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ARTICLE INFO ABSTRACT

Handling Editor: Donatella Magri Investigating long-term archaeological land-use patterns is crucial for understanding how past populations
adjusted settlement strategies, resource exploitation, and communication networks in response to environmental
and climatic variability. Recent quantitative archaeological research has provided important insights into long-
term spatio-temporal social transformations in the Carpathian Basin. Yet the diachronic relationships between
communication networks and environmental and climatic changes remain poorly understood. To fill this gap, we
present a standardized, transparent, and replicable framework to compare relative connectivity across distinct
site-distribution patterns, using a center—periphery model derived from custom network analyses spanning the
Neolithic to the Hungarian Conquest period (~8000-1000 BP). We develop and present climatically adjusted and
simulated movement networks based on spatially clustered centers, emphasising high site intensities and travel
cost efficiency derived from a weighted walking friction model incorporating topography and hydrology. We
further compare land-use patterns and socio-ecological persistence with crop cultivation strategies based on
carbon and nitrogen stable isotope data from human and animal remains. Our results show period-specific
differences in centre-periphery structures and accessibility inequalities, alongside changing associations be-
tween archaeological footprints and descriptive environmental classes. These patterns are consistent with
repeated reorganisation under changing environmental conditions, rather than with a uniform response to
environmental change.

1. Introduction interaction landscapes, producing a complex palimpsest of communi-

cation networks and exchange routes (Kempf, 2020, 2021). Under-

The Carpathian Basin serves as a communication corridor
throughout prehistory, governed by its distinctive geography and major
hydrological systems (Banffy, 2019; Gaudenyi and Mihajlovi¢, 2022;
Kempf, 2021; Magyari et al., 2024). Over time, culturally diverse human
groups and societies created a wide range of settlement patterns and

* Corresponding author.

standing the factors that shaped these connectivity systems and how
they evolved over time is crucial for interpreting long-term socio-cul-
tural transformations, including shifts in individual mobility, subsis-
tence strategies, larger trade routes, and the location of central hubs.
Although the Holocene is often considered as climatically more stable
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than earlier periods (Brown et al., 2013), it was nevertheless charac-
terized by pronounced climatic regime shifts and periods of increased
hydroclimatic extremes. Despite major advances in environmental and
quantitative archaeology in the study area particularly in research on
population dynamics, land-use, and site-distribution patterns
(Depaermentier et al., 2020a,b; Depaermentier et al., 2020a,b2021,
2025a; Fort, 2022; Kempf, 2020, 2021; Kempf and Giinther, 2023;
Magyari et al., 2024), most studies of spatial-diffusion and connectivity
have focused on individual periods within the Holocene, making it
difficult to determine whether the observed structures are
period-specific or reflect long-term spatial persistence.

We present a custom developed modelling approach for diachronic
comparison of archaeological site distribution, network connectivities,
movement corridors (e.g. Verhagen et al., 2019; Collar et al., 2015;
Brughmans, 2013; Petrie et al., 2026) and environmental conditions
from the Neolithic period to the Middle Ages (~8000-1000 BP). Using
this approach, we aim to capture both the centrality structure and the
hinterland integration of the Carpathian Basin (Fig. 1). By integrating
the custom-derived ecological zonation model developed by Kempf
(2026), we further evaluate the relationship between archaeological
core area distributions and ecological conditions across the Carpathian
Basin (Kempf, 2026a, 2021). A comparison with published stable carbon
and nitrogen isotope data derived from human and animal remains
further offers the possibility to explore the link with shifts in subsistence
practices (Lee-Thorp, 2008). This paper thus provides a workflow for
environmentally and climatologically weighted network simulations
and comparative spatial analysis that can also be applied to other re-
gions with dense archaeological records beyond the study area. The
framework complements recent work that has examined climatic con-
straints on Neolithic expansion (Betti et al., 2020) and environmentally
differentiated mobility corridors (Petrie et al., 2026). Rather than
modelling agricultural suitability or spatially explicit paleoclimatic
gradients, this study compares centre—periphery configurations under a
terrain-hydrology friction surface modified by a period-specific hydro-
climatic index.

