; Leung 

1999; Mech & Hallett 2001; Nomura et al. 2009; Paetkau et al. 2009). However, as new 

techniques develop and studies change focus from only investigating corridor presence 

towards researching corridor functionality, the overall conclusion is more and more with the 

latter: increasing connectivity can assist gene flow (Bennett 1990; Loney & Hobbs 1991; 

Merriam 1991; Laurance & Laurance 1999; Tucker 2000; Mech & Hallett 2001; Horskins et 

al. 2006; Laurance et al. 2008; Macqueen et al. 2008; Nomura et al. 2009; Paetkau et al. 

2009). This study has also found support for this argument and added that geographic scale 

and size ratios of fragments are important landscape-wide factors that must be considered for 

corridor design. As habitat selection seemed to be the main driver behind directional gene 

flow it is important to investigate the causes of differences in habitat quality between small 

and large sites and how this depends on resource availability and vegetation structure 

(Goosem & Tucker 1995; Tucker 2000; 2001; Prevedello & Vieira 2010). The latter is 

investigated in more detail in the next chapter. 
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5.7 Conclusion 

Melomys cervinipes and Rattus leucopus populations maintained high genetic variation and 

showed no clear evidence of inbreeding. This was probably due to rapid population recovery 

through occasional dispersal between metapopulations or by keeping population size 

sufficiently high during habitat contraction so no detectable loss of genetic variation or 

inbreeding occurred. Genetic variation and relatedness were not affected by site size, but were 

influenced by connectivity and isolation age. In currently unconnected sites that had been 

isolated for a short period of time, lower genetic diversity and higher relatedness was found 

than in continuous forest, or sites previously isolated and then reconnected by riparian 

corridors. This demonstrated that connectivity allowed gene flow to restore and maintain 

genetic variation.  

 

Historical changes due to volcanic events and climate drying in the Pleistocene that caused 

rainforest contraction, as well as anthropogenic habitat fragmentation are reflected in 

population genetic structure. Two separate populations from the eastern and the western 

Tablelands could be detected and recent anthropogenic impacts further differentiated genetic 

structure. Population differentiation and migration rates for M. cervinipes and R. leucopus 

were driven by an interaction of geographic distance and connectivity via either riparian 

corridors or continuous forest habitat but these two factors did not explain the entire 

complexity. Directional gene flow from smaller towards larger sites consistently occurred 

across the landscape in both species. It appeared that individuals were selecting against low 

quality habitat (in small sites) and were dispersing towards higher quality habitat (in large 

sites). Although many individuals were emigrating from small patches, genetic diversity in 

these sites was still high, indicating an occasional influx of new genetic material. These small 

patches therefore performed an important function in the landscape, appearing to be used as 

stepping stones across the matrix between larger patches of forest. This shows that a well-

connected metapopulation can maintain both species and genetic diversity as increased 

heterogeneity in the landscape can support a wider variety of species and genetic drift will 

increase the genetic difference between populations.  

 

Melomys cervinipes populations had lower genetic differentiation and relatedness and higher 

heterozygosity compared with R. leucopus and this appeared to be a function of the different 

ecology of the two species. Melomys cervinipes is a scansorial species that can climb trees 
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with great agility. This ability expands its niche and allows it to use food resources and shelter 

not available to terrestrial species such as R. leucopus, also increasing its resilience to 

fragmentation and allowing easier movements along vegetated riparian strips with canopy 

connectivity but sparse understorey. However, the requirement for tree cover will not aid 

dispersal of M. cervinipes through grassland and migration rates were lower than those of R. 

leucopus when required to move for long distances through pasture. Nevertheless migration 

rates for both species were, on average, low, suggesting that these movements were rare 

events. Therefore continued gene flow will be crucial to avoid future negative genetic effects 

caused by inbreeding and genetic drift. To ensure uniform distribution of gene flow across the 

landscape it will be important to improve matrix permeability and habitat quality of small 

fragments, while accommodating individual species characteristics and requirements.  



 

 

6 The effect of fine-scale vegetation 
structure on population demography 

and genetics of two rainforest rodents 
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6.1 Abstract 

Vegetation structure is considered to be a main driver affecting species composition, 

abundance, body condition, small-scale movements and gene flow, and is impacted by 

fragmentation due to edge effects. I aimed to investigate whether the fine-scale variation in 

vegetation structure within and between different sampling sites influenced population 

structure and genetics of two focal study species: scansorial Melomys cervinipes and 

terrestrial Rattus leucopus. Data was collected from DNA sampling, vegetation surveys, 

trapping and spotlighting surveys, and was analysed using ordination, correlation, ANOVA 

and linear models. Major differences in vegetation structure were found between continuous 

and fragmented sites; small fragmented sites that had been isolated for longer appeared more 

impacted, having less canopy cover, more coarse woody debris and more climbing palms. 

Higher species evenness and diversity occurred in areas with less climbing palms and ground 

cover, attributes that were more common to continuous forest and large fragmented sites. 

Abundance of M. cervinipes increased with the quantity of climbing palms and percentage 

ground cover and body condition improved with the abundance of coarse woody debris. For 

R. leucopus a similar pattern was found for abundance and ground cover, body condition 

declined with increasing canopy height. These results seemed to indicate that these species 

were favouring areas with edge-like conditions. Mark recapture and genetic spatial 

autocorrelation analysis suggested that most movements by M. cervinipes and R. leucopus 

occurred on a small scale (approximately 80 m). The vegetation structural elements that were 

most influential for routine movements and dispersal behaviour of both species were 

abundance of climbing palms and canopy height. Where climbing palms occurred, rodents 

became more sedentary, while in areas with a high canopy cover there was more gene flow. 

These two rodent species were experiencing barriers and fine-scale habitat structuring 

differently; values of spatial autocorrelation for R. leucopus were on average higher than for 

M. cervinipes, which could indicate that the former species was more restricted by fine-scale 

changes, for example, in vegetation structure. Therefore in future planning, fine-scale habitat 

requirements of the target species should be considered and catered for by maintaining the 

complexity and heterogeneity of vegetation structure.  
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6.2 Introduction  

In a fragmented landscape habitat quality may deteriorate due to edge effects, caused by the 

abrupt transition between forest and agricultural land and caused by roads and clearings 

penetrating forest (Goosem 2007; Pohlman et al. 2007). Forest edges are subject to changes in 

the abiotic (e.g. microclimate) and biotic environment (e.g. secondary vegetation) (Lidicker 

1999; Laurance 2004; Pohlman et al. 2007; Goosem 2008; Laurance & Goosem 2008). This 

will eventually lead to alterations in resource availability and vegetation structure (Turton & 

Freiburger 1997; Goosem 2007; Pohlman et al. 2007; Laurance & Goosem 2008; Laurance et 

al. 2009), which have been found to be highly important in determining vertebrate species 

composition (Lindenmayer et al. 1999a; Williams et al. 2002; Martin et al. 2006), distribution 

(Catterall et al. 2004; Hausmann et al. 2005; Martin et al. 2006), abundance (Adler 1998; 

2000; Anderson et al. 2003; Banks et al. 2005a; Anderson & Meikle 2006) and behaviour 

(Laurance 1994; Goosem & Marsh 1997). 

 

Vegetation structure can strongly influence access to resources, for example by providing 

protective cover from predation during foraging (Lidicker et al. 1992; Tabeni & Ojeda 2005; 

Tabeni et al. 2007) or by providing specific habitat attributes necessary for denning and 

nesting (Diaz et al. 2005; Harper et al. 2008). Vegetation structure near a rainforest edge can 

be severely altered. First, plant turn-over can increase as plant growth is promoted because of 

higher light availability and higher tree mortality from wind throw (Murcia 1995; Laurance 

2004). Second, elevated wind turbulence also causes greater canopy and subcanopy damage 

and can often result in exceptionally high abundances of heavy lianas and climbing palms in 

rainforest fragments (Laurance 1991b). Lianas are important structural parasites that reduce 

tree growth, survival and reproduction and may further elevate tree mortality (Laurance 

2004). These changes can produce a feedback loop that opens up space for the proliferation of 

secondary vegetation with a high density of weeds and pioneer plants (Laurance 1991b; 

Goosem 2007). Overall abundance of trees with a small diameter (< 10 cm) also increases, 

understorey is generally denser and less robust woody vines are present (Goosem 2007). This 

results in an alteration of canopy-gap dynamics, plant community composition and biomass 

turn-over and produces a different vegetation structure than the interior of the fragment 

(Laurance 2004).  

 

Some animal species appear to cope well with the changes in vegetation structure caused by 

edge effects. Many small mammals successfully adapt to secondary vegetation because they 
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are adapted to ecosystems with high disturbance (Whitmore 1990; Malcolm 1997; Whitmore 

1997) and are usually habitat generalists (Elmouttie 2009). Melomys cervinipes (Fawn-footed 

Melomys) and Rattus leucopus (Cape York Rat), for example, increase significantly in 

abundance near forest edges and in disturbed forest (Laurance 1997) and seem to prefer edge 

habitat as it provides additional opportunities for shelter and foraging (Laurance 1989; 1991a; 

1994; Goosem & Turton 2000; Pardini et al. 2005; Nomura et al. 2009). High abundance of 

certain mammal species may be a short-term effect caused by a sudden improvement in food 

quality following disturbance (Sullivan et al. 2008) or by loss of habitat and incursions of 

‘homeless’ animals (Fahrig 2003). It is also possible that mammals occurring at the edge 

suffer from increased predation, resulting in lower survival but higher turnover of edge 

populations compared to interior ones (Harding & Gomez 2006).  

 

Not all mammals will benefit from secondary vegetation. Edge sensitive species such as 

Pseudochirulus herbertensis (Herbert River Ringtail Possum) and Hemibelideus lemuroides 

(Lemuroid Ringtail Possum) will largely avoid regrowth habitat (Laurance 1989; 1991a) and 

were only found in areas with continuous tree-cover (Laurance 1990; Laurance & Laurance 

1999). Most possums do not choose trees solely on the basis of their foliar chemistry and 

nutrient status but also require tree hollows for denning, shade or shelter from the sun (Harper 

et al. 2008; DeGabriel et al. 2010). Cavities in old growth trees suitable for denning are rare 

in regrowth forest (Laurance 1990) and therefore a limiting factor for certain possum species 

(Wilson 2000; Flynn et al. 2011).  

 

Even edge-tolerant species can experience limitations due to fragmentation and changes in 

vegetation structure. A study on Rattus lutreolus (Swamp Rat) showed that regenerating 

harvested forest and logging roads (<10 m) represented a significant barrier to movement 

(Stephens et al. 2013). Melomys cervinipes did not cross a 20 m wide forest road clearing if 

there was no canopy cover (Goosem et al. 2008) and a larger rodent, Uromys caudimaculatus 

(Giant White-tailed Rat), did cross this type of clearing but was inhibited from crossing a 

grassy powerline corridor of 60 m in width (Goosem 2001). Therefore, inhibition to 

movements and altered behaviour can affect the present and future health of a population (see 

Chapter 5). 

 

Response to vegetation structure and edge-matrix boundary can differ greatly depending on 

the scale at which animals perceive their habitat (Stenseth & Lidicker 1992; Lidicker 1999; 

Prevedello et al. 2010). Small mammals usually view their habitat at a small scale but with a 
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coarse grain (Stenseth & Lidicker 1992; Lidicker 1999; Prevedello et al. 2010) as most are 

restricted to one particular habitat type and do not disperse beyond it and therefore have no 

knowledge of other types of habitat (Stenseth & Lidicker 1992). Habitat types are mostly 

defined on requirements of larger species and therefore can comprise a variety of habitat 

components which are perceived as important by small mammals (Stenseth & Lidicker 1992; 

Lidicker 1999; Prevedello et al. 2010). Response of small mammals to edges and variation in 

habitat may be more subtle than expected (Lidicker 1999).  

 

Even at a very small scale nearby individuals can be genetically more related than individuals 

further away. These individuals form small genetic clusters that show high relatedness over a 

limited distance. Where this effect occurs it can reveal movement inhibitions and restrictions 

to gene flow, allowing for correlation with fine-scale habitat structure (Peakall et al. 2003). 

Peakall et al. (2003) found that R. fuscipes individuals showed spatial autocorrelation at the 

scale of 200 m. Individuals of this species were caught in what was believed to be their 

preferred habitat so, if this was the case, even small variations in habitat could restrict 

dispersal movements (Peakall et al. 2003; Peakall & Lindenmayer 2006). Therefore although 

some species seem to cope well with fragmented habitat, population persistence and 

avoidance of local extinction will depend on the maintenance of vegetation complexity and 

heterogeneity to cater for each animal’s fine-scale habitat requirements (Strahan 1995; 

Williams et al. 2002). 

 

6.3 Aims 

I aimed to investigate whether potential variations in vegetation structure between different 

sampling sites influenced population structure and genetics of small mammals, in particular, 

the main two study species: Melomys cervinipes and Rattus leucopus. Vegetation differences 

between sites were expected based on forest configuration (Turton & Freiburger 1997; 

Hausmann 2004), site size (Turton & Freiburger 1997), isolation age (Kanowski et al. 2003a; 

Catterall et al. 2004; Nomura et al. 2009), altitude (Webb & Tracey 1981; Tracey 1982; 

WTMA 2009), vegetation type (Webb & Tracey 1981; Tracey 1982; WTMA 2009) and 

presence of fences (Crook 2003; Martin et al. 2006). Forest configuration and size can affect 

vegetation structure through edge effects. The time elapsed since fragments were isolated may 

influence regrowth status and recruitment, as regrowth tends to adopt a very basic rainforest 

structure after 10 years and can return to a complex forest structure after 50 to 70 years 

(Kanowski et al. 2003a; Catterall et al. 2004; Nomura et al. 2009). Climate variations along 
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altitudinal and longitudinal gradients largely determine vegetation type which is described 

using structural attributes, in complex notophyll vine forest, for example, the presence of 

woody vines are important. My intention was to determine whether it was possible to 

distinguish between certain vegetation types using vegetation structure, and especially 

between regrowth and mature rainforest. The absence of fences and intrusion by cattle can 

significantly impact vegetation structure and recruitment (Tucker 2001; Crook 2003; Martin 

et al. 2006) and therefore differences between fenced and unfenced sites were anticipated. 

The impact of fencing should only impact fragments as continuous rainforest sites were under 

Government management restricting cattle, therefore this effect was only examined in 

patches.  

 

The second research question assessed whether vegetation structure had an impact on species 

composition, abundance, body condition and small-scale movement distance. As previous 

studies have shown that species richness and abundance either decreases (Laurance 1990; 

1991a; b; 1994; 1997; Laurance & Laurance 1999; Kanowski et al. 2001b; Kanowski et al. 

2003b) or increases with changes in vegetation structure (Goosem 2000; Harding & Gomez 

2006; Nomura et al. 2009). Also body condition and small-scale movement distance can be 

affected by vegetation structure and results from previous studies vary from a negative effect 

(Goosem 2001;Laurance & Gomez 2005) through no effect (Streatfeild 2001; Horskins 2005; 

Elmouttie 2009) to a positive effect (Lidicker et al. 1992). By examining differences among 

sites at a finer scale, patterns relevant to Chapter 4 could be further clarified. 

 

My third aim was to investigate fine-scale population genetic structuring, particularly at 

which scale individuals were selecting their habitat and how this was influencing gene flow. 

Which sex was contributing most to gene flow was also explored (Peakall et al. 2003; Banks 

& Peakall 2012). Additionally, the vegetation structural attributes which impacted on genetic 

variation were examined, taking into account geographic scale.  

 

These results can expand knowledge of fine-scale habitat selection, preferences and 

requirements and can contribute to understanding varying responses between scansorial 

Melomys cervinipes and terrestrial Rattus leucopus, species which differ in their foraging 

habits.  
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6.4 Material and methods 

6.4.1 Spotlighting, trapping and genetic analysis 

See 3.3.1, 3.3.2, 3.3.3, 3.4 and Chapter 5 

 

6.4.2 Vegetation structure surveys 

To assess habitat quality I undertook vegetation structure surveys (Kanowski et al. 2003a; 

Kanowski & Catterall 2006) across at least 4 transects in each of the thirteen sites, assessing 

58 transects in total (3.3.3). I used a rapid vegetation survey technique developed by 

Kanowski et al. (2003a) to assess the vegetation structure at the sites (Figure 6.1). 

 

Along this 50 m transect, I counted the 

number of pieces of coarse and fine 

woody debris and fine woody debris 

(Figure 6.1). At three points along the 

transect (5, 25 and 45 m) I placed 

quadrats (1m×1m) and estimated the 

percentage ground cover of grass, herbs, 

ferns, vines and scramblers, moss, leaf 

litter, coarse woody debris, rock and 

bare soil (Figure 6.1).  

Figure 6.1: Transect layout for vegetation structure surveys  

(modified from Kanowski & Catterall 2006) 

 

At the same three points, I used an inclinometer to determine the height of canopy trees and 

emergent trees, and the cover of the forest canopy was measured using a spherical 

densiometer held at breast height (1.3 m). At these three points, the number of living and dead 

trees in 10 m × 10 m quadrats were counted and the relative abundance of twenty ‘Special 

Life Forms’ (hemi-epiphytes, slender vines, robust vines, vine towers, vine tangles, thorny 

scramblers/climbing palms: individual plant and thicket, ground ferns, cordylines, palm trees, 

understorey palms, clumping epiphytic ferns, other epiphytes (e.g. orchids), herbs with long 

wide leaves, herbs with long strap-like leaves, cycads with stout stems, ground cycads, 

Pandanus, weeds) were recorded on a scale of 0 to 3 (0 = absent, 1 = present, 2 = frequent, 3 

= abundant) (Figure 6.1). The abundance score for each special life form was determined 

across the three quadrats per transect to produce a composite abundance score (range 0 to 9). 
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6.4.3 Statistical analysis 

6.4.3.1 Correlation and explanatory power of vegetation structural parameters 

Variables from vegetation structure quadrat surveys were averaged (for cover and height 

measurement) and summed (for abundance counts) across transects. For site analyses, the 

multiple transect values were also averaged and summed. Spearman Rank correlations were 

performed in R 3.0.0 (R Core Team 2013) to identify any correlated vegetation structural 

parameters. To select which correlated parameters to retain in the data set a Principal 

Components Analysis (PCA) using correlation rather than covariance was performed with the 

package vegan 2.0-7 in R 3.0.0 (Oksanen et al. 2013). Parameters were retained if they 

explained more variation across sites than their correlated variable. 

 

6.4.3.2 Site differences in vegetation structure based on landscape context 

The initial assessment was based on landscape-wide variation in vegetation structure. Site 

differences in vegetation structure were investigated for landscape-wide effects of site size, 

forest configuration (continuous or fragmented forest), isolation age, altitude (600-1100 m), 

vegetation type (WTMA 2009), fencing (fenced and unfenced patches) and edge effect (edge 

and interior transects of fragmented sites). Vegetation structural parameters were Chord 

transformed (Cavalli-Sforza & Edwards 1967; Orlóci 1967), which reduces the influence of 

variables that are rare (Ramette 2007). Site size was natural log transformed and examined in 

two separate analyses to distinguish between 1) vegetation structure driven by forest 

configuration: including both fragments and continuous forest sites or 2) by patch size: only 

including fragments. Isolation age was determined from aerial photographs and historical 

records (Table 3.1); fragments had been isolated for 30, 50 or 90 years. Rainforest and 

regrowth vegetation types were based on recent Wet Tropics Management Authority mapping 

(WTMA 2009). This information was used to identify differences in vegetation structure 

between the sampled forest types. Several fragments were fenced, while others were not 

fenced with cattle using the forest for shade, browsing and resting. As the presence of cattle 

had a visual impact mostly on the edge of the forest, fenced and unfenced sites were 

compared to determine if cattle usage significantly affected the vegetation structure of the 

entire area. Four rainforest fragment sites of varying size were unfenced (P3, P4, P5, P7) and 

five were fenced (P1, P2, P6, P8, P9). Additionally, analysis was performed for each transect 

of fragmented sites (only patches) to investigate if there was any difference between 

vegetation structure at the edge or in the interior of fragments. 



Chapter 6: Fine-scale vegetation structure and population demography and genetics 

178 

To determine which landscape-wide variables had the largest impact on vegetation structure 

unconstrained ordination was performed first to select the correct model for constrained 

analysis and PERMANOVA testing. Three different unconstrained ordination techniques, 

which assume different response models for the variables, were used and compared for 

congruence. This method was used to determine the best model to perform further constrained 

analysis, which is a combination of ordination and regression and directly relates the 

environmental variation to the response variables (Legendre & Birks 2012). PCA is a linear 

technique but as responses in the natural world are hardly ever linear (Ramette 2007), 

unimodal Correspondence Analysis (CA) and non-linear Multi-Dimensional Scaling (nMDS) 

were also applied. In principle, nMDS would be the most robust model if the underlying 

response is not known but this method incurs some loss of information and interpretation is 

more difficult. PCA and CA are eigenvalue techniques, where the eigenvalues measure the 

amount of variation of the observations along the ordination axes (Legendre & Birks 2012). 

The distances in the full-dimensional ordination space are projected onto the space of reduced 

dimensionality chosen for ordination (Legendre & Birks 2012). In contrast, nMDS does not 

use eigenvalues and only preserves the rank-order of the original distances in the reduced 

ordination space, so this could lead to some loss of information (Legendre & Birks 2012). 

Therefore, the results from the three ordinations were compared via Procrustes rotation and 

analysis (999 permutations), which correlates and compares predictions from different 

ordinations (Mardia et al. 1979; Peres-Neto & Jackson 2001). These analyses were performed 

with the package vegan 2.0-7 (Oksanen et al. 2013) in R 3.0.0 (R Core Team 2013). The 

ordination technique that correlated most closely with nMDS, as nMDS only allows for an 

unconstrained or indirect analysis, was selected to perform a further constrained analysis 

(Canonical Correspondence Analysis (CCA) if CA had the highest correlation with nMDS or 

Redundancy Analysis (RDA) if PCA showed the highest correlation). For this constrained 

analysis, landscape-wide variables (site size, forest configuration, isolation age, altitude, 

vegetation type, fencing and edge effects) could be directly related to sites and vegetation 

structure as the first ordination axes formed a linear combination of the landscape-wide 

variables. To determine which set of landscape-wide parameters correlated most closely with 

vegetation structure, Spearman Rank correlations based on Bray Curtis dissimilarities were 

performed (Clarke & Ainsworth 1993) and a model of ‘best fit’ was calculated through 

stepwise model selection based on Akaike’s Information Criterion (AIC) (Hastie & Pregibon 

1992). The significance of landscape-wide parameters and ordination axes was tested through 
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Analysis of Variance (ANOVA)-like permutation tests also known as PERMANOVA 

(Legendre et al. 2011). 

 

Following ordinations, the influences of landscape-wide variables on a set of vegetation 

structure variables selected from literature studies, which recorded them as important for 

vertebrate fauna and as highly impacted by fragmentation and edge effects (Laurance 1991a; 

1994; Goosem & Tucker 1995; Kanowski et al. 2003a; Laurance 2004; Kanowski & Catterall 

2006; Catterall et al. 2008), were examined. These vegetation structural variables comprised: 

amount of coarse woody debris (CWD), canopy cover, ground cover (sum of all vegetation 

attributes of ground cover, excluding bare soil and rock), abundance of thorny 

scramblers/climbing palms and of small trees (<10 cm DBH). To investigate whether the 

landscape-wide variables: site size and altitude were significantly correlated with vegetation 

structure, Spearman Rank correlations were performed in R 3.0.0 (R Core Team 2013). 

Secondly, the sites were subdivided into different groups based on the following landscape-

wide variables: forest configuration (continuous or fragmented forest), vegetation status 

(mature or regrowth forest), isolation age (0, 30, 50, 90 years of isolation) or fencing (fenced 

or unfenced) for ANOVA testing, performed in R 3.0.0 (R Core Team 2013), using Tukey’s 

post hoc tests to compare within group effects. P-values were adjusted for multiple testing 

using the Bonferroni correction (Rice 1989). 

 

6.4.3.3 The influence of vegetation structure on species composition, body condition and 
small-scale movements of small mammals 

Similar ordination techniques examined the effect of vegetation structure on species 

composition. The species composition data from sites P1, P8 and P9 were omitted as surveys 

were not replicated over time – one survey was conducted at these sites during a pilot study. 

Species composition data was chord transformed (Cavalli-Sforza & Edwards 1967; Orlóci 

1967) and vegetation structural parameters were standardised by subtracting the mean from 

each measurement and dividing this by their standard deviation (Catterall et al. 2008).  

 

In Chapter 4 (4.5.7 & 4.5.8) body condition and small-scale (within-patch) movements of the 

three rodent species, M. cervinipes, R. leucopus and U. caudimaculatus, showed variation 

among sites depending on sex and age class. Therefore to assess the impact of vegetation 

structure on body condition and movement distances, rodent species were divided into groups 

based on sex and age class: adult males, adult females, subadult males and subadult females 

as described in 4.4.3.7. Data from all sites were included and body condition index and 
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movement distance was averaged per group, per species and per site. For U. caudimaculatus 

only data on adult males and females were included as insufficient subadults were captured.  

 

To reduce the number of vegetation structural variables to simplify the model, results from 

CA, PCA and nMDS were compared by permutation testing (Legendre et al. 2011) and 

Procrustes analysis (Mardia et al. 1979; Peres-Neto & Jackson 2001) to investigate if they all 

showed congruent results, and correlations of significant variables within the ordination 

model were calculated using variance inflation factor (VIF) testing (Gross 2003). The selected 

vegetation structural parameters were then correlated with species composition, body 

condition and small-scale movement distances using Spearman Rank correlations based on 

Bray Curtis dissimilarities (Clarke & Ainsworth 1993) and a model of ‘best fit’ was 

calculated through stepwise model selection based on Akaike’s Information Criterion (AIC) 

(Hastie & Pregibon 1992). The final selected parameters were then used in CCA and the 

importance of each parameter was determined by ANOVA-like permutation testing and 

partial constrained analysis (Woodward & Shulmeister 2006; Legendre et al. 2011; Oksanen 

et al. 2013). After ordination analyses, further investigations of the relationship between 

vegetation structure and species diversity, abundance, body condition and movements used 

the selected parameters from the literature (coarse woody debris, canopy cover, ground cover, 

climbing palms and density of small trees) and the variables that explained most of the 

variation in the ordination analysis in general and generalised linear models.  

 

The relationships between vegetation structure and species diversity, Pielou’s evenness (J) or 

Shannon Wiener diversity (H) (4.4.3.3.2) were fitted with linear regressions using the package 

MASS in R (Venables & Ripley 2002), as all variables were normally distributed. The 

influence of vegetation structure on the standardised absolute abundance (trapping grid 

density) estimates of the three most common rodent species (M. cervinipes, R. leucopus and 

U. caudimaculatus) was investigated in a generalised linear model with Poisson error 

distribution using the package glmmADMB in R 3.0.0 (Fournier et al. 2012; Skaug et al. 

2012). The relationships with vegetation structure between both body condition of different 

sex and age class groups (adult male, adult female, subadult male, subadult female) of three 

rodent species (M. cervinipes, R. leucopus and U. caudimaculatus) and the average distance 

moved by those classes were fitted with linear regressions using the package MASS in R 3.0.0 

(Venables & Ripley 2002) as all variables were normally distributed. For U. caudimaculatus 

only data from adult males and females were used as capture rates for subadults were too low.  
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Backward stepwise multiple regression models were created with non-significant vegetation 

structural variables removed after each ANOVA until all variables or their interactions were 

significant. Additionally, Akaike’s Information Criterion (AIC) values of different models 

were compared using the package MUMIn in R 3.0.0 (Barton 2013) which calculated 

Akaike’s information criterion values corrected for small sample sizes (AICc). By calculating 

AICc differences for each model, Δi, (the model’s AICc minus the minimum AICc among 

candidate models) was determined. Those models with Δi less than two were considered to be 

‘best fit’, and their average effect size was calculated. 

 

6.4.3.4 Genetic spatial autocorrelation of rainforest rodents 

Allele frequency and genetic variation of microsatellite DNA can have a defined spatial 

structure due to, for example, dispersal restrictions. Therefore the presence of spatial structure 

in the genetic data on a small scale was examined to evaluate the effect of fine-scale 

heterogeneity in vegetation structure. Positive spatial autocorrelation indicates that nearby 

values are more similar than a random distribution in space; negative autocorrelation indicates 

that nearby values are dissimilar (Haining 2003). To analyse spatial autocorrelation a 

pairwise, individual by individual (N x N) genetic distance matrix is compared with a 

geographic Euclidean distance matrix and significance of the correlation is tested through 

random permutation and bootstrapping. The bootstrap test is less powerful, since the number 

of samples per distance class is much smaller than the number of comparisons used during 

permutation (Peakall et al. 2003). To test for differences in spatial autocorrelation between 

populations and sexes, heterogeneity and T2 tests were used (Smouse et al. 2008; Banks & 

Peakall 2012). The heterogeneity test is evaluated on 99% confidence level. Spatial 

autocorrelation tests were performed using GenAlEx 6.5 (Peakall & Smouse 2012). Spatial 

autocorrelation on a fine scale was explored by conducting a multiple population analysis, 

where within-population spatial autocorrelation was tested from 20 to 140 m with 20 m 

increments for R. leucopus and M. cervinipes. The scale for R. fuscipes varied from 30 to 140 

m with increments of 30 m, as a finer scale could not be obtained due to insufficient data for 

pairwise comparisons. Where sample numbers were low, populations were omitted (for R. 

leucopus: F2 and for R. fuscipes: P2 and P3). Heterogeneity and T2 tests examined differences 

in spatial autocorrelation within and between populations and a combined graph was 

constructed (Smouse et al. 2008). Average spatial autocorrelation (r) values were calculated 

for each population.  
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A heterogeneity test was performed to test if spatial autocorrelation between continuous and 

fragmented rainforest sites or between large (P1, P3, P6) and small fragmented sites (P2, P4, 

P5, P7) was different, this test was only performed for M. cervinipes as for this species a 

sufficiently large number of individuals were trapped in both continuous and fragmented sites. 

Differences in spatial autocorrelation for sex (male vs females) were compared within and 

between populations of three focal rodent species to examine different dispersal strategies 

(Banks & Peakall 2012). Populations with low numbers in one of the sexes were omitted (for 

M. cervinipes: F3 and F4, for R. leucopus: F2 and for R. fuscipes: P2 and P3). The scale for all 

three species in this analysis varied from 30 m to 120 m with increments of 30 m. The 

relationship between calculated spatial autocorrelation values for different age classes and 

sexes (permutation test values) and vegetation structure was investigated by linear regressions 

in R 3.0.0 using the package MASS (Venables & Ripley 2002). Age classes for M. cervinipes 

and R. leucopus were assigned as described in 4.4.3.5. Selected parameters from the literature 

(CWD, canopy cover, ground cover, climbing palms and of small trees) and variables that 

explained most of the variation in the ordination analysis were fitted as explanatory variables. 

Backward stepwise multiple regression models were analysed to determine the model of best 

fit and its average effect size using the package MUMIn in R 3.0.0 (Barton 2013) (6.4.3.3).  
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6.5 Results 

6.5.1 Correlation and explanatory power of vegetation structural parameters 

Forty variables of vegetation structure were surveyed along 58 transects at 13 sites. Spearman 

Rank correlations revealed six parameters that were highly correlated with other variables. 

Those explaining less variation across sites than their correlated variable were removed from 

further analysis in models. The following parameters were removed: height of emergent tree, 

number of logs, abundance of vine tangles, abundance of climbing palm thickets, hemi-

epiphytes and robust vines, in favour of: height of secondary canopy tree, coarse woody 

debris (CWD), vine tangles, abundance of climbing palm plants, epiphytic ferns and slender 

vines respectively. This left 34 variables of vegetation structure. 

 

6.5.2 Site differences in vegetation structure based on landscape context 

Procrustes tests showed the highest correlation between nMDS and CA (all sites: R=0.771, 

p=0.001, forest patches: R=0.628, p=0.062) (Appendix 6.1), therefore CCA was performed 

for the constrained analysis (Appendix 6.2). When considering all sites, forest configuration 

was the most significant variable, the most important co-variables were site size and isolation 

age. None of the landscape-wide variables were significant when analysing only fragments. 

Forest configuration was most closely correlated with vegetation structure across all sites 

according to Spearman Rank correlations of Bray-Curtis dissimilarity matrix (ρ=0.391) and 

comprised the model variable of best fit through stepwise PERMANOVA (AIC=71.38). 

However, on its own, forest configuration explained only 17% of the total explainable 

variance (Table 6.1) and 14.8% of the variation found in the first axis (Appendix 6.2). The 

main difference for setting continuous forest apart from fragments was determined by the 

higher percentage of ground cover comprising rocks and ferns and the presence of palms 

(Figure 6.2). The ordination plot demonstrated a difference in vegetation structure between 

continuous forest sites F1 & F2 and F3 & F4 (Figure 6.2). Ground cover at sites F1 and F2 

comprised more tree seedlings, herbs and vines than at sites F3 and F4. The effect of isolation 

age and site size on the ordination (Appendix 6.2) were driven by the presence of vine towers 

and weeds in small sites that had been isolated for a long time (Figure 6.2). 



Chapter 6: Fine-scale vegetation structure and population demography and genetics 

184 

 
Figure 6.2: CCA ordination biplot of vegetation structure and landscape context for all sites 
Note: In blue: veg= vegetation type (1= mesophyll forest, 2= notophyll forest, 3=secondary forest), forest= forest configuration (0=patches, 1=continuous forest), logsize= site 

size (natural log transformed), altitude (700-1100m), age= isolation age (0, 30, 50, 90 years of isolation); in black: sites; in red: vegetation structural variables, only variables 

with highest correlation with the first two axes are shown, gc= ground cover; in green: green circles are 95% confidence areas of ordination for forest configuration with the 

one on the left comprising vegetation structural attributes associated with continuous forest and the one on the right with fragmented sites. 
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Table 6.1: Explainable variance for CCA of vegetation structure and landscape context 

Data set Variance Inertia Proportion of total 

all sites total explainable variance 0.0900 1 

 forest configuration 0.0153 0.1699 

 log site size 0.0140 0.1553 

 altitude 0.0142 0.1578 

 isolation age 0.0142 0.1578 

 vegetation type 0.0144 0.1600 

 joint effects not explained 0.0179 0.1989 

patches total explainable variance 0.1341 1 

 patch size 0.0096 0.0716 

 altitude 0.0165 0.1230 

 isolation age 0.0198 0.1477 

 vegetation type 0.0140 0.1044 

 fencing 0.0123 0.0917 

 joint effects not explained 0.0619 0.4616 

 

Patch size and fencing were highly correlated with patch vegetation structure, according to 

Spearman Rank correlations of Bray-Curtis dissimilarity matrix (ρ=0.126). However, none of 

the variables explained a significant proportion of the variation in PERMANOVA model 

selection. Altitude and isolation age also explained a large proportion of the variance but an 

even larger proportion remained unexplained (Table 6.1). Large sites that had been isolated 

for 90 years appeared to have higher structural complexity (P1, P8), while small sites (P5) that 

had been isolated for 90 years contained a more dissimilar vegetation structure notable, for 

example, by the presence of Pandanus and small palm trees (Figure 6.3). Younger sites were 

more likely to contain weeds (P7) (Figure 6.3).  

 

Edge effects were examined separately using all transects in all fragmented sites. Edge effects 

did not influence vegetation structure significantly (p=0.890) (Appendix 6.3). However, in 

large sites a pattern was visible: interior transects in large fragments (P1, P9, P3) were clearly 

separated from edge transects (Appendix 6.3: 95% confidence intervals delineated by green 

circles), while relatively few interior transects were separated from edge transects in smaller 

sites (P4) (Appendix 6.3). Very few vegetation structural attributes were associated with these 

confidence intervals, suggesting that vegetation structure was a poor predictor to differentiate 

between edge and interior habitat in all sites.  
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Figure 6.3: CCA ordination biplot of vegetation structure and landscape context for only patches 
Note: In blue: veg=vegetation type (1=mesophyll forest, 2=notophyll forest, 3=secondary forest), forest= forest configuration 

(0=patches, 1=continuous forest), size=patch size, altitude (700-1100m), age= isolation age (30, 50, 90 years); in black: sites; 

in red: vegetation structural variables, only variables with highest correlation with first two axes are shown, gc= ground 

cover; contour lines are fitted with a generalised additive model that draw a surface of environmental variables onto the 

ordination; in green: contours represent the ordination surface of patch size; in pink: contours are the surface of isolation age. 

 

Spearman rank correlation and ANOVA testing showed that altitude was not related to 

selected vegetation structural attributes (Appendix 6.4), but log site size was negatively 

correlated with the amount of coarse woody debris (CWD) (Appendix 6.4: ρ= -0.592, df= 12, 

p=0.033) with more dead branches and logs found in fragments than in continuous forest 

(Appendix 6.5: F= 5.12, df= 1, p=0.045) and this pattern also drove the main significant 

difference between unfenced and fenced forest (F= 8.83, df= 1, p=0.013). In contrast, site size 

was positively correlated with the level of canopy cover (ρ= 0.804, df= 12, p<0.001), which 

decreased significantly from continuous forest to patches (F= 5.67, df= 1, p=0.036) and 

decreased even further in smaller forest fragments (ρ= 0.683, df= 7, p=0.05) (Figure 6.4). 

Additionally, canopy cover was lower in unfenced (F= 12.1, df= 1, p=0.005) and regrowth 

forest (F= 15.1, df= 1, p=0.003) (Figure 6.4). Sites that had been isolated over a longer time 

scale contained more climbing palms (F= 7.0, df= 3, p=0.010); sites that not had been isolated 

(HSD= 15, p=0.026) or those isolated for 50 years (HSD= 20.5, p=0.017) had less climbing 

palms than sites that had been isolated for 90 years (Figure 6.4). There was no significant 

effect of edge on vegetation structure and no interactions with fencing, isolation age or patch 

size (Appendix 6.5). 
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Figure 6.4: ANOVA and correlation graphs of vegetation structure (canopy cover, coarse woody debris and climbing palms) with site size, vegetation type, fencing 

and isolation age 
Note: * Indicates significantly higher effect.
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6.5.3 Vegetation structure and species composition of non-flying mammals 

Of the 34 uncorrelated vegetation structural variables nine were important in explaining 

variation in non-flying mammal species composition. Several of these variables were 

correlated and eliminated as less important, resulting in a condensed set of six variables 

(Appendix 6.6). These six variables explained a significant proportion of variation in the CCA 

ordination of mammal species composition (Appendix 6.7), and seemed to be associated with 

rare species (A. godmani, R. fuscipes, H. chrysogaster) that occurred only in continuous forest 

sites F3 and F4, which also had the most distinct vegetation structure (Figure 6.5). 

