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Ecological niche models (ENM) of species distributions and dispersal patterns are well established in the biological sciences. 

Their use in paleoanthropological reconstructions of hominin niches is relatively recent, successfully focusing on out of Africa 

dispersals and human land preference in Europe and Central Asia. These studies have suggested that some of the most 

important variables for predicting human site use in these regions are moderate annual temperature and rainfall. Here, we 

used ENM to combine these long-used abiotic predictors of human land preference with landform data (slope) and one 

potentially important biotic variable (human- carnivore competition quantified using a competition index) in an Australasian 

test case. We constructed ENMs in the program Maxent to investigate the impact of these abiotic and biotic variables on 

human land preference patterns in Late Pleistocene Australasia. Though calculated competition across test sites was high, 

models including this biotic data produced ill-fitting localized models (AUC = 0.695) that relied on mean annual temperature. 

Large-scale models including solely temperature and rainfall fit well (AUC = 0.84) but are poor predictors of land preference 

compared to models including slope in this mountainous region (AUC = 0.924) showcasing a discrepancy between accuracy 

and precision in abiotic models. While the biotic data included in these models was considered unimportant to predictions of 

human land preference, the inclusion of additional landform data in temperate ENMs should be pursued given the importance 

of slope as a predictor in large-scale models.    

1. Introduction  

Ecological niche models (ENM) are a class of methods that have been 

widely used in ecological and biological analyses to predict approximations of 

a species’ niche based on known species distribution data (Sillero, 2011). ENMs 

predict these “suitable niches” for a given test species based on the input of 

environmental predictor data across the area of interest correlated with 

known species distributions (extant or fossil) to create statistically predicted 

species distribution data. These models often employ abiotic variables (non-

living components of an organism’s environment that affect survival, niche 

preference, and movement) and, to a lesser extent, biotic variables (living 

components of an organism’s environment that similarly affect the organism) 

(Guisan and Thuiller, 2005; Gavin et al., 2014; Maguire et al., 2015).  

 
 



 

 

ENMs can be applied to predict the present, future (forecasting), and past 

(hindcasting) distribution of any species, with applications for conservation, 

climate change mediation, and evolutionary biology. With regard to the 

hindcasting of data, the use of ENM in paleontological studies to provide niche 

predictions is widespread in plants and animals and has been used to identify 

longstanding Pleistocene refugia that can then be validated against known 

fossil assemblages (Martínez-Meyer and Peterson, 2006; Bigg et al., 2008; 

Varela et al., 2010, 2011; Svenning et al., 2011; Gavin et al., 2014; Maguire et 

al., 2015).  

Traditionally, human or hominin specific paleo-ecosystem modeling has 

presented a gap in the literature. Recently, however, ENM has been applied to 

the study of human evolution to create predictions of hominin land 

preference, site use during periods of intense climate fluctuations, and 

dispersal pathways in relatively extreme climates. Studies on Neandertals in 

Europe (Bible, 2016; Bible and Peterson, 2018) and early modern humans in 

the foothills of the Altai mountains (Beeton et al., 2014; Glantz et al., 2018) 

have provided evidence that some of the most important variables for 

predicting hominin niches and dispersal patterns are variations in temperature 

and precipitation (often the primary abiotic variables used in ENM analyses).  

Australasia became a likely place for hominin dispersal in the Late 

Pleistocene, likely because of drastic climatic and geographical changes that 

made this space largely temperate and resource dense. This region presents a 

particularly interesting opportunity for an ENM test case for two reasons: 1) 

there are longstanding debates about human dispersal pathways in this region 

and 2) unlike other uses of ENM in studies of human evolution, Late 

Pleistocene Australasia maintained a temperate environment, which may 

affect the types of variables important in paleo-ecosystem modeling. There are 

two key routes that have been discussed in ongoing analyses of human 

dispersal pathways to Australia - a “northern”, largely savannah, inland route 

(through Borneo, Talaud Islands and Papua New Guinea) and a “southern”, 

tropical forest/coastal route (Sumatra, Java, Flores, and through East Timor to 

the north Australian coast) (Fig. 1). Despite being geographically close, the 

northern and southern routes in question have quite different environmental 

contexts – with savannah and open forest ecosystems in the north, and more 

densely forested temperate to tropical rainforest ecosystems as well as coastal 

resources in the south which affected trophic interactions between species. 

These data suggest that this region is a prime candidate for a test case 

employing ENM methods to predict human land preference in the context of 

environmental data. However, the long-standing temperate environment of 

Australasia fundamentally differs from other regions where ENM has been 

applied in human evolutionary studies. Without extreme variation in 

temperature and precipitation, the most important variables in predicting 

human land preference and dispersal patterns in these models, (Beeton et al., 

2014; Bible, 2016; Bible and Peterson, 2018; Glantz et al., 2018) it is unclear 

how individual abiotic variables (e.g., temperature, rainfall, landform data, 

aridity, etc.) or biotic factors (competition, distribution of vegetation and prey 

species, etc.) may have influenced human dispersal 

or land preference in temperate Australasia. 

Employing these unique environmental data, we 

contribute to human paleo-ecosystem modeling by 

applying ENM methods to an Australasian test case 

assessing Late Pleistocene human land preference in 

the context of both abiotic and biotic variables.  

1.1. ENM and its use in predicting hominin landscape 

preference  

ENMs have been used to assess both 

biogeographic patterns and species distributions 

throughout time (Maguire et al., 2015), as well as to 

find or reconstruct refugia (Waltari et al., 2007; 

Svenning et al., 2011; Gavin et al., 2014; Shi et al., 

2014). Reconstructing refugia using ENM is of great 

interest to studies of human evolution and dispersal, 

as refugia have been considered a key element in 

hominin survival and dispersal (Dennell et al., 2011; 

Louys and Turner, 2012; Stewart and Stringer, 2012; 

Larick and Ciochon, 2015; Roberts and Petraglia, 

2015; Bacon et al., 2018b). ENMs have been used to 

successfully identify Pleistocene refugia based on 

fossil occurrence data and extant environmental 

data in several plant species (Martínez-Meyer and Peterson, 2006; Gavin et al., 

2014). ENM’s have also been used to determine potential refugia for hominins 

in the Levant during marine isotope stage (MIS) 4 – providing evidence of ever 

changing green pathways in concurrence with theorized routes out of Africa 

and through south Asia (Field et al., 2007; Hughes et al., 2007; Svenning et al., 

2011; Beeton et al., 2014; Jennings et al., 2015). 

 

Fig. 1. Map of Australasian region denoting the 20 known “human land preference” sites 

used in ENM validation (see also Table 2). Arrows indicate long proposed “northern” and 

“southern” dispersal routes to Australia (Birdsell, 1977; Bowdler, 2010; Kealy et al., 2018; 

Norman et al., 2018). Dotted ellipse indicates the area of the proposed “Sundaland 

savannah corridor”. This corridor has been considered to be a migration pathway for 

fauna during periods of climate change (Bird et al., 2005; Boivin et al., 2013; Bacon et al., 

2018b).    

