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Even the spatial migration of human settlements is strongly influenced by the drainage 
shifting. As the streams regularly change their courses so we have tried to extract all 
kind of channels including Palaeochannel or scar of the past river flows. These means 
the drainage density outstretched all over the study area including the boundary of 
Wari-Bateshwar. 
10	 Paleochannels are the remnants of past streams distinguished by the seasonal 
discharge compared to present courses. These channels have been drawn manually 
on screen using different type of indexes such as slope variation, false coloring, Short 
Wave Infrared (SWIR), NDVI etc. The important thing is that the Palaeochannel activities  
are only shown outside of the Wari-Bateshwar; it is because the archaeological records 
or the study area outlined within the very stable landform, as previously described as 

Fig. 3: The normalized and resampled variables reveal distinct spatial patterns across the study area. a: Elevation highlights the noticeably elevated 
zones, which largely correspond with the distribution of archaeological records. b: Drainage height shows relatively low variability across the region. 
c: Although drainage density appears relatively homogeneous, within the elevated areas the drainage is mainly influenced by the Baid land formation, 
rather than typical floodplain rivers; this is clearly evident in d: when interpreting the paleochannel density. e: The wetness index, and f: Maximum 
water extent indicate limited water activity inside the main site zone. g: Finally, the interpolated raster of archaeological records visualizes the spatial 
distribution of findings across the area.
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near-optimal model, capturing almost all variation without overfitting. Degree 5–6 (R2 = 
0.968) shows marginal improvement over Degree 4, indicating saturation and potential 
overfitting (Fig. 9).
20	 While Degrees 5 and 6 yield the highest R2 (0.968), the improvement beyond 
Degree 4 (R2 = 0.947) is minimal and may not be substantively meaningful. Therefore, 
Polynomial Regression at Degree 4 is considered the best-fitting model, capturing the 
complex but consistent trend between DEM and settlement density without sacrificing 
interpretability. The strong and consistent correlation between elevation and ancient 
settlement distribution in Wari-Bateshwar reflects a deliberate preference for upland 
zones, primarily the Chanla surfaces of the Madhupur Tract. These elevated areas 
provided stable, dry ground in contrast to the adjacent Holocene floodplains, which 
were prone to seasonal inundation and sedimentary instability.
21	 The regression models further reinforce these trends. Linear R2 values remain 
moderate to high for DEM (0.750) and PD (0.602), whereas polynomial regressions 
significantly improve the explanatory power, particularly in higher-order fits. DEM 
reaches R2 = 0.968 (degree 5–6), while PD (0.927) and TWI (0.866) also show strong non-
linear relationships, indicating that settlement location cannot be explained by simple 

Fig. 7: Original (true) binned 
pixel scatter plots illustrating the 
relationships between settlement 
density and the selected 
environmental variables. The 
distributions exhibit substantial 
variability, nonlinear trends, and 
the presence of outliers, resulting 
in complex patterns that hinder 
straightforward interpretation of 
the correlations among variables.
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Fig. 8: The curves derived from the 10k pixel binning approach, demonstrating varied linear and nonlinear relationships between the environmental 
variables and settlement density. The smoothed distributions highlight distinct response patterns and improve the interpretability of variable 
interactions across the study area.

Fig. 9: Comparative regression statistics for the 10k pixel binning approach, presenting correlation coefficients and polynomial regression fits across 
multiple polynomial degrees. The results demonstrate the varying performance and goodness-of-fit of linear and higher-order polynomial models in 
capturing the relationships between settlement density and the environmental variables.
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linear processes but rather by more complex interactions between elevation, hydrology, 
and landform configuration. The relatively low linear explanatory power of HAND and 
DRN improves considerably under polynomial models, suggesting threshold effects and 
non-linear settlement responses to landscape features.
22	 Taken together, the results imply that settlement distribution is primarily 
structured by elevation and relative dryness, while proximity to water bodies and flood-
prone zones plays a more complex but equally critical role. The strong polynomial fits 
indicate that settlement choices were not uniformly distributed across the environmental 
gradient but instead clustered within optimal ranges of elevation and hydrological 
stability. This reflects a strategic balance between security from floods and accessibility 
to fertile lands and water resources. The statistical patterns thus provide quantitative 
support to the hypothesis that settlement location in this landscape was shaped by a 
dynamic interaction of topography, hydrology, and human adaptive strategies to deltaic 
risks.
23	 The strong statistical correspondence between environmental suitability and 
archaeological site distribution underscores that ancient inhabitants of Wari-Bateshwar 
did not settle randomly or solely for strategic visibility. Instead, settlement patterns were 
embedded within a clear hydrological and geomorphological logic – favoring elevated, 
well-drained, and hydrologically buffered terrain. This spatial behavior is not only 
statistically evident but also archaeologically visible, with all known sites concentrated 
on the Chanla surfaces of the Pleistocene Madhupur Tract, far from unstable floodplain 
units or channel scars.

4. Conclusion
24	 The Early Historic landscapes of Wari-Bateshwar were strongly shaped 
by topographic and hydrological factors, with a clear preference for elevated, well-
drained, and flood-resilient terrain. However, the study is limited by the use of 
modern environmental proxies, a relatively small archaeological dataset, and manual 
palaeochannel mapping, which together highlight the need for multi-temporal 
hydrological reconstruction and expanded field surveys. Moreover, several variables 
are derived from DEM, some degree of multicollinearity and spatial autocorrelation 
is unavoidable. While pixel aggregation reduces local spatial dependence, residual 
spatial autocorrelation may remain. It is important to note that relationships observed 
at aggregated scales may reflect individual site-level behavior. Therefore, the observed 
correlations should be interpreted as indicative of broader landscape-level trends 
rather than precise predictors of individual settlement locations. Future research should 
integrate sedimentary analysis, predictive modelling, and broader regional comparisons 
to build a more comprehensive understanding of settlement ecology in riverine South 
Asia. The findings also offer relevant insights for modern land-use planning and heritage 
risk assessment, particularly in climate-sensitive floodplain regions where ancient 
strategies of resilience remain instructive today. The methods used – raster resampling, 
normalization, settlement density modelling, and polynomial regression – provide a 
replicable framework for similar studies in other riverine contexts of South Asia, where 
landscape stability and water proximity often governed early urban and proto-urban 
settlement decisions.
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