Interestingly, three of the possum species (P. archeri, T. vulpecula, P. herbertensis) were 

associated with a large proportion of tree seedlings in ground cover vegetation, and D. 

trivirgata (Striped Possum) was closely associated with high abundance of coarse woody 

debris (CWD) (Figure 6.5), which they are known to probe for insect larvae (Rawlins & 

Handasyde 2002). As the ordination seemed to mostly be driven by rare species even after 

transformation, a second analysis was performed using only common species; those species 

that occurred in all but one site (M. cervinipes, R. leucopus, U. caudimaculatus, P. nasuta, T. 

vulpecula, T. stigmatica, P. archeri). Data for continuous forest sites F3 and F4 also gave too 

much weight to the ordination (containing a lot of rare species) and were therefore omitted.  

 
Figure 6.5: CCA ordination biplot of vegetation structure and species composition for all sites and species 
Note: Species in red: Ag=A. godmani, Dt=D. trivirgata, Dl=D. lumholtzi, Hc=H. chrysogaster, Hl=H. lemuroides, Im=I. 

macrourus, Mc=M. cervinipes, Mm=M. musculus, Pa=P. archeri, Ph=P. herbertensis, Pn=P. nasuta, Rl=R. leucopus, Rf=R. 

fuscipes, Ts=T. stigmatica, Tv= T. vulpecula, Uc=U. caudimaculatus; in black: sites, in blue: vegetation structural variables 

that explained most variation, gcmoss= ground cover moss, gctree= ground cover tree seedlings, CWD=coarse woody debris 
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Four vegetation structural variables influenced variation in the community composition of 

common mammal species. Two of these four were correlated, and omission of the least 

important resulted in reduction to three variables: coarse woody debris (CWD), canopy height 

and percentage ground cover by rocks (Appendix 6.8). Although CWD and canopy height 

appeared to explain most of the variation (Appendix 6.7: 28 % in the first axis and Table 6.2: 

26% of the total explainable variation), neither variable had a significant effect. 

Table 6.2: Explainable variance for CCA of vegetation structure and common species composition 

Variance Inertia Proportion of total 

total explainable variance 0.2420 1 

canopy height 0.0637 0.2632 

ground cover rock 0.0481 0.1988 

coarse woody debris 0.0628 0.2595 

joint effects not explained 0.0674 0.2785 

 

Perameles nasuta, M. cervinipes and U. caudimaculatus were associated with a higher 

abundance of CWD, which occurred in small sites (Figure 6.6). Most species occurred in 

similar ranges of canopy height, although P. archeri seemed to be more strongly associated 

with slightly lower canopies (Figure 6.6). 

 

Figure 6.6: CCA ordination biplot of vegetation structure and species composition for common species 

Note: Species in red: Mc=M. cervinipes, Pa=P. archeri, Pn=P. nasuta, Rl=R. leucopus, Ts=T. stigmatica, Tv= T. vulpecula, 

Uc=U. caudimaculatus; in black: sites, in blue: vegetation structural variables that explained most variation, CWD=coarse 

woody debris, gcrock= rocky ground cover, pink contour= coarse woody debris, green contour= canopy height 
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In general linear models of non-flying mammal species diversity, species evenness was 

significantly negatively associated with the abundance of climbing palms (Appendix 6.9: z= 

2.21, df=7, p=0.027) and percentage of ground cover (Appendix 6.9: z= 2.65, df=7, p=0.008), 

especially ground cover as tree seedlings (Appendix 6.9: z= 2.10, df=7, p=0.036) (Figure 6.7). 

Contrary to the pattern with species evenness, percentage of ground cover (Appendix 6.9: 

z=3.49, df=11, p<0.001) and the abundance of climbing palms (Appendix 6.9: z=2.76, df=11, 

p=0.006) were positively associated with the abundance of M. cervinipes (Figure 6.7). Ground 

cover (Appendix 6.9: df=9, z=2.54, p=0.011) also was positively associated with abundance 

of R. leucopus (Figure 6.7). Canopy cover (Appendix 6.9: z=2.22, df=9, p=0.027), rocky 

ground cover (Appendix 6.9: z=2.58, df=9, p=0.010), CWD (Appendix 6.9: z=2.52, df=9, 

p=0.012) and the abundance of small trees (Appendix 6.9: z=2.43, df=9, p=0.015) were 

negatively associated with abundance of R. leucopus (Figure 6.7). 
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Figure 6.7: Graphs illustrating significant effects of linear models of vegetation structure with species 

diversity and rodent abundance 
Note: Graphs are fitted with three (on the left) and two y-axes (on the right) corresponding to the different plotted vegetation 

structural variables. Dotted lines are 95% confidence intervals  
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6.5.4 Vegetation structure and body condition of focal rainforest rodents 

Permutation testing was used to identify five variables that were important in explaining 

variation in body condition. Two were correlated with others and therefore omitted from the 

model, with three variables thus remaining: ground cover of tree seedlings, abundances of 

cordylines and palms (Appendix 6.10). Model selection values (AIC=8.53) and dissimilarity 

matrix correlation (correlation value=0.59) showed that these variables explained a significant 

proportion of variation in body condition. As variation in body condition seemed to be 

strongly affected by the occurrence of U. caudimaculatus, which was mainly captured in F3 

and F4 (Appendix 6.10), the analysis was repeated using data from only patches and 

considering only M. cervinipes and R. leucopus. Permutation testing using only data from 

fragments and two common small mammal species identified four variables that were 

important in explaining variation in body condition, with one correlated variable which was 

omitted from the model. The remaining three variables explained a significant proportion of 

the variation (dissimilarity matrix correlation ρ= 0.62, PERMANOVA: AIC= - 4.77): canopy 

height, secondary canopy height and the abundance of tree ferns (Appendix 6.10). 

 
Table 6.3: Explainable variance for CCA of vegetation structure and body condition of two rodent species 

Data set Variance Inertia Proportion of total 

patches total explainable variance 0.0541 1 

 canopy height 0.0171 0.3161 

 secondary canopy height 0.0115 0.2126 

 tree ferns  0.0222 0.4104 

 joint effects not explained 0.0033 0.0610 

 

The abundance of tree ferns and canopy height explained the highest proportion of variation 

in the first axis, 40.5% and 34.4% respectively (Appendix 6.11), and of the total explainable 

variance, 41% and 31.6% respectively (Table 6.3). The body condition of adult and subadult 

female and adult male R. leucopus was associated with higher canopies (Figure 6.8). In 

contrast, body condition of subadult male R. leucopus was associated more with lower 

canopies (Figure 6.8). Body condition of R. leucopus adult males seemed to be slightly 

associated with higher abundance of tree ferns (Figure 6.8). Melomys cervinipes was not 

clearly associated with any vegetation structure (Figure 6.8).  
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Figure 6.8: CCA ordination biplot of vegetation structure and rodent body condition in only patches 

Note: Position of species groups are marked by red cross and not label and of sites with empty black circle and not label, Mc= M. cervinipes, Rl= R. leucopus, Uc= U. 

caudimaculatus, am= adult male, af= adult female, sm= subadult male, sf= subadult female, Mc.sf and Mc.sm are not shown as they are underneath Mc.am/af, canopy= 

canopy height, seccanh= secondary canopy height, pink contour= tree ferns, green contour= canopy height 
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Greater levels of coarse woody debris were significantly associated with higher body 

condition of subadult female M. cervinipes (Appendix 6.12: z=2.44, df=11, p=0.033) (Figure 

6.9). Greater ground coverage by tree seedlings (Appendix 6.12: Uc: z= -3.79, df=8, p=0.005; 

Rl: z=2.11, df=6, p=0.035) and higher abundance of tree ferns (Appendix 6.12: Uc: z= -3.42, 

df=8, p=0.009; Rl: z=2.14, df=6, p=0.032) were associated with decreased body condition in 

adult male U. caudimaculatus and adult female R. leucopus (Figure 6.9). Additionally, body 

condition of adult female R. leucopus were positively influenced by presence of palms 

(Appendix 6.12: z=2.05, df=6, p=0.040). For subadult male R. leucopus, increasing canopy 

height (Appendix 6.12: z= -2.27, df=8, p=0.053) showed a negative trend with body condition 

(Figure 6.9). Subadult female R. leucopus were positively affected by the abundance of 

cordylines (Appendix 6.12: z= 2.46, df=7, p=0.044) (Figure 6.9). No selected vegetation 

structural variable influenced linear models of body condition of M. cervinipes adult and 

subadult males, R. leucopus adult males and U. caudimaculatus adult females (Appendix 

6.12). 
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Figure 6.9: Graphs of significant effects in linear models for vegetation structure with rodent body 

condition  

Note: Dotted lines are 95% confidence intervals 
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6.5.5 Vegetation structure and small-scale movements of focal rainforest rodents 

Six uncorrelated variables were important in explaining variation in movement distances: 

abundance of herbs with long wide leaves, climbing palms (Calamus spp.), cordylines, palm, 

ground cover of tree seedlings and bare soil (Appendix 6.13). These variables explained a 

significant proportion of the variation (dissimilarity matrix correlation ρ= 0.44, 

PERMANOVA: AIC= 68.77). 

 
Table 6.4: Explainable variance for CCA of vegetation structure and movement distance of rodent species 

Variance Inertia Proportion of total 

total explainable variance 0.3833 1 

palm 0.0544 0.1418 

ground cover trees 0.0220 0.0574 

cordylines 0.0451 0.1178 

ground cover soil 0.0177 0.0463 

wide herbs 0.0351 0.0916 

climbing palms 0.0609 0.1588 

joint effects not explained 0.1481 0.3864 

 

The abundance of cordylines (Appendix 6.14: 1
st
 axis= 20%, Table 6.4: total= 12%) and of 

herbs with wide leaves (Appendix 6.14: 1
st
 axis= 20%, Table 6.4: total= 9%) significantly 

explained most of the variation in distance moved by the rodent species when other co-

variables were included (Appendix 6.14). The abundance of climbing palms was an 

important, although non-significant, co-variable that encompassed a relatively large 

proportion of the variation (Appendix 6.14: 1
st
 axis= 17%, Table 6.4: total= 16%) and was 

highly correlated with species abundance (Appendix 6.14: species abundance-vegetation 

structure correlation= 0.926). The abundance of climbing palms appeared to influence 

movements of species and species groups differently. Smaller distances were moved by R. 

leucopus, especially adult males, when abundance of climbing palms was low and abundance 

of herbs was high (Figure 6.10). Distances moved by M. cervinipes appeared to be best 

correlated with intermediate abundance of climbing palms and herbs (Figure 6.10). Movement 

distances of adult female U. caudimaculatus were more associated with low abundance of 

herbs and intermediate abundance of climbing palms, while males were more associated with 

a higher abundance of scramblers (Figure 6.10). A separate analysis using only forest 

fragment data produced similar results (results not shown).  
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Figure 6.10: CCA ordination biplot of vegetation structure and rodent movement distance in all sites 

Note: Position of species groups are marked by red cross and not label and of sites with empty black circle and not label, Mc= M. cervinipes, Rl= R. leucopus, Uc= U. 

caudimaculatus, am= adult male, af= adult female, sm= subadult male, sf= subadult female, vegetation structural variables explaining most of the variation are shown in blue; 

pink contour= climbing palms, green contour= wide herbs 
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In the general linear models none of the selected vegetation structural variables significantly 

influenced movement distances of the three rodent species in any sex or age class, except 

distance moved by adult female R. leucopus was positively related to the abundance of small 

trees (Appendix 6.15: z=2.69, df=6, p=0.036) and percentage ground cover of tree seedlings 

(Appendix 6.15: z=3.73, df=6, p=0.001) (Figure 6.11). 
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Figure 6.11: Linear regression of vegetation structure and R. leucopus adult female movement distance  

Note: Dotted lines are 95% confidence intervals 

 

 

6.5.6 Genetic spatial autocorrelation of rainforest rodents 

For M. cervinipes significant positive genetic spatial autocorrelation when split over different 

distance classes with the heterogeneity test was only present in population F2 (up to 70 m), P1 

(55-90 m) and P3 (30-55 m) (Figure 6.12, Appendix 6.16 & 6.17). For R. leucopus two 

populations showed significant spatial autocorrelation with the heterogeneity test, P4 up to 70 

m and F1 up to 90 m (Figure 6.13, Appendix 6.16 & Appendix 6.17). Rattus fuscipes 

individuals in continuous forest sites F3 and F4 were not spatially autocorrelated over a small 

scale (0-140 m) (Figure 6.14, Appendix 6.16 & 6.17). 
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Figure 6.12: Sites with significant genetic spatial autocorrelation between M. cervinipes individuals 
Note: Full lines = spatial autocorrelation coefficient (r), dotted lines: upper (U) and lower (L) 95% confidence limits for 

permutation test for the null hypothesis of no spatial structure as determined by permutation calculation, if the full lines are 

higher than the dotted lines than there is significant positive spatial autocorrelation, error bars = 95% confidence intervals for 

bootstrap test, if they do not straddle zero then there is significant spatial autocorrelation for bootstrap test. Only populations 

shown with significant spatial autocorrelation according to heterogeneity test. 

 

Figure 6.13: Sites with significant genetic spatial autocorrelation between R. leucopus individuals  
Note: as in Figure 6.12  

 

 
Figure 6.14: Genetic spatial autocorrelation within sites for R. fuscipes: correlograms for two sampled 

populations  
Note: as in Figure 6.12, except only two sites adequate sample size and pattern not significant. 
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 a) 

 b) 

Figure 6.15: Consensus correlogram for all populations of M. cervinipes (a) and R. leucopus (b) 
Note: Full line in blue = spatial autocorrelation coefficient (r), red dotted lines: upper (U) and lower (L) 95% confidence 

limits for permutation test for the null hypothesis of no spatial structure as determined by permutation calculation, if the full 

lines are higher than the dotted lines than there is significant positive spatial autocorrelation at that distance, error bars in 

black = 95% confidence intervals for bootstrap test, if they do not straddle zero then there is significant spatial 

autocorrelation. 

 

All output from the separate populations were combined into a consensus correlogram. For M. 

cervinipes no significant autocorrelation on average was found (Ω= 27.591,p= 0.020), as the 

heterogeneity test result is evaluated at the 99 % confidence level (p<0.01) (Appendix 6.18), 

although the correlogram appeared to demonstrate that distance classes up to 80 m were 

positively spatially autocorrelated (Figure 6.15 a). For R. leucopus the distance classes up to 

85 m were positively spatially autocorrelated (Ω= 45.228, p= 0.001) (Appendix 6.18, Figure 

6.15 b). This was a very similar distance to M. cervinipes. In summary, there were genetic 

clusters present in a range up to 80 m for both species, with for R. leucopus tight clusters at 20 

m and 60 m (Figure 6.15 b).  

 

The heterogeneity test indicated that for M. cervinipes the difference in spatial autocorrelation 

between continuous and fragmented rainforest sites was not significant (Appendix 6.19: Ω= 

26.873, p= 0.013). Individuals in continuous forest showed positive spatial autocorrelation 

(Figure 6.16 a, Appendix 6.19: Ω= 46.357, p= 0.002), this was significant from 20-30 m and 

from 50-65 m, while animals in fragmented sites showed no significant spatial autocorrelation 

(Figure 6.16 a, Appendix 6.19: Ω= 17.668, p= 0.220). The same pattern was present between 

large (Figure 6.16 b, Appendix 6.19: Ω= 30.633, p= 0.006) and small fragmented sites (Figure 
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6.16 b, Appendix 6.19: Ω=19.472, p= 0.156) with large fragments showing significant 

positive spatial autocorrelation at 40 m (Figure 6.16 b). The difference in spatial 

autocorrelation between large and small fragmented sites was not significant (Appendix 6.19: 

Ω= 19.317, p= 0.144). These tests were not performed for the other two species as capture 

rates in either fragmented or continuous forest were too low to allow for comparisons.  

 

 a) 

 b) 

Figure 6.16: Spatial autocorrelation graphs of M. cervinipes for continuous forest versus fragments (a) and 

small versus large patches (b)  
Note: (a) green, CF=continuous forest, dark red, P= fragmented patches, (b) orange, L= large patches, red, S= small patches, 

full lines = spatial autocorrelation coefficient (r), dotted lines: upper (U) and lower (L) 95% confidence limits for permutation 

test for the null hypothesis of no spatial structure as determined by permutation calculation, if the full lines are higher than 

the dotted lines than there is significant positive spatial autocorrelation at that distance, error bars = 95% confidence intervals 

for bootstrap test, if they do not straddle zero then there is significant spatial autocorrelation. 

 

According to the heterogeneity test M. cervinipes males were significantly positively spatially 

autocorrelated up to 75 m on average (Figure 6.17 a, Appendix 6.19: Ω= 30.135, p=0.001). 

Females did not show any relationship (Appendix 6.19). The difference between males and 

females was not significant (Ω= 5.286, p=0.218). However, in five populations positive 

spatial autocorrelation did occur amongst females, signalling residency (Appendix 6.19), 

whereas males showed this signal in seven populations (Appendix 6.19). In seven populations 

males were more resident than females and the reverse was true in four populations, but in 



Chapter 6: Fine-scale vegetation structure and population demography and genetics 

200 

most cases these differences were not significant (Appendix 6.19, Figure 6.17 b). In P6, 

however, confidence intervals did not overlap, revealing a significant difference between 

males and females in this site, where males were more resident than females (Figure 6.17 b).  

 

 a) 

 b) 
Figure 6.17: Spatial autocorrelation graphs for different sexes of M. cervinipes across all populations (a) 

and per population (b) 
Note: Pink, F=female, blue, M=male, full line in blue and pink = spatial autocorrelation coefficient (r), blue and pink dotted 

lines: upper (U) and lower (L) 95% confidence limits for permutation test for the null hypothesis of no spatial structure as 

determined by permutation calculation, if the full lines are higher than the dotted lines than there is significant positive spatial 

autocorrelation at that distance, error bars = 95% confidence intervals for bootstrap test, only bootstrap confidence intervals 

are plotted for (b), where confidence intervals do not overlap there is a significant difference between males and females * 

 

Male R. leucopus showed no significant spatial autocorrelation when data from all sites were 

combined, and there was no significant difference between the two sexes (Appendix 6.19). 

The values of spatial autocorrelation for females were marginally significant (Appendix 6.19: 

Ω=22.554, p=0.010) and there appeared to be a genetic cluster up to 60 m, with significant 

structure detected from 30-45 m (Figure 6.18 a). When divided across distance classes a 

significant spatial autocorrelation for females appeared in the distance class from 30 to 60 m 

(Appendix 6.19). When separate populations were analysed males and females showed 

significant positive spatial autocorrelation, implying residency, in six populations (Appendix 

6.19, Figure 6.18 b). In three populations males appeared to be more resident than females 

and in five populations they appeared to be the more dispersing sex (lower spatial 

autocorrelation), although these differences were not significant (Appendix 6.19, Figure 6.18 

b).  

* 
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 a) 

 b) 
Figure 6.18: Spatial autocorrelation graph for different sexes of R. leucopus across all populations (a) and 

per population (b) 
Note: as in Figure 6.17 

 

Neither female nor male R. fuscipes showed significant spatial autocorrelation and there was 

no difference between the two sexes (Figure 6.19 b, Appendix 6.19). Although non-

significant, graphically, males appeared to form a genetic cluster up to 80 m (Figure 6.19 a). 

 a) 

 b) 
Figure 6.19: Spatial autocorrelation graph for different sexes of R. fuscipes across all populations (a) and 

per population (b) 
Note: as in Figure 6.17 



Chapter 6: Fine-scale vegetation structure and population demography and genetics 

202 

6.5.7 Spatial autocorrelation of rainforest rodents and vegetation structure  

No vegetation characteristics explained the overall trends in spatial autocorrelation observed 

in each species. Spatial autocorrelation of M. cervinipes was negatively, yet non-significantly, 

affected by canopy cover (Figure 6.20, Appendix 6.20: z= -2.14, df=9, p=0.061). When 

canopy cover reached a certain level, females became negatively autocorrelated, 

demonstrating that high canopy cover might have allowed more gene flow over a short 

distance (Figure 6.20). Subadult R. leucopus showed significantly stronger spatial 

autocorrelation in sites with greater amounts of climbing palms (Figure 6.20, Appendix 6.20: 

z=3.46, df=6, p=0.014).  
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Figure 6.20: Linear regression of vegetation structure and spatial autocorrelation of two focal rodent 

species  
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6.6 Discussion 

6.6.1 Site differences in vegetation structure based on landscape context 

There were large differences in vegetation structure between fragmented and continuous 

forest sites (Appendix 6.2, 6.4 & 6.5). Vegetation structure in continuous forest in this study 

stood out due to rare features such as rocky ground cover and the presence of palms and ferns 

(Figure 6.2). These are attributes more typical of wetter areas with a lower temperature (Webb 

& Tracey 1981; Tracey 1982). Dense rainforests are able to maintain this microclimate and 

are buffered against extremes, while fragments are more susceptible to sudden changes 

(Pohlman et al. 2007; 2009; Shoo et al. 2011). This type of vegetation was mostly found in 

continuous forest sites F3 and F4, whereas continuous forest sites F1 and F2 had more canopy 

gaps as a result of wind damage and the slope of the landscape. Therefore the latter sites had 

more ground cover with tree seedlings and herbs (Figure 6.2). The main differences from 

continuous forest to patches were a decrease in canopy cover and an increase in the amount of 

coarse woody debris (Figure 6.4). Similar variation in vegetation structure between Atherton 

Tablelands continuous and fragmented forest sites was also found by Hausmann (2004). Even 

between fragments these changes were clear, as small fragments had less canopy cover and 

more coarse woody debris (Figure 6.4 & Appendix 6.5). Small fragments, especially P4 and 

P5, had been severely impacted by Tropical Cyclone Larry (2006), a severe category 4 

cyclone which had created many canopy gaps (Figure 6.3). Gaps had been colonised by 

climbing palms that formed vine towers that reached the tree canopy. At the edge these 

fragments also suffered incursions by invasive weeds (e.g. Lantana camara). Small fragments 

were severely impacted by this extreme event due to greater edge effects following the 

cyclone and the damage re-enforced a feedback-loop that led to the proliferation of secondary 

vegetation (Laurance 1991b; Catterall et al. 2008; Goosem 2008).  

 

Despite observable differences, no significant effect of edge was found on vegetation 

structure (Appendix 6.3 & 6.5). Next to observer bias, there are two other potential reasons 

for this result. First, edge effects may penetrate deeper than 100 m into fragments, where the 

furthest interior transect was surveyed, and therefore only edge habitat was sampled. 

Alternatively, fragments of varying sizes were experiencing edge effects differently. In small 

sites, however, canopy cover was significantly decreased compared to large sites and the 

amount of small trees at the edge was greater, representing the expected pattern of edge 

effects (Goosem 2007). As edge and interior transects did not differ significantly in small sites 



Chapter 6: Fine-scale vegetation structure and population demography and genetics 

204 

but a decrease in canopy cover and an increase in the abundance of small trees was evident in 

comparison with larger sites (Appendix 6.5), it is possible that discernible edge effects 

penetrated these fragmented forests beyond 100 m, as has been suggested in other studies 

(Winter et al. 1984; Murcia 1995; Laurance & Bierregaard 1997; Turton & Freiburger 1997; 

Laurance 2004). For some of the smallest fragments under study this would mean that the 

entire fragment consisted of edge habitat.  

 

Two additional factors affecting vegetation structure was period of time since fragments had 

been isolated from continuous forests and patch size. Larger sites with longer periods of 

isolation were more complex in terms of vegetation structure (Figure 6.2 & Appendix 6.5). 

However small sites that had been isolated for a long period appeared to have a different 

structure (Figure 6.3 & 6.4) and this may have been caused by a change in forest succession. 

One likely cause of this change in structure could be the abundance of climbing palms or 

rattans (Calamus sp.), which are colloquially and aptly named ‘wait-a-while’; they not only 

stop researchers in their tracks but are also believed to restrict secondary succession 

(Laurance 1991b). These species are canopy-gap-colonisers and quickly proliferate where and 

when sufficient light becomes available, climbing using hooked tendrils and tending to 

overgrow shrubs and tree saplings to keep the canopy gap open (Stork & Turton 2008; Stork 

et al. 2011). Where no large trees remain that create shade to reduce their proliferation, they 

will form a dense thicket in the undergrowth and vine towers in the canopy, stunting tree 

regrowth and recruitment (Stork & Turton 2008; Stork et al. 2011). These altered dynamics 

may send small forest fragments down a different successional path compared with large 

fragments (Lomolino & Perault 2000), which usually acquire many of the structural and 

floristic attributes of primary rainforest within thirty to one hundred years (Laurance 1989; 

Kanowski et al. 2003a; Kanowski et al. 2003b).  

 

The evolution of vegetation regrowth and restoration can also be affected by more unnatural 

circumstances. Grazing, soil compaction and fertilisation by cattle can change nutrient and 

recruitment dynamics (Tucker & Murphy 1997; Tucker 2000; 2001; Martin et al. 2006). 

Cows will browse tree seedlings and trample the understorey, impeding regeneration (Figure 

6.21: a and b). Enhanced by edge effects this can lead to stands of ‘living dead’ forests 

(Janzen 1986). These forests contain large amounts of CWD representative of a high tree turn-

over. As there is no significant regrowth, eventually the oldest trees will die and disappear 

and, with no recruitment, canopy cover will be reduced (Janzen 1986).  
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a)  b) 

c)   d) 

Figure 6.21: Illustration of impact of cattle trampling and browsing in the study sites 

Note: Photos a and b, edge of the unfenced parts of P3 (a) and P6 (b) illustrating a very open understorey due to cow trampling and browsing, photos c and d show the interior 

of unfenced site P4 (c) and continuous forest F3 (d), illustrating dense understorey found where cattle are absent. 
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Additionally, there will be little understorey to buffer climatic variations and new seedlings 

will be browsed (Tucker & Murphy 1997; Crook 2003). However, this degree of forest 

degeneration is only likely to affect small unfenced fragments where cattle wander throughout 

the entire fragment (Tucker & Murphy 1997; Crook 2003). In larger unfenced fragments 

cattle tend mainly to remain on the edge of the forest where they rest in the shade and avoid 

further incursions, probably being deterred often by steep uneven terrain or by thickets of 

thorny climbing palms or vine tangles (personal observation). The result of this was that in 

most unfenced fragments in this study, cattle impacts usually did not cover the entire fragment 

(Figure 6.21: c) interior of small unfenced fragment P4). With cattle present, there was no 

discernible impact on ground cover or the abundance of small trees, only a decrease in canopy 

cover and an increase in CWD (Appendix 6.5, Figure 6.4).  

 

6.6.2 Vegetation structure and species composition of non-flying mammals 

Variation in vegetation structure across the landscape can in turn determine species 

distributions (Lindenmayer et al. 1999a; Williams et al. 2002; Martin et al. 2006). In this 

study, species composition seemed to follow the variation in vegetation structure relatively 

closely. Many of the key vegetation structural attributes driving species distribution and 

occurrence at the larger scale were restricted to continuous rainforest sites, as were the species 

associated with them (Figure 6.5). Rarity in the landscape appeared to explain most of the 

trends, making clear patterns difficult to discern. However, higher evenness and diversity 

occurred in areas with less climbing palms and ground cover, potentially revealing some 

aspects important to rarer species (Figure 6.7).  

 

The species that were rare and restricted to continuous rainforest and large sites were certain 

possum species (P. herbertensis, H. lemuroides), as well as A. godmani and R. fuscipes 

(Figure 6.5). These species have all been described previously as edge-sensitive species that 

will not feed on secondary vegetation (Laurance 1989; 1991a) or which avoid these areas due 

to competition with other mammal species (Laurance 1994). Pseudochirulus herbertensis and 

H. lemuroides are obligatory denning species requiring tree hollows for shelter (Wilson 2000; 

Flynn et al. 2011) and these cavities are believed to be mostly lacking in regrowth forest 

(Laurance 1990). Although tree hollow abundance was not specifically surveyed in this study, 

there were no significant differences in the number of standing dead trees (snags) between 

different sample sites (Appendix 6.21) and more coarse woody debris occurred in small sites 
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with high levels of ground cover and abundant climbing palms (Figure 6.4). However, snags 

and coarse woody debris (which were found mostly on the forest floor) may not possess 

characteristics satisfactory for denning and shelter (Harper et al. 2008; DeGabriel et al. 2010). 

One possum species that is not reliant on tree hollows is P. archeri (Laurance 1990) and this 

species was more strongly associated with a slightly lower canopy height. This species has 

been found to feed lower in trees on the forest edge and the height with which it was 

associated in this study (14-16 m) was still above the preferred feeding height range in 

different forest types (6-13 m) (Laurance 1990; Laurance & Laurance 1996). 

 

Contrary to possum species, more common mammal species such as P. nasuta, M. cervinipes 

and U. caudimaculatus were highly associated with large amounts of coarse woody debris 

(Figure 6.6 & 6.7). CWD probably provided shelter and insects for foraging (Naiman & 

Decamps 1997; Bowman et al. 2000; Tucker 2000; 2001; Davis et al. 2010) or runways for 

navigating through the forest at night (Bowman et al. 2000) (Figure 6.22 b). Upon release 

several M. cervinipes individuals were witnessed to disappear into hollow logs and then to be 

recaptured in the same trap the following day and repeat the behaviour. Melomys cervinipes 

abundance also showed a positive relationship with the abundance of climbing palms and 

percentage ground cover (Figure 6.7 & 6.22 a). These attributes provide cover for safe 

foraging and moving around the forest for this scansorial species (Goosem 1997; 2001). 

 a)    b) 

Figure 6.22: Melomys cervinipes hiding in Calamus plant and running along log 

The positive association with ground cover was also a feature of the distribution of R. 

leucopus as this is a terrestrial species, ground cover may be even more important for moving 

around the forest safely. The occurrence of this species was slightly negatively related to the 

amount of rocks in the ground cover, as well as to higher levels of canopy cover, and greater 

abundance of small trees and CWD (Figure 6.7). Rattus leucopus is described as a species that 

prefers secondary habitat where there is less canopy cover (Laurance 1994), but in these types 

of habitat, small trees and CWD tend to be more abundant. The negative relationship between 
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the abundance of small trees and CWD was not strong and even at the lowest point of the 

curve, R. leucopus was still associated with a relatively high density of CWD and abundant 

small trees. Avoidance of areas with more 

CWD by this species could be caused by 

predators such as pythons living in piles of 

CWD (Figure 6.23). Additionally for a 

terrestrial species the need for small trees 

for climbing and foraging is negligible, 

and abundant small trees are likely to 

reduce herbs in the ground layer by 

shading.  

Figure 6.23: Python in site P5, found sunbathing 2 m from trap 

 

The abundance of U. caudimaculatus showed a negative but non-significant trend with 

ground cover. This species is larger than the other two rodent species and due to its size may 

not be as dependent on ground cover for safety (Streatfeild 2001; Elmouttie 2009). Secondly, 

as a scansorial species, it can take to the trees if necessary.  

 

6.6.3 Vegetation structure and body condition of focal rainforest rodents 

Vegetation structure can give indications of resource availability or even provide valuable 

resources (Diaz et al. 2005; Tabeni & Ojeda 2005; Tabeni et al. 2007; Harper et al. 2008; 

Elmouttie 2009). To tease apart the influence of vegetation structure on body condition of 

focal rainforest rodents in this study a lot of models were run and patterns were not always 

very clear. I here discuss the results that explained the most of the available variation and try 

to explain some of the observed patterns.  

 

The body condition of subadult female M. cervinipes was positively influenced by a high 

abundance of CWD (Figure 6.9). This is confirming the trend found for abundance of this 

rodent and shows that individuals associated with more CWD were in better condition 

probably because CWD provides shelter and insects for food (Naiman & Decamps 1997; 

Bowman et al. 2000; Tucker 2000; 2001; Davis et al. 2010). The body condition of adult 

female U. caudimaculatus, adult female, subadult female and adult male R. leucopus showed 

a negative association with the amount of ground cover provided by tree seedlings (Figure 

6.9). Abundant seedlings suggest that sufficient seed has been produced to allow recruitment, 
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so that some seeds have been able to avoid consumption (Elmouttie 2009). Uromys 

caudimaculatus are effective seed predators and are known to cache many seeds (Theimer 

2001; White et al. 2004), and R. leucopus is known to consume a lot of seeds also (Elmouttie 

2009). Therefore, areas with a high abundance of tree seedlings may occur where U. 

caudimaculatus and R. leucopus are not foraging optimally (Theimer 2001; White et al. 2004; 

Elmouttie 2009). The three age-sex groups of R. leucopus also had a significant association 

with greater canopy height. Greater canopy height and fewer tree seedlings are related 

variables as areas with high canopy height generally produce more shade which means fewer 

tree seedlings germinating. As this form of vegetation structure is more typical of interior 

habitat it is possible that these groups of animals prefer being further away from the edge, 

contrary to previous studies (Laurance 1994), particularly where there are no congeneric 

competitors (such as R. fuscipes). The further they are from the edge, the better their body 

condition. Similar reactions have been seen in other studies, for example, adult female voles 

reduced their core home range away from edges (Lidicker 1999) and others have remarked 

that because a species uses secondary vegetation does not mean that they are necessarily 

confined to it (Crome 1990; Hausmann 2004). In contrast, subadult male R. leucopus were 

associated with areas of lower canopy height, consistent with an edge-favouring species 

(Laurance 1994). If the species does not necessarily prefer edges, then it is likely that subadult 

males might be pushed towards the edge by intraspecific competition as subadult males are 

usually the dispersing sex (Stenseth & Lidicker 1992; Lidicker 1999). Adult female U. 

caudimaculatus and subadult female R. leucopus were positively influenced by the abundance 

of cordylines (Appendix 6.11 and 6.12). This plant produces fruit that can be easily reached 

by both species and is highly preferred by some birds (McEwen 1978).  

 

Some of the associations found in this study appeared weak, variable, dependant on age or sex 

class, and on several occasions they also seemed confounded with resource availability. This 

could be caused by the fact that early regeneration stages with less canopy cover, for example 

at edges or canopy gaps, may also possess a higher productivity and higher habitat quality for 

certain small mammals (Beck et al. 2004; Pardini et al. 2005). In a previous study, the 

demography of U. caudimaculatus, especially the abundance of juveniles, was influenced 

more by the availability of high quality food resources than by vegetation structure 

(Streatfeild 2001). Small mammal spatial distribution is also often determined by the 

availability of nest sites (Streatfeild 2001; Gerber et al. 2003). However, studies of other 

small mammals in the temperate region of northern America on the Atlantic coastal plain 
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dominated by grassland and shrubs have determined that heterogeneity of habitats is critical in 

maintaining body condition and therefore in survival (Lidicker et al. 1992).  

 

6.6.4 Vegetation structure and small-scale movements of rainforest rodents 

Vegetation structure can determine the distance that animals move through their habitat to 

gain access to necessary resources and habitat (Goosem 1997; 2001; Bentley 2008; Laurance 

& Goosem 2008). In this study, R. leucopus appeared to move further when there were less 

climbing palms and more herbs, and this was especially true for adult males (Figure 6.10). 

Adult female R. leucopus seemed to move further when there were more small trees and 

greater ground coverage of tree seedlings (Figure 6.11). In areas with this type of vegetation 

structure individuals were also found to have a lower body condition, possibly because they 

had to forage more widely and therefore expend more energy. There are two possible reasons 

for the relationship between greater movements by male R. leucopus and fewer climbing 

palms. Climbing palms could impede movement by the species or, and possibly more likely, 

they are used mainly for shelter and therefore this feature was not associated with movements 

of a longer distance. In contrast, herbs appeared to have the opposite effect and were 

conducive to longer distance movements.  

 

Both M. cervinipes and U. caudimaculatus appeared to move further when climbing palms 

were at an intermediate level with longer movements also associated with more herbs for M. 

cervinipes but with fewer herbs for U. caudimaculatus (Figure 6.10). Melomys cervinipes 

scrambled through climbing palms with great agility (personal observation), suggesting 

Calamus spp. do not impede movements of the species. As U. caudimaculatus seemed to 

prefer habitat with a more open understorey, longer movements would be expected to be 

associated with fewer herbs in the ground cover as seen here. The link with an intermediate 

density of climbing palms may be due to requirements for refuge when on longer foraging 

bouts. Previous research has shown that both M. cervinipes and U. caudimaculatus need 

canopy cover and at least some type of woody undergrowth to move through more open areas 

(Goosem & Marsh 1997; Goosem 2000a; Goosem 2001; Goosem et al. 2008; Laurance & 

Goosem 2008). Melomys cervinipes has previously demonstrated attraction to forest edges 

where there is greater ground cover due to the presence of vines and saplings (Laurance 1989; 

1991b; Goosem & Turton 2000; Nomura et al. 2009), which provide additional substrates for 

climbing and foraging (Laurance 1994) and possibly also more food resources (Pardini et al. 

2005). These overall patterns were largely confirmed in this study. 
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However, it has been argued that due to trapping bias, individuals trapped in a certain area are 

not necessarily associated with the vegetation structure or resource availability in the 

immediate surroundings, but could be returning from a foraging bout to their nest or cache 

site (Streatfeild 2001). In a previous study, radio-tracked individuals tended to enter baited 

traps in the last hours of the nocturnal activity period, probably after foraging had been 

completed for the night (Streatfeild 2001). However, camera-trapping for two nights in this 

study showed that mammals were continuously active around the traps from 7 PM until 4 AM 

(Figure 6.24). On one night a U. caudimaculatus individual appears at 7 PM (not shown) and 

the same or another U. caudimaculatus individual is also photographed at 7.50 PM (Figure 

6.24 c), by which time a second rodent (M. cervinipes) had already entered the trap (Figure 

6.24 a). A more likely explanation for animals not being directly associated with the location 

in which they are trapped, could be attraction to the bait, which would lure animals away from 

their normal foraging area. However, it has been noted that the radius of attraction to bait is 

relatively small for small mammals and therefore they would already be associated with the 

area in which they were trapped (Bowman et al. 2000). Whether or not this type of trapping 

bias existed, in this study information from vegetation transects were averaged per site or per 

transect and were not point samples from trap locations which examined the microhabitats 

around the traps. It was assumed that individual animals would not only be directly associated 

with the trap location (as previous research had suggested (Streatfeild 2001)) but, being 

mobile, they would forage more widely and the more important scale for examination of 

vegetation structure encompassed the entire site or trapping grid. This scale also allowed for 

comparisons between sites.  
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Figure 6.24: Photos from camera trapping 

Note: Photos of two traps at P2 during the course of the night, a) M. cervinipes enters trap, b) T. vulpecula passes along log, c) U. caudimaculatus approaches camera,  

d) P. nasuta sniffs M. cervinipes in cage.  
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6.6.5 Genetic spatial autocorrelation of focal rainforest rodents 

The movement distances recorded from the mark recapture studies mostly occurred on a small 

scale, between 30 and 70 m for all three species (Appendix 4.15). Detection of movement was 

not restricted by the trapping grid as animals could have moved up to 180 m in most sites. 

However movements on that scale were either extremely rare or non-existent, depending on 

site, which is congruent with theoretic predictions for mammals. Mammals mostly perform 

leptokurtic dispersal, with a lot of small-scale movements and rare long-distance excursions.  

 

Spatial autocorrelation provides a method to estimate average range distances using 

microsatellite DNA (Peakall et al. 2006). For M. cervinipes and R. leucopus genetic clusters 

appeared to exist up to 80 m (Figure 6.15 a & b), for R. leucopus this pattern was significant. 