 

Using ENM methods to combine abiotic data on long-term temperature 

and precipitation variation with abiotic landform data, species-interaction, and 

fossil occurrence data can create predictive outputs that map the occurrence 

probabilities for a species of interest. These fossil occurrence predictive maps 

can be combined with present-day data on erosion proxies and landscape 

accessibility to guide foot surveys for researchers interested in the past 

distribution of specific species. This way of combining ENM predictive output 

with local knowledge to increase the success of fossil prospecting missions has 

been applied successfully in Australian fossil survey for Eocene mammals 

(Block et al., 2016), suggesting applicability of these methods for future 

hominin fossil survey. 1.2. Including biotic data in species models  

Abiotic variables can tell us much about how a species acts within its 

environmental niche and provide fundamental information about species 

range and tolerance. However, it is also important to consider how we may be 

able to incorporate biotic data (e.g., competition, distribution of vegetation 



 

 

and prey species, trophic interactions etc.) into these analyses. Interactions 

between species are an integral portion of modern conservation and niche 

conservatism studies (Fedriani et al., 2000; Linnell and Strand, 2000; Caro and 

Stoner, 2003; Palmer et al., 2003; Steinmetz et al., 2013) and many researchers 

have called for the inclusion of biotic data as a logical next step in species 

distribution methods (Guisan and Thuiller, 2005; Preston et al., 2008; Gavin et 

al., 2014; Maguire et al., 2015). However, incorporating biotic data into 

paleontological and paleoanthropological studies of land preference must 

account for additional hurdles, including collection bias of fossil data, differing 

site assemblages, as well as taphonomic bias related to size and preservation 

– a particular issue in temperate spaces (Von Endt and Ortner, 1984; Hanson 

and Buikstra, 1987; Lyman, 2014).  

One potential way of including biotic interactions in ENMs is to include 

quantitative evidence of interspecific competition. Parallels between body 

size, encephalization, sociality, grouping and hunting behavior has been drawn 

between humans and other carnivores, particularly the social canids, 

suggesting it is possible to include humans as a “carnivore” in terms of 

comparing hunting behavior and resource use (Dunbar and Bever, 1998; 

Finarelli and Flynn, 2006; Treves and Palmqvist, 2007; Lewis, 2017). A 

competition index (CI) uses projected overlap of prey species between 

carnivores, accounting for group hunting methods to calculate estimated 

competition for prey resources on a scale of 0–1. This can be done as a 

threshold of “maximum competitive pressure” for all of the predators in a guild 

or explored on a site by site basis. This method has been used successfully in 

Javan paleontological studies of carnivore guild dynamics (Hemmer, 2004; 

Hertler and Volmer, 2008; Volmer and Hertler, 2016), but has not yet been 

applied to humans.  

Predator status is also a potentially complicating factor. Both modern 

human and other hominin relationships with local carnivore guilds have been 

studied in Europe (Walker and Churchill, 2011; Churchill, 2014) and Africa 

(Brantingham, 1998; Treves and Naughton-Treves, 1999; Treves and 

Palmqvist, 2007). In none of these cases were humans considered the apex or 

dominant species in the guild – meaning they were subject to some amount of 

interspecific competition for resources. This is of particular interest because of 

conservationist studies of Southeast Asian carnivore guilds which have shown 

that the tiger (the apex predator in this space) controls access to prey 

resources, and by proxy, the environments that lower ranked carnivores 

occupy. This has been shown specifically in the relationship between tigers and 

leopards in which tigers are reintroduced to protected natural areas and cause 

trophic cascades that push leopards to the fringes of the protected habitat 

(Odden et al., 2010; Harihar et al., 2011). If early humans dispersed into this 

guild and were not the apex predator, it is possible that competition with other 

carnivores influenced their position on the landscape and that we would 

expect humans to avoid areas with “high competition” for resources with 

highly ranked predators such as tigers and leopards.  

1.3. Paleoanthropological ENMs – Australasian test case  

Here, Southeast Asia includes the mainland countries east of India and 

south of China as well as all modern-day island nations in the Malay 

Archipelago. Papua New Guinea and Australia are also studied as part of this 

broader “Australasian” region through which humans dispersed in the Late 

Pleistocene (Fig. 1). We focus on Southeast Asia and Australia because of the 

unique mix of temperate and tropical environments in this region that were 

likely integral to human dispersal globally, given the evidence for widespread 

expansion of Homo sapiens into river basins in southern China during the Late 

Middle Pleistocene and Late Pleistocene (Wang, 2017; Bae et al., 2018). 

Throughout the Pleistocene, climatic fluctuation had a pronounced impact on 

temperature, sea levels, precipitation and vegetation in Asia (Heaney, 1991; 

Verstappen, 1997; Cook and Jones, 2012). Yet, even during glacial periods, rich 

tropical to sub-tropical evergreen forests and rainforests were present in small 

pockets in Southeast Asia on today’s west Sumatran and west Bornean coasts. 

Between these forests, one hypothesis suggests a large area of grassland and 

open forest (the “Sundaland savannah corridor”) extended through present 

day Thailand, Malaysia, east Sumatra and west Borneo from MIS 5 to MIS 2 

(Bird et al., 2005; Cannon et al., 2009; Boivin et al., 2013; Bacon et al., 2018b), 

but see (Cannon et al., 2009). This corridor (Fig. 1) consisted of relatively open 

grassland and shrub environments, and, because of its borders to several 

different ecosystems (tropical rainforest, tropical evergreen forest, and dry 

open deciduous forest to the north), was a prime site of major faunal 

exchanges and therefore a likely migration route for humans as well (Tougard, 

2001; Gathorne-Hardy et al., 2002; Tougard and Montuire, 2006; Louys, 2014). 

Australasia became a likely place for hominin dispersal in the Late Pleistocene, 

likely because of drastic geographical changes that made this space largely 

temperate and resource dense.  

There has been debate about the route that humans used to get to 

Australia since the 1970’s - particularly whether humans would have used a 

northern route through Borneo, Sulawesi, the Talaud Islands, and Papua New 

Guinea, or a more southern route through Sumatra, Java, Flores and East Timor 

(Birdsell, 1977), and recent predictive models based on “least cost pathway” 

analysis provide evidence for both routes (Kealy et al., 2018; Petraglia et al., 

2019).  

The northern route maintained open savannah and riverine complexes 

(Heaney, 1991; Bird et al., 2005; Bacon et al., 2018a), and use of this route 

would suggest human migration preference for savannah environments, large 

prey species, moderate rainfall, and competitive pressure from pack 

carnivores. The southern route, alternatively, was primarily denser tropical 

forest ecosystems (Kershaw et al., 2001; Gathorne-Hardy et al., 2002; 

Summerhayes et al., 2016) and use of this route might suggest migratory 

preference for forested/coastal environments, heavy rainfall, and interactions 

with primarily ambush carnivores. The environmental variability of this long-

temperate Australasian region provides a prime location for an ENM test case 

of human land preference.  

Here, we use ENM to predict land preference for humans in a Late 

Pleistocene Australasian test case. We assess human land preference in this 

region in the context of both abiotic (mean annual temperature and 

precipitation, slope as a type of landform data) and biotic variables 

(competition) during the Last Glacial Maximum (26.5–19 ka) (Clark et al., 

2009). This was a time of increased climate instability globally, but in a region 

that maintained temperate and tropical ecosystems, it is possible that 

environmental variables that have successfully predicted hominin land 

preference in other regions may not perform well in this space. We expect that 

traditionally used abiotic variables (here, mean average temperature and 

precipitation) will be relatively poor predictors of human land preference in 

this longstanding temperate ecosystem as it would be expected that humans 

would disperse through warmer and wetter areas. We expect that abiotic 

landform data (here, elevation calibrated downward slope as a proxy for 

terrain “ruggedness”), as well as biotic data on human-carnivore competition 

for prey resources will be better predictors of human land preference as they 

may hold more predictive power in a landscape with mild temperatures and 

high rainfall. This would align with expectations that humans would disperse 

more easily through lower/moderately sloped areas, and areas with low 

competition. We use ENM on both large-scale (all of Australasia) and localized-

scale (mainland Southeast Asia, i.e. Laos and Vietnam) analyses to determine 

if these predictor variables function similarly on different geographic scales. 