2. Modern environmental and climate settings

The Carpathian Basin is situated in East-Central Europe and forms a
topographically enclosed lowland surrounded mostly by the Carpa-
thians Mountains and dominated by the two major river systems of the
Danube and the Tisza (Fig. 1). Present-day seasonal temperatures are

20
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highest in summer (June-August), which coincide with the season with
most rainfall (mostly convective). During the winter months (December-
February), the strongly continental climate brings cold and dry condi-
tions to most parts of the Carpathian Basin. The region is primarily
governed by large-scale atmospheric circulation reflecting the interac-
tion between Atlantic, Mediterranean, and continental influences.
Enhanced Atlantic westerly flow is generally associated with milder
conditions and increased precipitation, particularly on the western and
northern flanks of the Carpathians, while Mediterranean cyclones pro-
vide episodic but often dominant contributions to heavy precipitation
and flood events, especially during spring and autumn. In contrast,
circulation regimes characterised by blocking over eastern Europe and
western Russia favour the advection of dry continental air masses,
leading to persistent cold spells in winter as well as heatwaves and
drought in summer. During the cold season, precipitation variability is
strongly modulated by the phase of the North Atlantic Oscillation, with
negative phases favouring enhanced moisture transport towards south-
ern and south-eastern Europe and increased precipitation in the Car-
pathian region (Ionita, 2014; Persoiu et al., 2017). Winter precipitation
regimes are further shaped by the interaction between Atlantic and
Mediterranean moisture pathways and persistent continental anticy-
clones over western Russia, which can suppress precipitation and pro-
long anomalous conditions (Persoiu et al., 2019).

3. Paleoclimatic evidence

The Holocene experienced several pronounced climatic excursions
across the Northern Hemisphere (McKay et al., 2024 and references
therein) with the 8.2 ka cal BP event being the most prominent rapid
cooling episode associated with changes in precipitation regimes (Alley
and Agustsdottir, 2005; McKay et al., 2024; Morrill et al., 2013; Parker
and Harrison, 2022). High resolution speleothem records from Closani
Cave in southwestern Romania demonstrated that autumn and winter
precipitation during the early to mid-Holocene was substantially higher
than present, with anomalies of up to 80% during the 8.2 ka event
(Warken et al., 2024) (Fig. 2). In addition, Feurdean et al. (2008) re-
ported the 8.2 ka cal BP event as one of the most prominent Holocene
excursions in the Carpathian Basin, associated with reduced winter and
spring temperatures and increased summer temperatures, potentially
enhancing continentality (Feurdean et al., 2008; Seppa et al., 2007).
Contrasting summer cooling signals from the eastern Carpathians
(Persoiu et al., 2017) and the strong precipitation increase documented
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Fig. 1. Present-day environmental and climatological settings of the study area. Topography (m asl) (OpenTopography, 2013), hydrology (major river systems
(European Environment Agency, 2019)), and climatology (precipitation (mm/season); temperature (mean/season), reference period 1970-2000 (Fick and Hijmans,
2017)); DJF = December-February; MAM = March-May; JJA = June-August; SON=September-November) in the Carpathian Basin and modern day Hungary

(black polygon).
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(A) Temperature anomalies and similarity bins (data: Essell et al. 2023)
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Fig. 2. Holocene temperature anomalies (A) and precipitation (B) anomalies and climatic similarity phase bins during the Holocene. (A) Dynamic temperature
similarity bins with a threshold of mean(ts)+4+*SD(ts) across the annually resolved timeseries (ts): cold (blue) and warm (phases); green dashed line marks the mean
(0) and the black line is the rolling window mean (n = 50 years); data from Essell et al. (2023). (B) Precipitation anomalies of Closani (Romania) composite spe-
leothem records based on Warken et al. (2024); similarity bins with a local threshold of mean(ts)+2*SD(ts) across the discontinuous time series. (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web version of this article.)

by speleothems highlight the spatial heterogeneity of the 8.2 ka event
outside the North Atlantic core region, consistent with findings by
McKay et al. (2024). This event potentially contributed to the onset of
the Neolithic transition into Thrace, Macedonia, Thessaly, Bulgaria
(Weninger et al., 2006). While in the Lower Danube the 8.2 ka climatic
event likely brought cooler and wetter conditions, increasing river
discharge and flooding, Mesolithic hunter-gatherer communities were
forced to adjust their settlement patterns and mobility strategies
(Bonsall et al., 2015).