Rattus fuscipes individuals in this study did not appear to be spatially autocorrelated on a 

small scale (Figure 6.14). Rattus fuscipes individuals trapped in this study occurred almost 

exclusively in continuous forest, representing a fairly homogenous habitat for this species 

with no likely barriers to movement. In previous studies across continuous, highly connected 

habitat , R. fuscipes was found to be spatially autocorrelated up to a distance of one kilometre 

and displayed average routine movements between 200 to 400 m (Macqueen et al. 2008) but 

studies in fragmented habitat demonstrated a severe reduction in dispersal distances (down to 

200 m) and small-scale movements (down to 70 or even 30 m) (Peakall et al. 2003; Peakall et 

al. 2006). The difference between spatial autocorrelation in continuous and fragmented forest 

could not be tested for R. fuscipes due to low capture rates but it was analysed for M. 

cervinipes. For M. cervinipes there was no significant spatial autocorrelation over a maximum 

distance of 140 m on average within small fragments, while gene flow on this scale within 

continuous forest (Figure 6.16 a: up to 75 m) and large fragments appeared to be restricted 

(Figure 6.16 b: up to 60 m). This is a different result than from previous studies (Peakall et al. 

2003; Peakall et al. 2006; Macqueen et al. 2008) and from the within-site movement patterns 

from mark recapture trapping in this project (4.5.8), where individuals seemed to be limiting 

their movements in small sites. The difference between large and small fragments and 

continuous forest and fragmented sites was not significant, suggesting that possibly a larger 

sample size and sampling at more different scales than in this study would obtain clearer 

results to distinguish effects caused by patch size and forest configuration. Nonetheless, the 

difference between fragmented and continuous forest was almost significant, with continuous 

forest showing higher spatial autocorrelation than fragments (Figure 6.16 a). More routine 

movements in fragments reducing genetic clustering on a small scale could be influenced by 
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resource availability and vegetation structure. In continuous forest resources tend to be more 

scattered and their availability fluctuates spatially, this could cause genetic clustering of 

individuals around these foraging areas (Wiens 2001; Vignieri 2005; Macqueen et al. 2008). 

M. cervinipes also has been shown to prefer forest edges where there is greater ground cover 

(Figure 6.4: conditions prevalent in fragments) (Laurance 1989; 1991b; Goosem & Turton 

2000; Nomura et al. 2009), which would also provide more food resources (Pardini et al. 

2005) and thus increasing movement distances. Furthermore, even if routine movements do 

not translate in breeding behaviour, the stepping stone model (Kimura 1968) could explain 

my observation of lower genetic spatial autocorrelation in (small) fragments. If small 

fragments are functioning as stepping stones and migration movements between large 

expanses of forest occur via small fragments, then there would be a regular supply of new 

genes entering the population in small fragments, causing more genetic exchange, leading to 

reduced spatial autocorrelation over a small scale (Peakall et al. 2003).  

 

Across all three species no significant differences were found between male and female 

spatial autocorrelation (Appendix 6.19 & Figure 6.17, 18 & 19). However, males of M. 

cervinipes in most sites showed tendencies towards being the resident sex as they were 

generally more related to each other on a small scale (Appendix 6.19), meaning that for these 

males there was less gene flow and therefore also less dispersal than females. A similar 

pattern appeared to be the case for R. fuscipes although again the difference was not 

significant (Appendix 6.19 & Figure 6.19 a). In contrast, R. leucopus demonstrated some 

signs of female philopatry (Appendix 6.19 & Figure 6.18 a). For this species, female positive 

spatial autocorrelation was close to significance and female genetic clusters appeared to exist 

from 30 to 60 m (Appendix 6.19 & Figure 6.18 a). Female philopatry and male-biased 

dispersal has also been found in R. fuscipes and R. lutreolus populations in other studies 

(Macqueen et al. 2008; Holland & Bennett 2011; Banks & Peakall 2012; Stephens et al. 

2013) and is believed to be the general pattern for mammals (Clout & Efford 1984; Lidicker 

et al. 1992; Stenseth & Lidicker 1992; Diffendorfer et al. 1995; Salvioni & Lidicker 1995; 

Pope et al. 2005). It appeared that species in this study were not strictly bound by this rule. In 

M. cervinipes and R. leucopus populations, where significant positive spatial autocorrelation 

was detected for either sex, dispersal was generally female-biased in larger populations and 

male-biased in smaller populations (Appendix 6.19). However, in two populations, P6 and P7, 

patterns for both species were the reverse of those generally seen in the study, suggesting 

alternative cues for dispersal. 
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In general three main causes for sex-biased dispersal are hypothesized: resource competition 

(Greenwood 1980), mate competition (Dobson 1982) and inbreeding avoidance (Salvioni & 

Lidicker 1995; Stow & Sunnucks 2004). The variable patterns found in sex-biased dispersal 

in this study could be caused by mate or resource competition as responses of different sexes 

will change with local ecological conditions during fluctuations in species density or resource 

availability (Stow et al. 2001; Streatfeild 2001) or a lack of sex bias. Male-biased dispersal is 

the standard strategy in most rodent and mammal populations (Clout & Efford 1984; Lidicker 

et al. 1992; Stenseth & Lidicker 1992; Diffendorfer et al. 1995; Salvioni & Lidicker 1995) 

and may be especially pronounced in small populations to avoid inbreeding, so that males do 

not mate with female offspring (Salvioni & Lidicker 1995; Stow & Sunnucks 2004). Female 

biased-dispersal in mammals is uncommon (only 5% of mammal species are known to 

possess this behaviour (Dobson 1982; Munshi-South 2008)) and females are believed only to 

follow this strategy if costs of inbreeding are expected to be high (Waser et al. 1986) and are 

likely to also exhibit other strategies to avoid inbreeding such as mating with multiple males 

(Streatfeild 2001). Analysis of parentage (Appendix 5.9) did not reveal more matings with 

multiple males in populations where there was female-biased dispersal. Instead, both sexes 

mated with multiple partners. However, relatedness values for R. leucopus were high in 

rainforest fragments P6 and P7 (Table 5.5) and in these populations dispersal was biased 

towards either males or females respectively. So in this one population (fragment P7) costs 

were potentially higher as this was a small area with a high density of animals with probable 

strong competition for resources. Resource competition is believed to affect females more 

than males, so with high resource competition and to avoid inbreeding, females are likely to 

be the dispersing sex (Berteaux & Boutin 2000; Streatfeild 2001). On the contrary, in other 

small sites where resource competition could also be expected, R. leucopus individuals were 

exhibiting male-biased dispersal. Mate competition would be more severe at high population 

density, particularly with a male-biased sex ratio, a common occurrence for M. cervinipes in 

this study but less so for R. leucopus ( Figure 4.8). In fragments P4 and P7 for M. cervinipes, 

significant male-biased sex ratios were observed and this probably drove the male-biased 

dispersal at these small sites for this species.  

 

The variable patterns in sex-biased dispersal in this study seem to be an adaptive strategy and 

although very uncommon, it has been detected in populations of skinks, shrews and U. 

caudimaculatus (Stow et al. 2001; Fontanillas et al. 2004; Stow & Sunnucks 2004; 



Chapter 6: Fine-scale vegetation structure and population demography and genetics 

216 

Vuilleumier & Fontanillas 2007). This pattern needs further exploration, because the spatial 

autocorrelation data from this study could not detect significant differences between males 

and females in most sites. A larger sample size (≥250), concentrated at scales and sites where 

residency is detected and where comparisons are being made would add more certainty to 

observed patterns (Banks & Peakall 2012).  

 

6.6.6 Vegetation structure and spatial autocorrelation of focal rainforest rodents 

Distance and motivation to disperse are probably not the only factors for spatial 

autocorrelation; on a fine scale, vegetation structural elements could also influence routine 

movement and dispersal behaviour (Lidicker 1999; Lidicker 2002; Peakall et al. 2003). 

Climbing palms seemed to cause positive spatial autocorrelation in subadult R. leucopus, 

meaning they were more sedentary in these areas (Figure 6.20). Migration rates in the western 

Tablelands were also higher than between the fragments in the eastern Tablelands that had 

more climbing palms (Appendix 5.22).  

 

Melomys cervinipes females were mostly influenced by canopy cover (Figure 6.20). Where 

there was higher canopy cover females were less spatially autocorrelated, demonstrating 

greater gene flow in those areas. As this species spends a large proportion of time foraging in 

the trees (Rader & Krockenberger 2006a; b), high canopy cover would be very important for 

protection from aerial predators (Lidicker et al. 1992; Laurance 1994; Stephens et al. 2013). 

In contrast, R. leucopus is a terrestrial rodent and good cover from the ground or the 

secondary canopy layer should suffice (Stephens et al. 2013). Another suggestion that the two 

species were experiencing barriers and fine-scale habitat structure differently is provided by 

the values of spatial autocorrelation, which were higher for R. leucopus (average of 0.01-0.1) 

and more significant than for M. cervinipes (average of 0.01-0.03) (Figure 6.15, Appendix 

6.18), indicating that the former species may be more restricted by fine-scale changes, for 

example, in vegetation structure. This agrees with the hypothesis that small mammals that are 

terrestrial and forest-dwelling are most vulnerable to forest fragmentation (Pardini et al. 

2005).  

 

Effects of vegetation structure on genetic structure means that dispersal pathways of many 

species can be strongly influenced by suitable microhabitat, and a dependence on spatially 

fluctuating resources may be responsible for clustering of individuals even in continuous 

habitat (Wiens 2001; Vignieri 2005; Macqueen et al. 2008). An alteration in routine 
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movement or dispersal distance due to habitat structure and heterogeneity has been 

demonstrated in many previous studies (Ostfeld et al. 1985; Lidicker et al. 1992; Stenseth & 

Lidicker 1992; Diffendorfer et al. 1995; Salvioni & Lidicker 1995; Lidicker 1999; Stow et al. 

2001; Peakall et al. 2003; Stow & Sunnucks 2004; Banks et al. 2005b; Peakall et al. 2006; 

Peakall & Lindenmayer 2006; Vuilleumier & Fontanillas 2007). Small mammals have been 

found to reduce their home ranges due to fragmentation and not being able to reach further 

suitable habitat (Diffendorfer et al. 1995). However, previous studies could not find a 

difference in movements of M. cervinipes and R. leucopus between continuous and 

fragmented habitat (Wood 1971; Smith 1985; Leung 1999) and results from this study were 

inconclusive. Movement distances in earlier studies seemed to occur over a small scale (M. 

cervinipes: 50-70 m and R. leucopus: 60 m) even in large patches of continuous habitat 

(Wood 1971; Smith 1985; Leung 1999) and individuals in this study showed significant 

spatial autocorrelation (60-75 m) in large fragments and continuous forest. Fragmentation 

could still have an impact as previous studies also showed that the lack of ground or 

overstorey cover was a limiting factor due to an increased risk of predation for small 

mammals when crossing logging roads (<10 m) (Stephens et al. 2013), grassland powerline 

clearings (Goosem 1997; Goosem & Marsh 1997) or venturing out into the unforested matrix 

(Leung et al. 1993; Lidicker 1999; Peakall & Lindenmayer 2006). These vegetation structural 

attributes were also found to be important in this study for determining dispersal. Thus, 

increasing structural connectivity may allow for successful migration to suitable 

microhabitats. In studies of landscapes with higher connectivity, gene flow was found to be 

high and population structuring was low, with animals using areas revegetated with native 

flora and also riparian corridors to disperse through the landscape (Bentley et al. 2000; 

Macqueen et al. 2008).  

  



Chapter 6: Fine-scale vegetation structure and population demography and genetics 

218 

6.7 Conclusion 

Major differences in vegetation structure were found between continuous and fragmented 

sites. Small fragmented sites that had been isolated for longer had less canopy cover, more 

coarse woody debris and more climbing palms; this could be because small fragments follow 

a different successional path (Lomolino & Perault 2000). Focal rodent species abundance was 

largely determined by the abundance of climbing palms, percentage ground cover and also the 

abundance of coarse woody debris. These attributes provide cover for moving around the 

forest. Coarse woody debris additionally provide shelter and insects for foraging (Naiman & 

Decamps 1997; Bowman et al. 2000; Tucker 2000; 2001; Davis et al. 2010). Body condition 

of rodents was mostly influenced by the percentage ground cover by tree seedlings, and their 

small-scale movements were affected by the abundance of climbing palms and herbs. 

Abundant seedlings suggest that sufficient seed has been produced to allow recruitment, 

providing ample resources for seed and fruit predators (Elmouttie 2009). Mark recapture and 

genetic spatial autocorrelation analysis suggested that most movements by M. cervinipes and 

R. leucopus occurred on a small scale (< 80 m). Vegetation structural elements most 

influential for routine movements and dispersal behaviour of both species were abundance of 

climbing palms and canopy cover. Climbing palms are used mainly for shelter and were 

associated with animals becoming more sedentary. In contrast, canopy cover from taller 

secondary trees had an opposite effect and were conducive to longer distance movements and 

gene flow. The two rodent species were experiencing barriers and fine-scale habitat 

structuring differently as the values of spatial autocorrelation for R. leucopus were higher than 

for M. cervinipes, indicating that the former species may be more restricted by fine-scale 

changes in vegetation structure. Therefore population persistence and avoidance of local 

extinction will depend on the maintenance of vegetation complexity and heterogeneity to 

cater for each animal’s fine-scale habitat requirements. 

 



 

 

7 How to piece the fragmentation puzzle 
back together 
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7.1 Abstract 

Connectivity plays a vital role in ensuring species and population persistence into the future. 

On the Atherton Tablelands a great deal of effort has been employed in attempting to provide 

functional links between areas of fragmented habitat. Construction of links has proven to be 

both difficult and expensive. Similarly, evaluation of functionality is also fraught with costs 

and problems and for these reasons rare. Therefore the aim of this section was to create 

integrated maps from data collected during this PhD which indicate areas where dispersal was 

inhibited and areas that could be targeted for increased connectivity. These maps were then 

combined with information from previous studies on the Atherton Tablelands that delineated 

possible climate change refugia. The aim was to suggest means of providing connectivity 

toward areas that will become increasingly important for conservation in the future. These 

maps, although originating from a variety of sources overlapped a great deal, clearly 

indicating areas of high importance and areas where connectivity should be restored. 

Additionally, in current conservation literature, management practices and projects from the 

study region were evaluated and discussed to conceptualise an action plan. Three main drivers 

were identified: respect, protect and connect, which can be targeted in future conservation 

planning and implemented in fragmented landscapes to piece the fragmentation puzzle back 

together. 
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7.2 Introduction  

This study found that small patches performed an important function in the landscape, as 

viable habitat and as stepping stones to disperse across the matrix between larger fragments. 

However, connectivity played an important role to ensure continued gene flow into the future 

and to avoid negative genetic effects caused by inbreeding and genetic drift in the long term. 

Conservation in fragmented landscapes aims at protecting and promoting connectivity across 

a mosaic of habitats as much as possible. Connectivity allows for migratory responses to 

seasonal and longer term variation in the spatial distribution of habitats (Moritz 2002; 

Mansergh 2008; Nomura et al. 2009) and maximizes the range of genetically based 

phenotypic variation available for future selection (Moritz 2002). Many protected areas 

worldwide are too small to maintain long-term viable populations of many of their resident 

species (Buechner 1989; Newmark 1993; Delibes et al. 2001; Laurance 2008). Therefore to 

allow species to persist in fragmented landscapes there is a need to remediate the effects of 

fragmentation by restoring connectivity, rehabilitating modified habitat, and conserving 

remaining valuable landscape features.  

 

Restoring connectivity across a fragmented landscape is a major goal in remediation efforts 

(Mansergh 2008; Sawyer et al. 2011). Linking protected areas with wildlife corridors and/or 

connecting them to larger, relatively undisturbed tracts of forest is expected to reduce adverse 

fragmentation effects (Harris & Scheck 1991; Newmark 1993; Lynam 1997; Laurance & 

Laurance 1999; Hausmann et al. 2005). Corridors are here defined as linear strips of 

vegetation that connect isolated patches in fragmented landscapes (Tewksbury et al. 2002; 

Hausmann et al. 2005) and which can provide habitat and increase access to preferred habitat, 

facilitating dispersal and gene flow (Loney & Hobbs 1991). On the Atherton Tablelands a 

study over twenty years revealed that species that used corridors persisted in fragments while 

species that avoided corridors disappeared (Laurance et al. 2008). In parts of the same area, 

evidence for the use of riparian corridors as habitat has been found in the form of breeding 

individuals of Melomys cervinipes (Fawn-footed Melomys) living within the corridor (Leung 

et al. 1993; Horskins et al. 2006). In a genetic study M. cervinipes relied on ‘generational’ 

movement through the corridor, whereby the offspring of individuals (or following 

generations), rather than the original dispersing individuals themselves would immigrate into 

the destination fragment (Horskins et al. 2006). Radio-tracking of M. cervinipes individuals 

has revealed that, once travelling between habitat fragments, they remained within riparian 

corridor vegetation (Leung et al. 1993; Horskins et al. 2006), through which they could move 
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up to 200 m in one night (Leung et al. 1993). Rattus leucopus (Cape York Rat) and Rattus 

fuscipes (Bush Rat) individuals have also been found to move one kilometre between forested 

areas through a newly constructed corridor, three to five years after establishment (Paetkau et 

al. 2009). In the preceding chapters, I have provided evidence that corridors (700-2500 m) can 

restore gene flow and help maintain genetic variation in R. leucopus and M. cervinipes. These 

examples show that both habitat use and limited gene flow through corridors has been 

observed for small mammals on the Atherton Tablelands.  

 

However, corridors can also have negative effects including spread of disease, fire and 

invasive species. Additionally, many corridors suffer continuous disturbance as habitat 

throughout narrow vegetation strips can suffer edge effects. Corridors may also increase the 

potential for intraspecific competition between immigrants and residents and present an 

increased risk of outbreeding (Bennett 1990; Forman 1991; Harris & Scheck 1991; Hobbs & 

Hopkins 1991; Loney & Hobbs 1991; Merriam 1991; Nicholls & Margules 1991; Norton & 

Nix 1991; Newmark 1993; Clinchy 1997; Izumi 2001; MacDonald 2003; Nomura et al. 

2009). Several of these risks could be of importance in the Atherton Tablelands. Predators 

(e.g. dingoes) and exotic species (e.g. feral cat) may focus on corridors, which could then act 

as funnels for prey (Tucker 2000). Evidence of intraspecific competition has also been 

observed as movements of Rattus species in a corridor initially increased due to exploration 

but as vegetation cover increased, more individuals colonised the linkage and claimed 

territories, decreasing movements of conspecifics (Paetkau et al. 2009). 

 

When evaluating success of corridors, several potential pitfalls must be considered. When a 

corridor is too long for the dispersal abilities of a target species, it is possible that adequate 

gene flow between fragments will not be achieved and the populations still risk local 

extinction in the long term (Horskins et al. 2006). Therefore choosing an appropriate scale is 

imperative. Corridors may lack suitable habitat for rainforest specialists, such as 

Pseudochirulus herbertensis (Herbert River Ringtail Possum) and Hemibelideus lemuroides 

(Lemuroid Ringtail Possum) which have not been observed in corridors associated with 

fragments (Pahl et al. 1988; Laurance 1989; 1990; 1991a; Laurance & Laurance 1996; 

Laurance & Laurance 1999; Laurance et al. 2008). However, occasional movements may be 

sufficient to provide for population replenishment, and the presence of corridors may increase 

the probability of these movements (Bentley et al. 2000). Nonetheless, even when use of a 

corridor has been demonstrated, an increase in connectivity cannot be assumed (Horskins et 
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al. 2006). It must be clearly demonstrated that gene flow has increased between fragmented 

populations (Mech & Hallett 2001). As found in a review of corridor studies covering a 

variety of taxa in different landscapes, there is potential for corridors to increase movement 

between habitat fragments by approximately 50% compared with unconnected fragments 

(Gilbert-Norton et al. 2010), but the full extent of this potential will not always be reached. 

However, even if the initial conservation goal for the target species is not accomplished, 

corridors can still be important for the movement of other species including invertebrates, 

lizards, amphibians and plants (Gilbert-Norton et al. 2010). 

 

The value of a corridor will therefore depend on its spatial configuration, landscape context, 

and scale, as well as the nature of the connected areas, habitat type and the species/individuals 

likely to use the corridor (Saunders & Hobbs 1991). To target mammals restricted to the 

uplands in the Atherton Tablelands of north Queensland, the ideal corridor should: a) be 

above 750 m in elevation; b) connect large, recently isolated remnants; c) provide a linkage to 

climate change refugia; d) be composed of primary rainforest (or at least mature, species-rich 

secondary forest); and e) be continuous, at least 30±40 m in width and not over one km in 

length (Laurance & Laurance 1999; Laurance & Goosem 2008; Laurance et al. 2008; 

Laurance et al. 2011). 

 

Habitat connectivity can also be achieved by means other than a corridor connection. On a 

landscape scale there are two options: small fragments can serve as stepping stones for faunal 

movements (Buechner 1989; Nason et al. 1997; Foppen et al. 2000; Mansergh 2008) and/or 

linear forest strips extending from continuous forest into the matrix can intercept animals 

moving through and guide them to the forest (Hawes et al. 2008). A study in the Amazon 

demonstrated that remnant forest strips provided a valuable refuge for many primary forest 

birds that would otherwise be absent from a plantation landscape (Hawes et al. 2008). For 

reed warblers, the presence of small, low quality fragments maintained stability of large, high 

quality habitat patches due to the increased exchange of individuals (Foppen et al. 2000). In 

the preceding chapters of this study, migration rates calculated from genetic testing of 

rainforest rodents revealed directional movement from small towards large patches. Animals 

dispersing towards larger areas could help maintain genetic variation in the metapopulation if 

they make use of the available connectivity such as small sites that can serve as stepping 

stones. This will not only be important for small mammals but especially larger species that 

are more likely to disperse further.  
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On a local scale at particular areas of high mortality such as roads, rainforest canopy 

connectivity can restore successful dispersal over a barrier for arboreal mammals. This can be 

achieved by maintaining an overhanging canopy and allowing branches to touch, or when the 

clearing is too wide, it is possible to erect artificial canopy connections such as rope bridges 

and ladders (Wilson et al. 2007; Goosem et al. 2008; Weston et al. 2011). These type of 

linkages in the Wet Tropics have been successful in allowing safe road crossings in several 

different rainforest-restricted species (Goosem et al. 2008; Weston et al. 2011). If a canopy 

connection cannot be achieved and terrestrial animals are targeted, dispersing animals can be 

guided underneath a road. This can be achieved by building bridges at heights that maintain 

canopy and thus forest conditions under the bridge or by large faunal underpasses (Goosem 

2004). In a recent study on the Atherton Tablelands it was shown that many terrestrial species 

use underpasses, including medium-sized and smaller mammals and terrestrial birds (Goosem 

et al. 2006). 

 

As well as establishing new vegetated areas or building artificial constructions, existing 

secondary forest habitat can be rehabilitated, improving biodiversity values (Lamb et al. 

1997). Reforestation can reverse some of the environmental damage wrought by clearing by 

increasing the amount of habitat, facilitating dispersal and buffering fragments from 

surrounding land uses (Crome et al. 1994; Bentley et al. 2000; Harrison et al. 2003; 

Kanowski et al. 2003a). Edge effects in restorations can be reduced by planting buffer zones / 

strips of agro-forestry species adjacent to restored vegetation (Tucker 2001) or by providing 

niche features such as logs and rock piles (Tucker 2001; Jellinek et al. 2011). It is also 

important to erect fencing to exclude cattle and other livestock during and after restoration 

(Crook 2003). 

 

Besides increasing connectivity and rehabilitating existing habitat, biodiversity conservation 

also requires maintenance of ecological and evolutionary processes. This includes maintaining 

habitat diversity, gene flow and local adaptations (Banks & Taylor 2004). As most of the 

endemic species occurring in the Wet Tropics are adapted to cooler climate conditions, 

conservation for the future needs to include climate change refugia (Shoo et al. 2011). The 

core habitat of 45% of endemic species in the region is encompassed within just 25% of the 

coolest rainforest habitat (Shoo et al. 2011). Therefore it will be critical to protect areas of 

cool habitat and guide restoration to expand these networks of rainforest refugia (Williams et 

al. 2008b; Laurance et al. 2011; Shoo et al. 2011). 
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7.3 Aims 

The aim of this chapter was to synthesise the information from previous chapters visually in 

the form of maps showing landscape resistance and to conceive a conservation action plan 

using the results of this thesis and data from the current literature. Data from this thesis was 

used to map areas where dispersal may be inhibited and areas that could be targeted for 

increasing connectivity. This information was synthesised with information from research 

studies that highlight possible climate change refugia to suggest means of providing 

connectivity towards them. Additionally, current conservation literature, management 

practices and projects from the study region were evaluated to conceptualise an action plan to 

piece the fragmentation puzzle back together.  

 

7.4 Material and methods 

This chapter contains maps generated using specialist software, for these I received assistance 

from spatial analysts: Anurag Ramachandra (Spatial Analyst at Conservation International) 

and Dr. Damien O’Grady (Post-doctoral Researcher at James Cook University). Without them 

this work would not have been possible.  

 

First, maps modelling resistance which used vegetation type (WTMA 2009) as a primary 

layer were prepared and using this layer, least-cost paths between rainforest fragments were 

calculated. These provided an initial view on current landscape connectivity and the potential 

routes that animals could follow in the current landscape (7.4.1). This information was 

merged with the genetic data from Chapter 5 to provide a more complete picture in corridor 

maps of the connectivity known to be achieved (7.4.2). In a further exploration, overlays for 

the corridor maps were prepared from rainforest refugia models. Last, an action plan was 

conceived using the results from this study and current literature (7.4.3).  

 

7.4.1 Index of functional patch connectivity 

Connectivity of fragments in a terrestrial landscape are not only determined by isolation 

distance but also by the area of the habitat patch and the vegetation animals encounter. 

Therefore, for each fragment of the study area an index of functional patch connectivity 

(IFPC) was calculated, based on the area of the neighbouring habitat patches and on the least-

cost paths to the focal patch. IFPC was calculated using a Python script in ArcGIS 9.3 ® 

developed by Richard (2007). First, the area of neighbouring patches was measured by 
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summing the area (in ha) of each forested patch in a 5 km radius around the focal patch. 

Secondly, a resistance layer was formatted using the Wet Tropics Management Authority 

vegetation mapping for the Atherton Tablelands (WTMA 2009). Resistance values between 

one and ten were assigned as in Richard (2007) to the different vegetation types, as well as 

rivers and roads (Table 7.1, Appendix 7.1 & 7.2). The assignment of resistance values was 

based on evidence from the literature and from the current study which consider: a) primary 

rainforest to be prime habitat (Kanowski et al. 2003a; Catterall et al. 2004; Hausmann 2004; 

Horskins et al. 2006; Laurance et al. 2008); b) mixed regrowth rainforest to be adequate 

habitat but lacking certain vegetation structural attributes (Laurance 1994; Williams et al. 

2002; Kanowski et al. 2003a; Catterall et al. 2004; Hausmann 2004; Kanowski et al. 2008); c) 

acacia-dominated rainforest communities and streamside rainforest regrowth vegetation to be 

able to provide habitat in certain situations but not to meet all habitat requirements (Laurance 

1994; 1997; Williams et al. 2002; Hausmann 2004; Horskins 2005; Laurance et al. 2008); d) 

sclerophyll forest communities to be less preferred as habitat due to more open under and 

overstorey, different microclimate and not to be an essential part of the habit range of 

rainforest rodents in this study (Laurance 1994; Leung 1999; Williams et al. 2002; Moore & 

Burnett 2008); e) rodents to be inhibited by forest plantations and rarely move through them 

unless there is sufficient cover available (Peakall & Lindenmayer 2006; Macqueen et al. 

2008; Stephens et al. 2013) ; e) rodents to be able to move through swamp habitat if necessary 

but would not be resident in those areas (Leung 1999; Horskins 2005; Moore & Burnett 

2008); f) cleared land to be difficult for many species to move through, although rodents do 

cross this matrix occasionally (Laurance 1991a; Leung et al. 1993; Laurance 1994; Goosem 

& Marsh 1997; Leung 1999); and roads and rivers to form barriers that inhibit movements 

severely (Burnett 1992; Goosem 2001; Laurance & Goosem 2008).  

 
Table 7.1: Landscape resistance values for different vegetation types 

Vegetation type / Landscape feature Resistance values 

primary rainforest 1 

mixed regrowth rainforest 2 

streamside regrowth vegetation 3 

acacia dominated rainforest 3 

sclerophyll-dominated forest communities 4 

forest plantations 5 

swamp  6 

cleared land (agricultural and urban land) 9 

river 10 

road 10 
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Thirdly, for each habitat patch of the study area the Python script calculated the least-cost 

path between the focal patch and all the surrounding patches within 5 km (Richard 2007). The 

IFPC was calculated by taking the sum of the ratio of the area of the neighbourhood patches 

to the cost of the least-cost path between them and the focal patch using the following formula 

(Richard 2007): 

       ∑
     

   

  

   

 

IFPCi is the index of functional patch connectivity of patch i, Np is the number of surrounding 

patches within 5 km of the focal patch i, Areap is the area of each of p surrounding patches in 

hectare, and Cip is the cost of the least-cost path between patch i and the patch p.  

 

Spearman Rank correlations in R 3.0.0 (R Core Team 2013) investigated whether IFPC were 

significantly correlated with genetic variation (allelic richness, heterozygosity (expected and 

observed), nucleotide diversity and haplotype diversity), Queller & Goodnight’s pairwise 

relatedness (QGR), inbreeding coefficient (FIS), population differentiation (Jost’s D) and 

migration rate. IFPC was calculated only for habitat patches so continuous forest results were 

omitted, as P1 and P2 were considered as one habitat patch (GIS mapping tool identified both 

sites as one area as they are connected over a short distance of 700 m via a wide (50-70 m) 

densely forested riparian strip), results from these patches were averaged (Appendix 7.2). To 

calculate IFPC for pairwise comparisons, IFPC values for pairs of sites were summed and 

these were the values used in correlations. 

 

7.4.2 Mapping of migration corridors 

IFPC provided a first indication concerning landscape resistance towards migration and where 

least cost paths might be located. To investigate if sampled individuals of M. cervinipes and 

R. leucopus were actually following these paths, Jost’s D for population differentiation was 

combined with the IFPC resistance maps, thus combining genetic distance and environmental 

connectivity. Jost’s D was used as an estimator for population differentiation as it accounts for 

the number of effective alleles and it is better equipped to find differentiation in allele 

frequencies among populations (Jost 2008). FST was originally developed as a fixation index 

and a relative small amount of gene flow will cause subpopulations to have a very similar 

allele frequencies, therefore FST will run out of power to detect population substructure and 

Jost’s D performs better at this (Sunnucks 2000; Meirmans & Hedrick 2011). Jost’s D also 
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achieved clearer results with this particular data set. Separate analyses were performed per 

species and results were then combined in one cost raster for genetic distance. The two cost 

rasters (environmental connectivity and genetic distance) were combined using matrix 

addition and then a reclassed raster was created where values of 2% and 5% higher than the 

minimum were given a value of 2 and 1 respectively. This new raster created least cost paths 

between pairs of locations. By overlaying the different pairwise results of this raster a 

landscape-wide map of possible migration corridors could be created. Spatial analysis was 

performed in GRASS-GIS using a script developed by Fresia et al. (2011) and adapted by Dr. 

O’Grady.  

 

7.4.3 Landscape-wide connectivity meta-analysis 

As connectivity has been indicated as an important factor to allow cold-adapted species to 

reach climate change refugia in this fragmented landscape, migration corridor maps were 

overlayed with rainforest refugia maps for the area studied by Shoo et al. (2011) and regions 

available from e-Atlas Interactive Mapping Service (maps.e-atlas.org.au). This should assist 

in indicating where conservation should be prioritised for climate change resilience. 

 

7.4.4 Action plan for conservation 

In a final exercise an action plan was developed to provide ideas for land-owners, policy-

makers and conservation managers in developing connectivity priorities and management 

strategies. This will be presented in the discussion. 
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7.5 Results 

7.5.1 Index of functional patch connectivity 

For fragments P1 and P2 there appeared to be good inter-patch connectivity based on 

vegetation types and Index of Functional Patch Connectivity (IFPC) (Figure 7.1). Within this 

area individuals appear to have the potential to radiate out to other nearby patches with low 

dispersal cost involved. However, the nearest habitat patch in the North occurs in a suburban 

area (Figure 7.1), with occasional roaming dogs which have attacked wildlife (personal 

communication with residents and wildlife carers). The second nearest patch of primary 

rainforest occurs at P3 and there appears to be a good connection along the riparian corridor. 

One problem remains in the form of the river which animals would need to cross, possibly 

either using the road bridge (where the road crosses the river), overhanging branches or fallen 

logs (Figure 7.1).  

 

Figure 7.1: IFPC map for P1 and P2 illustrating landscape resistance and least cost paths 
Note: Numbering of pink sampled patches are representative of site names: P1-P7 (1=P1), background colours are illustrating 

the resistance surface (see legend and table 7.1), pale purple lines in background are all waterways (rivers and creeks), blue 

line = detail main river separating sites, purple lines: only primary roads shown and detail secondary road dividing sample 

patches, least cost distance includes the distance between sites and the resistance of the landscape therefore it is not expressed 

in units but as an absolute numerical value, the higher the value, the higher the dispersal cost. The paths in a 5 km radius of 

the focal patch (Figure 7.1: P1-P2) are shown in multiple colours depending on costs associated. 
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Although the index demonstrated that a high cost was involved for animals to reach fragment 

P4 from P1 and P2 (Figure 7.1), results were different when P4 was the source population. 

Based on patch area, distance and functional patch connectivity, the lowest cost and shortest 

distance for dispersing animals was from P4 to P2 (Figure 7.2). Therefore dispersal costs 

between P4 and P2 were only low in one direction. The mapping for P4 also plotted the least-

cost path through the pasture and not along the riparian strip; paths that used the riparian strip 

ceased at the river (Figure 7.2).  

 
Figure 7.2: IFPC map for P4 illustrating landscape resistance and least cost paths 
Note: Numbering of pink sampled patches are representative of site names: P1-P7 (4=P4), background colours are illustrating 

the resistance surface (see legend and table 7.1), pale purple lines in background are all waterways (rivers and creeks), blue 

line = detail main river separating sites, purple lines: only primary roads shown and detail secondary road dividing sample 

patches, least cost distance includes the distance between sites and the resistance of the landscape therefore it is not expressed 

in units but as an absolute numerical value, the higher the value, the higher the dispersal cost. The paths in a 5 km radius of 

the focal patch (Figure 7.2: P4) are shown in multiple colours depending on costs associated. 

 

P3 had high connectivity with surrounding fragments and also along the riparian corridor to 

P1 and P2 (Figure 7.3). The least cost path with the shortest distance was from P3 to P5 

(Figure 7.3). The model suggested that hardly any dispersal occurred from P3 to P4, with the 

only possible option through P5 incurring a high cost (Figure 7.3). Fragment P5 showed high 

connectivity, mostly by moving through P3 first to reach other nearby fragments (Figure 7.4). 

Dispersal from P5 to P4 incurred a high cost (Figure 7.4: in red) but dispersal to P1 and P2 

might potentially occur by passing through P3 and moving along the corridor (Figure 7.4).  
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Figure 7.3: IFPC map for P3 illustrating landscape resistance and least cost paths 
  

 
Figure 7.4: IFPC map for P5 illustrating landscape resistance and least cost paths 
Note: Numbering of pink sampled patches are representative of site names: P1-P7 (3=P3), background colours are illustrating 

the resistance surface (see legend and table 7.1), pale purple lines in background are all waterways (rivers and creeks), blue 

line = detail main river separating sites, purple lines: only primary roads shown and detail secondary road dividing sample 

patches, least cost distance includes the distance between sites and the resistance of the landscape therefore it is not expressed 

in units but as an absolute numerical value, the higher the value, the higher the dispersal cost. The paths in a 5 km radius of 

the focal patch (Figure 7.3: P3, Figure 7.4: P5) are shown in multiple colours depending on costs associated. 
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In the western Tablelands fragment P6 appeared to be well connected to other surrounding 

areas of forest (Figure 7.5). Migration from P7 to P6 incurred a higher cost than dispersal 

from P7 to F1 and F2 (Figure 7.6). Most individuals were likely to move to F2 instead of F1 

(Figure 7.6), as there is a small creek and a dam on the direct route between P7 and F1. 

Although this feature could be circumvented (Figure 7.9), a lower cost would be involved to 

move towards a large forested area rather than towards the road before turning towards F1 

continuous forest site.  

 
Figure 7.5: IFPC map for P6 illustrating landscape resistance and least cost paths 
Note: Numbering of pink sampled patches are representative of site names: P1-P7 (6=P6), background colours are illustrating 

the resistance surface (see legend and table 7.1), pale purple lines in background are all waterways (rivers and creeks), blue 

line = detail main river separating sites, purple lines: only primary roads shown, least cost distance includes the distance 

between sites and the resistance of the landscape therefore it is not expressed in units but as an absolute numerical value, the 

higher the value, the higher the dispersal cost. The paths in a 5 km radius of the focal patch (Figure 7.5: P6) are shown in 

multiple colours depending on costs associated. 
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Figure 7.6: IFPC map for P7 illustrating landscape resistance and least cost paths 
Note: Numbering of pink sampled patches are representative of site names: P1-P7 (7=P7), background colours are illustrating 

the resistance surface (see legend and table 7.1), pale purple lines in background are all waterways (rivers and creeks), blue 

line = detail main river separating sites, purple lines: only primary roads shown, least cost distance includes the distance 

between sites and the resistance of the landscape therefore it is not expressed in units but as an absolute numerical value, the 

higher the value, the higher the dispersal cost. The paths in a 5 km radius of the focal patch (Figure 7.6=P7) are shown in 

multiple colours depending on costs associated.  

 

The functional connectivity index values of the fragments are shown in Table 7.2 with 

fragments P6 and P7 having the highest and second highest values respectively due to the 

close vicinity of these fragments to continuous forest (Figure 7.5 & 7.6). Of the patches in the 

eastern Tablelands, fragment P3 had the greatest connectivity as there were large nearby 

neighbouring fragments and good connectivity through riparian vegetation (Table 7.2). 

Fragment P4 had the lowest connectivity value (Table 7.2); this patch was separated from the 

other fragments by a road and a river, resulting in its high isolation (Figure 7.2). 