This question of scale is key for providing contextualizing information useful to 

both the overall debate on “preferred” human dispersal pathways to Australia 

as well as providing local predictive maps that could be used to supplement 

ongoing fossil foot-survey.  

It is worth noting that there are limitations and assumptions in all 

computational modeling, and paleo-ENM highlights some of these 

assumptions associated with assigning data to the model. For example, a key 

caveat of paleo-ENM is creating biased distribution estimates because of 

improper identification of species that look similar (Lozier et al., 2009). While 

this may be an issue for few sites in Indonesia which maintain both Homo 

erectus and Homo sapiens assemblages (Rizal et al., 2019), based on the dating 



 

 

and morphology of fossil assemblages and the unique lithic assemblages, we 

can be confident that we are in fact imputing accurate human presence sites 

into the model. An additional concern is that ENMs of glacial refugia tend to 

show a consistent southward bias (Davis et al., 2014), however, by calibrating 

the ENM with fossil presence data, this bias can be somewhat mitigated. 

Additionally, in a temperate test case which maintained rainforest refugia in 

glacial periods, this bias may be somewhat mitigated. ENM programs are 

designed to give results no matter what data is given to them, thus it is 

especially important that climate variables are picked because they may 

actually have an impact on niche construction during the time period of 

interest – in this case Late Pleistocene Australasia - to avoid biasing the model 

output (Varela et al., 2011). Because of this, testing baseline variables (e.g., 

variations in temperature, precipitation) that are most often used in ENM 

studies is even more vital when approaching questions about how species – 

here, humans – move in different environmental contexts.  

2. Materials and methods  

2.1. Abiotic data for ENM modeling  

Abiotic variables common to paleoclimate reconstructions of human land 

preference were employed here – specifically, mean annual temperature and 

precipitation, and landform data (slope as a proxy for terrain “ruggedness”). 

These variables were quantified for Southeast Asian and Australian landscapes 

during the time period of the Last Glacial Maximum (26.5–19 ka). Mean annual 

temperature was quantified using Sea Surface Temperature (SST, n = 103 

locations), a multi- proxy reconstruction that has shown promise in capturing 

tropical climate variability in ENM projections (Furtado et al., 2009) from 

planktonic and benthic foraminifera reconstructions (Calvo et al., 2007; 

Crundwell et al., 2008; Saikku et al., 2009; Ford et al., 2015) for the Last Glacial 

Maximum and showed little variation. δ18O speleothem and sea core data (n = 

1751 locations) were mapped into a single layer reflecting finer grained detail 

in mean annual precipitation data (Cai et al., 2010) using the following data 

(Partin et al., 2007, 2015; Mohtadi et al., 2010, 2014; Ayliffe et al., 2013; Carolin 

et al., 2013; Denniston et al., 2013a, 2013b; Gibbons et al., 2014). Additionally, 

terrain “ruggedness” (see Whittey, 2017) was quantified using downward 

slope data (in degrees) using a 1-degree resolution, digital elevation model 

across the region of interest (ESRI Terrain slope data). Slope was chosen 

specifically as a predictor variable because hill shade (how the sun interacts 

with the landscape) and aspect (directional data regarding slope; e.g. northerly 

slope) were not considered to be as likely of a potential barrier for human land 

preference compared to the steepness of the landscape. Additionally, terrain 

slope has a long history as an important variable in paleolithic analyses of 

human skeletal variation (Marchi, 2008; Higgins and Ruff, 2011; Higgins, 2014; 

Wall-scheffl, 2014; Whittey, 2017; Zachwieja and Shackelford, 2014, 2019) and 

therefore likely influenced human mobility in a broad sense as well. While 

slope does not capture all of the variation in landform data that may affect 

human mobility, it was used here as a first step in introducing landform data 

into human specific paleoecosystem modeling. All abiotic variables included in 

ENM analysis were retrieved from open source databases including the NOAA 

paleoclimatology database (ncdc.noaa.gov/data- access/paleoclimatology-

data/datasets) and the ESRI ArcGIS Living Atlas 

(https://livingatlas.arcgis.com/en/).  

2.2. Biotic data in ENM  

We quantified biotic data for ENM using a competition index (CI), which 

assesses calculated potential competition for resources in the Late Pleistocene 

Southeast Asian carnivore guild (including humans) in the Annamite mountains 

in northern Laos and Vietnam to obtain a picture of the predators and prey 

species on the landscape. The CI is concerned with broad comparisons of 

species presence across different environments, rather than a direct analysis 

of faunal abundance by site. Because of this, though we are using assemblages 

from specific fossil bearing sites we avoid direct comparison of sites with 

different formations and instead use a faunal presence approach to confirm 

what species were in this space during the time period of interest.  

Competition between humans and carnivores (tigers, leopards, dholes, 

hyenas, and Asiatic golden cats) was quantified for a subset of five sites in 

northern Laos and Vietnam in the Annamite mountain chain using 

paleontological fossil data (Table 1, see Fig. 6 for map of site locations) to 

create a Competition Index (CI). This general region has been known to 

preserve Late Pleistocene modern human presence with fossils or 

archaeological assemblages (Demeter et al., 2017; Shackelford et al., 2018) as 

well as maintain Late Pleistocene faunal assemblages that are relatively similar 

across time and space. In fact, most fauna associated with Late Pleistocene 

sites in Australasia, still maintain species presence in this region today (Bacon 

et al., 2006, 2008a; 2008b, 2011; 2015), suggesting that these five sites would 

provide good information on faunal presence in this region.  

CIs are estimates of maximum competition (on a scale of 0–1, where 0 is 

no prey overlap and no competition, and 1 is total prey overlap and constant 

competition) between predators sharing an environmental niche based on 

prey preferences and body mass estimates (Hemmer, 2004; Hertler and 

Volmer, 2008). Prey that can be successfully utilized by a predator is a function 

of predator mass and is well established in the literature (Earle, 1987; Hemmer, 

2004; Hertler and Volmer, 2008). Mass-class estimates for prey species 

(following Hemmer, 2004) that were present at these sites were calculated 

from the literature (Table 2) and carnivore mass was calculated using lower 

first molar lengths and family-specific regression equations (Van Valkenburgh, 

1990). We attempt to avoid some bias of fossil faunal abundance (related to 

calculation of the CI) through comparisons with modern correlates in 

conjunction with MNI, NISP, and use of relative abundance by taxa/size level 

rather than species for prey (Heaney, 1986; Meijaard, 2003; Mudar and 

Anderson, 2007; Lewis, 2017). The patterns of accumulation and dating of the 

sites used for CI analysis are well documented, and the assemblages represent 

similar species abundances as modern faunal communities in Southeast Asia 

since fauna have remained conserved since the Late Pleistocene (Bacon et al., 

2008b, 2015). M1 length measures of isolated teeth were used to calculate 

predator mass estimates for the CI and to avoid potential confusion with 

minimum number of individuals and unassociated bones following previous 

studies (Van Valkenburgh, 1990; Hemmer, 2004; Hertler and Volmer, 2008).  
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MNI and species counts were included from fauna from five sites from Laos 

and Vietnam. Lao sites included Tam Hang South and Nam Lot; Vietnamese 

sites included Duoi U’Oi, Lang Trang, and Tham Om. Though these sites did not  

 

preserve human fossil presence (there are some uncertainties regarding the 

classification of primate teeth at Tham Om and Lang Trang) (Olsen and 

Ciochon, 1990; Cuong, 1992; Marwick, 2009; Ciochon, 2010), they are in a 

Table 1  
Dating and accumulation patterns of the five sites used from CI analysis. *note that the site of Lang Trang preserves four nearby cave localities which date differently and have multiple 

assemblage patterns -the full range is included here as the fauna remains the same. Though human presence was not specifically noted at these sites, evidence remains for hominin 

land preference in northern Laos and Vietnam during this time (Demeter et al., 2004; McColl et al., 2018; Shackelford et al., 2018) and the faunal remains found here match long 

conserved faunal assemblages of mainland Southeast Asia (Bacon et al., 2008a, 2008b; 2011, 2018a) suggesting these sites provide a good proxy for faunal presence across mainland 

