A Process-explicit Model for the Simulation of Polynesian Colonisation of New Zealand
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The arrival of new species into an ecosystem is often a cause of momentous change (Mooney and Hobbs (2000) and references therein), generally resulting in some rearrangement of the ecological structure, and sometimes species extinctions (Clavero et al. 2009). On oceanic islands, which are often isolated ecosystems, with simple interaction networks and unique flora and fauna (Simberloff 1995), the arrival of new species can often result in much greater upheaval than similar introductions on continental landmasses (Clavero et al. 2009). Viewed ecologically, the global expansion of humans has precipitated the arrival of Homo sapiens as a novel species in a number of ecosystems that were naïve to such a species (Channell and Lomolino 2000). This is especially the case on the large number of islands that people have colonized (Wood et al. 2017).
Understanding and managing the conservation implications of the introduction of new species (either intentionally or unintentionally) requires a sound and precise expectation of where the new species may spread, and in what numbers (Richardson and Whittaker 2010). Yet these outcomes are difficult to estimate, even with the most advanced of ecological niche models (Elith et al. 2010). Mechanistic or process-explicit models have greater potential to capture these dynamics effectively by modelling the processes underlying the ecological patterns (Peterson et al. 2015, Fordham et al. 2018).
Here, we present a spatially explicit population model (SEPM) coded in the R statistical environment, to model the Polynesian colonization of New Zealand. This provides a strong case study of human colonisation of oceanic islands because we have some very good empirical evidence of the timing and patterns of this phenomenon in the form of an extensive radiocarbon dated record of human settlement (Wilmshurst et al. 2008, Brown and Crema 2019), and Māori whakapapa (Anderson et al. 2015) against which to validate and optimize our model outcomes. The model is presented in five stages, constructed around the use of boosted regression trees to generate a template of suitable habitats (Elith et al. 2008) and relative carrying capacity for Polynesian colonists in New Zealand, and the ‘poems’ package for constructing SEPMs (Fordham et al. 2021). 

Part 01 – Spatial Data, Resolution and Extent
This script details the establishment of appropriately aligned spatial data files, the identification of the most appropriate spatial resolution for all subsequent modelling and analysis, and provides the key templates against which the models are constructed.

Part 02 – Māori Suitability Template
This script uses a hurdled boosted regression model to generate plausible layers of habitat suitability for Maori in New Zealand.  This script begins with a dataframe of presence and absence data, and runs through the development of boosted regression trees (BRT), and their validation, to develop appropriate spatial templates for the subsequent modelling in later scripts.

Part 03 – Māori Simulations
This script takes the habitat suitability rasters generated in the previous script and uses them as a template for a spatially-explicit population model executed using the 'poems' package. This script goes through all the requirements for developing the 'poems' model, running 25,000 simulations of the model, and validating the simulations against empirical targets using Approximate Bayesian Computation. It also optimises the simulations by resampling the parameter space.

Part 04 – Sensitivity Analyses
This script takes the habitat suitability rasters generated in the previous script and uses them as a template for a spatially-explicit population model executed using the 'poems' package. This script goes through all the requirements for developing the 'poems' model, running 25,000 simulations of the model, and validating the simulations against empirical targets using Approximate Bayesian Computation. It also optimises the simulations by resampling the parameter space.

Part 05 – Plotting
This script takes all the models and projections generated through the colonisation models and generates a series of figures. Some of these figures are diagnostic, some of the figures are demonstrative. There is also a section that produces all the figures required to assemble and animation of the ensemble settlement sequence, but the animation is assembled outside R.

All the analyses are currently coded to write output to the DEMO_DIR folder to avoid writing over the existing data. This means that all the analyses can be fully replicated without destroying the data that we have generated ourselves. Any replicate simulations will be slightly different to the outcomes that we have produced because each step of the analyses have in-built stochastic elements to capture some component of unknown sources of variation. All the plots and analyses are conducted using these existing data files.

Outcomes
The models result in 100 spatially-explicit estimates of likely Polynesian colonization scenarios that resulted in the Māori populations encountered by Europeans in 1769 (Pool 1991). These scenarios are characterized by unique founding population sizes, Polynesian settlement times, population growth rates and dispersal characteristics, all of which are optimized against published empirical evidence (Wilmshurst et al. 2008, Perry et al. 2014, Anderson 2017, Brown and Crema 2019). These scenarios are further analysed to understand bioregional differences in population growth rates, and rates and patterns of expansion. 
The expansion of humans across oceanic islands during the Holocene fundamentally altered the structure and function of native ecosystems across the Pacific (Steadman 1995, Perry et al. 2014), the Indian Ocean (Wood et al. 2017, Hansford et al. 2021, Hixon et al. 2021), the Mediterranean (Wood et al. 2017), and across island chains such as the Sunda archipelago and the islands of the Caribbean (Locatelli et al. 2012, Cooke et al. 2017). However, these colonisation events were often so rapid that the pattern and timing of their ecological consequences remains hotly debated. The simulation and analysis programs presented here offer some ways to examine the potential pathways by comparing detailed simulations against empirical evidence. 
The arrival of humans in ā new ecosystem is analogous to the introduction of any novel species to a new environment. We feel that, much as the simulation scripts offered here provide insight into paleoecology and anthropology, they have a much broader potential value. Estimating the patterns and magnitudes of impacts of introduced species is one of the most substantial conservation challenges of the Anthropocene (Mainka and Howard 2010), and we see that the application of tools such as these have substantial potential in guiding conservation outcomes.
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