 
Table 7.2: Index of functional patch connectivity (IFPC) values for sample sites 

site IFPC 

P1 + P2 1091.09 

P3 1394.30 

P4 763.15 

P5 1089.27 

P6 21503.85 

P7 11288.72 
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For M. cervinipes, there was no relationship between IFPC and any genetic variables 

(variation, relatedness, population differentiation or migration rate) (Appendix 7.3). For R. 

leucopus only population differentiation (Jost’s D) declined significantly with the 

connectivity index (Figure 7.7), demonstrating that populations were less differentiated with 

increasing connectivity in this species.  
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Figure 7.7: Correlation of index of functional patch connectivity (IFPC) and genetic population 

differentiation (Jost’s D) of M. cervinipes and R. leucopus 

Note: Plotted on a natural log scale (ln), dotted lines are 95% confidence intervals 

 

7.5.2 Migration corridor mapping 

Results from IFPC were integrated with genetic population differentiation of both common 

rodent species to construct detailed migration corridor maps for sample sites (Figure 7.8 & 

7.9). The results were largely congruent with the findings from the IFPC maps, although the 

corridor maps added more detail. For example, it was clear that the connection between 

fragments P1 and P2 was effective, as the map indicated a high likelihood of possible 

corridors (Figure 7.8: in yellow and red). Fragment P2 was indicated as a pivotal area because 

it was possible for animals to disperse to and from this fragment which possessed high 

connectivity to other nearby large sites (Figure 7.8). The area between fragments P3 and P5 

did not demonstrate high potential for corridor occurrence as a connection would lead only 

through small fragments and the connection to P4 would be halted by the river. Therefore the 

riparian vegetation between fragments P3 and P2 received a higher value as a potential 

corridor (Figure 7.8). Fragment P4 again seemed to connect best with P2 with a wide area for 

possible dispersal routes being indicated (Figure 7.8).  
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Figure 7.8: Migration corridor map for eastern Tablelands fragmented sites using genetic and landscape 

resistance data 
Note: The migration corridor map is overlayed onto a Google Earth TM satellite image of the eastern Atherton Tablelands The 

scale (P mig.cor) indicates a probability number for migration corridor occurrence, high values (red-orange colours) are related 

to high probabilities for corridor occurrence and high levels of gene flow, red lines on the margins are the outlines of the 

plotted probability area.  

 

The results of merging landscape resistance with genetic data for the western Tablelands 

demonstrated the detail of dispersal between continuous forests F1 and F2 and indicated F2 as 

an overall key area for dispersal in this region (Figure 7.9). Continuous forest F2 had high 

connectivity with both fragments P6 and P7, with the preferred route from P7 shown to avoid 

the watercourse and dam mentioned, encouraging preferential dispersal to F2 over continuous 

forest F1 (Figure 7.9). This corridor map appeared to suggest that an alternative route of 

movement between P7 and P6 could exist and this by passing through continuous forest F2 

first, and might be preferred by rodents to the more direct course (Figure 7.9).  
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Figure 7.9: Migration corridor map for western Tablelands fragmented sites using genetic and landscape 

resistance data 
Note: The migration corridor map is overlayed onto a Google Earth TM satellite image of the western Atherton Tablelands. 

The scale (P mig.cor) indicates a probability number for migration corridor occurrence, high values (red-orange colours) are 

related to high probabilities for corridor occurrence and high levels of gene flow, red lines on the margins are the outlines of 

the plotted probability area.  

 

Further modelling across the entire sampled Atherton Tablelands landscape resulted in 

production of the map shown in Figure 7.10. This map flagged the high potential for building 

corridors and increasing connectivity in the western Tablelands (F1, F2, P6 & P7) where large 

areas of rainforest are still present (especially Thiaki Creek Nature Refuge and Cloudland 

Nature Refuge, Figure 7.10: indicated with letter T and large area in red). These areas could 

be connected relatively cost-effectively to Mount Hypipamee National Park and Herberton 

State Forest (Figure 7.10: F1 and F2). Additionally, connections in the eastern Tablelands 

with Wooroonooran National Park (Figure 7.10: F3 and F4) could be relatively easily 

designed. In this area, vegetation is already present along creek-lines and connectivity could 

be strengthened by expanding these semi-connected areas. The map also showed that there 

may be potential in the more central area to establish connections to either the eastern or the 

western uplands and national parks (Figure 7.10).  
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Figure 7.10: Landscape-wide migration corridor map for the area sampled on the Atherton Tablelands using genetic and landscape resistance data 
Note: The migration corridor map is overlayed onto a Google Earth TM satellite image of the Atherton Tablelands. The scale (P mig.cor) indicates a probability number for migration corridor 

occurrence, high values (red-orange colours) are related to high probabilities for corridor occurrence and high levels of gene flow, within the migration corridor layer sites containing mature and 

regrowth rainforest are outlined in black and location of sample sites are indicated with their site name. 
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7.5.3 Landscape-wide meta-analysis: corridors towards climate change refugia 

The importance of building a large corridor network is emphasized by overlaying this layer 

with the map of rainforest refugia prepared by Shoo et al. (2011). This map shows the 

estimated maximum temperature of the warmest period for the Atherton Tablelands over a 24 

month period from January 2007 to December 2008 (Figure 7.11). The model was based on 

weather station data, elevation, foliage cover and distance to the coast. The purpose of this 

dataset was to provide a metric for estimating thermal stress on animals living in this region. 

This map indicated that even smaller patches of forest could act as climate buffers (Figure 

7.11: e.g. fragments P6 and P7). Areas indicated in the corridor mapping exercise (7.5.2) as 

having high potential for corridor networks, mostly in the western Tablelands region, were 

also indicated as important rainforest refugia (Figure 7.11: in dark blue & 7.12: in red; 

continuous forest sites F1 and F2 and fragments P6 and P7). Narrow corridor connections 

appeared to guide animals straight through colder microclimate areas (Figure 7.12). This was 

not unexpected, given that the microclimate map of Shoo et al. (2011) was partially based on 

foliage cover. However, the map overlays demonstrate that by joining the East with the West, 

two major rainforest refugia (Figure 7.12: Herberton Range (F1, F2) and Bellenden Ker-

Bartle Frere uplands (F3, F4)) would be connected and animals in the more central area would 

have the option to disperse either East or West. Similarly, both maps emphasise the value of 

the Thiaki Creek Nature Refuge and Cloudland Nature Refuge areas (Figure 7.11: T, in darker 

shade of blue; and Figure 7.12: T, in red) in forming part of this connection. 
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Figure 7.11: Climate refugia map for study region indicating coolest areas, adapted from Shoo et al. (2011) 
Note: This map shows the estimated maximum temperature of the warmest period for the Atherton Tablelands over a 24 month period from January 2007 to December 2008. Areas in dark blue 

are the coolest areas and may act as thermal refugia, location of sampled sites is indicated with the site name. 
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Figure 7.12: Landscape-wide migration corridor map overlayed onto climate refugia map indicating connectivity towards coolest areas 
Note: This map shows the estimated maximum temperature of the warmest period for the Atherton Tablelands over a 24 month period from January 2007 to December 2008. Areas in dark blue 

are the coolest areas and may act as thermal refugia. The migration corridor map for the region is overlayed and the scale indicates probability for migration corridor occurrence (P mig.cor), high 

values (red-orange colours) are related to high probabilities for corridor occurrence and high levels of gene flow, sample sites are indicated with their site name.  
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7.6 Discussion 

7.6.1 The pieces of the fragmentation puzzle  

In this study connectivity, isolation age and patch size ratio were found to be the most 

important factors influencing fragmentation impacts. Site size on its own was often found to 

be a poor predictor of fragmentation effects. Habitat quality was assessed on the level of 

vegetation structure and although not evaluated directly, resource availability appeared to 

confound interpretations, which were therefore incomplete and mostly based on assumptions 

and expectations.  

 

Fragmentation effects in the study sites were most prominent in small fragments that had been 

isolated for longer. These sites had undergone vegetation structural changes, having less 

canopy cover, more coarse woody debris and more climbing palms. Species diversity and 

evenness in these sites were reduced, also abundance of the three focal rodent species 

decreased with decreasing patch size, significantly so for R. leucopus. Decreasing patch size 

may have had negative impacts on breeding rates in the three focal rodent species. The 

number of lactating females of M. cervinipes was positively related to patch size and body 

condition declined in smaller patches for adult males and females. The body condition of 

subadult Rattus leucopus was similarly affected by patch size. While body condition was not 

affected, age class ratios in U. caudimaculatus appeared to be influenced by patch size with 

subadults only caught in large patches. Rodent species abundance and body condition were 

largely determined by the abundance of climbing palms, percentage ground cover but also by 

the abundance of coarse woody debris. These attributes are important to these small mammals 

as they provide shelter, food and safe cover for foraging (Laurance 1994; Bowman et al. 

2000; Streatfeild 2001; Elmouttie 2009). Most small rodent individuals moved shorter 

distances in small fragments as compared to larger remnants. This could indicate that these 

animals adjust their foraging behaviour to suit present resource availability and mating 

opportunities (Stenseth & Lidicker 1992; Leung 1999; Lidicker 2002; Bentley 2008; Gomez 

et al. 2011). It appears that the three focal rodents have a population demography that is well 

adapted for life in fragmented habitat. Even though they seemed to experience a certain lack 

of good-quality breeding habitat within small sites, populations were persisting and dispersing 

individuals could use these remnants as stop-over places when migrating between larger sites. 
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Melomys cervinipes and Rattus leucopus populations maintained high genetic variation and 

showed no clear evidence of inbreeding. In contrast to population demography, genetic 

variation and relatedness were not affected by reduced patch size but by connectivity and 

isolation age. In currently unconnected sites that had been isolated for a short period of time, 

lower genetic diversity and higher relatedness was found than in continuous forest, or sites 

previously isolated and then reconnected by riparian corridors. This demonstrated that 

connectivity allowed gene flow to restore and maintain genetic variation. Therefore on the 

contrary to what was found earlier, even small longer isolated sites maintained high genetic 

diversity as long as some form of connectivity was present, even though species diversity and 

abundance was reduced.  

 

Population differentiation and migration rates for M. cervinipes and R. leucopus were driven 

by an interaction of geographic distance and connectivity but these two factors did not explain 

all the observed variation. Directional gene flow from smaller towards larger sites consistently 

occurred across the landscape in both species. It appeared that individuals were detecting 

patch size ratio and were selecting against low quality habitat (in small sites) and were 

dispersing towards higher quality habitat (in large sites). Although many individuals were 

emigrating from small patches, genetic diversity in these sites was still high, indicating an 

occasional influx of new genetic material. These small patches therefore performed an 

important function in the landscape, appearing to be used as stepping stones across the matrix 

between larger patches of forest. This illustrates that a well-connected metapopulation can 

maintain both species and genetic diversity as increased heterogeneity in the landscape can 

support a wider variety of species and genetic drift will increase the genetic difference 

between populations (Cunningham & Moritz 1998; Fahrig 2003).  

 

Melomys cervinipes populations had lower genetic differentiation and relatedness, and higher 

heterozygosity compared with R. leucopus and this appeared to be a function of the different 

ecology of the two species. Melomys cervinipes is a scansorial species that can climb trees 

with great agility (Rader & Krockenberger 2006 a; b; Moore & Burnett 2008). This ability 

expands its niche and allows it to use food resources and shelter not available to terrestrial 

species such as R. leucopus (Rader & Krockenberger 2006 a; b) and also increases its 

resilience to fragmentation and allows for easier movements along vegetated riparian strips 

with canopy connectivity but sparse understorey. However, the requirement for tree cover will 

not aid dispersal of M. cervinipes through grassland and, migration rates were lower than 
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those of R. leucopus when required to move for long distances through pasture. Nevertheless 

migration rates for both species were, on average, low, suggesting that inter-patch movements 

were rare events. Therefore continued gene flow will be crucial to avoid future negative 

genetic effects caused by inbreeding and genetic drift (Lande 1988; Coltman et al. 1999; 

Keller & Waller 2002; Reed & Frankham 2003; Frankham 2005; Allendorf et al. 2013). To 

ensure uniform distribution of gene flow across the landscape it will be important to improve 

matrix permeability and habitat quality of small fragments, while accommodating individual 

species characteristics and requirements. 

 

7.6.2 Functional patch connectivity and corridor mapping 

The index of functional patch connectivity (IFPC) was calculated to investigate the 

relationship between landscape resistance according to vegetation type (WTMA 2009) and 

patch size, enabling the tracking of least cost paths across the landscape and between sampled 

sites. IFPC showed that fragment P6 had the highest functional patch connectivity due to its 

vicinity to large tracts of primary forest (Table 7.2) with the surrounding landscape not 

containing any significant barriers to migration (Figure 7.6). Migration between P6 and 

continuous forest F2 (300 m apart) was detected in the genetic study, but migration from P6 to 

P7 (900 m apart) was not (Figure 5.29 & 32). Fragment P6 was most recently isolated 

(approximately 30 years ago) and not connected via any continuous riparian strips to other 

nearby patches (Figure 7.9). Genetic studies revealed that populations in the rainforest 

fragments that were unconnected and most recently isolated possessed lower heterozygosity 

and higher pairwise relatedness (Figure 5.4 & 5.7). This could be attributed to genetic drift 

and inbreeding effects after initial fragmentation (Lande 1988; Keller & Waller 2002; 

Frankham 2005). In M. cervinipes, population recovery seemed quick and genetic variation 

was probably largely maintained, as population differentiation was lower for fragments that 

had been geographically isolated for a longer period (P1, P3, P4, P5), suggesting that gene 

flow was rapidly restored. Gene flow in R. leucopus seemed to occur at a lower rate (5.5.7.5). 

Low dispersal costs in the corridor mapping exercise indicate that quick recovery was likely 

for M. cervinipes in this area and that a corridor would be likely to alleviate negative impacts 

for R. leucopus (Figure 7.8) into the future. 
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Fragment P7 also showed high connectivity in the IFPC map, but contrary to my population 

genetic results: demonstrating high migration rates for both species to fragment P6; the route 

between these two sites incurred a higher cost than those towards other nearby sites (Figure 

7.6). The high cost identified in the functional connectivity map for movements from P7 to P6 

(900 m) could be caused by a computational bias based on the area of surrounding habitat. 

The area where continuous forest sites F1 and F2 were situated was much larger than P6. 

Dispersal to a larger surrounding area (F1 and F2) would result in lower calculated cost and 

dispersal cost towards P6, a smaller area than F1 and F2, would therefore be higher. As there 

were other large tracts of forest available to individuals of P7, motivation for individuals to 

disperse to P6 (which lies between P7 and nearby continuous forest) must have been great and 

in Chapter 5 (5.6.6) I suggested that this could be due to habitat selection of larger higher 

quality sites. To verify this notion, migration rates to other nearby sites that could be reached 

at a lower cost, should be compared to migration rates between P6 and P7 found in this study. 

Unfortunately, during this PhD study this type of extensive sampling could not be undertaken. 

Successful dispersal events resulting in gene flow towards these areas would depend on 

individuals engaging in mating on these excursions and survival of road mortality due to 

vehicle collisions, as previous studies have shown this was a high risk area (Izumi 2001) for 

wildlife killed on the road.  

 

Other fragments with high connectivity were P3 and P5 (Figure 7.3 & 7.4). The close 

proximity of these sites resulted in low travel costs as calculated from the least cost path 

analysis. Genetic results confirmed this as there was low population differentiation and high 

migration rates between these sites (Figure 5.17, 5.18, 5.29 & 5.32). The functional 

connectivity modelling for these sites also conformed well with genetic results on migration 

and recent immigrants to other nearby fragments such as P1 and P2 (Appendix 5.23 & 5.25).  

 

As was confirmed in Chapter 5, connectivity played an important role in sustaining gene flow. 

Areas connected by riparian corridors had levels of connectivity comparable to continuous 

forest sites (Figure 5.22 & 5.23). Functional connectivity results for this area provided 

predictions that were confirmed by genetic results and were highly correlated with population 

differentiation results from R. leucopus (Figure 7.7). Moreover the lack of connectivity in 

fragment P4, illustrated by having the lowest functional connectivity value (Table 7.2), and 

high travel costs from all other sampled fragments (Figure 7.1, 7.3 & 7.4) was most evident in 

R. leucopus genetic results. Individuals in this fragment were more related and received few 
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migrants from other sites (Table 5.6 & Appendix 5.23). Additionally, parentage analysis of 

microsatellite DNA confirmed the genetic distinction from other fragment populations and 

interbreeding with individuals from other nearby sites proved extremely rare (Appendix 5.9). 

The functional connectivity map also showed that lowest cost and shortest distance for 

animals to disperse from fragment P4 was towards fragment P2 and that cost was low only in 

this direction (Figure 7.2). The genetic results for M. cervinipes indicated that migration rates 

from P4 to P2 were higher than in the other direction (Figure 5.28 & 5.29), therefore the 

functional connectivity mapping exercise illustrated an explanation for this directional 

movement. Possibly not only the level of isolation of fragment P4 but also its vegetation 

structure, comprising high abundances of climbing palms and only small trees with low 

canopy height, were likely the cause of the genetic results found in both species.  

 

Generally predictions by IFPC performed well and differences that arose could have been 

caused by a computational bias. It is possible the resistance settings for landscape features did 

not match the particular rodent species studied. For example, population genetics of M. 

cervinipes showed no association with IFPC, whereas population differentiation of R. 

leucopus was associated with IFPC. Area sizes of continuous forest could also have had a 

disproportionate effect. As illustrated by population demography and genetics, absolute site 

size did not play a major role in structuring populations (Chapters 4 and 5) and IFPC may 

have emphasized forest area too much for the study species. However, relative patch size was 

very important in this study in predicting the direction of dispersal (5.6.6). Application of 

IFPC also had the problem that not all fragments in a 5 km radius were sampled and therefore 

merging connectivity results with genetic results involved a degree of sampling bias. 

Although the site revealed as most important for conservation and for corridor construction 

was not sampled (Figure 7.10: T), it occurred in close proximity to sampled sites (F1, F2, P6 

& P7). IFPC may also have lacked the fine-scale variation in vegetation structure and resource 

availability that animals can perceive (Kanowski et al. 2003b; Jones et al. 2006; Prevedello et 

al. 2010; Prevedello & Vieira 2010). Vegetation structure could explain a large proportion of 

observed variation and individuals appeared to select for habitat quality, which is believed to 

be the main driver for directional gene flow observed in this study (5.6.6).  
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7.6.3 Meta-analysis climate change refugia 

However, even with gaps in the dataset, there was a great deal of overlap with predictive 

models for potential rainforest refugia from future climate change (Shoo et al. 2011). 

Therefore, sites were not only deemed to be vital for corridor construction based on data from 

this study but also for their importance as a buffer against climate change (Figure 7.12). The 

map illustrated a potential corridor stretching from East to West. Although genetic results 

showed that eastern and western populations have been separated from each other for a long 

time and have genetically differentiated, more connectivity than was available in the past may 

be necessary to deal with future climate change. Having increased connectivity across the 

landscape may create more options for cool-adapted species in the more central area to 

disperse towards upland climate change refugia, located on the most eastern and western side 

of the Tablelands area.  

 

To obtain even better predictions, suggestions for further research include: 

a) the exploration of other connectivity measures that might be more applicable in this 

landscape, especially those that can incorporate road mortality depending on traffic and 

crossing frequency; 

b) more sampling on the scale of the intended map or model and around the area indicated as 

potentially high in importance;  

c) the addition of more species with lower or higher dispersal abilities and matrix / barrier 

tolerances;  

d) the application of different modelling techniques together with least-cost-path analysis, 

such as circuit theory and isolation by resistance modelling (McRae & Beier 2007; McRae et 

al. 2008); and  

e) the integration of predictive models with genetic and radio-tracking data (Cushman et al. 

2006; Cushman & Lewis 2010).  

 

7.6.4 ‘Ect- ion plan’ for conservation 

This study has explored landscape-wide connectivity and emphasised the importance of 

habitat quality and vegetation structure to combat fragmentation. To avoid further tipping the 

scale towards fragmentation, balance must be restored (Figure 7.13). This can be achieved by 

focussing on maintaining and increasing dispersal and gene flow. Firstly, it should be 

recognised that small fragments contain viable habitat and can serve as stepping stones in the 
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landscape. Secondly, habitat quality can be restored where necessary to cater for varied 

species responses and requirements (Figure 7.13).  

 

 

 

Figure 7.13: Fragmentation scales showing the balancing exercise between fragmentation and connectivity 

 

The population genetics of two rodent species, described as fragmentation tolerant (Laurance 

1991a; 1994), revealed that genetic variation is currently well preserved, but could experience 

delayed negative effects in the future, such as inbreeding and genetic drift (Lande 1988; 

Keller & Waller 2002; Reed & Frankham 2003; Frankham 2005), as fragmentation has 

possibly not revealed its full impact (Janzen 1986; Macqueen et al. 2008). If population size 

stays sufficiently large (20-40 individuals), it appears that populations can recover and 

maintain genetic variation and persist into the future (Lacy 1987; Leung et al. 1993). This 

means there is still time to take ect-ion in the form of respect, protect and connect! 

fragmentation connectivity 
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Figure 7.14: ‘Ect-ion’ plan for conservation 
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I will clarify this ‘Ect-ion plan’ (Figure 7.14) through specific examples from the Atherton 

Tablelands and objectives from the most recent Community Action Plan for Lumholtz’s Tree-

kangaroo (Burchill et al. 2013). 

RESPECT starts with the land-owners and the custodians of the land and can be achieved 

through education, creation of awareness and ownership (Saunders & Hobbs 1991; Crome et 

al. 1994; Newell 1999a). Conservation education is well established on the Tablelands and 

new initiatives are underway, examples are illustrated in Table 7.3. 

 

Table 7.3: Examples of conservation education initiatives on the Atherton Tablelands 

Objective Group/organisation Actions  

  pamphlets 

 Wet Tropic Management Authority educational signs 

 Skyrail Rainforest Foundation maps 

  student grants 

 Malanda Falls Information Centre wildlife encounters 

conservation education  information about local wildlife 

ecotourism  meetings 

community engagement   Tablelands National Park Volunteers newsletter 

 Tree Kangaroo and Mammal Group presentations 

  conservation activities 

  road signs 

  wildlife rehabilitation 

 Tree Roo Rescue and Conservation Centre presentations at schools 

  raise profile of tree-kangaroos 

 

 

It is important to educate the local community and land-owners regarding environmentally 

responsible ownership (Saunders & Hobbs 1991). They are the ones that inhabit the area 

where wildlife occurs and their activities directly affect the ecosystem. Information provided 

to land-owners about their properties and the wildlife living there promotes action and 

collaboration for conservation outcomes (Crome et al. 1994). Even more, when educated 

custodians are in place this knowledge is more likely to be shared with the wider community.  

 

To PROTECT even small areas of habitat has been shown to be important in this study. 

Previous research has also demonstrated that small landscape elements have value (Buechner 

1989; Lindenmayer et al. 1994; Laurance & Laurance 1999; Donaldson 2002; Hausmann 

2004; Jellinek et al. 2011). In the Wet Tropics bioregion the habitat of rainforest animals is 

mostly protected by World Heritage listing and other legislative measures (Winter 2004). 

However there are several significant areas of habitat on private land in the region which 

would represent major contributions to biodiversity conservation if added to the Protected 

Area Reserves System (Tucker 2000). Protection of private land can commence very simply 
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with a land-owner fencing parts of their property to exclude cattle for example (Tucker 2000; 

2001; Crook 2003; Martin et al. 2006). Further engagement through conciliatory approaches 

may result in implementation of voluntary conservation agreements between land 

management agencies and individual landholders (Newell 1999a). The Nature Refuge 

Agreement is one example, which is binding on title. The agreement is struck between the 

local landholder and the Department of Environment and Heritage Protection. These 

agreements lead to the protection of important habitat areas on private land, and in return the 

landowner could receive support in a variety of ways, such as infrastructure, financial support 

for fencing-off areas, or a reduction in local rates (Tucker 2000). A large number of Nature 

Refuges are already in place on the Atherton Tablelands, with two of the study fragments 

being nature refuges (P1 and P8). Private individuals and trusts are also buying rainforest 

properties specifically for conservation (Winter 2004).  

 

Many people do not understand the value of rainforest on their property. They are unaware of 

the ecosystem services provided through pollination, seed dispersal, water table retention, 

recycling of nutrients, filtration of chemicals and fertilizers to keep waterways clean, 

provision of temperature buffers against climate change, etc. (Shields et al. 2003; Berges et 

al. 2010; Shoo et al. 2011). These services may not have an easily calculated monetary value 

but are invaluable. Economic measures such as debt-for-nature, tax rebates, carbon-offsets 

and the management of multiple-use forests can provide incentives to land-owners to preserve 

these areas (Laurance et al. 1997). Australian Government initiatives including Caring for 

Our Country and Landcare also supply grants to support communities, farmers and other land 

managers to protect the natural environment and encourage the sustainable production of food 

and fibre. Using these approaches, remaining valuable landscape features could be conserved 

to counteract further disappearance of forests.  

 

To CONNECT involves not only protecting the habitat but also improving it for wildlife. A 

first option is providing animals in suboptimal conditions with shelter resources that 

accommodate their needs. This can be done by restoring microhabitat features such as hollow 

logs and by allowing the persistence of elements such as vines and lianas (Tucker 2000). This 

study showed that these were the vegetation structural elements most important for small 

mammals. Artificial dens and nest boxes can be provided for denning and nesting species, as 

tree hollows are commonly lacking in secondary forest (Laurance 1990; 1991a; b; 1997; 

Tucker 2000).  
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Habitat patches isolated by grassland need to be connected where possible. Due to agricultural 

practices a great deal of riparian vegetation has been left to regrow or has been rehabilitated. 

These serve as dispersal corridors and connect previously isolated habitat, as was shown in 

the eastern Tablelands in this study. One of the success stories from the Atherton Tablelands 

was Donaghy’s corridor that links a conservation reserve, Lake Barrine National Park, with 

nearby continuous forest (Gadgarra Forest Reserve). The established corridor is 

approximately 1 km long and varies between 70 m and 120 m in width. After five years 

rainforest fauna had begun to move between the original rainforest areas at each end (Winter 

2004; Paetkau et al. 2009). Recent research demonstrated that eleven small mammal species 

inhabited and migrated in the corridor which links the fragmented native forests of the 

national parks (Nomura et al. 2009).  

 

Canopy connectivity across roads is a second option that can assist in restoring connectivity. 

This can be achieved by allowing canopy to overhang the road with branches touching 

(Goosem & Turton 1999). If road clearings are too wide for natural canopy connectivity, it is 

possible to erect artificial canopy connections. This can be accomplished by constructing 

temporary connections out of vines or by building rope bridges and ladders. Use and 

effectiveness of these linkages have been demonstrated on the Tablelands (Goosem et al. 

2006; Wilson et al. 2007; Goosem et al. 2008; Weston et al. 2011; Hunter 2013). However, it 

is possible that social spacing along the road may lead to individuals of this species blocking 

movements of conspecifics attempting to cross (Goosem et al. 2008). It is therefore desirable 

to provide more frequent canopy connectivity (e.g., every 50m) (Goosem et al. 2008).  

 

If a canopy connection cannot be achieved and terrestrial animals are also targeted, there is a 

third option: to guide dispersing animals underneath the road. Bridges over creeks and gullies 

at heights that allow canopy to remain under the bridge is preferred to allow movements of 

canopy, understorey and ground-dwelling fauna (Goosem 2004). Existing culverts also have 

the potential to serve as a crossing route (Goosem et al. 2001) or these can be fitted with 

ledges above the normal stream level to allow dry passage of smaller species. To allow 

movement underneath highways large faunal underpasses can be built (Goosem 2004; Hunter 

2013). In a recent study it was shown that many terrestrial species use underpasses, including 

medium-sized and smaller mammals and terrestrial birds (Goosem et al. 2006; Hunter 2013). 

Previous research by Izumi (2001), identified several bottlenecks at roads where these 

measures could be applied. The location near fragment P7 where the Kennedy Highway 
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bisects a large rainforest area would be excellent for increasing canopy closure and hanging 

rope bridges to mitigate road mortality (Figure 7.6). The bridge between fragments P3 and 

P1/P2 (Figure 7.3) could be fitted with ledges to allow animals to cross underneath. However, 

it would be preferable to raise and widen the bridge and therefore provide a faunal underpass, 

but this comes at a higher cost.  

 

On the Atherton Tablelands local volunteering organisations have engaged in many actions to 

increase connectivity. Trees for Atherton and Evelyn Tablelands (TREAT) and Tablelands 

Revegetation maintain nurseries and are revegetating the landscape. They receive extra man-

power from Tablelands National Park Volunteers (TNPV), Tree Kangaroo and Mammal 

Group (TKMG) and Conservation Volunteers Australia (CVA). They are rehabilitating 

habitat, restoring linkages and expanding existing forest patches. Within the study sites these 

initiatives have occurred; the riparian strip at the edge of Ithaca Creek between fragments P3 

and P4 was revegetated with 1800 trees by the Tree Kangaroo and Mammal Group to allow 

tree-kangaroos to disperse between remnants (Crook 2003). 

 

However, it should be remembered that there is the potential for negative effects. For 

example, territorial species can defend home ranges and inhibit dispersal in corridors 

(Lidicker 1999; Horskins et al. 2006; Goosem et al. 2008; Soanes et al. 2013). For R. 

leucopus movement through the corridor connecting fragments P1 and P2 was confirmed with 

high migration rates and low population differentiation, but this was not the case for M. 

cervinipes. It is possible that this species set up territories in the corridor which reduced its 

function as a dispersal route. Therefore continued monitoring as for example with Donaghy’s 

corridor (Nomura et al. 2009; Paetkau et al. 2009) or trapping and spotlighting to assess 

mammal presence and abundance at revegetated sites (Zachar 2010) is imperative and will 

help decide further management decisions.  

 

As there are many community groups established on the Atherton Tablelands it will be 

important to successful conservation that these different stakeholders maintain good 

communication, collaboration and integration. These include local landholders, 

conservationists and policy-makers. The system for conservation planning needs to be stream-

lined and based on well-informed decisions. Conservation action cannot happen haphazardly, 

plans need to be made for the future, for example by incorporating climate change scenarios.  
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7.7 Conclusion  

Even with a limited dataset predictions about connectivity can be made and methods to piece 

the fragmentation puzzle back together can be conceived. Connectivity and relative patch size 

were the most important factors influencing fragmentation impacts. Species diversity and 

abundance decreased with patch size. Also body condition and within-site movements of three 

focal rodents were affected by a smaller area. For M. cervinipes and R. leucopus genetic 

variation was higher and relatedness and genetic differentiation was lower in sites that were 

connected by riparian corridors or continuous forest habitat. Additionally gene flow occurred 

almost exclusively in one direction from small to larger fragments. This apparent pattern of 

habitat selection could have been caused by changes in vegetation structure as longer isolated 

small sites seemed to be following a different successional path. Therefore encouraging 

higher connectivity between large and small patches, expanding patch size and improving 

habitat quality in small fragments are the main recommendations for the study area to emerge 

from this thesis. There are many opportunities for conservation and for increasing 

connectivity in the Atherton Tablelands, although many options have been explored and 

applied, more are still needed. There is a thriving conservation community on the Atherton 

Tablelands that can be exemplary to other areas suffering from habitat fragmentation. 

Conservation starts with people and once we realise that ‘they is us’ (Janzen 1986), further 

great achievements can be made. Hopefully the findings from this thesis will help the local 

community, conservationists and policy-makers to continue to protect and connect. 
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Appendices 
 

3. Appendix Chapter 3 
 

Appendix 3.1: Trial protocol of microsatellite DNA amplification for M. cervinipes 

Amplification of microsatellites was performed in PCR strip tubes using a reaction volume of 25 

μl consisting of: 1x Buffer (©Invitrogen), 3mM MgCl2, 500 μM dNTP’s, 0.2 μM of each primer, 

0.05 U/ μl Immolase Taq DNA polymerase (© Invitrogen), 3-20 ng/ μl DNA template and 

adding H2O (MQ) to reach required volume. 

Amplification was completed in a MyCycler PCR machine (© Bio Rad), using the following 

cycling program: initial denaturation 95C for 2 min; 35 cycles of denaturation for 30 s at 95C, 

30 s at corresponding annealing temperature (Mc1K, Mc2B, Mc2O & Mc2P at 56 and Mc2E at 

58C) elongation of 1 min at 72C; a final elongation for 2 min at 72C. Samples were held at 

10C until recovery shortly afterwards from the machine.  

 The PCR product was then applied to gel (2.5% agarose), for electrophoresis at 100V, for 1 h 30 

min, to check for the presence of the amplified product, which was visualised using EZ Vision
TM

 

III (© Amresco), on a UV Gel Documentation system (© Bio-Rad) for product visualization, and 

DNA sizes were determined using EasyLadder III (© Bioline).  

 

Appendix 3.2: Trial protocol of mitochondrial DNA amplification for M. cervinipes 

Amplification of mtDNA was performed using a reaction volume of 25 μl consisting of: 1x 

TopTaq Buffer (© Qiagen) 3 mM MgCl2, 200 μM dNTP’s, 0.4 μM of each primer, 0.02 U/ μl 

TopTaq DNA polymerase (© Qiagen), 0.1 μg/μl BSA, 3-20 ng/μl DNA template and adding 

H2O (MQ) to reach required volume.  

The cycle protocol for M. cervinipes (personal communication Litticia Bryant) involved a 

denaturation step of 94 C for 5 min, annealing step: 34 cycles of 94 C for 30 sec, 55 C degrees 

for 30 sec, 72 C degrees for 10 sec, with a final extension step at 72 C for 2 min.  

The PCR product was applied to gel (1.5% agarose), for electrophoresis at 90 V for 30 minutes 

to check for the presence of the amplified product (using EZ Vision III (© Amresco), 

HyperLadder IV (© Bioline) and a UV Gel Documentation system for product visualization (© 

Bio-Rad). 
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4. Appendix Chapter 4 
 

Appendix 4.1: Code OpenBugs for probability calculations of spotlighting data 

Probability of occurrence defined by patch size 

Example shown for T. vulpecula: 
 
model 
{ 
  # for each of the 10 sites 
  for( i in 1 : 10)  
  { 
    # logit(p[i]) <- a + b*size[i]   # calculate probability of occupancy by animals, presence determined by the patch size 
 
   p[i] <- 1 / (1 + exp(-(a + b*size[i])))   # direct calculation of probability via logistic function 
 
    pres[i] ~ dbern(p[i])    # determine whether the animal is there 
 
    pr_sight[i] <- d*pres[i]   # probability of seeing it depends on whether it is there, if not present, pr_sight is 0, if present: equal to d 
 
    D[i] ~ dbin(pr_sight[i], S[i])   # number of observations (S) drawn from a binomial distribution, probability of sighting it, is equal to 
detection probability*presence (code for animals) 
  } 
 
  d ~ dunif(0, 1)   # prior for detectability, uninformative 
 
  a ~ dnorm(0.0, 1.0E-6)  # uninformative priors for regression parameters for occupancy 
  b ~ dnorm(0.0, 1.0E-6)  # uninformative priors for regression parameters for occupancy 
} 
 
Inits 
list(a=0, b=0, d=0) 
# uninformative initial value 
 
Data 
list( 
S=c(3,3,3,3,3,3,3,3,3,3),  #number of times every site was visited  
 
size=c(2038.60,2038.69,106975.10,106975.18,7.23,15.91,4.23,2.53,12.23,2.93),  
# site size (ha) 
 
D=c(3,1,0,0,3,2,2,2,2,1)   # number of times the species was observed during all surveys 
) 
 
#pres[i] is not defined, the program will generate intial values for this. 
 