Southeast Asia at this time.   
Site  Date  Accumulation  References  

Tam Hang South  94-60 ka  Endokarstic deposit. Not associated with Holocene human 

burials  
Bacon et al. (2008), 2011; 2015  

Nam Lot  86-72 ka  Predatory/hyena accumulation/endokarstic deposit  Bacon et al. (2015), 2018a  
Duoi U’Oi  70-60 ka  Predatory/Homo sp. accumulation/endokarstic deposit  Bacon et al. (2008), 2015  
Lang Trang*  Unpublished ESR dates  

385–185 ka  
Published at ~80 ka  

Breccia deposit/possible Homo sp. occupation  Ciochon and Olsen 1991; Long et al., 1996; Marwick, 2008;  Ciochon 

(2010)  

Tham Om  250-125 ka  Possible Homo sp. occupation  Kha 1975, 1977; Olsen and Ciochon (1990); Cuong (1992)   

 

Table 2  
Carnivore and prey presence from the five test sites. Prey class was also calculated based on adult mass ranges for mammalian prey species following Hemmer (2004). Some species 

were unidentifiable past the genus level as many identifications were based on isolated teeth. * indicates identification of Homo sp. Specifically, though the Tam Hang specimens date 

much later, there are nearby (<1 km) Tam Pa Ling specimens which date nearer to the Tam Hang fauna (Shackelford and Demeter, 2012; Bacon et al., 2015; Demeter et al., 2017). 

Species ID’s were confirmed by A. J. Zachwieja following (Bacon et al., 2008a, 2011).   
Presence of Carnivores  Tam Hang, Laos  Nam Lot, Laos  Duoi U’Oi, Vietnam  Lang Trang, Vietnam  Tham Om, Vietnam    

Cuon alpinus  x  x  x  x  x    

Panthera pardus      x  x      

Panthera tigris  x    x  x  x    

Crocuta/H. brevirostris    x          

Arctonyx collaris      x  x  x    

Ursus thibetanus  x  x  x  x  x    

Felis temmicki/sylvestris        x  x    

Homo sp.  x*  x*  x  x*  x*      

Presence of Prey  Tam Hang, Laos  Nam Lot, Laos  Duoi U’Oi, Vietnam  Lang Trang, Vietnam  Tham Om, Vietnam  Prey class (adult)  

Macaca mulatta  x  x  x  x    2c  

Hylobates lar  x    x  x  x  2c  

Bovidae sp.  x  x  x  x    4b-5a  

Cervus unicolor  x  x  x  x  x  4a-4b  
Capricornus sumatrensis  x  x  x  x    3b-3c  

Muntiacus muntjak  x  x  x  x  x  3a  
Sus scrofa  x  x  x  x    3c-4a  

Rhinoceros uniconis  x  x  x  x  x  5a  
Rhinoceros sumatrensis  x  x  x  x    4c  

Tapiris indicus  x  x  x  x    4b  

Stegodon sp.  x  x    x  x  5a-5b  

Hystrix indica  x  x    x    3a  

Pongo pygmaeus  x  x    x  x  3b-4a  

Megatapirus agustus  x      x    4c  

Colobinae sp.        x    2c-3  

Elephus maximus          x  5b-5c   

 



 

 

region well known to preserve sites bearing Late Pleistocene Human remains 

(Demeter et al., 2017), suggesting this area of the Annamite mountains 

preserved modern human occupations and that humans were on the 

landscape with these fauna at this time. Full details of context and dating of 

the faunal assemblages used in the analysis can be found in Table 1.  

Regarding faunal presence, the primary prey species in these Southeast 

Asian fossil assemblages are cervids, suids, and bovids. However, many sites in 

the Annamite mountains maintain a large mass range of prey species from 

small rodents to stegodons and elephants (Bacon et al., 2004, 2006; 2008b, 

2011; 2015). While the faunal assemblages at these sites date from the Middle 

Pleistocene to the Late Pleistocene, the Sundaland region faunal complexes 

have remained relatively stable until modern times (minus the extinction of 

the stegodon and megatapir, as well as the disappearance of the spotted 

hyena from Southeast Asia), suggesting these faunal complexes represent a 

clear picture of the Southeast Asian food webs from the Late Pleistocene 

onwards (Bacon et al., 2008b, 2015). A full list of the species present at the five 

test sites, as well as their corresponding “prey mass class” (Hemmer, 2004) can 

be found in Table 2.  

 

CI was calculated following previous studies in which carnivores are 

compared by the mass of the prey they can reasonably choose to eat, and 

those they usually focus on (Earle, 1987; Hemmer, 2004; Hertler and Volmer, 

2008). The amount of overlap between prey species utilized by the carnivores 

in question can be compared. More prey-choice overlap equals higher 

competition for resources. CI was calculated using the ratio of the overlapping 

prey mass classes shared by two species as compared to their overall prey 

choice ranges (see equation below).  

 

CIx→y = (Overlapping classes species x on y)/(Total classes species x + y).  

 

Overall competitive estimates from 0 (no competition) to 1 (full prey 

overlap, likely extreme competition) were compiled on both a site- specific 

basis and as a regional “maximum” and were included to represent a biotic 

variable in ENM. ENMs including this biotic component were restricted to 

northern Laos and Vietnam, as interpolating beyond the bounds of our biotic 

data would be irresponsible and therefore were not validated against all 20 

“known human preference” sites (Table 3). However, this test represents the 

first-time biotic information has been included in any ENM predicting human 

land preference in paleoanthropological research.  

2.3. Methods  

Three iterative ENM models were compiled and run using the open source 

Maxent software for modeling species niches and distributions with the 

following variables (Phillips et al., 2017):   

1. Model 1: mean annual temperature and precipitation for the LGM   

2. Model 2: Model 1 + slope   

3. Model 3: Model 2 + CI (modeled for only northern Laos and Vietnam)  

ArcGIS Pro was used to clip abiotic variables to the same geographic 

boundaries as well as to interpolate trends from point data of each variable 

using the inverse distance weighting (IDW) technique. Layers were then 

exported as.asc files to be used in the Maxent modeling program (Phillips et 

al., 2017), which is a machine learning approach that uses “maximum entropy” 

to find the best fitting target distribution given the presence of expected 

climatic values. The Maxent ENM program was chosen specifically for this test 

case because of its usefulness in creating both accurate and precise predictions 

with small sample sizes (as compared to GARP, BIOCLIM, generalized linear 

models, and others) (Phillips et al., 2004; Townsend Peterson et al., 2007; 

Costa et al., 2010; Tarkesh and Jetschke, 2012; Block et al., 2016). Additionally, 

Maxent creates predictive models using only species presence data (as 

opposed to including absence data as well). Since we cannot be sure of human 

absence anywhere on the landscape and maintain only limited presence data 

based on fossil and archaeological evidence, Maxent proved to be the best 

choice for these ENM simulations. In a direct comparison of GARP and Maxent 

using these data, Maxent models far outperformed GARP models (Zachwieja 

and Shackelford, 2018).  