Beyond the 8.2 ka event, Holocene hydroclimatic variability in
Eastern Central Europe appears to have been largely governed by dy-
namic atmospheric processes rather than thermodynamic forcing alone
(Warken et al., 2024). This includes mid Holocene anomalies such as the
7.2 ka event identified by Hou et al. (2023), whose regional expression
remains heterogeneous (Hou et al., 2023). Despite the supposed relative
stability during the middle Holocene, multiple proxy records from
Romania document repeated short-term hydroclimatic oscillations and
changes in precipitation variability (Bodnariuc et al., 2002; Feurdean
et al., 2008; Persoiu et al., 2017; Warken et al., 2024). The Closani
Cave record indicates that autumn and winter precipitation between
approximately 9.5 and 4 ka BP was on average 20 to 30% higher than
present day levels, with episodic extremes exceeding this range (Warken
et al., 2024). After approximately 4.7 ka cal BP, hydroclimatic condi-
tions in the Carpathian region became increasingly variable, with the
late Holocene marking a period of more frequent extremes (Warken
et al.,, 2024). This variability is interpreted as a consequence of
changes in North Atlantic sea level pressure patterns, increased atmo-
spheric blocking, and shifts in jet stream dynamics rather than gradual
temperature forcing alone.

The 4.2 ka event, approximately 4300 to 3900 yr BP marks the
boundary between the middle and late Holocene and has traditionally
been associated with widespread drought and societal transformations
(Nan et al., 2025 and references therein). However, recent global and
regional analyses demonstrate that the 4.2 ka event lacks the spatial
coherence observed for the 8.2 ka event, and is instead characterized by
pronounced hydroclimatic heterogeneity (McKay et al., 2024; Nan et al.,
2025, 2026). For the Carpathian region, this heterogeneity is particu-
larly evident. While winter megadroughts have been documented in
parts of the Mediterranean Basin, speleothem and lake records from
Romania indicate generally wetter conditions, increased runoff, and low
wildfire activity between approximately 4.7 and 3.3 ka BP, with espe-
cially wet phases after 4.3 ka BP (Feurdean et al., 2013; Panait et al.,
2017; Persoiu et al., 2017). Warken et al. (2024) showed that this
period coincides with higher precipitation variability and a growing
influence of dynamic circulation processes, including atmospheric
blocking and jet stream reorganisation, rather than with a uniform
drying signal. Although uncertainties regarding the synchronicity of
hydroclimatic changes across Europe were already raised by Wanner
et al. (2008), glacier advances indicate phases of Northern Hemi-
sphere cooling between 3.8 and 3.1 ka BP and between 3.0 and 2.3 ka BP
(Seppa et al., 2009; Wanner et al., 2008). These cooler intervals were
followed by a long-lasting warming trend peaking around 2.0 ka BP,
commonly referred to as the Roman Warm Period in Central Europe
(Seppa et al., 2009).