 

Detectability defined by patch size 

Example shown for T. vulpecula 

 
model 
{ 
for(i in 1:10) 
 { 
 obs[i] ~ dbin(q[i],3) # obs is the observed presences after 3 visits (the data) 
 Y[i] ~ dbern (p[i]) # Y=1 if species present and 0 if not 
 q[i] <- Y[i]*alpha[1] # q is detection probability, =0 if species not present 
 p[i] <- 1 / (1 + exp(-(a + b*log(size[i])))) direct calculation of probability via logistic function 
 } 
alpha[1] ~ dbeta(2,3) #detection probability (Pr(observed/presence)) 
a ~ dnorm(0.0, 1.0E-6)  # uninformative priors for regression parameters for occupancy 
b ~ dnorm(0.0, 1.0E-6)  # uninformative priors for regression parameters for occupancy 
 
} 
 
Inits 
list(a=0, b=0) 
# uninformative initial value 
 
Data 
list( 
obs=c(3,1,0,0,3,2,2,2,2,1),   # number of times the species was observed during all surveys 
size=c(2038.60,2038.69,106975.10,106975.18,7.23,15.91,4.23,2.53,12.23,2.93)  
# site size (ha))
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Appendix 4.2: Maximum abundance of individuals observed per site during all spotlight surveys 

Site Size (ha) D. lumholtzi D. trivirgata H. lemuroides P. archeri P. herbertensis P. nasuta T. stigmatica T. vulpecula 

P5 2.53 0 1 0 0 0 2 0 1 

P7 2.93 3 0 0 0 1 2 0 2 

P4 4.23 0 0 0 1 0 0 2 2 

P2 7.23 2 0 0 2 0 0 1 6 

P6 12.23 2 0 1 1 1 1 2 1 

P3 15.91 1 0 0 1 0 2 9 2 

F1 2038.69 0 0 0 1 0 0 2 5 

F2 2038.69 0 0 2 0 0 0 0 3 

F3 106975.18 0 0 0 1 1 0 1 0 

F4 106975.18 0 0 0 0 1 1 1 0 

 
Appendix 4.3: Number of occasions a species was observed per site during three spotlight surveys 

Site Size (ha) D. lumholtzi D. trivirgata H. lemuroides P. archeri P. herbertensis P. nasuta T. stigmatica T. vulpecula 

P5 2.53 0 1 0 0 0 3 0 2 

P7 2.93 3 0 0 0 1 2 0 1 

P4 4.23 0 0 0 1 0 0 1 2 

P2 7.23 3 0 0 2 0 0 2 3 

P6 12.23 3 0 1 1 1 1 2 2 

P3 15.91 1 0 0 3 0 1 2 2 

F1 2038.69 0 0 0 2 0 0 2 3 

F2 2038.69 0 0 2 0 0 0 0 1 

F3 106975.18 0 0 0 2 2 0 1 0 

F4 106975.18 0 0 0 0 2 2 1 0 
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Appendix 4.4: Probability graphs for spotlighting data 
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Appendix 4.5: Table with trap success and (re)capture rate per species and per site 

 

Site  M. cervinipes R. leucopus U. caudimaculatus P. nasuta R. fuscipes I. macrourus T. vulpecula T. stigmatica A. godmani H. chrysogaster M. musculus 

P1 recapture %  31.03 29.63 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

 capture rate  9.30 8.84 2.33 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

 trap success  

 

13.49 12.56 2.33 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

P2 recapture %  47.83 28.00 33.33 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

 capture rate  2.95 4.42 0.25 0.49 0.00 0.25 0.00 0.25 0.00 0.00 0.00 

 trap success  

 

5.65 6.14 0.74 0.49 0.00 0.25 0.00 0.25 0.00 0.00 0.00 

P3 recapture %  56.45 55.17 47.06 0.00 33.33 0.00 0.00 0.00 0.00 0.00 0.00 

 capture rate  4.50 2.17 3.00 0.00 0.33 0.00 0.00 0.00 0.00 0.00 0.00 

 trap success 

  

10.33 4.83 5.67 0.00 0.50 0.00 0.00 0.00 0.00 0.00 0.00 

P4 recapture %  35.71 0.00 26.32 53.33 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

 capture rate  8.67 0.39 2.70 1.35 0.19 0.19 0.00 0.00 0.00 0.00 0.00 

 trap success 

  

13.49 0.39 3.66 2.89 0.19 0.19 0.00 0.00 0.00 0.00 0.00 

P5 recapture %  53.45 47.62 60.00 50.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

 capture rate  5.19 2.12 0.19 0.19 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

 trap success 

  

11.15 4.04 0.96 0.38 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

P6 recapture %  60.00 59.52 50.00 0.00 0.00 0.00 66.67 0.00 0.00 0.00 0.00 

 capture rate  3.01 2.84 0.17 0.17 0.00 0.00 0.17 0.00 0.00 0.00 0.00 

 trap success 

  

7.51 7.01 1.34 0.17 0.00 0.00 0.50 0.00 0.00 0.00 0.00 

P7 recapture %  43.86 48.28 0.00 50.00 0.00 0.00 50.00 0.00 0.00 0.00 50.00 

 capture rate  8.29 3.89 0.00 1.55 0.00 0.00 0.52 0.00 0.00 0.00 0.26 

 trap success 

  

14.77 7.51 0.00 3.11 0.00 0.00 1.04 0.00 0.00 0.00 0.52 

P8 recapture %  35.20 0.00 20.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

 capture rate 23.82 1.76 1.18 0.29 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

 trap success 

 

36.76 1.76 1.47 0.29 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

P9 recapture %  55.96 33.33 66.67 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

 capture rate 16.72 0.70 0.35 0.70 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

 trap success 

 
37.98 1.05 1.05 0.70 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
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Site  M. cervinipes R. leucopus U. caudimaculatus P. nasuta R. fuscipes I. macrourus T. vulpecula T. stigmatica A. godmani H. chrysogaster M. musculus 

F1 recapture %  66.28 59.38 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 28.57 

 capture rate  4.83 2.17 0.00 0.00 0.00 0.17 0.33 0.00 0.00 0.00 0.83 

 trap success  

 

14.33 5.33 0.17 0.00 0.00 0.17 0.33 0.00 0.00 0.00 1.17 

F2 recapture %  50.75 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

 capture rate  5.52 0.33 0.00 0.33 0.00 0.00 0.67 0.00 0.00 0.00 0.17 

 trap success 

  

11.20 0.33 0.00 0.33 0.00 0.00 1.51 0.00 0.00 0.00 0.17 

F3 recapture %  57.69 0.00 37.50 0.00 66.67 0.00 0.00 0.00 35.00 0.00 0.00 

 capture rate  1.99 0.00 1.81 0.00 5.62 0.00 0.00 0.00 2.36 0.18 0.18 

 trap success  

 

4.71 0.00 2.90 0.00 16.85 0.00 0.00 0.00 3.62 0.18 0.18 

F4 recapture %  66.67 0.00 38.10 0.00 71.03 0.00 0.00 0.00 35.71 0.00 0.00 

 capture rate  1.61 0.00 2.09 0.00 6.74 0.00 0.00 0.00 1.44 0.00 0.00 

 trap success  

 

4.82 0.00 3.37 0.00 23.27 0.00 0.00 0.00 2.25 0.00 0.00 

total recapture %  50.84 27.76 29.15 11.79 13.16 0.00 8.97 0.00 5.44 0.00 6.04 

 capture rate  7.42 2.28 1.08 0.39 0.99 0.05 0.13 0.02 0.29 0.01 0.11 

 trap success  14.32 3.92 1.82 0.64 3.14 0.05 0.26 0.02 0.45 0.01 0.16 

Note: Highest values in bold 

 
 
Appendix 4.6: Species scores nMDS ordination using all species and all sites sampled 

Variables NMDS 1 NMDS 2 

M. cervinipes -0.22513 -0.008473 

R. leucopus -0.10873 0.002041 

R. fuscipes 0.99686 -0.066944 

U. caudimaculatus 0.34262 -0.009592 

P. nasuta -0.23135 -0.223057 

I. macrourus -0.10334 0.340709 

T. vulpecula  -0.34378 0.256429 

M. musculus -0.04213 0.384169 

T. stigmatica 0.09953 0.204609 

D. lumholtzi 0.02042 -0.153453 

P. archeri 0.24944 0.241418 

D. trivirgata -0.75069 -0.528147 

H. lemuroides -0.85029 0.110373 

P. herbertensis 0.58907 -0.170605 

A. godmani 1.05497 -0.041056 

H. chrysogaster 1.03014 0.051729 
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Appendix 4.7: Linear regression results of species diversity indices and site/patch size  

Response 

variable 

Explanatory 

variable 

Coefficient 

estimate 

S.E. df t value F value p value Adjusted 

R2 

Species 

richness  

Site size -0.0000050 0.0000120 8 -0.40 0.16 0.700 -0.10 

Patch size 0.2130000 0.1050000 4 2.03 4.13 0.112 0.39 

Shannon 

Wiener 

diversity 

Site size 0.0000005 0.0000022 8 0.24 0.06 0.820 -0.12 

Patch size 0.0450000* 0.0140000 4 3.27 10.70 0.031 0.66 

Pielou’s 

evenness 

Site size 0.0000005 0.0000006 8 0.86 0.74 0.415 -0.03 

Patch size 0.0120000 0.0050000 4 2.58 6.67 0.061 0.53 

Note: *significant coefficient estimates, only models with highest significance and lowest AIC value are shown 
 

Appendix 4.8: Poisson regression results of abundance of focal rodent species depending on sampling time 

and site/ patch size 

Data set Species df AIC Explanatory variable Coefficient  

estimate 

S.E. z value p value 

All sites M. cervinipes  64 272.6 sampling time 

 

-0.00289* 0.0004 -7.08 <0.001 

 R. leucopus 49 193.2 site size 

 

-0.14800* 0.0541 -2.73 0.006 

 U. caudimaculatus 45 100.2 sampling time -0.00030  0.0018 -0.16 0.870 

 site size -3.74011  15.8490 -0.24 0.810 

 site size x sampling time 

 

0.00009  0.0004 0.24 0.810 

Patches  M. cervinipes  41 184.0 time -0.0015 0.00085 -1.78 0.074 

 patch size 6.3100* 3.12000 2.03 0.043 

 patch size x time -0.0002* 0.00008 -2.02 0.043 

 R. leucopus 35 158.6 time 0.0022 0.00120 1.80 0.071 

 patch size 7.3746* 3.67950 2.00 0.045 

 patch size x time -0.0002* 0.00009 -2.00 0.046 

 U. caudimaculatus 26 58.9 patch size 0.0879* 0.03550 2.48 0.013 

Note: only significant effects are shown for models with highest significance and lowest AIC value, *significant 

coefficient estimates 

 

Appendix 4.9: Binomial regression results of sex ratio of focal rodent species depending on sampling time 

and site/patch size 

Data set Species df AIC Explanatory variable Coefficient  

estimate 

S.E. z value p value 

All sites M. cervinipes  379 525.5 time -0.0013 0.0010 -1.23 0.220 

   site size -14.6000 12.2000 -1.20 0.230 

   site size x time 0.0004 0.0003 1.20 0.230 

 R. leucopus 119 174.1 time -0.0042 0.0021 -1.74 0.081 

   site size -67.4000 38.4000 -1.75 0.080 

   site size x time 0.0016 0.0009 1.75 0.080 

 U. caudimaculatus 57 85.4 time -0.0002 0.0028 -0.06 0.950 

   site size 22.8000 29.8000 0.76 0.440 

   site size x time 

 

-0.0006 0.0007 -0.77 0.440 

Patches M. cervinipes  297 414.7 time -0.00071 0.0012 -0.59 0.560 

   patch size -1.12000 4.48 -0.25 0.800 

   patch size x time 0.00003 0.0001 0.25 0.800 

 R. leucopus 105 155.4 time -0.00292 0.0019 -1.51 0.130 

   patch size -11.70000 79.0000 -1.67 0.095 

   patch size x time 0.00029 0.0002 1.67 0.095 

 U. caudimaculatus 36 53.4 time 0.00619 0.0047 1.31 0.191 

   patch size 26.10000 14.4000 1.82 0.069 

   patch size x time 0.00064 0.0004 -1.81 0.070 
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Appendix 4.10: Binomial regression results of age class ratio of focal rodent species depending on 

sampling time and site/patch size 

Data set Species df AIC Explanatory 

variable 

Coefficient 

estimate 

S.E. z value p value 

All sites M. cervinipes  382 535.3 time 0.0007 0.0010 0.71 0.480 

   site size 17.9000 12.0000 1.49 0.140 

   site size *time -0.0004 0.0003 -1.48 0.140 

 R. leucopus 121 169.9 time 0.0012 0.0023 0.51 0.610 

   site size 44.7000 35.9000 1.25 0.210 

   site size *time -0.0011 0.0009 -1.25 0.210 

 U. caudimaculatus 57 54.0 time -0.0135* 0.0065 -2.06 0.040 

   site size -82.2890* 39.8333 -2.07 0.039 

   site size *time 0.0020* 0.0010 2.06 0.039 

Patches M. cervinipes  300 424.6 time -0.00032 0.0012 -0.27 0.790 

   patch size -0.49300 4.4700 -0.11 0.910 

   patch size *time 0.00001 0.0001 0.11 0.910 

 R. leucopus 107 153.5 time -0.00283 0.0019 -1.45 0.150 

   patch size -9.55000 6.9200 -1.38 0.170 

   patch size *time 0.00023 0.0002 1.38 0.170 

 U. caudimaculatus 36 23.3 time 0.00174 0.0203 0.09 0.930 

   patch size 47.04081 77.0782 0.61 0.540 

   patch size *time -0.00115 0.0019 -0.61 0.540 

Note: only significant effects are shown for models with highest significance and lowest AIC value, *significant 

coefficient estimates 

 

Appendix 4.11: Binomial regression results of sexual status of three focal rodent species depending on 

sampling time, site/patch size 

Species Response 

variable 

Data set df AIC Explanatory 

variable 

Coefficient 

estimate 

S.E. z 

value 

p value 

M. cervinipes Non-

perforated 

females 

all sites 384 181.1 time 

 

-0.00384 0.00156 -2.46 0.126 

 patches 300 170.9 time -0.00197 0.00317 -0.62 0.530 

    patch size 4.07000 12.1000 0.34 0.740 

     patch size x time -0.00010 0.00030 -0.33 0.740 

 Perforated 

females 

all sites 384 426.0 time 

 

0.00128 0.00062 2.06 0.351 

  patches 300 334.9 time 0.00090 0.00129 0.70 0.480 

     patch size -0.80200 4.98000 -0.16 0.870 

     patch size x time 0.00002 0.00012 0.15 0.880 

 Pregnant 

females 

all sites 382 138.7 time -0.00602 0.00466 -1.29 0.200 

    site size 4.99000 33.2000 0.15 0.880 

     site size x time -0.00012 0.00081 -0.14 0.890 

  patches 300 107.7 time -0.00694 0.00875 -0.79 0.430 

     patch size 9.42000 33.6000 0.28 0.780 

     patch size  x time -0.00023 0.00083 -0.28 0.780 

 Lactating 

females 

all sites 382 153.9 time 0.00709* 0.00230 3.09 0.018 

    site size 71.50000* 23.9000 2.99 0.027 

     site size x time -0.00174* 0.00058 -2.98 0.027 

  patches 301 84.0 time 0.00702* 0.00217 3.24 0.009 

     patch size 0.21800 0.07910 2.76 0.054 

 Males 

T0E0 

all sites 383 304.0 time -0.00704* 0.00160 -4.39 <0.001 

     site size 

 

0.23267* 0.08191 2.84 0.045 
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Species Response 

variable 

Data set df AIC Explanatory 

variable 

Coefficient 

estimate 

S.E. z 

value 

p value 

M. cervinipes Males 

T0E0 

patches 301 241.7 time -0.00683* 0.00245 -2.78 0.045 

     patch size 

 

0.05807 0.02307 2.52 0.108 

 Males 

T0E1 

all sites 382 181.0 time -0.01910* 0.00652 -2.94 0.027 

     site size -88.20000 39.5000

0 

-2.23 0.234 

     site size x time 

 

0.00216 0.00097 2.23 0.225 

  patches 300 164.4 time -0.04020 0.01480 -2.72 0.063 

     patch size -86.60000 37.6000

0 

-2.30 0.189 

     patch size  x 

time 

 

0.00213 0.00093 2.30 0.189 

 Males 

T1E1 

all sites 382 254.8 time -0.00048 0.00160 -0.30 0.760 

     site size -28.10000 17.5000

0 

-1.60 0.110 

     site size x time 

 

0.00069 0.00043 1.61 0.110 

  patches 302 172.0 patch size 

 

-0.06320 0.03070 -2.06 0.351 

 Males 

T2E2 

all sites 382 273.2 time -0.00089 0.00156 -0.57 0.570 

     site size -26.80000 19.5000

0 

-1.37 0.170 

     site size x time 

 

0.00065 0.00048 1.37 0.170 

  patches 302 216.7 patch size 

 

-0.05090 0.02520 -2.02 0.396 

 Males 

T3E3 

all sites 384 293.5 time 

 

0.00359* 0.00077 4.66 <0.001 

  patches 301 206.5 time 0.00430* 0.00092 4.66 <0.001 

     patch size -0.06270 0.03000 -2.09 0.333 
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Species Response 

variable 

Data set df AIC Explanatory 

variable 

Coefficient 

estimate 

S.E. z 

value 

p 

value 

R. leucopus Non-

perforated 

females 

all sites 121 16.0 time -0.3420 0.4410 -0.78 0.440 

    site size -5630.4390 7737.5030 -0.73 0.470 

    site size x time 

 

0.1370 0.1890 0.74 0.470 

  patches 107 15.9 time -0.2780 0.3830 -0.73 0.470 

     patch size -155.0000 235.0000 -0.66 0.510 

     patch size x time 

 

0.0377 0.0574 0.66 0.510 

 Perforated 

females 

all sites 121 163.4 time 0.0024 0.0024 1.00 0.320 

    site size 23.7000 36.5000 0.65 0.520 

    site size x time 

 

-0.0006 0.0009 -0.65 0.520 

 patches 107 143.7 time 0.0032 0.0021 1.54 0.120 

    patch size 9.8500 7.2400 1.36 0.170 

    patch size x time 

 

-0.0002 0.000177 -1.36 0.170 

 Pregnant 

females 

all sites 121 59.0 time 0.0025 0.0046 0.55 0.590 

    site size 71.7000 63.6000 1.13 0.260 

    site size x time -0.0017 0.0016 -1.12 0.260 

  patches 107 48.5 time -0.0114 0.0119 -0.96 0.340 

    patch size -35.3000 30.9000 -1.14 0.250 

    patch size x time 

 

0.0009 0.0008 1.15 0.250 

 Lactating 

females 

all sites 121 63.8 time 0.0075 0.0046 1.71 0.087 

   site size 99.8000 60.3000 1.66 0.098 

    site size x time -0.0024 0.0015 0.098 0.098 

  patches 107 46.9 time 0.0083 0.0044 1.90 0.058 

    patch size 62.7000 33.1000 1.89 0.058 

     patch size x time -0.0015 0.0008 -1.89 0.058 
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Species Response 

variable 

Data set df AIC Explanatory 

variable 

Coefficient 

estimate 

S.E. z 

value 

p 

value 

R. leucopus Males T0E0 all sites 121 42.4 time -0.0053 0.0065 -0.82 0.410 

     site size -72.6649 101.5456 -0.72 0.470 

     site size x time 

 

-0.0053 0.0065 -0.82 0.410 

  patches 107 33.9 time -0.0005 0.0052 -0.10 0.920 

     patch size 21.1000 34.7000 0.61 0.540 

     patch size x time 

 

-0.0005 0.0009 -0.61 0.540 

 Males T0E1 all sites 121 48.8 time -0.0013 0.0054 -0.24 0.810 

     site size 8.1100 69.1000 0.12 0.910 

     site size x time 

 

-0.0002 0.0017 -0.11 0.910 

  patches 107 40.4 time 0.0024 0.0057 0.41 0.680 

     patch size 15.5000 18.8000 0.83 0.410 

     patch size x time 

 

-0.0004 0.0005 -0.82 0.410 

 Males T1E1 all sites 121 81.9 time -0.0075 0.0040 -1.84 0.065 

     site size -68.7572 59.3280 -1.16 0.246 

     site size x time 

 

0.0017 0.0015 1.16 0.246 

  patches 107 74.6 time -0.0072 0.0043 -1.66 0.096 

     patch size -14.0000 14.0000 -1.00 0.317 

     patch size x time 

 

0.0003 0.0003 1.00 0.317 

 Males T2E2 all sites 121 49.4 time 0.0004 0.0063 0.06 0.950 

     site size -25.2000 109.0000 -0.23 0.820 

     site size x time 

 

0.0006 0.0027 0.23 0.820 

  patches 107 44.6 time -0.0017 0.0064 -0.26 0.790 

     patch size -18.2000 18.7000 -0.97 0.330 

     patch size x time 

 

0.0005 0.0005 0.98 0.330 

 Males T3E3 all sites 121 161.5 time -0.0020 0.0026 -0.77 0.440 

     site size -54.0019 43.5931 -1.24 0.220 

     site size x time 

 

0.0013 0.0011 1.24 0.220 

  patches 107 146.4 time -0.0014 0.0020 -0.68 0.500 

     patch size -9.9055 7.3863 -1.34 0.180 

     patch size x time 0.0002 0.0002 1.34 0.180 
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Species Response 

variable 

Data 

set 

df AIC Explanatory 

variable 

Coefficient 

estimate 

S.E. z 

value 

p 

value 

U. caudimaculatus Non-

perforated 

females 

all sites 57 38.0 time 0.0094 0.0089 1.06 0.290 

    site size 23.5000 48.4000 0.49 0.630 

    site size x time 

 

-0.0057 0.0012 -0.49 0.630 

  patches 36 17.2 time -0.0584 0.4520 -0.13 0.900 

     patch size -193.0000 1170.0000 -0.17 0.870 

     patch size x time 

 

0.0047 0.0286 0.17 0.870 

 Perforated 

females 

all sites 57 61.3 time 0.0014 0.0035 0.40 0.690 

    site size -8.1100 34.4000 -0.24 0.810 

    site size x time 

 

0.0002 0.0008 0.24 0.810 

 patches 36 37.5 time -0.0081 0.0071 -1.14 0.250 

    patch size -34.4000 21.7000 -1.58 0.110 

    patch size x time 

 

0.0008 0.0005 1.58 0.110 

 Lactating 

females 

all sites 57 54.6 time -0.0035 0.0040 -0.87 0.390 

    site size -29.3000 37.6000 -0.78 0.440 

    site size x time 0.0007 0.0009 0.78 0.440 

 patches 36 36.2 time -0.0004 0.0053 -0.07 0.950 

    patch size 9.5100 19.8000 0.48 0.630 

     patch size x time 

 

-0.0002 0.0005 -0.48 0.630 

 Males 

T0E0 

all sites 57 57.4 time -0.0004 0.0052 -0.08 0.930 

     site size 34.0000 71.8000 0.47 0.640 

     site size x time -0.0008 0.0018 -0.48 0.630 
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Species Response 

variable 

Data 

set 

df AIC Explanatory 

variable 

Coefficient 

estimate 

S.E. z 

value 

p 

value 

U. caudimaculatus Males 

T0E0 

patches 36 47.64 time -0.0106 0.0099 -1.07 0.290 

     patch size -24.9000 25.9000 -0.96 0.340 

     patch size x time 

 

0.0006 0.0006 0.96 0.340 

 Males 

T1E1 

all sites 57 61.3 time -0.0039 0.0038 -1.01 0.310 

     site size -36.1000 31.8000 -1.13 0.260 

     site size x time 

 

0.0008 0.0008 1.14 0.260 

  patches 36 36.0 time -0.0071 0.0072 -0.99 0.320 

     patch size -17.3000 21.8000 -0.79 0.430 

     patch size x time 

 

0.0004 0.0005 0.79 0.430 

 Males 

T2E2 

all sites 57 43.2 time 0.0472 0.0177 2.66 0.056 

     site size 695.0000 262.0000 2.65 0.056 

     site size x time 

 

-0.0169 0.0027 -2.65 0.056 

  patches 36 32.4 time 0.0215* 0.0075 2.87 0.028 

     patch size 63.6000* 20.4000 3.12 0.014 

     patch size x time 

 

-0.0016* 0.0005 -3.12 0.014 

 Males 

T3E3 

all sites 57 53.8 time 0.0035 0.0061 0.58 0.560 

     site size 69.7000 82.0000 0.85 0.400 

     site size x time 

 

-0.0017 0.0020 -0.85 0.400 

  patches 36 37.0 time -0.0044 0.0094 -0.47 0.640 

     patch size -10.5000 24.8000 -0.42 0.670 

     patch size x time 0.0003 0.0006 0.43 0.670 

Note: Only significant effects are shown for models with highest significance and lowest AIC value, *significant coefficient 

estimates  
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Appendix 4.12: Linear regression results of weight depending on head length or foot length 

Species Data 

set 

Coefficient 

estimate 

S.E. df t value F value p value Adjusted 

R2 

M. cervinipes  all sites 2.177* 0.242 380 9.01 81.2 <0.001 0.174 

patches 1.802* 0.264 298 6.82 46.4 <0.001 0.132 

R. leucopus 

 

all sites 5.701* 0.462 122 12.35 153.0 <0.001 0.552 

patches 5.716* 0.517 108 11.06 122.0 <0.001 0.527 

U. caudimaculatus all sites 25.840* 3.880 59 6.66 44.3 <0.001 0.419 

patches 16.920* 5.630 38 3.01 9.1 0.005 0.171 

Note: Only significant effects are shown for models with highest significance and lowest AIC value, * significant coefficient 

estimates 
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Appendix 4.13: Linear regression results of body condition of three focal rodent species depending on 

sampling time, site size, sex and age, using all individuals 

Species  Data set df AIC Adjusted R2 Explanatory  

variable 

Coefficient  

estimate 

S.E. F value p value 

M. cervinipes all sites 377 -404.8 0.402 age 0.21700* 0.01480 238.06 <0.001 

     sex 0.03580* 0.01500 6.07 0.014 
     time -0.00015* 0.00004 14.82 <0.001 

 patches 293 -361 0.483 age 0.12600* 0.02760 233.56 <0.001 

     sex 0.06600* 0.01560 14.43 <0.001 

     time -0.00009* 0.00005 4.97 0.027 
     size -0.00119* 0.00137 12.52 <0.001 

     size x age 0.00839* 0.00196 18.26 <0.001 

R. leucopus all sites 122 -108.3 0.027 size -0.00005* 0.00002 4.38 0.038 

 patches 104 -116.3 0.249 age 0.14802* 0.02764 33.26 <0.001 
     sex 0.10125 0.05103 0.03 0.868 

     size 0.00610 0.00288 1.53 0.218 
     size x sex  -0.00951* 0.00427 4.98 0.028 

U. 

caudimaculatus 

all sites 59 -38.14 0.379 age 0.3198* 0.0522 37.6 <0.001 

patches 38 -35.6 0.414 age 0.4158* 0.0778 28.6 <0.001 

 
Appendix 4.14: Linear regression results of body condition of two focal rodent species depending on 

sampling time, site size using different groups defined by age and sex 

Species  Individual 

class 

Data set df AIC Adjusted 

R2 

Explanatory 

variable 

Coefficient 

estimate 

S.E. F 

value 

p 

value 

M. cervinipes Adult  
males 

all sites 119 -81.0 0.024 time -0.000169 0.000085 4.00 0.192 

patches 93 -107.2 0.104 size 
 

0.006220* 0.001800 11.90 0.004 

 Adult  

females 

all sites 53 -56.4 0.101 time -0.000280* 0.000105 7.08 0.040 

 patches 34 -55.3 0.303 time -0.000275 0.000121 5.18 0.116 

      size 0.005215* 0.002445 12.51 0.004 

 Subadult  

males 

all sites 99 -122.9 -0.001 time -0.000153 0.000163 2.77 0.099 

     size -0.322000 2.180000 0.07 0.789 

      time x size 0.000008 0.000053 0.02 0.881 

  patches 78 -133.0 -0.014 time 0.000040 0.000122 0.45 0.510 

      size 0.448000 0.462000 0.48 0.490 

      time x size -0.000011 0.000011 0.94 0.340 

 Subadult 

females 

all sites 100 -153.0 0.039 size -0.010230 0.004540 5.07 0.104 

 patches 81 -143.3 -0.035 time -0.000029 0.000102 0.09 0.760 

      size -0.050400 0.392000 0.05 0.830 
      time x size 0.000001 0.000009 0.02 0.900 

R. leucopus Adult  
males 

all sites 27 -34.21 0.118 size -0.0741 0.0340 4.75 0.152 

 patches 24 -33.72 0.076 time -0.00006 0.00023 1.55 0.225 

      size 0.39400 0.84000 3.43 0.076 

      time x size -0.00001 0.00002 0.23 0.636 

 Adult  

females 

all sites 14 -5.28 0.116 time -0.00051 0.00049 0.70 0.418 

     size -4.94844 6.71441 4.00 0.065 

      time x size 0.00012 0.00016 0.53 0.477 

  patches 11 0.80 -0.241 time -0.00026 0.00059 0.07 0.790 

      size -0.64900 1.88000 0.09 0.770 

      time x size 0.00002 0.00005 0.12 0.740 

 Subadult 

males 

all sites 33 -38.45 0.051 time -0.00059 0.00044 1.54 0.223 

     size -13.7000 7.56000 0.10 0.758 

      time x size 0.00033 0.00018 3.27 0.079 

  patches 27 -35.60 0.226 time -0.00045 0.00026 2.57 0.121 

      size -3.02000 0.99900 0.03 0.872 

      time x size 0.00007* 0.00002 9.18 0.020 

 Subadult 
females 

all sites 35 -46.35 0.034 time 0.00027 0.00028 1.74 0.200 

     size 7.40000 4.77000 0.21 0.650 

      time x size -0.00020 0.00012 2.40 0.130 

  patches 33 -45.61 0.15 size 0.00800* 0.00302 7.01 0.048 

Note: *significant coefficient estimates, only significant effects are shown for models with highest significance and lowest AIC value 
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Appendix 4.15: Average movement distances of three focal rodent species ordered by site, sex and age 

Melomys cervinipes Site (size in ha) Sex Age Distance (m) 

 F1 (2038.69) F A 35.00 

   S 32.37 

  M A 35.45 

   S 31.00 

  total F  33.44 

  total M  32.88 

  total A  35.21 

  total S  31.76 

 total F1   33.19 

 F2 (2038.69) F A 29.17 

   S 36.88 

  M A 34.17 

   S 25.00 

  total F  33.57 

  total M  27.75 

  total A  31.67 

  total S  29.32 

 total F2   30.15 

 F3 (106975.18) F A 28.75 

   S NA 

  M A 68.33 

   S 35.83 

  total F  28.75 

  total M  52.08 

  total A  45.71 

  total S  35.83 

 total F3   42.75 

 F4 (106975.18) F A NA 

   S 0.00 

  M A 41.92 

   S 31.00 

  total F  0.00 

  total M  38.89 

  total A  41.92 

  total S  19.38 

 total F4   33.33 

 P1 (17.48) F A 30.00 

   S 28.33 

  M A 43.33 

   S 40.00 

  total F  28.75 

  total M  42.00 

  total A  40.00 

  total S  33.00 

 total P1   36.11 

 P2 (7.23) F A 56.25 

   S 22.50 

  M A 62.50 

   S 47.50 

  total F  45.00 

  total M  52.50 

  total A  58.33 

  total S  39.17 

 total P2   48.75 

 P3 (15.91) F A 43.18 

   S 43.75 

  M A 37.50 

   S 23.33 

  total F  43.42 

  total M  32.78 

  total A  40.22 

  total S  35.00 

 total P3   38.24 
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Melomys cervinipes Site (size in ha) Sex Age Distance (m) 

 P4 (4.23) F A 36.00 

   S 20.00 

  M A 54.71 

   S 10.00 

  total F  33.33 

  total M  46.19 

  total A  50.45 

  total S  12.00 

 total P4   43.33 

 P5 (2.53) F A 47.92 

   S 32.50 

  M A 50.00 

   S 40.00 

  total F  40.91 

  total M  48.46 

  total A  45.83 

  total S  36.25 

 total P5   43.71 

 P6 (12.23) F A 28.00 

   S 38.67 

  M A 58.57 

   S 0.00 

  total F  36.00 

  total M  51.25 

  total A  45.83 

  total S  36.25 

 total P6   40.36 

 P7 (2.93) F A 34.00 

   S 30.00 

  M A 51.88 

   S 15.00 

  total F  32.50 

  total M  47.78 

  total A  47.62 

  total S  24.00 

 total P7   43.08 

 P8 (22.67) F A 70.71 

   S 33.13 

  M A 25.26 

   S 33.50 

  total F  50.67 

  total M  28.10 

  total A  18.18 

  total S  29.74 

 total P8   35.80 

 P9 (7.48) F A 23.75 

   S 34.14 

  M A 15.00 

   S 17.00 

  total F  31.89 

  total M  15.83 

  total A  18.18 

  total S  29.74 

 total P9   25.57 

 total all F   36.08 

 total all M   36.31 

 total all A   40.56 

 total all S   31.11 

 total all sites   36.20 

Note: A= adult, S= subadult, F= female, M= male 
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Rattus leucopus Site (size in ha) Sex Age Distance (m) 

 F1 (2038.69) F A 40.00 

   S 62.50 

  M A 32.50 

   S 65.00 

  total F  49.00 

  total M  57.78 

  total A  38.13 

  total S  64.09 

 total F1   53.16 

 P1 (17.48) F A 20.00 

   S 40.00 

  M A 10.00 

   S 65.00 

  total F  30.00 

  total M  37.50 

  total A  15.00 

  total S  52.50 

 total P1   33.75 

 P2 (7.23) F A NA 

   S 50.00 

  M A 42.50 

   S NA 

  total F  50.00 

  total M  42.50 

  total A  42.50 

  total S  50.00 

 total P2   43.57 

 P3 (15.91) F A 17.50 

   S 14.29 

  M A 25.83 

   S 0.00 

  total F  15.00 

  total M  22.14 

  total A  23.75 

  total S  12.50 

 total P3   18.13 

 P4 (4.23) F A 51.00 

   S NA 

  M A NA 

   S NA 

  total F  51.00 

  total A  51.00 

 total P4   51.00 

 P5 (2.53) F A 18.57 

   S 20.00 

  M A NA 

   S 15.00 

  total F  18.75 

  total M  15.00 

  total A  18.57 

  total S  16.25 

 total P5   17.73 

 P6 (12.23) F A 20.00 

   S 46.67 

  M A 27.50 

   S 23.75 

  total F  36.00 

  total M  25.45 

  total A  26.25 

  total S  28.33 

 total P6   27.41 
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Rattus leucopus Site (size in ha) Sex Age Distance (m) 

 P7 (2.93) F A 53.33 

   S 24.29 

  M A 50.00 

   S 30.00 

  total F  33.00 

  total M  40.00 

  total A  52.00 

  total S  25.56 

 total P7   35.00 

 P9 (7.48) F A 40.00 

   S NA 

  M A NA 

   S NA 

  total F  40.00 

  total A  40.00 

 total P9   40.00 

 total all F   33.02 

 total all M   33.55 

 total all A   32.32 

 total all S   34.33 

 total all sites   33.29 

Note: A= adult, S= subadult, F= female, M= male, no movements recorded in F2, F3, F4 and P8 

 

 

Uromys caudimaculatus Site (size in ha) Sex Age Distance (m) 

 F3 (106975.18) F A NA 

   S 30.00 

  M A 98.00 

   S 40.00 

  total F  30.00 

  total M  88.33 

  total A  98.00 

  total S  35.00 

 total F3   80.00 

 F4 (106975.18) F A 28.33 

   S 30.00 

  M A 72.50 

   S 30.00 

  total F  28.75 

  total M  64.00 

  total A  53.57 

  total S  30.00 

 total F4   48.33 

 P2 (7.23) F A NA 

   S NA 

  M A 50.00 

   S NA 

  total M  50.00 

  total A  50.00 

 total P2   50.00 

 P3 (15.91) F A 53.33 

   S 40.00 

  M A 62.00 

   S 40.00 

  total F  50.00 

  total M  58.33 

  total A  60.00 

  total S  40.00 

 total P3   56.25 
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Uromys caudimaculatus Site (size in ha) Sex Age Distance (m) 

 P4 (4.23) F A 20.00 

   S NA 

  total F  20.00 

  M A 78.64 

   S NA 

  total M  78.64 

  total A  69.62 

 total P4   69.62 

 P5 (2.53) F A NA 

   S NA 

  M A 87.50 

   S NA 

  total M  87.50 

  total A  87.50 

 total P5   87.50 

 P6 (12.23) F A NA 

   S NA 

  M A 75.00 

   S NA 

  total M  75.00 

  total A  75.00 

 total P6   75.00 

 P8 (22.67) F A NA 

   S NA 

  M A 105.00 

   S NA 

  total M  105.00 

  total A  105.00 

 total P8   105.00 

 P9 (7.48) F A NA 

   S NA 

  M A 25.00 

   S NA 

  total M  25.00 

  total A  25.00 

 total P9   25.00 

 total all F   35.00 

 total all M   71.84 

 total all A   68.96 

 total all S   35.71 

 total all sites   65.08 

Note: A= adult, S= subadult, F= female, M= male, no movements recorded in F1, F2, P1 and P7 
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Appendix 4.16: Model selection of Poisson mixed regression of movement distance of three focal rodent 

species depending on site size, sampling time, sex and age using all individuals 

species Data set Model terms Log(L) d.f. AICc Δi 

M. cervinipes all sites age+ sex + size+time+age x sex -5820.84 

 

6 11653.9 0.00 

 patches age+ sex + size+time+age x sex -4179.74 

 

5 8369.7 

 

0.00 

 

R. leucopus all sites logsize -1625.28 2 3254.7 0.00 

  time + logsize -1625.11 

 

3 3256.5  1.78 

 patches age+time+sex+size+age x sex -1198.12 6 2409.3 0.00 

  age+time+sex+size -1199.37 5 2409.5  0.20 

  age+time+size -1200.59 4 2409.7 

 

0.39 

 

U. caudimaculatus all sites age+ sex + size+time+age x sex 751.523  5 1514.2  

 

0.00 

 patches age+ sex + size+time+age x sex -542.23 6 1098.7 0.00 

  age + time + sex + age x sex -543.85 

 

5 1099.3 

 

0.53 

 
Appendix 4.17: Poisson mixed regression results of movement distance of three focal rodent species 

depending on site size, sampling time, sex and age using all individuals 

 Species  Data set Fixed terms df z value Estimate SE 95% CI 

M. cervinipes all sites size 111 -1.49 -0.0360 0.0241 -0.0832, 0.0113 

 time 216 8.74 0.0016 *** 0.0002 0.0012, 0.0020 

  age 230 4.45 0.2990 *** 0.0660 0.1693, 0.4279 

  sex 138 1.51 0.3530 0.1490 -0.0608, 0.6460 

  age x sex 233 -6.55 -0.5760 *** 0.0880  -0.7490, -0.4039 

 patches size 112 2.49 0.0294 * 0.0118  0.0063, 0.0525 

 time 106 7.55 0.0017 *** 0.0002   0.0013, 0.0022 

  age 155 3.77 0.3300 *** 0.0873 0.1584, 0.5008 

  sex 110 1.87 0.3460 0.1850  -0.0162, 0.7089 

  age x sex 149 -6.85 -1.0900 *** 

 

0.1600  -1.4055, -0.7801 

R. leucopus all sites size 44 14.48 0.0972*** 0.0070 0.0840, 0.1030 

 time 83 0.59 -0.0001 0.0001 -0.0003, 1.7790 

 patches size 46 5.37 -0.0234*** 0.0043  -0.0310, -0.0149 

 time 67 3.60 -0.0005*** 0.0001 -0.0008, -0.0002 

  age 52 3.13 0.1747 ** 0.0553 0.0652, 0.2842 

  sex 42 0.47 -0.0303 0.0633 -0.1557, 0.0951 

  age x sex 

 

53 1.56 -0.13053 0.0826 -0.2949, 0.0338 

U. caudimaculatus all sites size 20 -0.26 -0.00610 0.0233 -0.0517, 0.0395 

 time 53 0.07 0.00001 0.0001   -0.0003, 0.0003 

  age 37 0.02 0.00703 0.3790   -0.7360, 0.7501 

  sex 33 2.46 0.63610 * 0.2580 0.1301, 1.1410 

  age x sex 37 0.01 0.00596 0.4290 -0.8358, 0.8477 

 patches size 9 1.74 -0.00590 0.0033   -0.0126, 0.0008 

 time 37 2.52 0.00029 * 0.0001 0.0001, 0.0005 

  age 13 4.97 0.60004*** 0.1208 0.3632, 0.8368 

  sex 13 0.00 0.00014 0.1999 -0.3917, 0.3920 

  age x sex 13 2.74 -0.58562 ** 0.2073 -1.0051, -0.1661 

Note: only showing results from best model selected (see appendix 4.16), significance level values: <0.001***, <0.01**, 

<0.05*  
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Appendix 4.18: Model selection Poisson mixed regression of movement distance of two focal rodent species 

depending on site size, sampling time, sex and age using different groups defined by age and sex 

Species  Data set Model Model terms Log(L) df AICc Δi 

M. cervinipes all sites adult male logsize+time+logsize x time -1741.50 4 3491.3 0.00 

  adult female logsize+time+logsize x time -1163.47 4 2335.4 0.00 

   logsize -1165.92 

 

2 2336.0 

 

0.55 

  subadult male logsize+time+logsize x time -1042.65 

 

4 2093.8 

 

0.00 

  subadult female logsize+time+logsize x time -1655.95 

 

4 3320.3 

 

0.00 

 patches adult male size+time -1397.84 3 2801.9  0.00 

   size+time+size x time -1397.22 4 2802.9  

 

0.93 

  adult female size+time+size x time -846.61 

 

4 1702.0 

 

0.00 

  subadult male size+time+size x time -551.33 

 

4 1111.8   

 

0.00 

  subadult female size+time+size x time -1171.46  

 

4 2351.5 

 

0.00 

R. leucopus all sites adult male logsize+time+logsize x time -284.51 4 578.8 0.00 

   time -287.70 2 579.9 1.12 

   time + logsize -286.83  

 

3 580.7 

 

1.90 

  adult female logsize+time -353.31  3 713.6 0.00 

   time -354.61 2 713.7 0.07 

   logsize+time+logsize x time -352.37 

 

4 714.5  

 

0.87 

 

  subadult male logsize+time+logsize x time -407.18 

  

4 824.2 0.00 

  subadult female logsize+time+logsize x time -384.78 

 

4 779.5   

 

0.00 

 patches adult male size+time +size x time 

 

-257.00 4 523.9 0.00 

  adult female size+time+size x time 

 

-244.50  4 499.4 0.00 

  subadult male size+time+size x time 

 

-296.38 4 603.4   0.00 

  subadult female size+time+size x time -239.70 

 

4 489.9 

 