 

 

Table 3  

 

 

Using Maxent, ENMs of multiple variables were fit to our validation data, 

which included human occupation sites (n = 20) across Australasia that 

maintained fossil or archaeological human presence (Table 3). The way human 

occupation sites are included in the model can be summarized in two 

categories, model training sites and model testing sites. Model training sites 

consist of securely dated human occupation sites along the two likely 

geographic routes to Australia: a northern, inland route through Borneo, 

Sulawesi, the Talaud Islands, and Papua New Guinea or a more southern, 

coastal route through Sumatra, Java, Flores and East Timor.  

Subsets of these sites are then randomly included in the model to “train” it 

to focus on the type of environments at sites with known dates. Testing sites 

can be described as random subsets of the total sites (excluding training data) 

that are compared to the model after it runs. If these sites fit within the scope 

of the environments proposed by the model as favorable, the model is 

considered successful. If they do not, the model must be recalibrated. This is 

done in multiple iterations to train the model to the most comprehensive 

understanding of known human land preference before creating a projection 

of potential human land preference if humans were constrained by the 

environmental variables at play (in this case, temperature, precipitation, 

terrain, and CI). Abiotic models were validated against 20 known human 

preference sites (indicative of both proposed dispersal routes) based on fossil, 

occupation, or archaeological assemblages indicating human presence (Fig. 1, 

Table 3). Known human “land preference” sites for model validation 

purposefully included all potential indicators (fossil or archaeological) to 

maintain the most comprehensive indicators of human presence on the 

landscape (Bible and Peterson, 2018).  

 

Jackknife tests (a type of leave-one-out cross validation) and area under the 

curve (AUC) statistics were then used to assess the overall fit of the model to 

the testing data based on a subset of randomized training data and to indicate 

which environmental variable had the most influence on the individual model. 

Disparities between models suggest that, as in any other analysis, the coverage 

and accuracy of an ENM relies largely on the data entered into the model. 

Luckily, the coverage of paleoclimatology databases such as NOAA is vast (~1-

2ka time-slices over the past ~80ka or so). It is important to import data from 

as many paleoenvironmental databases as possible to obtain a wide spread of 

climate interactions throughout time. This provides the program with the most 

environmental coverage for the variables we are testing (Russell and Bijaksana, 

2012). Here, the inclusion of several different types of data from 11 studies 

allows for an initial assessment of what kind of variables may be important in 

a temperate context of human evolution and dispersal and may suggest 

further variables for study.  

3. Results  

3.1. Model 1: mean annual temperature and precipitation for the LGM  

ENM layers of mean annual temperature and precipitation reflect a 

relatively temperate landscape for Southeast Asia and Australia during the Last 

Glacial Maximum. Temperature gradients suggest hotter northern regions and 

cooler regions in South Australia, but all temperatures are well within levels 

for human survival and occupation (12.67–24.02 ◦C) (Fig. 2). Precipitation 

Site Name  Site location  Age (BP) uncalibrated  C14/OSL calibrated dates  References  

Nombe  Papua New Guinea  25,000–14,700  30,850–17,270  Mountain 1991  

Toe Cave  Papua New Guinea  25,920 ± 180  31,040–30,350  Clarke 2007; Pasveer 2004  
Matenbek  Bismarck  

Archipelago  
20,430 ± 180  24,400–23,440  Allen 1989  

Pamwak  Bismarck  
Archipelago  

20,900  >25,860  Spriggs 2001  

Kilu Cave  Bismarck  
Archipelago  

28,740 ± 280  33,365–31,690  Wickler1990, 2001  

Tham Lod  Thailand  35,000 ± 3000    Chitkament et al., 2015  

Lang Rongrien  Thailand  43,000–10,000    Anderson 1997, Mudar and Anderson (2007)  

Moh Khiew  Thailand  25,000 ± 600    Dennell and Porr 2012  

Tam Hang  Laos    94,000–3000  Bacon et al. (2015), Shackelford and Demeter (2012), McColl et al. (2018)  

Wadjak  Java  <12,000    Dennell and Porr 2012  

Tabon Cave  Philippines  47,000–31,000    Dennell and Porr 2012  

Lake Mungo  Australia    40,000–24,700  Brown 1992; Bowler 1970; Bowler and Price 1998; Oysten 1996; Bowler 2003; 

Thorne 1999  
Kow Swamp  Australia    22,000–19,000 OSL  

13,900–9590 C14  
Brown 1992; Stone and Cupper 2003  

Nacurrie  Australia    11,440 ± 160  Brown 1992  

Keilor  Australia    12,000 ± 100  Brown 1992  

Coobool Creek  Australia  14,300 ± 1000    Brown 1992; Bowdler 1992  

Liang Lembudu  Indonesia (Aru Islands)    28,000  O’Connor 2002a  

Lene Hara Cave  Indonesia (East Timor)  35,000–30,000    O’Connor 2002b  

Wanda Site - core 3  Indonesia (Sulawesi)    14,560 ± 130  Hope 2001  

Lua Meko Cave  Indonesia (Roti)  24,000    Mahirta 2003, 1999   

Sites used in ENM analysis listed by location with un-calibrated or calibrated dates as well as references.   



 

 

estimates based on δ18O show a relatively wet region, particularly in what is 

now island Southeast Asia (similar to (Caley et al., 2014)), though again 

estimates of rainfall across the entire region reflect temperate conditions well 

within the realm of human livability (δ18O readings between − 7.55 and − 1.23) 

(Fig. 3). Maxent output shows that this model fits well to randomized known 

human occupation data (AUC = 0.835, random prediction would be AUC = 0.5), 

and jackknife (leave one out) validation testing shows that temperature pulls 

the model (regularized training gain 1.3/1.38) (Table 4). Regarding favorability 

of human occupation, much of the region is considered “favorable” for human 

occupation at this time using just temperature and precipitation as predictors 

(between 0.46 and 0.92) and mapped output is not useful for determining fine 

or broad scale patterns of land preference.  

 

3.2. Model 2: model 1 + slope  

The second model used mean annual LGM temperature and precipitation 

data from Model 1 with the addition of quantified “terrain ruggedness” data 

(elevation calibrated slope) over the same geographic boundaries. Slope 

ranged from 0 to 27◦ over the modeled area (Fig. 4). Maxent output showed 

that this model fits better than Model 1 (AUC = 0.924) and the projected 

favorability is much more localized with higher favorability in mainland 

southeast Asia and island southeast Asia, particularly Indonesia (generally 

0.85–1), though overall estimates range from 0 to 1 (Fig. 5). In this iteration, 

slope is the primary influence on the model (regularized training gain 

0.68/0.92), followed by temperature (Table 5).  