The subsequent Medieval period was characterized by pronounced
climatic variability across Europe, with alternating phases of cooling,
warming, and changes in hydroclimatic conditions. One of the most
prominent intervals was the Late Antique Little Ice Age (LALIA), a
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cooling period that started following the 536/537 and 540 CE volcanic
events (Biintgen et al., 2016; Helama et al., 2017; Van Dijk et al., 2022).
This period is reflected in widespread temperature reduction and
changes in the hydrological cycle in many parts of Europe and the
Mediterranean (Xoplaki et al., 2021). During the Early Medieval period,
relatively warmer conditions have been reported in Northern Europe, in
contrast to colder conditions in Central and Southwestern Europe
(Luterbacher et al., 2016). The Medieval Climate Anomaly (MCA) rep-
resents another major interval of Medieval climate variability, although
its expression is spatially and seasonally heterogeneous. In Europe, the
MCA is most clearly expressed in summer temperature reconstructions,
particularly in western and northern regions (Bradley et al., 2003;
Goosse et al., 2006; Graham et al., 2011; Luterbacher et al., 2016). In
Central, Southern and Eastern Europe, including the Carpathian Basin,
the signal appears more complex, with weaker or less consistent tem-
perature anomalies (Luterbacher et al., 2016) and a stronger role of
hydroclimatic variability and atmospheric circulation changes (Xoplaki
et al., 2016, 2018, 2021). Tree-ring evidence from the Eastern Carpa-
thians is consistent with this interpretation: a summer mean tempera-
ture reconstruction from the Calimani Mountains spanning 1163-2005
CE does not show a clearly sustained Medieval warm phase, but instead
indicates relatively modest Medieval summer-temperature anomalies
compared with western and northern Europe (Popa and Kern, 2009). For
the subsequent centuries, regional tree-ring records provide clearer ev-
idence of climatic variability. The same reconstruction identifies a
pronounced Little Ice Age summer-cooling signal between 1370 and
1630 CE, followed by lagged cold decades around 1820 and 1840 CE
(Popa and Kern, 2009). A tree-ring cellulose 5'80-based August SPEI3
reconstruction from the Eastern Carpathians for 1331-2012 CE likewise
indicates a higher frequency of wet years during 1500-1850 CE and a
shift toward drier conditions after about 1850 CE, linked to higher
summer geopotential heights over central and eastern Europe
(Nagavciuc et al, 2022). Additional tree-ring hydroclimate re-
constructions from Romania further underline the importance of mois-
ture variability and circulation forcing in the wider Carpathian region,
including an April-June hydroclimate reconstruction from a regional
beech network extending back to 1768 CE and a summer drought
reconstruction from southwestern Romania extending back to 1688 CE
(Levanic et al., 2013; Roibu et al., 2022). These records indicate that
medieval and post-medieval climate variability in the Carpathian region
is expressed through coupled summer-temperature and hydroclimatic
signals, with moisture conditions strongly modulated by large-scale at-
mospheric circulation.

4. Material and methods
4.1. Archaeological datasets

The metadata and location of the sites used in this paper were pro-
vided by the administrators of the Archaeology Database (https://arche
odatabase.hnm.hu/en) of the Hungarian National Museum and are
available upon request from the administrators. The Archaeology
Database is an online catalogue of Hungarian archaeological sites that
includes both metadata, excavation documentations and scientific re-
ports (Kreiter, 2021). For these reasons, only the major, well-defined
phases (Neolithic to Hungarian Conquest period) were included into
the analysis and merged to broader chronological periods: Neolithic
period (c. 8000-6900 BP, n = 5177), Copper Age (c. 6900-4600 BP,
n = 4406), Bronze Age (c. 4800/4600-2800 BP, n = 10047), Iron Age
(2800-1900 BP, n = 4075), Roman/Early Medieval period (2100/1900
- 1100 BP, n = 11602), Hungarian Conquest period (~/1200/1150 —
1050 BP, n = 1154) (Supplementary Fig. S1). A fully reproducible and
synthetic model to replicate similar results can be accessed from Kempf
(2026b). Experimental code and data is available from Kempf (2026c).
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4.2. Environmental datasets

A Digital Elevation Model (DEM) derived from SRTM 90 v.4.1 tiles
(NASA Shuttle Radar Topography Mission (SRTM) (2013), distributed
by OpenTopography; https://doi.org/10.5069/G9445JDF, accessed
2025-07-05). Available for download in tiles measuring 5 by 5° in
longitude and latitude, this dataset comes with a resolution of 3 arc
seconds, equivalent to a nominal resolution of 90 m at the equator. The
DEM was resampled to a 250 m resolution in a meter-based coordinate
system (EPSG:3857) to preserve large and moderate terrain properties
and to reduce computational expenses.