0.00 
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Appendix 4.19: Poisson mixed regression results of movement distance of three focal rodent species 

depending on site size, sampling time, sex and age using different groups defined by age and sex 

Species  Individual 

class 

Data set Fixed 

terms 

df z 

value 
Coefficient 

estimate 

SE 95% CI 

M. cervinipes adult males all sites size 64 4.05 15.80000 *** 3.90000 8.15931, 23.44507 

 time 85 5.31 0.00214 *** 0.00040  0.00135, 0.00293 

   size x time 56 -4.06 -0.00039 *** 0.00009 -0.00057, -0.00020 

  patches size 58 0.46 0.17910 0.38290 -0.57674, 0.93504 

  time 97 8.84 0.00106 *** 0.00012  0.00082, 0.00129 

   size x time 39 1.10 -0.00001  0.00001 -0.00003, 0.00001 

 adult females all sites size 34 0.92 2.17600 2.34800 -2.44790,  6.80057 

 time 79 1.54 0.00024  0.00015 -0.00006,  0.00054 

   size x time 40 2.16 -0.00009 0.00004  -0.00018, 0.00001 

  patches size 26 1.61 6.41000   3.98000 -1.40445, 14.2161 

  time 49 1.68 0.00251  0.00149   -0.00042, 0.00543 

   size x time 25 -1.60 -0.00016 0.00010    -0.00003, 0.00003 

 subadult 

males 

all sites size 48 -1.03 -13.40000 13.10000 -39.0088, 12.1580 

 time 77 -1.16 -0.00245 0.00211  -0.00659, 0.00169 

   size x time 29 1.03 0.00033 0.00032 -0.00030, 0.00096 

  patches size 27 0.13 1.28000 9.71000 -17.7504, 20.3081 

  time 26 -0.39 -0.00120 0.00308 -0.00723, 0.00483 

   size x time 30 -0.13 -0.00003 0.00024  -0.000498, 0.0004 

 subadult 

females 

all sites size 31 -3.73 -56.20000 *** 15.10000 -85.6798, -26.6848 

 time 49 -0.30 -0.00035 0.00120  -0.00270, 0.00199 

   size x time 46 3.72 0.00136 ***  0.00037  0.00065, 0.00208 

  patches size 34 -0.35 -1.72000 4.95000  -11.4151, 7.98381 

  time 44 1.46 0.00213 0.00146 -0.00073, 0.00500 

   size x time 31 0.35 0.00004 0.00012 -0.00019, 0.00028 

R. leucopus adult males all sites size 9 1.18 59.90000 49.47000 -39.320, 159.1238 

 time 10 1.45 0.00448 0.00303 -0.00155, 0.01051 

   size x time 12 2.06 -0.00202 0.00093    -0.00395, 0.00010 

 patches size 8 -0.85 -26.20000 30.90000 -86.6334, 34.3238 

 time 8 -0.82 -0.00952 0.01160 -0.03222, 0.01318 

   size x time 11 0.84 0.00063 0.00075 -0.00084, 0.00210 

 adult females all sites size 6 0.58 6.78600 1.14900 -16.3011, 29.8741 

 time 22 3.23 0.00162 * 0.00049 0.00064, 0.00260 

   size x time 14 1.31 -0.00042 0.00030 -0.00105, 0.00021 

  patches size 9 0.10 0.42800 4.33000 -8.06761, 8.92450 

  time 17 -0.48 -0.00033 0.00069 -0.00168, 0.00101 

   size x time 10 -0.11 -0.00001 0.00011 -0.00022, 0.00020 

 subadult 

males 

all sites size 13 4.60 749.0000*** 163.0000 430.278, 1068.597 

 time 17 3.99 0.04110*** 0.01030 0.02094, 0.06132 

   size x time 14 -4.60 -0.01820*** 0.00396  -0.02601, -0.01047 

  patches size 10 0.73 14.10000 285.0000 -23.8957, 52.0451 

  time 12 -0.24 -0.00168 19.4000 -0.01526, 0.09026 

   size x time 10 -0.73 -0.00035 0.00693  -0.00127, 0.00058 

 subadult 

females 

all sites size 14 -1.29 -166.00000 129.0000  -418.508, 86.8887 

 time 13 -1.20 -0.00917 0.00762  -0.02411, 0.00577 

   size x time 15 1.29 0.00403 0.003140   -0.00212, 0.01019 

  patches size 9 0.66 14.00000 21.30000 -27.6452, 55.7199 

  time 10 0.18 0.00099 0.00559 -0.00996, 0.01196 

   size x time 12 -0.66 -0.00034 0.00051 -0.00136, 0.00067 

Note: Only showing results from best model selected (see appendix 4.18),  significance level values: <0.001***, <0.01**, <0.05* 
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5. Appendix Chapter 5 
Appendix 5.1: Summary table of total species diversity, sample number and genetic variation of focal rodent species per site  

Site Site size R H J N
o 

genetic 

samples 

Mc 

N
o
 

genetic 

samples 

Rl 

N
o 

genetic 

samples 

Rf 

Ar 

Mc 

Ar   

Rl 

HE 

Mc 

HE   

Rl 

HO 

Mc 

HO  

Rl 

h     

Rl 

π     

Rl 

F1 2038.69 8 1.591 0.765 29 12 0 8.7 5.6 0.841 0.642 0.889 0.635 0.860 0.037 

F2 2038.69 6 1.053 0.587 31 2 0 8.9 NA 0.811 0.500 0.798 0.688 0.500 0.024 

F3 106975.2 9 1.715 0.781 11 0 29 7.6 NA 0.803 NA 0.795 NA NA NA 
F4 106975.2 6 1.408 0.781 10 0 34 7.4 NA 0.848 NA 0.860 NA NA NA 
P1 17.48 NA NA NA 11 11 0 7.6 5.7 0.825 0.591 0.815 0.635 0.820 0.063 

P2 7.23 10 1.617 0.702 13 15 2 7.5 6.3 0.804 0.648 0.806 0.725 0.844 0.012 

P3 15.91 9 1.776 0.808 25 13 2 8.8 6.2 0.811 0.658 0.824 0.702 0.864 0.098 

P4 4.23 8 1.390 0.668 33 14 0 8.7 4.9 0.804 0.513 0.779 0.550 0.864 0.143 

P5 2.53 6 1.163 0.649 22 11 0 8.2 5.0 0.818 0.535 0.864 0.534 0.880 0.059 

P6 12.23 10 1.963 0.853 18 17 0 7.6 5.0 0.755 0.528 0.785 0.563 0.840 0.134 

P7 2.93 7 1.468 0.754 21 15 0 7.6 5.1 0.763 0.586 0.810 0.647 0.876 0.037 

R= species richness, H= Shannon Wiener diversity, J= Pielou’s evenness, Ar= allelic richness, HE: expected heterozygosity, HO: observed heterozygosity, h=haplotype 

diversity, π= nucleotide diversity, Mc= M cervinipes, Rl= R. leucopus, Rf= R. fuscipes 
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Appendix 5.2: Loci in linkage disequilibrium of three focal rodent species 

M. cervinipes  

Locus pair Site           

  F1 F2 F3 F4 P1 P2 P3 P4 P5 P6 P7 

1K/2B +     +      

1K/2E  +    +      

1K/2O +        +   

1K/2P  +          

2B/2E  + +   + +    + 

2B/2O  + +    +     

2B/2P + +       +   

2E/2O  + +   +  +  +  

2E/2P  +        +  

2O/2P + + +  +       

 

R. leucopus      R. fuscipes 

Locus pair Site        Locus pair Site  

 F1 P1 P2 P3 P4 P5 P6 P7  F3 F4 

B6/C2 +   +    + B6/C2   

B6/D6 +  +      B6/D6 + + 

B6/D8       +  B6/D8 + + 

B6/E5  +  +  +  + B6/E5   

B6/J5         B6/G1 + + 

B6/G1  +  +  +   B6/J5   

B6/L1   +   +   B6/L1   

B6/L4         B6/L4   

C2/D6 +  +    + + C2/D6   

C2/D8 +      +  C2/D8  + 

C2/E5      +  + C2/E5  + 

C2/J5         C2/G1 + + 

C2/G1 + + +      C2/J5   

C2/L1 +    +    C2/L1  + 

C2/L4      +   C2/L4  + 

D6/D8 +     +   D6/D8 +  

D6/E5        + D6/E5 +  

D6/J5   +      D6/G1   

D6/G1   +      D6/J5   

D6/L1 +  +      D6/L1  + 

D6/L4   +      D6/L4   

D8/E5 + +    +  + D8/E5 +  

D8/J5   +      D8/G1 + + 

D8/G1 +        D8/J5   

D8/L1   +      D8/L1   

D8/L4  +       D8/L4   

E5/J5   +      E5/G1 + + 

E5/G1    +  +   E5/J5  + 

E5/L1    +     E5/L1 + + 

E5/L4  +  +     E5/L4  + 

J5/G1   +      G1/J5  + 

J5/L1   +      G1/L1  + 

J5/L4         G1/L4 + + 

G1/L1         J5/L1  + 

G1/L4         J5/L4   

L1/L4         L1/L4  + 

Note: + Loci in linkage disequilibrium, only included sites with at least 5 individuals  
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Appendix 5.3: Neutrality test for mitochondrial DNA of R. leucopus and R. fuscipes 

Species Site N Tajima's D p value Fu's FS p value 

R. leucopus F1 11 -2.28777 <0.001 -3.13643 0.0443 

 P1 10 -2.00921 0.002 -1.44451 0.1408 

 P2 8 -1.59524 0.036 -4.30899 0.0062 

 P3 9 1.30868 0.929 -0.3734 0.2579 

 P4 9 0.84519 0.797 0.12885 0.3258 

 P5 10 -1.48901 0.064 -1.58132 0.1239 

 P6 10 -2.35981 <0.001 -0.25497 0.2714 

 P7 11 1.92249 0.986 -3.15068 0.0443 

R. fuscipes F3 11 -1.21043 0.099 -0.13322 0.2740 

 F4 9 -0.21361 0.429 -0.42066 0.2700 

Note: Significant values in bold, only included sites with at least 5 individuals 

 

Appendix 5.4: Allelic richness, heterozygosity and HWE per species per population per locus 

Species Site Locus Sample 

size 

Allelic 

richness 

Observed 

heterozygosity 

Expected 

heterozygosity 

HWE 

p 

M. cervinipes F1 Mc1K 29 9.000 0.862 0.842 0.318 

  Mc2B 29 8.960 0.862 0.832 0.237 

  Mc2E 29 7.380 0.828 0.782 0.280 

  Mc2O 28 9.520 0.929 0.877 0.132 

  Mc2P 28 8.320 0.964 0.873 0.385 

 F2 Mc1K 31 8.950 0.839 0.803 0.333 

  Mc2B 30 8.630 0.733 0.810 0.120 

  Mc2E 31 7.410 0.710 0.724 0.689 

  Mc2O 31 9.950 0.903 0.880 0.245 

  Mc2P 31 9.100 0.806 0.839 0.344 

 F3 Mc1K 11 7.330 0.727 0.740 0.375 

  Mc2B 11 8.240 0.909 0.847 0.792 

  Mc2E 11 7.430 0.818 0.835 0.562 

  Mc2O 10 7.800 0.700 0.835 0.130 

  Mc2P 11 7.690 0.818 0.760 0.905 

 F4 Mc1K 10 7.550 0.700 0.845 0.305 

  Mc2B 10 6.960 0.900 0.875 0.030 

  Mc2E 10 7.550 0.900 0.825 0.989 

  Mc2O 10 8.520 0.900 0.880 0.761 

  Mc2P 10 6.690 0.900 0.815 0.578 

 P1 Mc1K 11 7.070 0.818 0.806 0.424 

  Mc2B 11 8.780 0.727 0.831 0.552 

  Mc2E 11 6.170 0.909 0.744 0.778 

  Mc2O 10 7.430 0.800 0.885 0.059 

  Mc2P 11 8.400 0.818 0.860 0.686 

 P2 Mc1K 13 6.630 0.692 0.734 0.042 

  Mc2B 13 8.230 0.846 0.822 0.303 

  Mc2E 13 7.270 0.769 0.787 0.597 

  Mc2O 10 8.040 0.800 0.870 0.411 

  Mc2P 13 7.290 0.923 0.808 0.760 

 P3 Mc1K 25 7.750 0.680 0.698 0.525 

  Mc2B 25 9.090 0.920 0.852 0.613 

  Mc2E 25 7.880 0.800 0.792 0.696 

  Mc2O 25 10.450 0.920 0.904 0.363 

  Mc2P 25 8.580 0.800 0.810 0.149 

 P4 Mc1K 33 7.720 0.636 0.713 0.123 

  Mc2B 33 9.090 0.818 0.806 0.383 

  Mc2E 33 7.470 0.697 0.759 0.083 

  Mc2O 31 10.360 0.806 0.888 0.285 

  Mc2P 33 9.160 0.939 0.854 0.389 

 P5 Mc1K 22 6.750 0.727 0.715 0.297 

  Mc2B 22 9.380 0.864 0.868 0.798 

  Mc2E 22 6.840 0.909 0.795 0.117 

  Mc2O 22 10.160 0.955 0.901 0.966 

  Mc2P 22 7.720 0.864 0.811 0.442 

 P6 Mc1K 18 5.550 0.722 0.617 0.336 

  Mc2B 18 8.640 0.889 0.799 0.925 
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 Site Locus Sample 

size 

Allelic 

richness 

Observed 

heterozygosity 

Expected 

heterozygosity 

HWE 

p 

 P6 Mc2E 18 6.190 0.556 0.593 0.538 

  Mc2O 16 9.070 0.813 0.881 0.319 

  Mc2P 18 8.840 0.944 0.883 0.174 

 P7 Mc1K 21 5.660 0.571 0.556 0.475 

  Mc2B 21 8.180 0.952 0.807 0.623 

  Mc2E 20 7.460 0.850 0.784 0.830 

  Mc2O 18 8.330 0.722 0.812 0.259 

  Mc2P 21 8.090 0.952 0.855 0.141 

R. leucopus F1 RfgB6 12 6.200 0.750 0.726 0.274 

  RfgC2 12 6.400 0.667 0.698 0.628 

  RfgD6 12 5.420 0.750 0.677 0.187 

  RfgD8 12 6.940 0.667 0.750 0.292 

  RfgE5 12 5.300 0.667 0.622 0.856 

  RfgJ5 12 4.450 0.333 0.469 0.466 

  RfgL1 12 4.460 0.583 0.559 0.356 

  RfgL4 12 5.460 0.667 0.639 0.478 

 P1 RfgB6 11 8.730 0.909 0.822 0.945 

  RfgC2 11 6.770 0.909 0.760 0.826 

  RfgD6 11 4.880 0.455 0.388 1.000 

  RfgD8 8 6.220 0.625 0.766 0.053 

  RfgE5 11 6.200 0.636 0.686 0.221 

  RfgJ5 11 5.150 1.000 0.711 0.524 

  RfgL1 11 2.640 0.091 0.087 1.000 

  RfgL4 11 4.950 0.455 0.504 0.282 

 P2 RfgB6 15 8.930 0.933 0.822 0.830 

  RfgC2 15 6.920 0.733 0.738 0.787 

  RfgD6 15 4.840 0.667 0.536 0.194 

  RfgD8 15 6.780 0.867 0.731 0.842 

  RfgE5 15 6.910 0.800 0.724 0.437 

  RfgJ5 15 6.340 0.800 0.711 0.087 

  RfgL1 15 3.980 0.333 0.293 0.298 

  RfgL4 15 6.060 0.667 0.627 0.596 

 P3 RfgB6 13 9.110 0.692 0.861 0.111 

  RfgC2 13 7.620 0.846 0.778 1.000 

  RfgD6 13 3.520 0.308 0.269 1.000 

  RfgD8 13 6.370 0.846 0.754 0.107 

  RfgE5 13 6.250 0.769 0.716 0.355 

  RfgJ5 13 7.130 0.846 0.778 0.691 

  RfgL1 13 5.550 0.692 0.595 1.000 

  RfgL4 13 4.170 0.615 0.515 0.109 

 P4 RfgB6 13 4.920 0.308 0.275 1.000 

  RfgC2 14 5.840 0.714 0.651 0.597 

  RfgD6 12 4.040 0.667 0.517 0.727 

  RfgD8 14 6.290 0.714 0.689 0.470 

  RfgE5 14 5.430 0.714 0.633 0.174 

  RfgJ5 14 3.850 0.214 0.436 0.072 

  RfgL1 14 3.810 0.500 0.401 1.000 

  RfgL4 14 5.090 0.571 0.503 1.000 

 P5 RfgB6 11 7.700 0.909 0.752 0.929 

  RfgC2 11 4.560 0.545 0.550 0.184 

  RfgD6 11 3.620 0.273 0.351 0.439 

  RfgD8 11 5.690 0.455 0.607 0.357 

  RfgE5 11 6.300 0.727 0.731 0.399 

  RfgJ5 11 4.580 0.818 0.579 0.403 

  RfgL1 11 4.580 0.364 0.541 0.221 

  RfgL4 11 2.890 0.182 0.165 1.000 

 P6 RfgB6 17 7.620 0.706 0.711 0.613 

  RfgC2 17 4.470 0.588 0.547 0.365 

  RfgD6 17 4.260 0.412 0.393 0.349 

  RfgD8 17 5.400 0.647 0.588 0.913 

  RfgE5 17 5.320 0.765 0.637 0.459 

  RfgJ5 17 3.480 0.412 0.389 1.000 

  RfgL1 17 4.450 0.412 0.443 0.733 

  RfgL4 16 5.220 0.563 0.516 1.000 
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 Site Locus Sample 

size 

Allelic 

richness 

Observed 

heterozygosity 

Epected 

heterozygosity 

HWE 

p 

 P7 RfgB6 15 7.420 0.667 0.693 0.978 

  RfgC2 15 4.440 0.600 0.571 0.220 

  RfgD6 14 5.740 0.786 0.704 0.125 

  RfgD8 14 5.870 0.643 0.635 0.584 

  RfgE5 14 4.560 0.500 0.554 0.306 

  RfgJ5 15 3.000 0.467 0.358 0.528 

  RfgL1 15 4.380 0.800 0.558 0.169 

  RfgL4 14 5.390 0.714 0.615 0.855 

R. fuscipes F3 RfgC2 29 9.350 0.724 0.683 0.196 

  RfgD6 29 14.660 0.759 0.797 0.525 

  RfgD8 28 18.250 0.893 0.893 0.699 

  RfgE5 29 16.530 0.793 0.851 0.714 

  RfgG1 29 18.40 0.862 0.902 0.186 

  RfgJ5 29 9.760 0.586 0.659 0.050 

  RfgL1 29 13.070 0.931 0.828 0.171 

  RfgL4 29 10.250 0.759 0.703 0.257 

 F4 RfgC2 34 12.110 0.853 0.807 0.026 

  RfgD6 34 15.870 0.941 0.858 0.627 

  RfgD8 32 18.360 0.875 0.890 0.717 

  RfgE5 34 15.490 0.794 0.822 0.393 

  RfgG1 34 20.640 0.912 0.909 0.995 

  RfgJ5 34 9.600 0.618 0.702 0.241 

  RfgL1 34 16.390 0.794 0.840 0.906 

  RfgL4 34 11.690 0.824 0.776 0.091 

Note: monomorphic loci and loci with null alleles not shown, only populations shown with at least 5 individuals, 

significant Hardy Weinberg Equilibrium (HWE) p in bold 
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Appendix 5.5: Haplotype sequence variation of mitochondrial DNA of R. leucopus and R. fuscipes  

R. leucopus 

Haplotype 1 

ACAGTACATAAAATGATATAGGACATAAGACATTTATGTATATCGTACATTAATTTCTTTTCCCCATGCATATAAGCTATGTAAATCTTAATTAATGTGCTAGGACATAAAACTC

AAATCAACCCGAATCTACAATAACATGGATATTCTTAAATACATTAAGACAATGTTTCTCAGACATACCTGTGTTATTAGGCATACACCATACTGTCATAAACTCTTCTCTTCCA

TATGACTATCCCTGACCTTAATTTGTCTATATTTCTACCATCCTCCGTGAAACCAACAACCCGCCCACTAGTCCCCCTCTTCTCGCTCCGGGCCCATGCAACTTGGGGGTCGCTAT

CCTGGAACTTTATCAGACATCTGGTTCTTACTTCGG 

 

 
 

C G C G C C T G A C T C T T C T T T C C T G T C T A C T T C G 

2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . - 

3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . - - - 

4 . . . . . . . . . . . . . . . . A . A - - - - - - - - - - - - 

5 . . . . . . . . . . . . . . . . . . . . . . . . A C T C G G . 

6 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . A 

7 . . . . . . . . . . . . . . . . . . . . . . . . - - - - - - - 

8 . . . . . . . . . . . . . . . . . . . . . . . . . . . . C A - 

9 . . T A T T C A G T . T . C . C . . A - - - - - - - - - - - - 

10 . . T A T T C A G T . T . C . C . . . . . . . . . . . . . A - 

11 . . T . T T C A G T . T . C . C . . . . . . . . . . . . . . A 

12 . . T . T T C A G T . T . C . C . . . . . . . . . C T . - - - 

13 . . T A T T C A G T . T . C . C . . . . . . . . - - - - - - - 

14 . . T A T T C A G T . T . C . C . . . . . . . . . . . . . . A 

15 . . . . . . . . . . . . . . . . . . . - - - - - - - - - - - - 

16 . . T A T T C A G T . T . C . C . . . . . . . . A C T - - - - 

17 T A . . . T . A . T C . . C . C . . . - - - - - - - - - - - - 

18 T A . . . T . A . T C . . C . C . . . . . . . . . . . . . . A 

19 T A . . . T . A . T C . . C . C . . . . . . . . . . T . - - - 

20 . . T . T T C A G T . T . C . C . . . - - - - - - - - - - - - 

21 T A . . . T . A . T C . . C . C . . . . . . . . . . . . . - - 
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22 . . T A T T C A G T . T . C . C . - - - - - - - - - - - - - - 

23 . . T A T T C A G T . T . C . C . . . . . . . . . . T . - - - 

24 . . T A T T C A G T . T . C . C . . . . . . . . . . . . - - - 

25 . . T A T T C A G T . T . C . C . . . . . . . . . . T . A - - 

26 . . T A T T C A G T . T C C . C A G - - - - - - - - - - - - - 

27 . . T A T T C A G T . T . C . C . . . . . . . . . . . . . . A 

28 . . T A T T C A G T . T . C . C . . . . . . . . . . . . . - - 

29 . . T A T T C A G T . T . C . C . . . - - - - - - - - - - - - 

30 . . T A T T C A G T . T . C . C . . . . . . . . . . . . C - - 

31 . . T A T T C A G T . T . C . C . . . - - - - - - - - - - - - 

32 . . T A T T C A G T . T . C . C . . . . . . . . . . T . C - - 

33 . . T A T T C A G T . T . C . C . . . . . . . . . . . . . . - 

34 . . T . T T C A G T . T . C . C . . . . . . . . A C T - - - - 

35 . . T . T T C A G T . T . C . C . . . . . . . . . . . . - - - 

36 . . . . . . . . . . . . . . A . - - - - - - - - - - - - - - - 

37 . . . . . . . . . . . . . . . . . . . . . . . . . . . - - - - 

38 . . . . . . . . . . . . . . A . - - - - - - - - - - - - - - - 

39 . . . . . . . . . . . . . . . . . . . . . . . . - - - - - - - 

40 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . A - 

41 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . A 

42 . . . . . . . . . . . . . . . . . . . . . . . . - - - - - - - 

43 . . . . . . . . . . . . . . . . . . . T G T C T . . T . C - - 

44 . . . . . . . . . . . . . . . . . . . T G T C - - - - - - - - 

45 . . . . . . . . . . . . . . . . . . . T G T C - . C T . C - - 

46 . . . . . . . . . . . . . . . . . . . . . . . . . . . . C - - 

47 . . . . . . . . . . . . . . . . . . . . . . . . A C T - - - - 

48 . . . . . . . . . . . . . . . . . . . . . . . . . - - - - - - 

49 . . . . . . . . . . . . . . . . . . . . . . . . - - - - - - - 

50 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . - - 

Note: Only polymorphic sites shown, identical nucleotide=dot (.), deletion= dash(-). 
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R. fuscipes 

Haplotype 1: 

ACAGTACATAAAATGATATAGGACATAATACATTAATGTATATCGTGCATTAACTTCTTTTCCCCATGCATATAAGCAATGTATATTCTAGTTAATGTATTAGGATATAACAATC

AAATCAACTTGAATTCTCTACAACATGAATATTCTCAAATACATTAAGATAATGCTTTTCGGACATATCTGTGTTATTAGACATACACCATATGGTCATAAACTCTTCTTTTCCA

TATGACTATCCTCGACCCAATTTGTCTATATATCTACCATCCTCCGTGAAATCAACAACCGCCCACTAGTCCCCCTCTCCTCGCTCCGGGCCCATATAACTTGGGGGTCGCTATA

ATGAAACTTTATCAGACATCTGGTTCTTACTTCA 

 

1 T C T T A A T C C A C A T T T T T T C C - C T T T A T C T A C A T C T A A G C C A 

2 . . . . . . . . T G T . . C . . A . . T T . . . G T A T . . . . . . . . . . . . . 

3 . . . . . . C T T G T . . . . . A . . . - T . . . . . . . . . . . . . . G . . . G 

4 C . . . . . C . T G T G . . . . A - - - - - - - - - - - - - - - - - - - - - - - - 

5 . . . . . . C T T G T . . . . . A . . . - T . . . . . . . . . . . . . . G . . . G 

6 . T . . . . . . . G T . . . . C A . . . - . . . . . . . . . . . . . . . . . . . . 

7 C . . . . . C . T G T G . . . . A A T T - . - - - - - - - - - - - - - - - - - - - 

8 C . . . . . C . T G T G . . . . A . . T - . A G . . . . . . . . . . A C . C T T - 

9 C . . . . . C . T G T G . . . . A . . . G . . . . . . . . . . . . . . . . . . . . 

10 . . C . . . . . . . T . . . C . A . . . - T . . . . . . . . . . . . . . . . . . . 

11 . . C . . . . . T . T . . . C . A . . T - T A G . . . . A T A C A T - - - - - - - 

12 . . . . . . . . T G T . . C . . A . . T - . . . . . . . . . . . . . . . . . . . . 

13 . . C . . . . . . . T . . . C . A . . . - T . . . . . . . . . . . . . . . . . . . 

14 . . . C G G . . . . T . . . . . A . . . - . . . . . . . . . . . . . . . . . . . . 

15 . . . C G G . . . . T . . . . . A . . . - . . . . . . . . . . . . . . . . . . . . 

16 . . . C G G . . . . T . . . . . A . . . - . . . . . . . . . . . . . . . . . . . . 

17 . . . C G G . . . . T . . . . . A . . . - . . . . . . . . . . . . . . . . . . . . 

18 . . C . . . . . . . T . . . C . A . . . - T . . . . . . . . . . . . . . . . . . . 

19 . . . . . . . . T G T . . C . . A . . T - . . . . . . . . . . . . . . . . . . . . 

20 . . . . . . . . . G T . C . . . A . . . - . . . . . . A . . . . . . . . . . . . - 

21 . . . . . . . . . G T . C . . . A . T T - . . . . . . A . . . . . . . . . . . - - 

Note: Only polymorphic sites shown, identical nucleotide=dot (.), deletion= dash(-) 
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Appendix 5.6: ANOVA table for relationship between genetic variation and connectivity and isolation age 

Species Response variable Explanatory variable df F value p value 

M. cervinipes Allelic richness connectivity 2 0.01 0.935 

  isolation age 3 0.59 0.662 

 Expected heterozygosity connectivity 2 3.47 0.100 

  isolation age 3 7.10* 0.030 

 Observed heterozygosity connectivity 2 0.79 0.500 

  isolation age 3 0.84 0.530 

R. leucopus Allelic richness connectivity 2 2.73 0.197 

  isolation age 3 0.36 0.790 

 Expected heterozygosity connectivity 2 0.79 0.500 

  isolation age 3 0.52 0.690 

 Observed heterozygosity connectivity 2 1.00 0.430 

  isolation age 3 0.88 0.520 

 Haplotype diversity connectivity 2 0.58 0.592 

  isolation age 3 0.16 0.916 

 Nucleotide diversity connectivity 2 0.19 0.689 

  isolation age 3 2.40 0.246 

Note: * Significant effect 

 

Appendix 5.7: Kruskal Wallis table of comparison of pairwise relatedness of R. leucopus and M. cervinipes  

Explanatory variable df     χ2 p value 

species (all sites) 1 155.50 <0.001 

sites 7 141.40 <0.001 

species F1 1 3.17 0.075 

species P1 1 11.14* <0.001 

species P2  1 3.86 0.049 

species P3 1 4.22* 0.040 

species P4 1 48.66* <0.001 

species P5 1 19.76* <0.001 

species P6 1 35.40* <0.001 

species P7 1 6.45* 0.011 

Note: * Significant effect 

 

Appendix 5.8: ANOVA and Kruskal Wallis table for the relationship between pairwise relatedness and 

connectivity and isolation age 

species Dependent variable Explanatory variable df F value p value 

M. cervinipes Pairwise relatedness connectivity 2 14.22* <0.001 

  isolation age 2 7.05* <0.001 

  connectivity x isolation age 1 6.45* 0.011 

 Inbreeding coefficient connectivity 2 9.88* 0.013 

  isolation age 2 0.99 0.465 

  connectivity x isolation age 1 2.48 0.214 

 

species Dependent variable Explanatory variable df χ2 p value 

R. leucopus Pairwise relatedness connectivity 2 21.34* <0.001 

  isolation age 3 25.15* <0.001 

   df F value p value 

 Inbreeding coefficient connectivity 2 1.23 0.448 

  isolation age 2 1.40 0.417 

  connectivity x isolation age 1 18.90* 0.049 

Note: * Significant effect 
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Appendix 5.9: Parentage analysis pedigrees for three focal rodent species 
Note: Square=male, circle=female, letters and numbers in square and circle = tag number, empty square or circle = unknown 

parent,  * is parentage assigned with high level of confidence, + medium level, - most likely parent, font colours are 

representative for populations: P1 P2 P3 P4 P5 P6 P7 F1 F2 F3 F4, Square or circle in colour different from black means  

migrant (from individual consensus population assignment) from the population with the corresponding colour.  

Pedigrees for M. cervinipes 

  
 

ppp 
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Pedigrees for R. leucopus 
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Pedigrees of R. fuscipes 
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Appendix 5.10: Evanno table with likelihood and Delta K values for genetic Bayesian clustering  

species Data set K Ln(K) Delta K 

M. cervinipes All sites no prior 3 -5050.44 16.66 

 All sites location prior 2 -4923.12 189.51 

 Eastern Tablelands all sites no prior 3 -2997.10 2.12 

 Eastern Tablelands all sites location prior 2 -2776.99 12.67 

 Eastern Tablelands just fragments no prior 2 -2758.38 2.62 

 Eastern Tablelands just fragments location prior 2 -2280.21 0.47 

 Western Tablelands no prior 2 -2091.94 5.62 

 Western Tablelands location prior 3 -2063.39 0.67 

R. leucopus All sites no prior 2 -2431.45 5318.01 

 All sites location prior 2 -2426.06 533.95 

 Eastern Tablelands just fragments no prior 3 -1367.91 51.71 

 Eastern Tablelands just fragments location prior 3 -1354.43 20.88 

 Western Tablelands no prior 2 -866.35 65.33 

 Western Tablelands location prior 2 -873.07 4.40 

R. fuscipes All sites no prior 4 -2203.26 14.49 

 All sites location prior 3 -2272.58 0.70 

Note: K= number of genetic clusters, L(K) = mean Ln probability of K 

Appendix 5.11: AMOVA results per rodent species 

species Data set df SS MS Est. Var. % 

M. cervinipes Among regions 1 16.461 16.461 0.051 2% 

 Among populations 9 42.063 4.674 0.065 3% 

 Among individuals 213 453.630 2.130 0.054 2% 

 Within individuals 224 453.000 2.022 2.022 92% 

 Total 447 965.154  2.192 100% 

R. leucopus microsat DNA Among regions 1 65.528 65.528 0.540 17% 

 Among populations 6 52.898 8.816 0.238 7% 

 Among individuals 100 246.666 2.467 -0.068 -2% 

 Within individuals 108 266.500 2.468 2.468 76% 

 Total 215 631.593  3.246 100% 

R. leucopus mtDNA Among regions 1 185.795 185.795 4.304 23% 

 Among populations 7 119.394 17.056 0.396 2% 

 Among individuals 71 967.962 13.633 13.633 74% 

 Total 79 1273.150  18.333 100% 

R. fuscipes microsat DNA Among populations 1 8.265 8.265 0.078 2% 

 Among individuals 61 205.663 3.372 0.079 2% 

 Within individuals 63 202.500 3.214 3.214 96% 

 Total 125 416.429  3.371 100% 

R. fuscipes mtDNA Among populations 2 104.788 52.394 4.173 14% 

 Among individuals 19 494.485 26.026 26.026 86% 

 Total 21 599.273  30.199 100% 

Note: For R. fuscipes no regions analysed, only four populations within the same region 
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Species F-statistics Value p value 

M. cervinipes Frt 0.023 0.001 

 Fsr 0.030 0.001 

 Fst 0.053 0.001 

 Fis 0.026 0.011 

 Fit 0.077 0.001 

R. leucopus microsat DNA Frt 0.166 0.001 

 Fsr 0.088 0.001 

 Fst 0.240 0.001 

 Fis -0.028 0.492 

 Fit 0.240 0.001 

R. leucopus mtDNA Fsr 0.235 0.001 

 Fst 0.028 0.203 

 Fis 0.256 0.001 

R. fuscipes microsat DNA Fst 0.023 0.001 

 Fis 0.024 0.089 

 Fit 0.047 0.012 

R. fuscipes mtDNA Fst 0.138 0.182 

Note: Frt = estimated amount of variation between regions divided by the total amount of variation, Fsr = estimated amount 

of variation between populations divided by the total amount of variation, Fst= estimated amount of variation between 

populations + between regions divided by the total amount of variation, Fis= estimated amount of variation between 

individuals divided by the total amount of variation, Fit= estimated amount of variation within individuals divided by the 

total amount of variation. 