3.3. Model 3: localized analysis of abiotic and biotic variables – Laos and 

vietnam  

Competition index data (where 0 is no prey overlap/no competition and 1 

is 100% prey overlap indicating very high competition) included maximum 

calculations for each species (Table 6) as well as individual site-specific 

estimates for northern Laos and Vietnam (Table 7). Generally, humans’ biggest 

competitors were other medium size prey specialists including the dhole (max 

CI: 0.5), hyena (max CI: 0.6), and leopard (max CI: 0.66), though they did likely 

experience much smaller amounts of competition from tigers (max CI: 0.33) 

and Asiatic golden cats (0.11) and we would expect that humans would avoid 

areas of high competition. Additionally, hunting type (solo ambush vs. group 

hunting) did affect competitive estimates, but group hunting alone was used 

here, as we can assume that humans were often using cooperative hunting 

strategies based on faunal assemblages of prime age prey (Bacon et al., 2018a; 

Wattanapituksakul et al., 2018). Site specific estimates (Table 7) were included 

as a biotic layer in Model 3’s ENM (Fig. 6).  

All variables from Model 2 (mean annual temperature and precipitation, 

slope) were also used in this ENM, which focused geographically on Laos and 

Vietnam. Maxent output did not show a fit comparable with  

 

Fig. 2. Temperature gradient interpolated from point data for study region during the Last Glacial Maximum. Cooler colors represent cooler temperatures and warmer colors, warmer 

temperatures. All temperatures across the region of interest were estimated to be between 12.53 and 26.64 ◦C. (For interpretation of the references to color in this figure legend, the 

reader is referred to the Web version of this article.)  



 

 

Fig. 3. Precipitation gradient interpolated from point data 

for study region during the Last Glacial Maximum. Cooler 

colors represent less precipitation and warmer colors, more 

precipitation. Isotope values between − 1.23 and − 7.55 all 

suggest moderate to high levels of precipitation and 

therefore relative lack of water stress. Lower isotope values 

indicate higher rainfall. (For interpretation of the references 

to color in this figure legend, the reader is referred to the 

Web version of this article.)    

 

 

 

 

 

Table 4  

Table of leave-one-out cross validation (jackknife) testing of variable importance for 

Model 1 – Temperature and Precipitation. Resulting data reflects the model training gain 

with estimated contribution and importance of each variable in providing ENM output. In 

Model 1 temperature pulls the model predictions.   

 
Model 1 variable  Percent contribution  Permutation importance  

Temperature  90.9  93.8  

Precipitation  9.1  6.2   

 

Fig. 4. Calculated terrain slope across the modeled area from ESRI as an approximation of 

Last Glacial Maximum terrain slope. Slopes were between 0 and 27◦ where warmer colors 

represent steeper slopes than cooler colors. This environmental layer was then added to 

Model 2 ENM with the addition of temperature and precipitation. (For interpretation of 

the references to color in this figure legend, the reader is referred to the Web version of 

this article.)  

 

the previous two models (AUC = 0.695). Of the included variables, temperature 

pulled the model in this iteration, followed by precipitation, then slope. CI did 

not seem to contribute to model estimates of favorability (Table 8). Estimated 

favorability was extremely generalized, with much of the study area between 

~0.38–0.69 in terms of potential favorability for 

human land preference at this time using all the 

described variables (Fig. 7).  

4. Discussion  

We used ENM in a test case in Late Pleistocene 

Australasia to predict human land preference in this 

region using abiotic and biotic data. We used ENM 

on both large-scale (all of Australasia) and localized-

scale (mainland Southeast Asia – Laos and Vietnam) 

analyses to determine if scale influenced the 

predictive output of ENM. This question of scale is 

key for providing contextualizing information useful 

to both the overall debate on “preferred” human dispersal pathways to 

Australia (e.g., a northern route or southern route to Australia) as well as 

providing local predictive maps that could be used to supplement ongoing 

fossil foot- survey. It is possible that humans dispersing through this region 

may have preferred specific ecosystems as dispersal or migration pathways, 

since modern human studies have shown that humans move in response to 

environmental stressors predictably to increase habitat quality and resource 

availability – both of which are functions of discrete variables related to 

climate and environment (Morgan, 2009; Williams et al., 2010). However, it is 

also possible that our assumptions of the environmental pressures facing 

humans during their dispersal in Australasia is based on our understanding of 

human dispersal and ENM land preference predictions in glacial climates, and 

we lack the temperate ENM context to know if these assumptions are valid. 

Therefore, we analyzed multiple ENM models of human land preference using 

traditional abiotic variables (mean annual temperature and precipitation) as 

well as landform data (slope) and biotic competition data.  

 

We expected that slope and competition would be better predictors in 

temperate Australasia, and that the long used ENM variables (here mean 

annual temperature and precipitation) would be poorer predictors. While 

slope proved to be the most highly predictive variable used in these ENMs, 

many of these other expectations were not supported. 



 

 

  

Temperature and precipitation produced models that generally fit well 

(showing they are accurate predictors), though these high AUC values were 

paired with very poor on the ground predictive estimates (i.e., the whole 

landscape was considered “preferred” by humans and therefore there was no 

discrimination to the prediction maps – leading to high AUCs, but relatively 

useless maps). The model including slope performed best in terms of accuracy 

(high AUC value) and precision (useful human land preference maps), though  

 

models suggested moderately sloped areas (above 15◦) to be preferred by 

humans. Biotic competition data did not contribute to localized land 

preference models, and abiotic data were considered most important for these 

data, though they had both low accuracy and low precision. Overall, abiotic 

variables maintained their importance in this temperate region, but we 

suggest that temperature and precipitation estimates should be combined 

with additional abiotic and biotic data to unpack the variability inherent in 

human land preference in a temperate space and to further assess landform 

data as the best predictor of human land preference in this Australasian test 

case.  

Our first ENM model focused specifically on two of the variables considered 

most important (mean annual temperature and precipitation) for predicting 

human land preference in the few ENM analyses of hindcasting human land 

preference in paleoanthropology (Barton et al., 2011; Beeton et al., 2014; 

Rodríguez et al., 2015; Glantz et al., 2018). Using random iterations of the 20 

human validation sites, Model 1 was considered favorable (AUC = 0.835) as 

compared to random (AUC = 0.5), suggesting that this model was of good fit to 

our data. Despite the AUC of this model, favorability estimates of human land 

preference were between 0.46 and 0.92 signifying that over 50% of the time 

we could expect to find humans throughout the tested area. This result is an 

indication of a discrepancy between the accuracy and precision of our first 

model in a temperate space. While the model’s relatively high AUC suggests it  

has returned an accurate model, the broad favorability tells us that this model 

is not precise enough to provide anything specific about human land 

preference – and therefore, is not informative enough for our purposes and 

does not provide any reliable evidence for land preference or either potential 

dispersal route. Because Australasia and Southeast Asia in particular was 

largely temperate even during glacial periods (Kershaw et al., 2001; Gathorne-

Hardy et al., 2002), it is quite likely that temperature and precipitation levels  

 

 

 

were always adequate for human survival in this space and, therefore would 

not be a good predictor of land preference, matching our expectations. This 

outcome also reflects inconsistencies in comparing European and Asian studies 

of human land preference using ENM, providing evidence that studies applying 

ENM in temperate regions may need to account for very different variables 

than those successful at predicting human land preference in other 

environments. In a cooler, more arid space in which extreme temperature or  

 

precipitation strongly influence the mortality of migrating humans, these 

variables have proven very informative; however, they did not provide a 

nuanced picture of human land preference in this Southeast Asian test case.  