4.3. Palaeoclimate data

Annually resolved temperature anomalies derived from the com-
posite presented in Essell et al. (2023) (Fig. 2, upper panel), which
covers the past ten thousand years (Essell et al., 2023). To reduce
high-frequency noise while retaining centennial-scale variability, the
time-series (ts) was aggregated into consecutive 10-year bins using
mean values. Climatic phases were identified using a similarity-based
dynamic binning approach (Kempf et al., 2025), whereby new phase
boundaries were defined when absolute annual temperature changes
exceeded a threshold calculated as the mean(ts) + 4*SD(ts) across ts.
Mean temperature values were calculated for each resulting segment.
The temperature reconstruction is used to characterise the broader
Holocene climatic context and to support the phase presentation in
Fig. 2. The climate weighting applied in the network model is based on
the precipitation-derived hydroclimatic index described below.

Precipitation anomalies were reconstructed from two stalagmites
(C09-1 and C09-2) from Closani Cave following the trace-element-based
methodology of Warken et al. (2024) and the methods described in the
supplementary information (Fig. 2, lower panel). The Mg/Ca time-series
were smoothed using a 5-year linearly weighted running mean as
implemented by Warken et al. (2024). Absolute differences in Mg/Ca
between the two stalagmites were corrected using a standardized
overlap approach, in which C09-1 was normalized and rescaled to the
mean and variance of C09-2 over their common interval. A composite
Mg/Ca record was then constructed by preferentially using C09-2 where
available and scaled C09-1 elsewhere. Composite Mg/Ca values were
converted to effective precipitation anomalies following the methods
described by Warken et al. (2024). For the analysis, the precipitation
anomalies were aggregated using density-adaptive time bins, allowing
temporal resolution to vary as a function of data density while avoiding
over-segmentation in sparsely sampled intervals. Climatic regimes were
identified using similarity-based segmentation of the adaptively binned
anomaly series, with regime boundaries defined by locally elevated rates
of change (local threshold = mean(ts) + 2*SD(ts) across ts due to mul-
tiannual resolution and 5 year running mean). Mean anomaly values
within each regime were classified as relatively wet or dry. The chro-
nological periods from the archaeological records were overlaid and the
binned values or derived means were extracted for each period. These
were positively scaled to between 1 and 2 and serve as hydroclimatic
index for the creation of the weighted friction models described below
(Supplementary Fig. S2). The resulting index is applied as a single
period-specific modifier of the terrain-hydrology friction surface. It is
used to compare relative network configurations under wetter and drier
phases, rather than to reconstruct climatic gradients within Hungary.
This approach provides a common temporal hydroclimatic weighting
across the archaeological periods, but it does not resolve local climatic
variation within the study area. PastClim provides access to gridded
palaeoclimate and bioclimatic reconstructions for specified regions and
periods (Leonardi et al., 2023). Such spatially explicit information is not
incorporated into the present friction model, which does not include a
spatially varying palaeoclimate or agricultural-suitability component.
The results should therefore be interpreted as comparative network
configurations under period-specific hydroclimatic weighting, not as
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reconstructions of spatial climate conditions or agricultural potential
across Hungary.

4.4. Least Cost Path estimates

Six chronological periods spanning from the Neolithic to the Hun-
garian Conquest period were subset from the dataframe provided in this
analysis. Only complete cases with geographic information (Lat, Lon)
and sufficient sample size of the original data inside the modern
boundaries of Hungary were selected and reprojected to a meter-based
coordinate system (EPSG:3857). Small subsets, for example labelled
“Migration Period” were not considered practical for spatial analysis due
to low sample size and ambiguous chronological classification. For
formal analysis, we prepared a window of operation with a 100 km
buffer around modern-day Hungary to avoid edge effects with points
falling outside of the study area or being located at the margins (e.g.
Wiegand and Moloney, 2004). Site intensities of each point pattern were
calculated using a Kernel Density Estimate (KDE) function in the spatstat
package (Baddeley et al., 2015) with a Gaussian bandwidth (sigma) of
2000 m and a grid cell size of 250 m, which captures local-scale in-
tensities but preserves spatial separation between nearby centers. To
delineate core areas, each KDE surface was capped using a value-based
criterion using mean + 2*SD of each KDE grid and subsequently set to
binary rasters and then vectorized to polygons. We calculated centroids
across each polygon to reduce the point pattern total number and to
distinguish centers from scattered and noisy site distribution. This re-
sults in KDE-derived centers of 215 for the Neolithic period, Copper
Age = 194, Bronze Age = 308, Iron Age = 292, Roman/Early Medieval
period = 154, Hungarian Conquest period = 526 sites.