 

Appendix 5.12: Nei’s genetic distance (DST) estimates for three focal rodent species 

M. cervinipes 

DST F1 F2 F3 F4 P1 P2 P3 P4 P5 P6 P7 

F1 0.000           

F2 0.207 0.000          

F3 0.497 0.580 0.000         

F4 0.392 0.547 0.386 0.000        

P1 0.403 0.513 0.434 0.487 0.000       

P2 0.484 0.509 0.455 0.435 0.345 0.000      

P3 0.360 0.442 0.344 0.463 0.258 0.256 0.000     

P4 0.364 0.429 0.371 0.477 0.242 0.200 0.174 0.000    

P5 0.326 0.416 0.539 0.516 0.328 0.345 0.146 0.263 0.000   

P6 0.330 0.263 0.480 0.540 0.447 0.524 0.344 0.500 0.434 0.000  

P7 0.311 0.265 0.377 0.426 0.481 0.432 0.372 0.439 0.436 0.203 0.000 

 

R. leucopus 

DST F1 F2 P1 P2 P3 P4 P5 P6 P7 

F1 0.000         

F2 0.371 0.000        

P1 1.068 0.781 0.000       

P2 0.781 0.628 0.073 0.000      

P3 0.736 0.532 0.148 0.148 0.000     

P4 0.868 0.556 0.282 0.239 0.314 0.000    

P5 0.674 0.575 0.371 0.244 0.337 0.350 0.000   

P6 0.250 0.488 0.980 0.765 0.782 0.841 0.657 0.000  

P7 0.167 0.391 0.767 0.588 0.562 0.754 0.519 0.131 0.000 

Note: DST values in black below the diagonal, highest and lowest values are in bold. Shaded in grey are values highlighted in 

text. 
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Appendix 5.13: F-statistics (FST , F’ST , Jost’s D, RST) for three focal rodent species 

M. cervinipes 

FST F1 F2 F3 F4 P1 P2 P3 P4 P5 P6 P7 

F1  0.005 0.001 0.009 0.003 0.001 0.001 0.001 0.001 0.001 0.001 

F2 0.020  0.001 0.002 0.001 0.001 0.001 0.001 0.001 0.001 0.001 

F3 0.041 0.050  0.159 0.065 0.010 0.003 0.001 0.001 0.001 0.001 

F4 0.029 0.042 0.033  0.057 0.036 0.002 0.001 0.001 0.001 0.002 

P1 0.032 0.043 0.039 0.036  0.101 0.058 0.054 0.024 0.001 0.001 

P2 0.040 0.045 0.043 0.036 0.032  0.017 0.061 0.002 0.001 0.001 

P3 0.031 0.040 0.034 0.037 0.025 0.026  0.003 0.068 0.001 0.001 

P4 0.032 0.040 0.037 0.039 0.024 0.022 0.019  0.001 0.001 0.001 

P5 0.028 0.037 0.046 0.039 0.029 0.033 0.015 0.026  0.001 0.001 

P6 0.036 0.032 0.052 0.051 0.047 0.055 0.040 0.053 0.047  0.001 

P7 0.034 0.031 0.042 0.042 0.048 0.047 0.041 0.047 0.045 0.028  

Note: FST values in black below the diagonal, p values (exact test 999 permutation) above in grey, shaded in grey are values 

not significantly different from zero 
 

F’ST F1 F2 F3 F4 P1 P2 P3 P4 P5 P6 P7 

F1 

 

0.002 0.001 0.007 0.001 0.001 0.001 0.001 0.001 0.001 0.001 

F2 0.021 

 

0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 

F3 0.046 0.064 

 

0.101 0.037 0.005 0.003 0.002 0.001 0.001 0.001 

F4 0.024 0.049 0.014 

 

0.045 0.019 0.002 0.001 0.001 0.001 0.001 

P1 0.031 0.051 0.023 0.021 

 

0.086 0.045 0.055 0.017 0.001 0.001 

P2 0.049 0.062 0.034 0.027 0.015 

 

0.004 0.036 0.001 0.001 0.001 

P3 0.042 0.059 0.031 0.038 0.015 0.026 

 

0.001 0.086 0.001 0.001 

P4 0.045 0.060 0.036 0.043 0.015 0.015 0.019 

 

0.001 0.001 0.001 

P5 0.035 0.053 0.055 0.042 0.024 0.038 0.009 0.032 

 

0.001 0.001 

P6 0.048 0.040 0.060 0.061 0.051 0.068 0.053 0.077 0.065 

 

0.001 

P7 0.043 0.040 0.044 0.045 0.053 0.050 0.055 0.065 0.063 0.027 

  

Jost’s D F1 F2 F3 F4 P1 P2 P3 P4 P5 P6 P7 

F1  0.002 0.001 0.003 0.001 0.001 0.001 0.001 0.001 0.001 0.001 

F2 0.118  0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 

F3 0.285 0.348  0.134 0.047 0.011 0.003 0.001 0.001 0.001 0.002 

F4 0.166 0.304 0.099  0.075 0.031 0.002 0.001 0.001 0.001 0.001 

P1 0.199 0.294 0.165 0.157  0.083 0.051 0.049 0.010 0.001 0.002 

P2 0.288 0.312 0.212 0.161 0.105  0.021 0.051 0.002 0.001 0.001 

P3 0.237 0.301 0.167 0.237 0.081 0.107  0.003 0.070 0.001 0.001 

P4 0.251 0.300 0.201 0.261 0.081 0.067 0.089  0.001 0.001 0.001 

P5 0.203 0.277 0.310 0.267 0.135 0.177 0.046 0.161  0.001 0.001 

P6 0.228 0.168 0.284 0.320 0.259 0.326 0.229 0.345 0.293  0.001 

P7 0.216 0.174 0.211 0.240 0.286 0.264 0.253 0.307 0.297 0.109  

 

RST  F1 F2 F3 F4 P1 P2 P3 P4 P5 P6 P7 

F1  0.511 0.394 0.137 0.373 0.011 0.505 0.327 0.511 0.268 0.102 

F2 0.000  0.116 0.250 0.039 0.001 0.418 0.038 0.450 0.011 0.004 

F3 0.000 0.039  0.479 0.433 0.351 0.105 0.335 0.120 0.354 0.340 

F4 0.000 0.000 0.000  0.477 0.061 0.392 0.473 0.377 0.297 0.226 

P1 0.000 0.066 0.000 0.000  0.354 0.091 0.344 0.131 0.341 0.330 

P2 0.123 0.255 0.000 0.126 0.000  0.001 0.039 0.003 0.300 0.313 

P3 0.000 0.001 0.033 0.000 0.058 0.240  0.235 0.270 0.028 0.021 

P4 0.000 0.036 0.000 0.000 0.000 0.085 0.010  0.270 0.293 0.331 

P5 0.000 0.000 0.026 0.002 0.048 0.220 0.005 0.009  0.091 0.032 

P6 0.007 0.086 0.000 0.005 0.000 0.000 0.064 0.000 0.056  0.348 

P7 0.026 0.094 0.000 0.008 0.000 0.000 0.068 0.000 0.057 0.000  

 

Note: FST values in black below the diagonal, p values (exact test 999 permutation) above in grey, shaded in grey are values 

not significantly different from zero 
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R. leucopus 

FST F1 P1 P2 P3 P4 P5 P6 P7 

F1  0.001 0.001 0.001 0.001 0.001 0.001 0.010 

P1 0.170  0.249 0.004 0.001 0.001 0.001 0.001 

P2 0.130 0.022  0.001 0.001 0.001 0.001 0.001 

P3 0.123 0.041 0.035  0.001 0.001 0.001 0.001 

P4 0.176 0.092 0.075 0.090  0.001 0.001 0.001 

P5 0.148 0.108 0.072 0.091 0.119  0.001 0.001 

P6 0.075 0.198 0.159 0.158 0.208 0.175  0.001 

P7 0.047 0.158 0.122 0.116 0.179 0.137 0.047  

         

F’ST F1 P1 P2 P3 P4 P5 P6 P7 

F1  0.001 0.001 0.001 0.001 0.001 0.001 0.004 

P1 0.257  0.152 0.009 0.001 0.001 0.001 0.001 

P2 0.200 0.013  0.002 0.001 0.001 0.001 0.001 

P3 0.186 0.041 0.036  0.001 0.001 0.001 0.001 

P4 0.258 0.127 0.098 0.126  0.001 0.001 0.001 

P5 0.221 0.159 0.098 0.128 0.163  0.001 0.001 

P6 0.107 0.308 0.252 0.250 0.305 0.271  0.004 

P7 0.049 0.235 0.185 0.174 0.255 0.203 0.059  

 

Jost’s D F1 P1 P2 P3 P4 P5 P6 P7 

F1  0.001 0.001 0.001 0.001 0.001 0.001 0.010 

P1 0.629  0.267 0.005 0.001 0.001 0.001 0.001 

P2 0.508 0.009  0.001 0.001 0.001 0.001 0.001 

P3 0.480 0.074 0.077  0.001 0.001 0.001 0.001 

P4 0.560 0.207 0.185 0.240  0.001 0.001 0.001 

P5 0.458 0.265 0.176 0.245 0.261  0.001 0.001 

P6 0.186 0.606 0.519 0.525 0.553 0.457  0.001 

P7 0.099 0.507 0.416 0.397 0.510 0.373 0.089  

 

RST  F1 P1 P2 P3 P4 P5 P6 P7 

F1  0.017 0.023 0.255 0.125 0.001 0.371 0.493 

P1 0.217  0.003 0.004 0.005 0.017 0.006 0.171 

P2 0.068 0.237  0.296 0.049 0.005 0.460 0.446 

P3 0.012 0.205 0.007  0.122 0.001 0.519 0.499 

P4 0.041 0.138 0.077 0.051  0.056 0.029 0.352 

P5 0.242 0.192 0.108 0.205 0.080  0.476 0.446 

P6 0.011 0.178 0.000 0.000 0.069 0.000  0.524 

P7 0.000 0.031 0.000 0.000 0.000 0.000 0.000 0.000 

Note: FST values in black below the diagonal, p values (exact test 999 permutation) above in grey, shaded in grey are values 

not significantly different from zero 

 

Appendix 5.14: ANOVA table for the relationship between Jost’s D and connectivity and isolation age per 

species  

M. cervinipes 

Variable df F value p value 

connectivity 2 4.83 0.025 

isolation age 3 2.55 0.100 

connectivity x isolation age 1 1.13 0.310 

 
Tukey post hoc test for connectivity 

Variable 1 Variable 2 HSD p value 

forest corridor 0.02 0.835 

unconnected corridor 0.07 0.023 

unconnected forest 0.05 0.345 

 

R leucopus 

Variable df F value p value 

connectivity 2 1.54 0.240 

isolation age 2 3.82 0.058 

connectivity x isolation age 1 0.46 0.520 
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Appendix 5.15: Neighbour joining phylogenetic trees constructed using microsatellite DNA of two focal rodent species and differentiation estimators FST and DST 

M. cervinipes 
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R. leucopus 
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Appendix 5.16: Phylogenetic trees of mitochondrial DNA of R. fuscipes and R. leucopus 

 
Note: Neighbour-joining tree: the percentage of replicate trees in which the associated taxa clustered together in the bootstrap test (1000 replicates) are shown next to the branches. The tree is drawn to scale with branch lengths in the same 

units as those of the evolutionary distances used to infer the tree. The orange box contains R. leucopus individuals from the eastern Tablelands, the blue box from the western Tablelands and the green box contains R. fuscipes individuals 

 

88 
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Note: Maximum likelihood tree: same remark as above 
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Note: Maximum parsimony tree: same remark as above 

98 
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Appendix 5.17: Population assignment results per population calculated with different methods of three 

focal rodent species 

M. cervinipes   

GenAlEx Assigned population 

Sample population F1 F2 F3 F4 P1 P2 P3 P4 P5 P6 P7 

F1 19 3 1 0 0 0 0 1 1 2 2 

F2 7 17 1 0 0 0 2 1 0 2 1 

F3 1 0 5 1 1 1 0 0 0 2 0 

F4 2 0 3 3 1 0 0 0 0 0 1 

P1 1 0 0 0 4 2 1 2 0 1 0 

P2 0 0 0 1 0 8 0 3 1 0 0 

P3 0 0 3 0 0 1 13 3 5 0 0 

P4 2 1 2 0 2 3 4 17 2 0 0 

P5 2 0 0 0 1 0 4 0 13 1 1 

P6 1 0 2 0 0 0 1 0 0 11 3 

P7 1 1 0 1 0 0 0 0 1 3 14 

Doh Assigned population  

Sample population F1 F2 F3 F4 P1 P2 P3 P4 P5 P6 P7 

F1 20 3 0 0 1 0 0 1 0 2 2 

F2 4 21 0 1 0 1 1 1 0 2 0 

F3 1 0 5 1 1 0 0 1 0 2 0 

F4 2 0 2 3 2 0 0 0 0 0 1 

P1 1 0 0 0 3 1 1 4 0 1 0 

P2 0 0 0 3 0 7 0 2 1 0 0 

P3 0 0 2 0 0 1 15 3 4 0 0 

P4 2 1 2 0 1 1 5 18 3 0 0 

P5 1 0 0 0 1 0 5 1 13 1 0 

P6 1 3 1 0 0 0 1 0 0 9 3 

P7 0 1 0 1 0 1 0 0 0 3 15 

Rannala & Mountain Assigned population  

Sample population F1 F2 F3 F4 P1 P2 P3 P4 P5 P6 P7 

F1 17 3 1 2 1 1 0 1 0 2 1 

F2 4 20 0 1 2 1 1 0 0 2 0 

F3 1 0 6 1 1 1 0 0 0 1 0 

F4 2 0 1 4 2 1 0 0 0 0 0 

P1 0 1 0 1 5 2 1 1 0 0 0 

P2 0 0 0 4 0 5 1 2 1 0 0 

P3 0 0 2 0 3 3 13 2 2 0 0 

P4 2 0 0 3 6 3 4 13 2 0 0 

P5 1 0 0 0 2 4 4 0 11 0 0 

P6 0 1 2 1 1 1 1 0 0 9 2 

P7 1 1 0 3 1 2 0 0 0 2 11 

Baudouin & Lebrun Assigned population  

Sample population F1 F2 F3 F4 P1 P2 P3 P4 P5 P6 P7 

F1 18 4 0 2 2 0 0 1 0 1 1 

F2 4 18 1 1 3 1 1 0 0 2 0 

F3 1 0 6 1 2 0 0 0 0 1 0 

F4 2 0 3 3 1 1 0 0 0 0 0 

P1 0 0 1 1 3 4 1 1 0 0 0 

P2 0 0 0 2 0 7 0 3 1 0 0 

P3 0 1 3 1 4 3 8 1 4 0 0 

P4 3 0 1 1 5 5 4 12 2 0 0 

P5 1 0 0 0 2 5 2 0 11 1 0 

P6 1 0 2 1 1 1 1 0 0 9 2 

P7 4 1 0 4 0 0 0 0 0 2 10 

Nei’s DA Assigned population  

Sample population F1 F2 F3 F4 P1 P2 P3 P4 P5 P6 P7 

F1 20 3 0 1 1 0 0 1 0 1 2 

F2 4 18 1 1 2 0 2 1 0 2 0 

F3 1 0 6 1 2 0 0 0 0 0 1 

F4 2 0 3 3 1 1 0 0 0 0 0 

P1 0 0 0 1 5 3 1 1 0 0 0 

P2 0 0 0 2 0 7 0 3 1 0 0 

P3 0 1 3 1 3 3 8 2 4 0 0 

P4 3 0 1 1 5 5 4 12 2 0 0 

P5 1 0 0 0 2 4 2 0 11 1 1 

P6 1 0 2 1 1 0 0 0 0 11 2 

P7 3 1 0 4 0 0 0 0 0 3 10 
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R. leucopus  R. fuscipes  

GenAlEx Assigned population  GenAlEx Assigned population 

Sample population F1 F2 P1 P2 P3 P4 P5 P6 P7 Sample population F3 F4 P2 P3 

F1 10 0 0 0 0 0 0 1 1 F3 22 7 0 0 

F2 2 0 0 0 0 0 0 0 0 F4 7 26 1 0 

P1 0 0 6 3 1 0 1 0 0 P2 0 1 1 0 

P2 0 0 4 10 0 1 0 0 0 P3 1 1 0 0 

P3 0 0 1 1 10 0 1 0 0      

P4 0 0 0 1 0 13 0 0 0      

P5 0 0 0 1 0 0 10 0 0      

P6 0 0 0 0 0 0 0 17 0      

P7 0 0 0 0 0 0 0 2 13      

Doh  Assigned population Doh Assigned population 

Sample population F1 F2 P1 P2 P3 P4 P5 P6 P7 Sample population F3 F4 P2 P3 

F1 10 0 0 0 0 0 0 1 1 F3 20 8 1 0 

F2 2 0 0 0 0 0 0 0 0 F4 3 30 1 0 

P1 0 0 6 5 0 0 0 0 0 P2 0 0 2 0 

P2 0 0 3 10 1 1 0 0 0 P3 0 0 0 2 

P3 0 1 0 1 10 0 1 0 0      

P4 0 0 0 1 0 13 0 0 0      

P5 0 0 0 1 1 0 9 0 0      

P6 0 0 0 0 0 0 0 16 1      

P7 0 1 0 0 0 0 0 2 12      

Rannala & Mountain Assigned population Rannala & Mountain Assigned population 

Sample population F1 F2 P1 P2 P3 P4 P5 P6 P7 Sample population F3 F4 P2 P3 

F1 10 2 0 0 0 0 0 0 0 F3 19 10 0 0 

F2 0 0 0 0 2 0 0 0 0 F4 2 31 1 0 

P1 0 0 6 4 1 0 0 0 0 P2 0 2 0 0 

P2 0 0 5 9 1 0 0 0 0 P3 0 0 0 2 

P3 0 1 3 0 9 0 0 0 0      

P4 0 0 1 2 1 10 0 0 0      

P5 0 0 0 4 2 0 5 0 0      

P6 2 1 0 0 0 0 0 8 6      

P7 1 2 0 0 0 0 0 0 12      

Baudouin & Lebrun Assigned population Baudouin & Lebrun Assigned population 

Sample population F1 F2 P1 P2 P3 P4 P5 P6 P7 Sample population F3 F4 P2 P3 

F1 7 3 0 0 0 0 0 0 2 F3 17 8 1 3 

F2 0 0 0 0 1 0 0 0 1 F4 3 28 0 3 

P1 0 0 7 3 1 0 0 0 0 P2 0 2 0 0 

P2 0 0 6 8 1 0 0 0 0 P3 0 0 1 1 

P3 0 3 3 0 7 0 0 0 0      

P4 0 0 2 1 2 9 0 0 0      

P5 0 2 0 3 0 0 6 0 0      

P6 1 2 0 0 0 0 0 7 7      

P7 1 3 0 0 0 0 0 0 11      

Nei’s DA Assigned population Nei’s DA Assigned population 

Sample population F1 F2 P1 P2 P3 P4 P5 P6 P7 Sample population F3 F4 P2 P3 

F1 8 2 0 0 0 0 0 0 2 F3 17 10 0 2 

F2 1 0 0 0 0 0 0 0 1 F4 2 25 0 7 

P1 0 0 7 3 1 0 0 0 0 P2 0 2 0 0 

P2 0 0 7 7 1 0 0 0 0 P3 0 0 1 1 

P3 0 2 3 0 8 0 0 0 0      

P4 0 0 2 1 1 10 0 0 0      

P5 0 2 1 1 0 0 7 0 0      

P6 0 1 0 0 0 0 0 10 6      

P7 1 2 0 0 0 0 0 0 12      

 

 

 

 



Appendix 

339 

Appendix 5.18: Population assignment summary table showing the number of residents and migrants per population of three focal rodent species 

M. cervinipes Summary table Nei’ DA GenAlEx Doh Rannala & Mountain Baudouin & Lebrun Average SE 

Population resident migrant resident migrant resident migrant resident migrant resident migrant resident migrant resident migrant 

F1 20 9 19 10 20 9 17 12 18 11 18.8 10.2 1.30 1.30 

F2 18 13 17 14 21 10 20 11 18 13 18.8 12.2 1.64 1.64 

F3 6 5 5 6 5 6 6 5 6 5 5.6 5.4 0.55 0.55 

F4 3 7 3 7 3 7 4 6 3 7 3.2 6.8 0.45 0.45 

P1 5 6 4 7 3 8 5 6 3 8 4.0 7.0 1.00 1.00 

P2 7 6 8 5 7 6 5 8 7 6 6.8 6.2 1.10 1.10 

P3 8 17 13 12 15 10 13 12 8 17 11.4 13.6 3.21 3.21 

P4 12 21 17 16 18 15 13 20 12 21 14.4 18.6 2.88 2.88 

P5 11 11 13 9 13 9 11 11 11 11 11.8 10.2 1.10 1.10 

P6 11 7 11 7 9 9 9 9 9 9 9.8 8.2 1.10 1.10 

P7 10 11 14 7 15 6 11 10 10 11 12.0 9.0 2.35 2.35 

Total 111 113 124 100 129 95 114 110 105 119 116.6 107.4 9.76 9.76 

Percentage 50% 50% 55% 45% 58% 42% 51% 49% 47% 53% 52% 48% 4.32% 4.32% 

 

R. leucopus Summary table Nei’s DA GenAlEx Doh Rannala & Mountain Baudouin & Lebrun Average SE 

Population resident migrant resident migrant resident migrant resident migrant resident migrant resident migrant resident migrant 

F1 8 4 10 2 10 2 10 2 7 5 9.0 3.0 1.41 1.41 

F2 0 2 0 2 0 2 0 2 0 2 0.0 2.0 0.00 0.00 

P1 7 4 6 5 6 5 6 5 7 4 6.4 4.6 0.55 0.55 

P2 7 8 10 5 10 5 9 6 8 7 8.8 6.2 1.30 1.30 

P3 8 5 10 3 10 3 9 4 7 6 8.8 4.2 1.30 1.30 

P4 10 4 13 1 13 1 10 4 9 5 11.0 3.0 1.87 1.87 

P5 7 4 10 1 9 2 5 6 6 5 7.4 3.6 2.07 2.07 

P6 10 7 17 0 16 1 8 9 7 10 11.6 5.4 4.62 4.62 

P7 12 3 13 2 12 3 12 3 11 4 12.0 3.0 0.71 0.71 

Total 69 41 89 21 86 24 69 41 62 48 75.0 35.0 11.81 11.81 

Percentage 63% 37% 81% 19% 80% 20% 63% 37% 56% 44% 69% 31% 11.27% 11.27% 

 

R. fuscipes Summary table Nei’s DA GenAlEx Doh Rannala & Mountain Baudouin & Lebrun Average SE 

Population  resident  migrant  resident  migrant  resident  migrant  resident  migrant  resident  migrant  resident  migrant  resident  migrant 

F3 17 12 22 7 20 9 19 10 17 12 19.0 10.0 2.12 2.12 

F4 25 9 26 8 30 4 31 3 28 6 28.0 6.0 2.55 2.55 

P2 0 2 1 1 2 0 0 2 0 2 0.6 1.4 0.89 0.89 

P3 1 1 0 2 2 0 2 0 1 1 1.2 0.8 0.84 0.84 

Total 43 24 49 18 54 13 52 15 46 21 48.8 18.2 4.44 4.44 

Percentage 64% 36% 73% 27% 81% 19% 78% 22% 69% 31% 73% 27% 6.82% 6.82% 
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Appendix 5.19: Variance and spread from assignment via Doh for three focal rodent species 

Species Population Variance p value Spread  p value 

M. cervinipes F1 18.209 0.001 36.096 <0.001 

 F2 31.464 0.001 36.769 0.004 

 F3 40.558 0.017 35.701 0.008 

 F4 16.626 0.457 30.995 0.179 

 P1 6.233 0.957 27.669 0.439 

 P2 34.995 0.038 33.232 0.044 

 P3 14.466 0.265 27.024 0.390 

 P4 19.330 0.027 35.911 0.003 

 P5 8.082 0.780 24.978 0.605 

 P6 42.314 0.002 35.712 0.006 

 P7 20.551 0.049 29.990 0.043 

R. leucopus F1 15.067 0.120 25.871 0.108 

 F2 0.307 0.653 29.407 0.075 

 P1 47.829 0.005 36.603 0.005 

 P2 21.657 0.077 33.967 0.015 

 P3 56.497 <0.001 44.730 <0.001 

 P4 54.804 <0.001 36.585 <0.001 

 P5 62.201 <0.001 34.417 <0.001 

 P6 15.686 0.117 23.583 0.127 

 P7 72.053 <0.001 45.096 <0.001 

R. fuscipes F3 28.112 0.037 45.089 0.019 

 F4 31.282 0.001 49.116 0.003 

 P2 2.953 0.317 25.365 0.224 

 P3 1.174 0.392 43.928 0.004 
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Appendix 5.20: Population assignment graphs by GenAlEx 6.5 of M. cervinipes  
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Appendix 5.21: Population assignment graphs by GenAlEx 6.5 of R. leucopus  
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Appendix 5.22: Pairwise migration rates for three focal rodent species calculated with BayesAss 1.3 

M. cervinipes into 
          from 

F1 F2 F3 F4 P1 P2 P3 P4 P5 P6 P7 

F1 0.9432 0.0676 0.0283 0.0401 0.0293 0.0186 0.0094 0.0085 0.0116 0.0225 0.0047 

F2 0.0233 0.8747 0.0173 0.0190 0.0228 0.0227 0.0091 0.0062 0.0063 0.0236 0.0038 

F3 0.0030 0.0053 0.7759 0.0329 0.0232 0.0208 0.0098 0.0045 0.0045 0.0155 0.0028 

F4 0.0027 0.0048 0.0174 0.7351 0.0185 0.0192 0.0081 0.0043 0.0045 0.0119 0.0028 

P1 0.0028 0.0049 0.0164 0.0229 0.7095 0.0188 0.0089 0.0048 0.0044 0.0118 0.0026 

P2 0.0026 0.0053 0.0153 0.0215 0.0176 0.6964 0.0085 0.0051 0.0044 0.0121 0.0027 

P3 0.0030 0.0055 0.0202 0.0231 0.0279 0.0251 0.7163 0.0159 0.0299 0.0138 0.0025 

P4 0.0044 0.0103 0.0418 0.0283 0.0664 0.0982 0.0787 0.8851 0.0192 0.0142 0.0030 

P5 0.0037 0.0054 0.0145 0.0209 0.0418 0.0386 0.1324 0.0558 0.8999 0.0127 0.0029 

P6 0.0029 0.0062 0.0179 0.0233 0.0193 0.0195 0.0087 0.0049 0.0046 0.6908 0.0027 

P7 0.0084 0.0100 0.0350 0.0330 0.0237 0.0221 0.0102 0.0049 0.0107 0.1713 0.9695 

Note: Values in grey are higher than the upper confidence limit and are implying residency, values in bold are higher than 

the lower confidence interval limits and lower than the higher confidence interval limits and indicate recent migration with 

95% confidence (Figure 5.28). 

 

R. leucopus into         

from 
F1 F2 P1 P2 P3 P4 P5 P6 P7 

F1 0.7778 0.0516 0.0100 0.0060 0.0127 0.0028 0.0036 0.0065 0.0026 

F2 0.0086 0.7543 0.0109 0.0068 0.0115 0.0030 0.0040 0.0066 0.0026 

P1 0.0087 0.0238 0.6934 0.0075 0.0107 0.0030 0.0039 0.0067 0.0025 

P2 0.0091 0.0257 0.1749 0.8336 0.1155 0.0038 0.0049 0.0068 0.0027 

P3 0.0087 0.0257 0.0188 0.0130 0.7127 0.0031 0.0041 0.0068 0.0024 

P4 0.0088 0.0258 0.0234 0.0234 0.0290 0.9751 0.0042 0.0069 0.0025 

P5 0.0088 0.0271 0.0481 0.0971 0.0836 0.0032 0.9677 0.0067 0.0024 

P6 0.0088 0.0235 0.0104 0.0066 0.0098 0.0030 0.0039 0.6843 0.0026 

P7 0.1608 0.0425 0.0101 0.0060 0.0146 0.0029 0.0036 0.2687 0.9798 

Note: Values in grey are higher than the upper confidence limit and are implying residency, values in bold are higher than 

the lower confidence interval limits and lower than the higher confidence interval limits and indicate recent migration with 

95% confidence (Figure 5.30). 

 

R. fuscipes into    

from 
F3 F4 P2 P3 

F3 0.8426 0.0725 0.0527 0.0474 

F4 0.1401 0.9057 0.1519 0.0446 

P2 0.0087 0.0110 0.7496 0.1134 

P3 0.0087 0.0108 0.0458 0.7946 

Note: Values in grey are higher than the upper confidence limit and are implying residency, values in bold are higher than 

the lower confidence interval limits and lower than the higher confidence interval limits and indicate recent migration with 

95% confidence (Figure 5.31). 
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Appendix 5.23: Number of residents, migrants and offspring of migrants per population of three focal 

rodent species assigned by BayesAss 1.3 

M. cervinipes Residents Migrants Offspring 

Sample population total F1 P4 P5 P7 total F1 F2 F3 P4 P5 P7 total 

F1 29 0 0 0 0 0 0 0 0 0 0 0 0 

F2 30 0 0 0 0 0 1 0 0 0 0 0 1 

F3 6 1 0 0 2 3 0 0 0 2 0 0 2 

F4 3 1 0 0 1 2 1 0 1 2 1 1 6 

P1 2 0 2 2 0 4 0 1 0 3 0 0 4 

P2 0 0 4 0 0 4 0 2 0 7 0 0 9 

P3 1 0 5 9 0 14 0 0 0 1 9 0 10 

P4 32 0 0 1 0 1 0 0 0 0 0 0 0 

P5 22 0 0 0 0 0 0 0 0 0 0 0 0 

P6 0 0 0 0 9 9 0 0 0 0 0 9 9 

P7 21 0 0 0 0 0 0 0 0 0 0 0 0 

 

R. leucopus Residents Migrant Offspring 

Sample population total F1 P2 P5 P7 total P2 P4 P5 P7 total 

F1 4 0 0 0 2 2 0 0 0 6 6 

F2 0 1 0 0 0 1 0 0 0 1 1 

P1 1 0 10 1 0 11 0 0 0 0 0 

P2 14 0 0 0 0 0 0 0 0 0 0 

P3 0 0 2 3 0 5 5 1 2 0 8 

P4 14 0 0 0 0 0 0 0 0 0 0 

P5 11 0 0 0 0 0 0 0 0 0 0 

P6 0 0 0 0 17 17 0 0 0 0 0 

P7 15 0 0 0 0 0 0 0 0 0 0 

 

R. fuscipes Resident Migrant Offspring 

Sample population Total F3 F4 total F3 F4 P2 total 

F3 16 0 1 1 0 12 0 12 

F4 29 1 0 1 4 0 0 4 

P2 0 0 2 2 0 0 0 0 

P3 0 0 0 0 0 0 2 2 

Note: Values shaded in grey are confirmed by migration rates 

Appendix 5.24: Population origin and likelihood of first generation migrants of three focal rodent species 

identified by GeneClass 2  

M. cervinipes Baudouin & Lebrun Rannala & Mountain Paetkau et al. Nei’s DA 

Sample population Migrant source p L p L p L p distance 

F1 F2   0.010 10.467 0.010 9.577   

F2 F1 0.004 9.595 0.001 11.451 0.001 9.627 0.005 0.581 

P6 F2 0.001 10.447 0.002 10.770 0.001 10.965 0.002 0.647 

P6 F2   0.009 9.788     

P7 F1   0.004 7.763 0.005 6.819   

P2 P5   0.006 8.904 0.009 8.885   

P4 P2 <0.001 8.947 <0.001 10.743 0.001 9.380 0.002 0.554 

P3 P5 0.010 8.475     0.008 0.551 

F3 F4 0.010 8.362 0.004 8.927 0.004 8.541 0.007 0.572 

R. leucopus   Baudouin & Lebrun Rannala & Mountain Paetkau et al. Nei’s DA 

Sample population Migrant source p L p L p L p distance 

P1 P2 0.003 8.974 0.002 9.798 0.002 9.270 0.003 0.416 

P2 P1 0.001 10.806 0.001 11.485 0.001 11.324 0.005 0.414 

P3 
P5     <0.001 15.168         

P2 <0.001 12.487     <0.001 14.490 <0.001 0.522 

P4 P2 0.001 10.043 <0.001 10.780 <0.001 10.106 0.003 0.428 

P5 P3     0.005 11.538 0.007 11.151     

P5 P2 0.005 9.791 0.004 9.491 0.002 9.713 0.007 0.400 

F1 P7     0.009 9.465         

F2 
F1     <0.001 9.768 0.001 9.560     

P7 <0.001 8.880         0.001 0.354 

F2 F1         0.005 11.144 0.003 0.417 

R. fuscipes  Baudouin & Lebrun Rannala & Mountain Paetkau et al. Nei’s DA 

Sample population Migrant source p L p L p L p distance 

F3 F4   <0.001 18.038     

Note: p= p value, L= - log likelihood, this is a negative value, so a lower value means a higher likelihood. 
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Appendix 5.25: Parentage analysis examples with addition of individual consensus migration status of 

three focal rodent species 

Species Migrants Transfer immigrant status to offspring 

M. cervinipes No.=15 No.=10 

 

 
P34603: migrant from P5 but found in P3 and 

has offspring in P5. 

 
P64715 was sampled in P6, migrated from P7 and gave 

that status to P60049 also sampled in P6.  

R. leucopus No.=12 No.=16 

 

 
P14641 is a migrant from P2 found in P1 but with offspring sampled in P2. P30069 is a migrant from P2 

found in P3 and has transferred that signal to P30084 sampled in P3. 

R. fuscipes 

 

No.=2 No.=3 

 

 
F34816 was found in F3 but was offspring from F4. F30160 was a migrant from F4 and transferred that 

status to F34825 that was found in F3. 

Note: Font colour of tag number is sample population, colour of frame or circle is individual consensus 

population assignment. Colours for populations: F2, F3, F4, P1, P2, P3, P5, P6, P7, 
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Appendix 5.26: ANOVA table of the relationship of migration rate with connectivity, isolation age and 

patch size ratio 

Species Variable df F value p value 

M. cervinipes connectivity 2 0.14 0.706 

 isolation age 3 1.14 0.351 

 patch size ratio 2 4.36 0.021 

R. leucopus connectivity 2 0.07 0.930 

 isolation age 3 0.77 0.520 

 patch size ratio 2 7.12 0.003 

 

Tukey post hoc test Variable 1 Variable 2 HSD p value 

M. cervinipes small to large equal 0.02 0.306 

 large to small equal -0.01 0.626 

 large to small small to large -0.04 0.017 

R. leucopus small to large equal 0.06 0.089 

 large to small equal -0.01 0.871 

 large to small small to large -0.07 0.003 

 

Appendix 5.27: Rodent species density per site 

Species Patch size (ha) Site Abundance/ha/year 

M. cervinipes 2.53 P5 5.21 

M. cervinipes 2.93 P7 6.57 

M. cervinipes 4.23 P4 13.74 

M. cervinipes 7.23 P2 4.00 

M. cervinipes 12.23 P6 6.62 

M. cervinipes 15.91 P3 10.99 

M. cervinipes 17.48 P1 7.65 

R. leucopus 2.53 P5 1.97 

R. leucopus 2.93 P7 4.24 

R. leucopus 4.23 P4 3.85 

R. leucopus 7.23 P2 10.68 

R. leucopus 12.23 P6 6.62 

R. leucopus 15.91 P3 6.82 

R. leucopus 17.48 P1 7.65 

U. caudimaculatus 2.53 P5 0.36 

U. caudimaculatus 2.93 P7 0.00 

U. caudimaculatus 4.23 P4 1.92 

U. caudimaculatus 7.23 P2 0.67 

U. caudimaculatus 12.23 P6 1.47 

U. caudimaculatus 15.91 P3 8.34 

U. caudimaculatus 17.48 P1 1.91 
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6. Appendix Chapter 6 
 

Appendix 6.1: Procrustes test results of vegetation structure based on landscape context 

 Procrustes  CA PCA 

all sites nMDS Procrustes SS 0.406 0.654 

  Procrustes R 0.771 0.588 

  p 0.001 0.023 

patches nMDS Procrustes SS 0.605 0.642 

  Procrustes R 0.628 0.598 

  p 0.058 0.100 

Note: Procrustes sum of squares (SS), correlation in a symmetric Procrustes rotation (R), result of 999 permutations 

 

Appendix 6.2: CCA results of vegetation structure based on landscape context  

All sites CCA  

Variable Co-

variable 

λ1 λ2 Cumulative % variance of 

vegetation structure data  

Vegetation structure-

landscape correlation 

Regression 

coefficients 

    axis 1 axis 2 axis 1 axis 2 axis 1 axis 2 

all 

 forest 

configuration 

 log site size 

 altitude 

 isolation age 
 vegetation type 

none 0.044 0.016 25.8** 33.9 0.871 0.825  

-2.425 

0.330 

0.002 

0.027 

0.709 

 

-2.799 

-0.051 

-0.013 

-0.058 

-0.437 

forest 

configuration 

none 0.015 0.040 14.8 54.1 0.943 0.000 -10.344 0.000 

forest 

configuration 

all 0.038 0.049 21.6** 49.0** 0.832 0.000 -2.366 0.000 

log site size none 0.014 0.040 13.7 53.5 0.941 0.000 1.768 0.000 

log site size all 0.037 0.051 20.9** 49.5** 0.834 0.000 -0.286 0.000 

altitude none 0.014 0.040 13.9 53.6 0.798 0.000 0.019 0.000 

altitude all 0.024 0.051 13.2 42.1 0.655 0.000 -0.008 0.000 

isolation age none 0.014 0.040 14.0 53.6 0.927 0.000 0.111 0.000 

isolation age all 0.036 0.046 20.3** 46.1** 0.784 0.000 0.027 0.000 
vegetation type none 0.014 0.040 14.1 53.7 0.918 0.000 2.163 0.000 
vegetation type all 0.015 0.062 8.4 43.4 0.612 0.000 -1.096 0.000 

Patches CCA  

Variable Co- 

variable 

λ1 λ2 Cumulative % variance of 

vegetation structure data  

Vegetation structure-

landscape correlation 

Regression 

coefficients 

    axis 1 axis 2 axis 1 axis 2 axis 1 axis 2 

all 

 patch size 

 altitude 

 isolation age 
 vegetation type 

 fencing 

none 0.026 0.021 19.7 35.2 0.951 0.822  

-0.006 

0.008 

0.083 

1.297 

1.189 

 

-0.097 

-0.010 

-0.023 

-0.361 

1.040 

patch size none 0.010 0.044 13.3 74.2 0.680 0.000 -0.271 0.000 

patch size all 0.014 0.053 10.4 49.8 0.784 0.000 -0.137 0.000 

altitude none 0.016 0.044 20.9 76.5 0.789 0.000 0.017 0.000 

altitude all 0.017 0.048 12.9 49.0 0.709 0.000 0.009 0.000 

isolation age none 0.020 0.044 24.1 77.4 0.931 0.000 -0.112 0.000 

isolation age all 0.015 0.052 11.2 49.7 0.705 0.000 -0.047 0.000 
vegetation type none 0.014 0.044 18.3 57.4 0.879 0.000 2.572 0.000 
vegetation type all 0.012 0.054 8.73 48.9 0.786 0.000 1.046 0.000 

fencing none 0.012 0.044 16.4 75.1 0.949 0.000 -3.614 0.000 

fencing all 0.017 0.054 12.6 52.8 0.890 0.000 -2.001 0.000 

Note: λ=eigenvalue of each axis, significance of variance p < 0.05*, p < 0.01**, p < 0.001*** 
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Appendix 6.3: CCA results of vegetation structure based on edge or interior transects 

Patches CCA  

Variable λ1 λ2 Cumulative % variance of 

vegetation structure data  

Vegetation structure-

landscape correlation 

Regression 

coefficients 

axis 1 axis 2 axis 1 axis 2 axis 1 axis 2 

edge vs interior 0.005 0.069 1.4 20.5 0.554 0.000 2.001 0.000 

 

 
CCA ordination biplot of vegetation structure and edge vs interior transects for only patches 

Note: gc= ground cover, black circles are vegetation transects, selected few are indicated with site name of the transect, the green 

circles are 95% confidence areas for edge and interior transects, only vegetation structural variables with highest correlation with 

first two axes are shown. 