Our second model maintained mean annual temperature and precipitation 

as predictive layers, but further included slope as a proxy for terrain 

ruggedness following Whittey (2017). Particularly in mainland Southeast Asia, 

karstic mountains are ubiquitous (Duringer et al., 2012) and would certainly 

create, if not a barrier, then a variable that must be overcome to develop land 

preference strategies within this space. What is today island Southeast Asia 

also maintains mountains that have known Pleistocene human occupation 

(e.g., Barsian Mountains in  

Fig. 5 (below). MaxEnt land favorability output for Last Glacial Maximum Australasia under Model 2 using temperature, precipitation ad terrain slope as predictors. Favorability is 

measured on a scale of 0–1 along a gradient with warmer colors representing higher favorability than cooler colors. Mainland Southeast Asia and Indonesia show particularly high 

favorability estimates. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.). 



 

 

 
Fig. 6. Competition estimates across Laos and Vietnam at the Last Glacial Maximum based 

on a sample of 5 study sites. Estimates range from 0.33 to 0.61, with much of the 

projected area showing higher CI estimates. CI data was then used as a layer in Model 3.  

Table 5  
Table of leave-one-out cross validation (jackknife) testing of variable importance for 

Model 2 – Temperature, Precipitation, and Terrain. Resulting data reflects the model 

training gain with estimated contribution and importance of each variable in providing 

ENM output. In Model 2 terrain slope pulls the model predictions.   
Model 2 variable  Percent contribution  Permutation importance  

Terrain Slope  72.9  54.3  

Temperature  25.8  45.7  
Precipitation  1.3  0   

 

Table 6  
Maximum CI estimates for humans and five predator species across all sites representing 

maximum competitive potential across mainland Southeast Asia. x - > y denotes 

competition species x feels from species y. CI on a scale from 0 to 1 where 1 represents 

100% prey overlap.   
Max CI (x - > y)  Dhole  Golden Cat  Hyena  Leopard  Tiger  Human  

Dhole    0.55  0.42  0.64  0.09  0.58  

Golden Cat  1    0  0  0  0.1  

Hyena  0.33  0    0.66  0.55  0.6  

Leopard  0.36  0  1    0.38  0.55  

Tiger  0.09  0  0.44  0.25    0.22  

Human  0.5  0.11  0.6  0.66  0.33     

 

Table 7  
CI estimates for carnivores at Duoi U’oi, Lang Trang, and Tam Om, Vietnam as well as Tam 

Hang and Nam Lot, Laos. X - > y denotes competition species X feels from species y. * 

denotes hominin presence, but estimated mass and CI from literature rather than bony 

measures.   
Lang Trang (x - > y)  Dhole  Golden Cat  Leopard  Tiger  Homo sp.  

Dhole    0.36  0.81  0.27  0.81  

Golden cat  0.36    0.13  0  0.11  

Leopard  0.5  0.13    0.38  0.72  

Tiger  0.18  0  0.25    0.29  

Human  0.63  0.11  0.61  0.43     

Nam Lot (x - > y)  Dhole  Hyena  Human      

Dhole    0.42  0.58      

Hyena  0.17    0.6      

Human  0.42  0.6         

Tam Hang (x - > y)  Dhole  Tiger  Human      

Dhole    0.27  0.75      

Tiger  0.18    0.22      

Human  0.58  0.33          

Tham Om (x - > y)  Dhole  Golden Cat  Leopard  Tiger  Homo sp*  

Dhole    0.55  0.27  0.09  0.58  

Golden cat  0.45    0  0  0.11  

Leopard  0.18  0    0.5  0.44  

Tiger  0.09  0  0.5    0.22  

Human  0.42  0.11  0.56  0.33     

Duoi U’Oi (x - > y)  Dhole  Leopard  Tiger  Homo sp*    

Dhole    0.81  0.09  0.58    

Leopard  0.45    0  0.56    

Tiger  0.09  0    0.22    

Human  0.42  0.33  0.33       

 

Table 8  
Table of leave-one-out cross validation (jackknife) testing of variable importance for 

Model 3 – Local scale Temperature, Precipitation, Terrain and CI. Resulting data reflects 

the model training gain with estimated contribution and importance of each variable in 

providing ENM output. In Model 3 temperature pulls the model predictions. Table of 

jackknife testing of variable importance for Model 3. Resulting data reflects the model 

training gain with estimated contribution and importance of each variable in providing 

ENM output. In Model 3 temperature pulls the model predictions.   
Model 3 variable  Percent contribution  Permutation importance  

Temperature  89  69.9  

Precipitation  11  30.1  
Terrain slope  0  0  
Competition Index  0  0   

   

 

 



 

 

Sumatra, Indonesia; New Guinea Highlands, Papua New Guinea), therefore 

landform variation data is likely an environmental layer that should be 

explored in an Australasian ENM test case (Summerhayes et al., 2016). Within 

the study area slope ranged from 0 to 27◦ (Fig. 4), and in ENM model output 

slope consistently and completely pulled the model in jackknife testing 

(regularized training gain 0.68/0.92), suggesting that this was more influential 

in this model than either the mean annual temperature or precipitation layers. 

Model 2 also produced a more nuanced human land preference estimate (Fig. 

5), which suggests that under these three variables, a southern pathway to 

Australia would be considered more favorable, but it is still clear that there is 

a broad range of habitats considered by the model to be “favorable” to human 

occupation. Contrary to expectations, most hominin land use sites were found 

on slopes above 15◦, this is reflected in the model, which predicts higher sloped 

regions (particularly the Annamite Mountains in mainland Southeast Asia) to 

be preferred by humans. This model could benefit by using further iterations 

with more predictors before making grand claims about modern human 

dispersal behavior. 

 

 

 

Fig. 7. MaxEnt land favorability output for Laos and Vietnam at the Last Glacial Maximum (~22-11ka) under Model 3 using temperature, precipitation, terrain slope, and CI as predictors. 

Favorability is measured on a scale of 0–1 along a gradient with warmer colors representing higher favorability than cooler colors. Favorability estimates across the entire region are 

quite generalized, largely between 0.23 and 0.85. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)  

 



 

 

 

Slope as a variable that could affect human land preference estimates has not 

been widely explored in other studies, but it appears to have a greater effect 

on model predictions and creates an equally accurate (AUC = 0.924) but more 

precise estimate in Southeast Asian landscapes. This suggests that more 

landform data variables (e.g., elevations, sea levels and sea crossings (Kealy et 

al., 2017, 2018), rainforest locations/vegetation maps) should be explored as 

predictors that may be valuable in creating more precise large-scale maps of 

human land preference with ENM. It is also worth noting that while this space 

did consistently maintain rainforest patches across glacials and interglacials 

which supported human occupation, it was also a unique mix of multiple 

biomes (e.g., temperate grassland and montane forest) (Gathorne-Hardy et al., 

2002; Boivin et al., 2013), therefore a categorical vegetation type matrix could 

be of use here.  

Model 3 maintained all previous abiotic variables and used CI to integrate 

a biotic variable into an analysis of hindcasted human mobility. The CI was used 

as one biotic variable to obtain a picture of whether competition between 

humans and these species likely existed, and – if so – did this competitive 

potential change human land preference estimates when added to solely 

abiotic ENM models of human land preference. This model was restricted to a 

localized scale of Laos and Vietnam until more CI data can be obtained for 

additional locations in Australasia so as to not overestimate the importance of 

this variable on overall land preference. The fit of Model 3 was drastically lower 

than the preceding iterations (AUC = 0.695) and showed broad favorability 

estimates comparable with Model 1 (Fig. 7), despite high competition 

estimates (Tables 6 and 7). While we expected that competition, if high, would 

reduce favorability (Hoare, 2019), (e.g., humans would move away from these 

spaces or seek resources elsewhere) this was not supported in the ENM. 