 

Appendix 6.4: Spearman rank correlation results of vegetation structure and landscape context 

 logsize altitude patch size 

 ρ p ρ p ρ p 

CWD -0.592* 0.033 -0.166 0.588 -0.367 0.336 

canopy cover 0.804* <0.001 0.423 0.150 0.683 0.050 

ground cover -0.303 0.314 -0.066 0.829 -0.017 0.982 

climbing palms -0.201 0.510 -0.468 0.107 0.183 0.644 

small stems -0.030 0.922 0.0526 0.865 -0.100 0.810 

Note: * significant correlation  

Appendix 6.5: ANOVA table and box plots of vegetation structure and landscape context 

 forest vegetation type isolation age fence edge 

 df F p df F p df F p df F p df F p 

CWD 1 5.12* 0.045 1 2.98 0.110 3 1.43 0.300 1 8.83* 0.013 1 0.35 0.560 

canopy cover 1 5.67* 0.036 1 15.1* 0.003 3 2.80 0.100 1 12.10* 0.005 1 0.04 0.830 

ground cover 1 0.93 0.360 1 0.74 0.410 3 1.16 0.380 1 0.02 0.890 1 0.54 0.470 

climbing palms 1 2.48 0.140 1 0.01 0.940 3 7.0* 0.010 1 0.28 0.600 1 0.34 0.560 

small stems 1 0.56 0.470 1 1.66 0.220 3 0.52 0.680 1 1.48 0.250 1 0.42 0.520 

 

 edge x size edge x isolation age edge x fence 

 df F p df F p df F p 

CWD 2 2.54 0.097 2 2.29 0.120 1 0.03 0.853 

canopy cover 2 3.32 0.051 2 0.12 0.887 1 0.58 0.451 

ground cover 2 1.53 0.230 2 0.34 0.718 1 0.60 0.444 

climbing palms 2 0.62 0.545 2 1.80 0.184 1 0.19 0.670 

small stems 2 1.93 0.159 2 1.20 0.317 1 0.06 0.806 
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Illustration of ANOVA test results for vegetation structure, edge effects and patch size 

Note: patch size= large, medium and small, edge effects= edge and interior 

Appendix 6.6: Permutation test results of nMDS and CA based on correlation with axes using all species 

 nMDS CA 

 R2 p R2 p 

CWD 0.65 0.032 0.13 0.617 

ground cover moss 0.68 0.022 0.39 0.175 

ground cover trees 0.42 0.179 0.24 0.366 

ground cycads 0.64 0.030 0.32 0.256 

cordylines 0.59 0.061 0.73 0.015 

palms 0.45 0.091 0.69 0.001 

 
Appendix 6.7: CCA results of vegetation structure and species composition 

All species CCA  

Variable Co- 

variable 

λ1 λ2 Cumulative % 

variance of species 

data  

Species-vegetation 

structure correlation 

Regression 

coefficients 

axis 1 axis 2 axis 1 axis 2 axis 1 axis 2 

all 

 CWD 

 cordylines 

 ground cover trees 

 ground cover moss 

 palms 

 ground cycads 

none 0.598 0.159 54.6* 69.1 0.985 0.943  

0.003 

-0.259 

-0.023 

-0.114 

-0.266 

-0.051 

 

-0.003 

0.067 

0.139 

0.381 

-0.071 

-0.036 

cordylines none 0.105 0.083 38.0 68.0 0.926 0.000 -0.761 0.000 

cordylines all 0.440 0.230 40.2* 61.2* 0.852 0.000 0.499 0.000 

Common species 

Variable Co- 

variable 

λ1 λ2 Cumulative % 

variance of species 

data  

Species-vegetation 

structure correlation 

Regression 

coefficients 

axis 1 axis 2 axis 1 axis 2 axis 1 axis 2 

all 

 canopy height 

 ground cover rock 

 CWD 

none 0.142 0.091 34.9* 57.3 0.954 0.937  

0.083 

0.164 

-0.001 

 

0.073 

0.061 

0.029 

canopy height none 0.064 0.125 27.9 82.6 0.922 0.000 0.156 0.000 

canopy height all 0.093 0.131 22.8 55.0 0.817 0.000 0.151 0.000 

ground cover rock none 0.048 0.125 22.7 81.4 0.924 0.000 -0.316 0.000 

ground cover rock all 0.112 0.134 27.5 60.6 0.849 0.000 -0.237 0.000 

CWD none 0.063 0.125 27.7 82.6 0.928 0.000 0.035 0.000 

CWD all 0.104 0.145 25.6 61.2 0.883 0.000 0.027 0.000 

Note: significance of variance p < 0.05*, p < 0.01**, p < 0.001*** 
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Appendix 6.8: Permutation test results of nMDS and CA based on correlation with axes using only common 

species 

 nMDS CA 

 R2 p R2 p 

CWD 0.45 0.246 0.69 0.042 

ground cover rock 0.66 0.076 0.69 0.039 

canopy height 0.76 0.027 0.55 0.113 

 
Appendix 6.9: Results of linear models of vegetation structure with species diversity and rodent abundance 

Response variable Explanatory variable AIC df Coefficient  

estimate 

S.E. z value p value 

Shannon Wiener diversity ground cover trees 8.58 8 -0.0257 0.0163 1.58 0.110 

total ground cover   -0.0173 0.0119 1.45 0.148 

Pielou’s evenness ground cover trees -20.28 7 -0.0083 0.0040 2.10* 0.036 

total ground cover   -0.0068 0.0026 2.65** 0.008 

climbing palms   -0.0043 0.0020 2.21* 0.027 

abundance M. cervinipes total ground cover 63.91 11 0.0467 0.0134 3.49*** <0.001 

climbing palms   0.0311 0.0113 2.76** 0.006 

abundance R. leucopus canopy cover 60.15 9 -0.1123 0.0507 2.22* 0.027 

CWD   -0.0166 0.0066 2.52* 0.012 

ground cover rock   -0.1928 0.0748 2.58* 0.010 

total ground cover   0.0625 0.0246 2.54* 0.011 

small trees   -0.0035 0.0014 2.43* 0.015 

abundance U. caudimaculatus total ground cover 39.10 12 -0.0495 0.0397 1.25 0.210 

Note: significance of variance p < 0.05*, p < 0.01**, p < 0.001*** 

Appendix 6.10: Permutation test results of nMDS and CA based on correlation with axes using rodent body 

condition and CCA ordination biplot of vegetation structure with body condition of all rodent species in all 

sites 

  nMDS CA 

  R2 p R2 p 

all sites ground cover trees 0.46 0.044 0.53 0.018 

 cordylines 0.52 0.034 0.52 0.034 

 palms 0.42 0.052 0.39 0.063 

patches canopy height 0.74 0.022 0.75 0.016 

 secondary canopy height 0.70 0.027 0.55 0.052 

 tree ferns 0.50 0.151 0.64 0.035 

 

 
CCA ordination biplot of vegetation structure and body condition of all rodent species in all sites 

Note: Mc= M. cervinipes, Rl= R. leucopus, Uc= U. caudimaculatus, am= adult male, af= adult female, sm= subadult male, sf= 

subadult female, gctree= ground cover trees, pink contour= cordylines, green contour= ground cover trees 
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Appendix 6.11: CCA results of vegetation structure and rodent body condition  

Body condition  

patches 

CCA  

Variable Co- 

variable 

λ1 λ2 Cumulative % variance of 

species groups data  

Species groups-vegetation 

structure correlation 

Regression 

coefficients 

axis 1 axis 2 axis 1 axis 2 axis 1 axis 2 

all 
 tree ferns 

 sec.canopy height 

 canopy height 

none 0.029 0.019 32.9 54.7 0.904 0.859  

-0.738 

-0.184 

-0.179 

 

-0.836 

0.042 

0.040 

tree ferns none 0.022 0.021 40.5 78.9 0.827 0.000 1.149 0.000 

tree ferns all 0.019 0.037 22.3 64.5 0.816 0.000 0.977 0.000 

secondary 

canopy height 

none 0.012 0.021 26.1 73.8 0.666 0.000 0.395 0.000 

secondary 

canopy height 

all 0.017 0.035 19.8 60.5 0.739 0.000 0.370 0.000 

canopy height none 0.017 0.021 34.4 76.8 0.948 0.000 -0.263 0.000 

canopy height all 0.021 0.040 23.7 69.4 0.927 0.000 -0.214 0.000 

Note: sec. canopy height= secondary canopy height, significance of variance p < 0.05*, p < 0.01**, p < 0.001*** 

Appendix 6.12: Results of generalised linear models of vegetation structure with rodent body condition 

Response variable Explanatory variable AIC df Coefficient  

estimate 

S.E. z value p value 

M. cervinipes 

subadult female 

 

CWD 

 

-37.25 

 

11 

 

0.0009 

 

0.0004 

 

2.44* 

 

0.033 

R. leucopus          

adult female ground cover trees  

tree ferns 

palms 

-6.39 

 

6 -0.0122 

-0.1041 

0.1298 

0.0058 

0.0486 

0.0632 

2.11* 

2.14* 

2.05* 

0.035 

0.032 

0.040 

subadult male canopy height -16.86 8 -0.0089 0.0039 -2.27 0.053 

subadult female cordylines -22.44 7 0.0372 0.0151 2.46* 0.044 

U. caudimaculatus 

adult male 

 

ground cover trees 

 

-18.02 

 

8 

 

-0.0288 

 

0.0076 

 

-3.79** 

 

0.005 

tree ferns   -0.0999 0.0292 -3.42** 0.009 

Note: significance of variance p < 0.05*, p < 0.01**, p < 0.001*** 

Appendix 6.13: Permutation test results of nMDS and CA based on correlation with axes using rodent 

movement distance 

  nMDS CA 

All sites  R2 p R2 p 

 ground cover soil 0.29 0.169 0.42 0.053 

 ground cover trees 0.31 0.153 0.42 0.061 

 climbing palms 0.06 0.759 0.42 0.065 

 cordylines 0.56 0.020 0.44 0.050 

 wide herbs 0.40 0.065 0.43 0.065 

 palms 0.42 0.074 0.27 0.168 
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Appendix 6.14: CCA results of vegetation structure and movement distance of rodents 

Movements 

All sites 

CCA  

Variable Co- 

variable 

λ1 λ2 Cumulative % variance of 

species groups data  

Species groups-vegetation 

structure correlation 

Regression 

coefficients 

axis 1 axis 2 axis 1 axis 2 axis 1 axis 2 

all 

 ground cover trees 
 palms 

 cordylines 

 ground cover soil 
 climbing palms 

 wide herbs 

none 0.212 0.084 30.8 43.0 0.874 0.875  

0.005 
0.342 

0.199 

0.010 
0.047 

-0.016 

 

0.143 
-0.277 

0.220 

-0.036 
0.043 

0.025 

ground cover trees none 0.022 0.137 6.7 41.8 0.638 0.000 -0.358 0.000 

ground cover trees all 0.066 0.293 9.57 52.2 0.754 0.000 -0.204 0.000 

palms none 0.054 0.137 15.1 53.2 0.778 0.000 1.189 0.000 

palms all 0.108 0.234 15.6 49.7 0.675 0.000 0.961 0.000 

cordylines none 0.045 0.137 12.9 51.9 0.689 0.000 0.878 0.000 

cordylines all 0.139 0.173 20.2* 45.4* 0.702 0.000 0.514 0.000 

ground cover soil none 0.018 0.137 5.5 47.9 0.637 0.000 -0.243 0.000 

ground cover soil all 0.108 0.243 15.6 50.9 0.698 0.000 0.125 0.000 

climbing palms none 0.061 0.137 16.7 54.0 0.926 0.000 0.109 0.000 

climbing palms all 0.100 0.248 14.5 50.5 0.679 0.000 0.101 0.000 

wide herbs none 0.035 0.137 10.3 50.5 0.664 0.000 0.161 0.000 

wide herbs all 0.135 0.181 19.7* 45.9* 0.698 0.000 -0.090 0.000 

Note: significance of variance= p < 0.05*, p < 0.01**, p < 0.001*** 

Appendix 6.15: Results of linear models of vegetation structure with movement distance of rodents 

Response variable Explanatory variable AIC df Coefficient  

estimate 

S.E. z value p value 

R. leucopus        

adult female ground cover trees 

small trees 

61.61 6 2.8670 

0.0488 

1.0670 

0.0131 

2.69* 

3.73** 

0.036 

0.001 

 

Appendix 6.16: Heterogeneity test results for spatial autocorrelation within each population of three focal 

rodent species  

Species Population Ω p value 

M. cervinipes F1 21.966 0.100 

 F2 43.851* 0.002 

 F3 18.880 0.189 

 F4 21.559 0.094 

 P1 33.918* 0.001 

 P2 18.002 0.218 

 P3 33.180* 0.004 

 P4 14.250 0.419 

 P5 24.894 0.049 

 P6 20.278 0.133 

 P7 23.560 0.070 

R. leucopus F1 43.212* 0.008 

 F2 NA NA 

 P1 24.538 0.063 

 P2 27.833 0.022 

 P3 17.553 0.253 

 P4 34.191* 0.008 

 P5 30.728 0.022 

 P6 21.822 0.077 

 P7 20.341 0.134 

R. fuscipes F3 25.707 0.032 

 F4 24.815 0.044 

Note: Ω value is the statistic for the heterogeneity test and its significance is evaluated at the 99% significance level (*) 
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Appendix 6.17: Bootstrap and permutation test results for spatial autocorrelation of three focal rodent 

species for different distance classes per population 

M. cervinipes 

 

Population Distance classes (m)  20 40 60 80 100 120 140 

F1 n  19 63 54 69 81 67 43 

 permutation  r 0.067 0.004 0.028 -0.012 -0.006 -0.014 -0.027 

  CI  -0.081; 
0.095 

-0.044; 
0.049  

-0.045; 
0.047  

-0.041; 
0.043;  

-0.040; 
0.041  

-0.040; 
0.042  

-0.049; 
0.052  

 T2 test p 0.072 0.394 0.124 0.702 0.607 0.754 0.835 

 bootstrap r 0.068 0.004 0.027 -0.011 -0.007 -0.014 -0.026 

  CI  0.153; 0.055; 0.078; 0.041; 0.038; 0.026; 0.026; 

   -0.017 -0.046 -0.030 -0.060 -0.050 -0.058 -0.074 

 x-intercept  0 0 74 0 0 0 0 

F2 n  15 63 89 71 75 84 40 

 permutation  r 0.142 0.042 0.058 -0.030 -0.037 -0.029 -0.041 

  CI  -0.112; -0.053; -0.043; -0.049; -0.047; -0.046; -0.070; 

   0.013 0.080 0.004 0.892 0.942 0.894 0.896 

 T2 test p 0.013 0.080 0.004 0.892 0.942 0.894 0.896 

 bootstrap r 0.143* 0.042 0.058* -0.030 -0.035 -0.029 -0.033 

  CI  0.019; -0.026; 0.015; -0.089; -0.086; -0.076; -0.113; 

   0.293 0.104 0.103 0.025 0.018 0.020 0.040 

 x-intercept    73     

F3 n  1 8 8 11 8 11 3 

 permutation  r -0.066 -0.076 0.099 0.011 -0.089 0.030 0.036 

  CI  -0.329; -0.155; -0.153; -0.123; -0.142; -0.141; -0.246; 

   0.578 0.194 0.181 0.140 0.159 0.134 0.311 

 T2 test p 0.495 0.809 0.142 0.404 0.882 0.312 0.384 

 bootstrap r 0.000 -0.082 0.081 0.011 -0.092 0.029 0.036 

  CI  0.000; -0.212; -0.096; -0.103; -0.254; -0.126; -0.256; 

   0.000 0.059 0.336 0.139 0.097 0.205 0.306 

 x-intercept  0 48 0 82 118 0 0 

F4 n  1 6 9 8 9 10 1 

 permutation  r -0.022 0.023 -0.004 0.076 -0.043 -0.034 0.004 

  CI  -0.251; -0.100; -0.081; -0.079; -0.075; -0.071; -0.251; 

   0.326 0.104 0.076 0.078 0.083 0.077 0.305 

 T2 test p 0.583 0.315 0.512 0.029 0.881 0.814 0.497 

 bootstrap r 0.000 0.024 -0.003 0.076* -0.043 -0.035 0.000 

  CI  0.000; -0.067; -0.054; -0.040; -0.128; -0.126; 0.000; 

   0.000 0.112 0.072 0.210 0.046 0.076 0.000 

 x-intercept  30 57 0 92 0 0 0 

P1 n  3 9 8 18 9 4 1 

 permutation  r -0.185 -0.055 0.032 0.100 -0.095 0.019 0.127 

  CI  -0.181; -0.107; -0.121; -0.073; -0.112; -0.153; -0.275; 

   0.314 0.131 0.146 0.078 0.129 0.239 0.489 

 T2 test p 0.981 0.824 0.293 0.007 0.944 0.379 0.275 

 bootstrap r -0.188 -0.056 0.028 0.095* -0.094 0.018 0.000 

  CI  -0.275; -0.143; -0.092; -0.015; -0.174; -0.126; 0.000; 

   -0.086 0.038 0.145 0.214 -0.004 0.183 0.000 

 x-intercept  0 55 0 90 119 0 0 

P2 n  3 16 20 9 13 11 3 

 permutation  r -0.063 0.043 -0.024 -0.001 0.012 -0.064 0.073 

  CI  -0.214; -0.076; -0.079; -0.116; -0.102; -0.111; -0.213; 

   0.309 0.085 0.085 0.160 0.114 0.128 0.289 

 T2 test p 0.670 0.160 0.702 0.477 0.418 0.843 0.225 

 bootstrap r -0.066 0.035 -0.027 -0.002 0.013 -0.062 0.065 

  CI  -0.161; -0.140; -0.114; -0.067; -0.121; -0.139; -0.218; 

   0.120 0.213 0.073 0.076 0.177 0.010 0.251 

 x-intercept  32 53 77 0 102 129 0 

P3 n  6 34 48 43 49 56 32 

 permutation  r -0.071 0.120 -0.040 -0.019 0.016 0.015 -0.032 

  CI  -0.142; -0.060; -0.049; -0.053; -0.051; -0.044; -0.063; 

   0.166 0.070 0.044 0.054 0.050 0.046 0.068 

 T2 test p 0.819 0.003 0.955 0.768 0.269 0.266 0.852 

 bootstrap r -0.072 0.121* -0.035 -0.018 0.016 0.018 -0.041 

  CI  -0.117; 0.047; -0.098; -0.071; -0.040; -0.031; -0.079; 

   -0.031 0.206 0.021 0.039 0.067 0.075 -0.004 

 x-intercept  27 55 0 93 0 122 0 
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Population Distance classes (m)  20 40 60 80 100 120 140 

P4 n  29 100 129 96 91 57 22 

 permutation  r 0.007 -0.005 0.005 -0.007 -0.006 -0.002 0.026 

  CI  -0.069; -0.035; -0.028; -0.037; -0.035; -0.044; -0.078; 

   0.075 0.034 0.026 0.037 0.037 0.046 0.078 

 T2 test p 0.382 0.606 0.380 0.663 0.636 0.527 0.240 

 bootstrap r 0.007 -0.004 0.006 -0.012 -0.007 -0.001 0.026 

  CI  -0.061; -0.045; -0.028; -0.047; -0.045; -0.048; -0.075; 

   0.085 0.035 0.040 0.033 0.033 0.048 0.122 

 x-intercept  32 57 66 0 0 121 0 

P5 n  13 48 25 50 22 33 13 

 permutation  r 0.052 -0.030 -0.055 0.035 -0.037 0.023 -0.006 

  CI -0.103; -0.053; -0.076; -0.053; -0.080; -0.065; -0.112; 

   0.132 0.050 0.074 0.052 0.091 0.063 0.119 

 T2 test p 0.188 0.882 0.920 0.093 0.799 0.239 0.518 

 bootstrap r 0.052 -0.028 -0.054 0.033 -0.034 0.025 -0.005 

  CI  -0.090; -0.083; -0.137; -0.029; -0.104; -0.051; -0.077; 

   0.188 0.047 0.029 0.094 0.041 0.103 0.068 

 x-intercept  33 0 75 89 113 138 0 

P6 n  4 18 24 27 26 18 17 

 permutation  r -0.101 0.017 0.016 -0.031 -0.002 0.046 -0.006 

  CI  -0.158; -0.071; -0.061; -0.058; -0.058; -0.072; -0.073; 

   0.193 0.078 0.060 0.055 0.064 0.076 0.077 

 T2 test p 0.886 0.319 0.296 0.856 0.494 0.112 0.559 

 bootstrap r -0.103 0.017 0.017 -0.032 -0.002 0.046 -0.005 

  CI  -0.200; -0.069; -0.060; -0.095; -0.062; -0.033; -0.067; 

   0.109 0.120 0.080 0.032 0.060 0.130 0.064 

 x-intercept  38 0 67 98 0 139 0 

P7 n  10 61 65 38 21 10 4 

 permutation  r 0.007 -0.017 0.007 0.027 -0.051 0.011 0.189 

  CI  -0.112; -0.036; -0.043; -0.056; -0.078; -0.107; -0.180; 

   0.127 0.040 0.044 0.054 0.076 0.115 0.191 

 T2 test p 0.455 0.803 0.381 0.174 0.893 0.424 0.028 

 bootstrap r 0.010 -0.017 0.007 0.027 -0.050 0.012 0.198 

  CI  -0.093; -0.065; -0.035; -0.033; -0.153; -0.101; -0.071; 

   0.133 0.031 0.053 0.087 0.063 0.128 0.367 

 x-intercept  26 35 0 86 117 0 0 

Note: r= spatial autocorrelation coefficient, CI= 95% confidence intervals, permutation CI are for the null hypothesis of no 

spatial structure as determined by permutation calculation, bootstrap CI shows where spatial autocorrelation is significant when 

values do not straddle zero (*), T2 statistic which is computed to evaluate the upper tail probability that there is more spatial 

autocorrelation than expected, x-intercept indicates were spatial autocorrelation is positive 
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R. leucopus 
Population Distance classes (m)  20  40 60 80 100 120 140 

F1 n  9 7 3 9 6 11 12 

 permutation r 0.303 0.165 0.525 0.219 -0.241 -0.085 -0.162 

  CI -0.216; -0.240; -0.409; -0.298; -0.335; -0.210; -0.218; 

   0.285 0.320 0.400 0.207 0.278 0.177 0.226 

 T2 test p 0.021 0.120 0.009 0.024 0.941 0.800 0.938 

 bootstrap r 0.309* 0.155 0.526* 0.221* -0.242 -0.087 -0.153 

  CI 0.061; -0.109; 0.467; -0.005; -0.356; -0.322; -0.279; 

   0.553 0.413 0.582 0.417 -0.095 0.155 0.033 

 x-intercept     90    

P1 n  4 5 13 12 14 3 3 

 permutation  r 0.209 0.020 0.044 -0.010 -0.100 -0.050 -0.047 

  CI  -0.207; -0.169; -0.091; -0.102; -0.098; -0.233; -0.217; 

   0.239 0.173 0.101 0.112 0.094 0.243 0.244 

 T2 test p 0.046 0.370 0.213 0.555 0.979 0.627 0.648 

 bootstrap r 0.214* 0.020 0.044 -0.013 -0.098 -0.043 -0.039 

  CI  0.006; -0.126; -0.074; -0.106; -0.179; -0.161; -0.225; 

   0.442 0.160 0.163 0.093 -0.021 0.047 0.207 

 x-intercept    76     

P2 n  9 10 17 26 15 19 5 

 permutation  r 0.063 0.024 0.017 -0.079 0.078 -0.012 0.035 

  CI  -0.114; -0.116; -0.085; -0.067; -0.086; -0.087; -0.166; 

   0.127 0.131 0.087 0.063 0.088 0.080 0.169 

 T2 test p 0.155 0.325 0.328 0.991 0.044 0.622 0.328 

 bootstrap r 0.063 0.031 0.017 -0.079 0.077* -0.013 0.040 

  CI  -0.075; -0.205; -0.084; -0.147; -0.003; -0.081; -0.098; 

   0.196 0.287 0.099 -0.009 0.161 0.059 0.187 

 x-intercept    64 90  122  

P3 n  3 10 14 17 12 10 5 

 permutation  r 0.049; -0.037; 0.042; -0.001; -0.037; 0.047; -0.004; 

  CI  -0.190 -0.108 -0.080 -0.081 -0.096 -0.114 -0.146 

   0.223 0.122 0.093 0.082 0.110 0.116 0.168 

 T2 test p 0.273 0.731 0.176 0.491 0.783 0.203 0.474 

 bootstrap r 0.060 -0.037 0.046 0.000 -0.047 0.041 -0.004 

  CI  -0.190; -0.144; -0.021; -0.067; -0.153; -0.093; -0.148; 

   0.514 0.061 0.146 0.079 0.059 0.165 0.117 

 x-intercept  31 51 73  110 138  

P4 n  13 14 20 13 24 1 5 

 permutation  r 0.014 0.135 0.057 -0.049 -0.034 -0.258 -0.118 

  CI -0.087; -0.089; -0.072; -0.100; -0.074; -0.351; -0.154; 

   0.121 0.104 0.075 0.106 0.065 0.458 0.166 

 T2 test p 0.364 0.007 0.072 0.823 0.846 0.875 0.942 

 bootstrap r 0.016 0.137* 0.053 -0.050 -0.035 0.000 -0.120 

  CI  -0.059; -0.019; -0.046; -0.180; -0.094; 0.000; -0.268; 

   0.134 0.264 0.147 0.088 0.018 0.000 0.005 

 x-intercept    71     

P5 n  4 4 11 11 12 9 4 

 permutation  r 0.051 0.001 0.193 -0.025 0.060 -0.215 -0.198 

  CI  -0.239; -0.307; -0.164; -0.175; -0.158; -0.196; -0.274; 

   0.367 0.354 0.176 0.189 0.183 0.215 0.340 

 T2 test p 0.327 0.502 0.013 0.606 0.226 0.983 0.939 

 bootstrap r 0.061 -0.014 0.192* -0.027 0.060 -0.217 -0.203 

  CI  -0.368; -0.426; 0.049; -0.177; -0.111; -0.337; -0.392; 

   0.587 0.446 0.331 0.143 0.285 -0.047 0.113 

 x-intercept    78 82 102   

P6 n  8 18 20 28 27 16 11 

 permutation  r -0.012 -0.054 -0.021 0.090 -0.021 0.055 -0.075 

  CI  -0.166; -0.121; -0.104; -0.088; -0.090; -0.119; -0.144; 

   0.241 0.114 0.121 0.100 0.089 0.133 0.128 

 T2 test p 0.558 0.790 0.653 0.038 0.651 0.199 0.789 

 bootstrap r -0.009 -0.053 -0.033 0.090* -0.019 0.066 -0.075 

  CI  -0.200; -0.143; -0.188; -0.020; -0.117; -0.056; -0.243; 

   0.193 0.049 0.115 0.201 0.077 0.199 0.113 

 x-intercept    62 96 104 129  

P7 n  8 21 28 22 16 7 2 

 permutation  r 0.081 0.001 0.039 -0.020 -0.087 -0.084 0.082 

  CI  -0.181; -0.115; -0.084; -0.109; -0.129; -0.184; -0.325; 

   0.204 0.112 0.083 0.106 0.127 0.197 0.455 

 T2 test p 0.193 0.473 0.207 0.654 0.919 0.791 0.339 

 bootstrap r 0.061 0.001 0.047 -0.018 -0.084 -0.085 0.000 

  CI  -0.192; -0.122; -0.044; -0.104; -0.234; -0.255; 0.000; 

   0.464 0.124 0.158 0.072 -0.010 0.137 0.000 

 x-intercept    73   130  
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R. fuscipes 

Population Distance classes (m) 20  40 60 80 100 120 140 

F3 n  20 42 60 57 64 82 37 

 permutation  r -0.048 0.030 0.012 0.019 -0.023 -0.012 -0.014 

  CI  -0.063; -0.046; -0.038; -0.041; -0.037; -0.034; -0.048; 

   0.087 0.047 0.038 0.036 0.034 0.033 0.053 

 T2 test p 0.915 0.105 0.257 0.175 0.902 0.775 0.713 

 bootstrap r -0.047 0.031 0.014 0.019 -0.027 -0.013 -0.015 

  CI  -0.106; -0.028; -0.031; -0.023; -0.055; -0.051; -0.055; 

   0.000 0.106 0.056 0.063 0.008 0.027 0.028 

 x-intercept  35   89    

F4 n  40 56 86 102 93 65 57 

 permutation  r -0.019 0.005 -0.013 0.020 -0.029 0.000 0.028 

  CI  -0.049; -0.042; -0.034; -0.031; -0.031; -0.043; -0.048; 

   0.050 0.042 0.036 0.029 0.032 0.041 0.045 

 T2 test p 0.763 0.408 0.757 0.096 0.965 0.530 0.106 
 bootstrap r -0.020 0.007 -0.013 0.020 -0.029 0.000 0.029 

  CI  -0.075; -0.034; -0.049; -0.011; -0.065; -0.038; -0.029; 

   0.031 0.048 0.025 0.052 0.003 0.035 0.094 
 x-intercept  38 43 69 88  120  

Note: r= spatial autocorrelation coefficient, CI= 95% confidence intervals, permutation CI are for the null hypothesis of no spatial structure as 

determined by permutation calculation, bootstrap CI shows where spatial autocorrelation is significant when values do not straddle zero (*), T2 

statistic is computed to evaluate the upper tail probability that there is more spatial autocorrelation than expected, x-intercept indicates were 
spatial autocorrelation is positive 

 

Appendix 6.18: Spatial autocorrelation combination of all populations of three focal rodent species 

Species Heterogeneity test Ω p value 

M. cervinipes combined populations 27.591 0.020  

R. leucopus combined populations 45.228* 0.001 

R. fuscipes combined populations 29.980 0.011 

Note: heterogeneity test, * significant at 99% significance level 

 
Species Distance classes (m)  20  40 60 80 100 120 140 

M. cervinipes n  104 426 479 440 404 361 179 

 permutation  r 0.027 0.009 0.012 -0.002 -0.017 -0.005 -0.010 

  CI  -0.036; -0.017; -0.016; -0.019; -0.018; -0.019; -0.027; 

   0.041 0.018 0.016 0.017 0.018 0.019 0.029 

 T2 test p 0.112 0.142 0.073 0.497 0.969 0.708 0.815 

 bootstrap r 0.030 0.009 0.012 -0.003 -0.017 -0.004 -0.010 

  CI -0.009; -0.012; -0.007; -0.023; -0.036; -0.023; -0.041; 

   0.070 0.031 0.030 0.016 0.004 0.016 0.018 

 x-intercept  0 0 78 0 0 0 0 

R. leucopus n  58 89 126 138 126 76 47 

 permutation  r 0.097 0.023 0.055 0.010 -0.035 -0.038 -0.091 

  CI  -0.067; -0.050; -0.038; -0.038; -0.039; -0.058; -0.083; 

   0.079 0.052 0.041 0.038 0.039 0.057 0.079 

 T2 test p 0.014 0.189 0.003 0.329 0.967 0.901 0.984 

 bootstrap r 0.096* 0.023 0.055* 0.010 -0.036 -0.036 -0.096 

  CI  0.009; -0.033; 0.009; -0.036; -0.071; -0.093; -0.170; 

   0.183 0.084 0.101 0.053 0.001 0.025 -0.025 

 x-intercept  0 0 0 84 0 0 0 
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Species Distance classes (m)  20  40 60 80 100 120 140 

R. fuscipes n  60 98 146 159 157 147 94 

 permutation  r -0.028 0.015 -0.003 0.020 -0.027 -0.008 0.012 

  CI  -0.039 -0.031 -0.026 -0.024 -0.024 -0.027 -0.032 

   0.043 0.035 0.026 0.022 0.024 0.025 0.033 

 T2 test p 0.911 0.175 0.566 0.044 0.987 0.715 0.256 

 bootstrap r -0.029 0.017 -0.002 0.020* -0.028 -0.008 0.012 

  CI  -0.066 -0.017 -0.031 -0.005 -0.055 -0.034 -0.026 

   0.011 0.055 0.025 0.046 -0.002 0.018 0.053 

 x-intercept  33 57 0 89 0 128 0 

Note: r= spatial autocorrelation coefficient, CI= 95% confidence intervals, permutation CI are for the null hypothesis of no spatial 

structure as determined by permutation calculation, bootstrap CI shows where spatial autocorrelation is significant when values do not 

straddle zero (*), T2 statistic is computed to evaluate the upper tail probability that there is more spatial autocorrelation than expected, x-

intercept indicates were spatial autocorrelation is positive 

 
Appendix 6.19: Spatial autocorrelation of fragmented vs continuous sites and for different sexes of three focal 

rodent species 

Species Heterogeneity test Ω p value  Species Heterogeneity test Ω p value 

M. cervinipes males 30.135* 0.001  M. cervinipes continuous sites 46.357* 0.002 

 females 10.519 0.224   fragmented sites 17.668 0.220 

 males vs females 5.286 0.218   continuous vs  

fragmented sites 
26.873 0.013 

R. leucopus males 13.326 0.124      

 females 22.554* 0.010   large fragments 30.633* 0.006 

 males vs females 7.371 0.061   small fragments 19.472 0.156 

R. fuscipes males 19.619 0.023   small vs large  

fragments 
19.317 0.144 

 females 9.778 0.282      

 males vs females 2.877 0.669      

Note: heterogeneity test= significant at 99% significance level* 

 
Species T2 test Distance classes (m) 30 60 90 120 

M. cervinipes continuous vs fragmented T2 p value 0.027 0.013 0.304 0.167 

M. cervinipes small vs large fragments T2 p value 0.052 0.629 0.685 0.382 

M. cervinipes males vs females T2 p value 0.188 0.340 0.132 0.600 

R. leucopus males vs females T2 p value 0.015 0.272 0.408 0.378 

R. fuscipes males vs females T2 p value 0.518 0.275 0.441 0.896 

 

All populations Distance classes (m)  30 60 90 120 

Species Sex  M F M F M F M F 

M. cervinipes n  95 53 222 143 188 129 170 88 

 permutation  r 0.033 -0.018 0.028 0.001 -0.032 0.006 -0.020 -0.003 

  CI  -0.041; -0.038; -0.023; -0.026; -0.026; -0.033; -0.031; -0.030; 

   0.041 0.060 0.025 0.023 0.026 0.021 0.024 0.038 

 T2 test p 0.057 0.841 0.011 0.482 0.997 0.200 0.887 0.664 

 bootstrap r 0.041 -0.014 0.028* 0.003 -0.032 0.006 -0.019 0.005 

  CI  -0.007; -0.058; -0.004; -0.028; -0.060; -0.025; -0.050; -0.035; 

   0.093 0.031 0.057 0.034 -0.005 0.036 0.014 0.041 

 x-intercept    74 60  111   

R. leucopus n  27 24 46 38 60 49 35 27 

 permutation  r 0.033 0.245 0.044 -0.017 -0.019 0.020 -0.016 -0.079 

  CI  -0.072; -0.085; -0.042; -0.047; -0.039; -0.069; -0.081; -0.111; 

   0.101 0.125 0.054 0.082 0.046 0.059 0.066 0.073 

 T2 test p 0.294 0.002 0.068 0.815 0.851 0.254 0.575 0.867 

 bootstrap r 0.040 0.238* 0.062 -0.029 -0.018 0.020 0.000 -0.116 

  CI  -0.025; 0.082; -0.016; -0.081; -0.053; -0.053; -0.087; -0.200; 

   0.120 0.406 0.144 0.029 0.021 0.089 0.084 -0.016 

 x-intercept   58 81 83  98   

R. fuscipes n  38 18 58 32 84 43 83 30 

 permutation  r 0.009 -0.025 0.040 -0.014 -0.018 0.015 -0.021 -0.015 

  CI  -0.046; -0.067; -0.038; -0.051; -0.029; -0.043; -0.032; -0.058; 

   0.060 0.083 0.035 0.053 0.030 0.044 0.031 0.056 

 T2 test p 0.363 0.757 0.014 0.684 0.894 0.295 0.900 0.671 

 bootstrap r 0.010 -0.024 0.039* -0.015 -0.019 0.026 -0.021 -0.012 

  CI  -0.034; -0.090; -0.001; -0.071; -0.051; -0.025; -0.056; -0.069; 

   0.055 0.051 0.077 0.040 0.012 0.080 0.018 0.043 

 x-intercept    81 75  105   
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M. cervinipes  Populations F1 F2 P1 P2 P3 P4 P5 P6 P7 

females n  120 78 10 10 78 78 55 21 36 
 permutation  r 0.022 0.059 -0.002 0.055 0.057 0.079 0.077 0.037 0.167 

  CI -0.021; -0.028; -0.085; -0.083; -0.027; -0.026; -0.031; -0.058; -0.040; 

   0.028 0.038 0.104 0.114 0.038 0.036 0.050 0.079 0.067 
 T2 test p 0.057 0.004 0.445 0.154 0.004 0.001 0.004 0.153 0.001 

 bootstrap r 0.023 0.060* -0.002 0.055 0.057* 0.079* 0.078* 0.038 0.166* 

  CI  -0.002; 0.018; -0.099; -0.061; 0.015; 0.038; 0.032; -0.018; 0.122; 
   0.046 0.107 0.119 0.174 0.101 0.122 0.131 0.087 0.224 

males n  78 153 15 28 66 190 55 55 66 

 permutation  r 0.097 0.095 0.100 0.098 0.037 0.048 0.078 0.162 0.107 

  CI  -0.028; -0.020; -0.067; -0.050; -0.031; -0.017; -0.034; -0.034; -0.030; 
   0.038 0.025 0.093 0.066 0.041 0.021 0.048 0.046 0.042 

 T2 test p 0.001 0.001 0.019 0.006 0.034 0.003 0.005 0.001 0.001 

 bootstrap r 0.097* 0.095* 0.101* 0.099* 0.037* 0.049* 0.077* 0.162* 0.107* 
  CI  0.151; 0.135; 0.191; 0.185; 0.088; 0.077; 0.135; 0.204; 0.148; 

   0.047 0.060 0.020 0.033 -0.009 0.022 0.019 0.123 0.065 

 

R. leucopus Populations F1 P1 P2 P3 P4 P5 P6 P7 

females n  21 15 10 15 10 15 21 45 

 permutation  r 0.223 0.263 0.196 0.179 0.364 0.329 0.449 0.190 

  CI -0.068; -0.085; -0.103; -0.076; -0.108; -0.083; -0.067; -0.042; 

   0.116 0.139 0.195 0.149 0.210 0.149 0.116 0.083 

 T2 test p 0.003 0.002 0.023 0.016 0.003 0.003 0.001 0.001 

 bootstrap r 0.222* 0.262* 0.197* 0.179* 0.363* 0.331* 0.448* 0.192* 

  CI  0.104; 0.126; 0.112; 0.074; 0.271; 0.233; 0.361; 0.122; 

   0.361 0.403 0.277 0.296 0.482 0.433 0.525 0.263 

males n  10 10 45 21 36 6 45 10 

 permutation  r 0.300 0.315 0.153 0.167 0.290 0.166 0.363 0.300 

  CI  -0.106; -0.104; -0.042; -0.066; -0.048; -0.134; -0.042; -0.105; 
   0.177 0.170 0.075 0.124 0.086 0.228 0.073 0.187 

 T2 test p 0.004 0.003 0.001 0.010 0.001 0.054 0.001 0.006 

 bootstrap r 0.295* 0.313* 0.152* 0.167* 0.292* 0.167 0.363* 0.306* 
  CI  0.121; 0.223; 0.093; 0.101; 0.232; 0.044; 0.316; 0.201; 

   0.488 0.385 0.207 0.242 0.357 0.360 0.411 0.416 

 

R. fuscipes Populations  F3 F4 

females n  55 91 

 permutation  r 0.026 0.012 

  CI  -0.022; -0.013; 

   0.029 0.017 

 T2 test p 0.044 0.090 

 bootstrap r 0.026* 0.013 

  CI  -0.018; -0.023; 

   0.076 0.049 

males n  153 190 

 permutation  r 0.023 0.018 

  CI  -0.012; -0.009; 

   0.016 0.013 

 T2 test p 0.003 0.008 

 bootstrap r 0.022* 0.018* 

  CI  -0.002; -0.007; 

   0.048 0.046 

Note: r= spatial autocorrelation coefficient, CI= 95% confidence intervals, permutation CI are for the null hypothesis of no spatial structure as 

determined by permutation calculation, bootstrap CI shows where spatial autocorrelation is significant when values do not straddle zero (*), T2 

statistic is computed to evaluate the upper tail probability that there is more spatial autocorrelation than expected 

 

Appendix 6.20: Linear models of vegetation structure and spatial autocorrelation values of two rodent species 

Response variable Explanatory variable AIC df Coefficient estimate S.E. z value p value 

M. cervinipes female canopy cover -28.16 9 -0.0054 0.0025 -2.14 0.061 

R. leucopus subadult climbing palms -19.37 6 0.0069 0.0020 3.46 0.014 

 

Appendix 6.21: Spearman rank correlation and t-test of snags (dead standing trees) with site/patch size and 

forest configuration 

 logsize patch size forest  

 ρ p ρ p t p 

snags -0.118 0.633 0.092 0.736 0.810 0.435 
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7. Appendix chapter 7 
 
Appendix 7.1: Overview vegetation types WTMA (2009) that were used to calculate resistance layer 

 
Note: forest = rainforest, sites 1, 3 & 6= primary rainforest; sites 2, 4, 5 & 7 = mixed regrowth rainforest 
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Appendix 7.2: Resistance surface calculated based on vegetation types  

 
Note: No roads or rivers shown 
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Appendix 7.3: Correlation results of IFPC and genetic variation, relatedness, differentiation and 

migration 

Species Variable df ρ p 

M. cervinipes allelic richness 5 -0.348 0.499 

 expected heterozygosity 5 -0.657 0.175 

 observed heterozygosity 5 -0.086 0.919 

 pairwise relatedness  5  0.600 0.242 

 inbreeding coefficient 5 -0.771 0.103 

 Jost’s D 6 -0.143 0.783 

 migration rate 13 -0.053 0.857 

R. leucopus allelic richness 5 0.377 0.461 

 expected heterozygosity 5  0.257 0.658 

 observed heterozygosity 5  0.429 0.419 

 haplotype diversity 5 -0.232 0.658 

 nucleotide diversity 5 -0.257 0.658 

 pairwise relatedness  5  0.029 1.000 

 inbreeding coefficient 5 -0.257 0.658 

 Jost’s D 6 -0.929** 0.007 

 migration rate 13  0.319 0.266 
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