Despite high competition estimates both across the region and site-specifically 

(Table 7, Fig. 6), all study sites maintained relatively high overall competitive 

estimates (Table 6), thereby possibly predicting the variable as unimportant 

because of ubiquitous high CI estimates. On the contrary, it is also possible that 

competition was not a significant factor in Late Pleistocene land preference in 

northern Laos and Vietnam. This could also be because of the confounding 

nature of this type of biotic data. While great care was taken to avoid faunal 

presence bias in these data, it is possible that competition is one of the 

“messier” biotic variables. Indeed, it has been suggested that environmental 

corridors in this region would have likely promoted Pleistocene faunal and 

human migration and consequent predator-prey interactions (Tougard, 2001; 

Gathorne-Hardy et al., 2002; Tougard and Montuire, 2006; Louys and Turner, 

2012). However, because this is the first such test of its kind, we suggest 

further examination of this and other biotic variables as potentially important 

to ENM predictions – particularly in light of the high competitive estimates 

obtained from the CI analysis which, though maximums, provide evidence that 

at least some interspecific competition was likely occurring. All of these 

confounding factors may be at play in these data, and only inclusions of more 

data may allow us to unpack these questions further.  

Additionally, contrary to expectations, mean annual temperature rather 

than slope or CI was considered the most important variable by jackknife test 

of variable importance for Model 3 (Table 8). There are several possible 

reasons for the relatively poor accuracy and precision of this model. Firstly, 

while the dataset may be large on an overall scale, moving the analysis to a 

localized scale may require more fine-grained estimates of temperature and 

precipitation from local sources rather than from a broad dataset curated for 

all of Australasia. Secondly, all sites for CI are located within the Annamite 

Mountains and have relatively steep slopes. This could confound the model’s 

accuracy because if slope values are consistently high across the area, it would 

not be considered an important distinguishing variable for locating human 

presence because of its lack of variability on this localized scale, as with CI. 

Furthermore, the drastic differences in model fits (of the same variables) at 

broad and narrow scales provides evidence that not all ENM variables, or 

analyses, are created equal. It is quite possible that broad and narrow focus 

comparisons require different variables to obtain the best fitting model and 

most likely picture of human land preference in a uniquely temperate region 

like Australasia and that data may not be transferrable for broad questions 

about Australasian human dispersal pathways and local on the ground fossil 

foot survey predictions.  

5. Conclusions  

This Australasian test case of human paleo-ENM provides insight into the 

use of these types of methods in temperate spaces, and in understanding 

human niche construction and landscape preference. Here, we used ENM to 

test human land preference in Australasia during the Last Glacial Maximum 

(26.5–19ka), in a region that maintained tropical refugia throughout this 

period. We contend that using ENMs to predict past human movement in 

temperate ecosystems requires a re-thinking of how we assign “importance” 

to environmental variables, and that we must create ENM models cognizant of 

the unique environmental stressors in a longstanding temperate space.  

Our results suggest that researchers cannot and should not treat ENM 

comparisons in temperate climates identically to other comparisons, as 

building incorrect assumptions into models results in inaccuracy, regardless of 

the veracity of the data. The most significant variables in European and 

Western/Central Asian comparisons are variations in temperature and 

precipitation, which, though they created accurate large-scale models with 

high AUC scores, were not good predictors of precise human land preference, 

resulting in vague maps that do not contribute to questions of human dispersal 

in this region, or provide detail relevant for fossil foot survey. Slope, our proxy 

for “terrain ruggedness” contributed to the most accurate and precise ENM 

model in this temperate test case, suggesting additional landform data may be 

key to creating ENM models of human land preference with applicable results.  

At a localized scale, though temperature was considered by jackknife 

testing to be the most important predictor in Model 3, the low overall fit of the 

model (AUC = 0.695) as compared to random chance (AUC = 0.5) suggests that 

temperature is still a poor predictor in a localized space (i.  

e., there are other environmental variables at play that are not included in this 

model which would provide better fitting models on local scales). Thus, 

temperate specific analyses at any scale may require the inclusion of other 

biotic and/or abiotic variables that may hold less predictive power in more 

extreme environments to obtain more accurate predictions of land preference 

and dispersal pathways in longstanding temperate spaces.  

Though our localized analysis including biotic competition data did not 

suggest competition was important in the ENM simulation of land preference, 

the relatively high results of the CI analysis both by site and overall suggest this 

variable may be important in larger scale site comparisons and should not be 

entirely discounted based on the null results of this test case. At a minimum, 

following the calls in biology to create more comprehensive ENMs (Gavin et 

al., 2014; Maguire et al., 2015), some kind of species interaction data should 

be included in further analysis to reduce our assumptions of how humans 

interacted with their environment and account for that source of variation in 

our predictive models. Southeast Asian Pleistocene landscapes were a unique 

mix of variable niches and biomes that have sparked forty years of debate over 

the dispersal routes of humans to Australia (Birdsell, 1977). It is in these types 

of varied environments that spatial and environmental analyses of human 

behavior can be valuable – potentially providing future evidence that could 

solve this debate. We suggest that this unique environmental context of Late 

Pleistocene Southeast Asian landscapes promotes the use of additional “non-

traditional” variables to obtain ENM predictions in future iterations that may 

have the ability to discriminate between a grassland northern route or a more 

forested southern route. Including additional variables such as greater 



 

 

landform data, sea crossings and vegetation type, as well as other predictors 

such as distance to freshwater and aridity proxies can only create more 

accurate predictions of human land preference, with potential implications for 

further fossil discovery.  

6. Data availability  

All abiotic variables included in ENM analysis were retrieved from open 

source databases including the NOAA paleoclimatology database 

(ncdc.noaa.gov/data-access/paleoclimatology-data/datasets) (Calvo et al., 

2007; Partin et al., 2007, 2015; Crundwell et al., 2008; Saikku et al., 2009; 

Mohtadi et al., 2010, 2014; Ayliffe et al., 2013; Carolin et al., 2013; Denniston 

et al., 2013a, 2013b; Gibbons et al., 2014; Ford et al., 2015) and the ESRI ArcGIS 

Living Atlas (https://livingatlas.arcgis. com/en/). (ESRI Terrain Slope in 

Degrees). CI data were compiled by A. Zachwieja and is stored in the Illinois 

Data Bank repository at the University of Illinois at Urbana-Champaign 

(Zachwieja, 2019). ENM layers and validation data were also compiled by A. 

Zachwieja and are stored in the Illinois Databank (Zachwieja, 2020).  

7. Location and accession of archaeological materials  

Fossil faunal data was used to calculate the CI. Faunal data from Tam Hang 

and Nam Lot, Laos was accessed during the winter of 2015 and was located at 

the Lao National Museum. Access permissions were gained from the 

excavating researchers as well as the Lao National Museum and Lao Ministry 

of Information, Culture and Tourism. All collaborators have been included here 

as authors. Faunal data from Duoi U’Oi, Tam Om, and Lang Trang, Vietnam 

were accessed during the winter of 2015 at the Institute of Archaeology in 

Hanoi where all access permissions were obtained and assisting researchers 

were included here as authors.  
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