To evaluate the robustness of the KDE-derived network nodes,
sensitivity analyses were performed for KDE bandwidth and threshold
strength. KDE bandwidth values between 500 and 5000 m and threshold
values between mean + 1 SD and mean + 3 SD were evaluated inde-
pendently while holding the remaining parameters constant. Increasing
KDE bandwidth progressively merged neighbouring archaeological
concentrations and reduced the number of extracted network nodes,
whereas smaller bandwidths produced increasingly fragmented node
configurations. Similarly, low threshold values generated numerous
weak density peaks and extensive archaeological footprints, whereas
high thresholds retained only the strongest occupation concentrations.
The selected parameter combination (sigma = 2000 m; threshold =
mean + 2 SD) produced intermediate node numbers across all archae-
ological periods, while avoiding excessive fragmentation and spatial
aggregation (see Supplementary Figs. S3-S4 and Supplementary
Table S1).

To test overall connectivity of the samples, we ran Least Cost Path
(LCP) (e.g. Verhagen et al., 2019; Herzog, 2014) analysis from each site
to each center and from each center to each other center in the sample
via the rgrass package (Bivand, 2023) and Tobler's hiking function
(Bilotti et al., 2024; Kempf et al., 2025; Kempf and Denis, 2024; Tobler,
1993). Input friction in the model was calculated from
minmax-normalized elevation (dem_norm) and simulated and normal-
ized flow accumulation (flow_norm) generated from the Rsagacmd
package (Pawley, 2023) and the successive_flow_routing algorithm on the
elevation model with the same 100 km buffer to avoid forcing LCPs into
a restricted window (friction = dem_norm + 2*flow_norm). From all
lines, we sampled regular points at 1000 m distance and computed KDEs
with a sigma of 1000 m and a cell size of 250 to produce high movement
probability or movement intensity corridors between center-center and
center-periphery of each valid subset. From each vector of single line-
strings connecting all points in each subset, we calculated the travel time
using a slope raster in radians based on the DEM and Tobler's hiking
function from regularly sampled points at a spacing of 250 m along each
linestring (Tobler speed = 6 * exp(-3.5 * abs(slope_radians + 0.05))).
Based on travel time across each connection, we defined a network
(MST, Minimal Spanning Tree) that connects all sites via the shortest
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travel time with optional two additional edges to increase complexity of
the network but keep the potential connections at a minimum level. This
produced a fully connected network between centers for each chrono-
logical subset based on terrain and hydrologic accessibility and perme-
ability and serves as a baseline for the climatically weighted networks
calculated for each period.

4.5. Climatically weighted networks

We applied a customized network approach using the GRASS
implemented module v.net.models developed by Benjamin Ducke (Ducke
and Suchowska, 2022). On Windows, v.net.models is implemented as a
Bash script and is called via.bat launcher files. To enable robust use of
the module via the rgrass interface, we applied system-level adjustments
without modifying the module's core code or algorithm. To avoid issues
with spaces in the default installation path, we created a directory
symlink pointing to the GRASS installation and used this path as gisBase
in R. We then adapted the GRASS batch wrappers for script-based
modules (e.g. v.net.models.bat, v.sort.bat) so that they explicitly call the
MSYS2 Bash shell (sh.exe) and correctly propagate GISBASE and MSY-
SPATH environment variables. This ensures that, when v.net.models is
executed from R, all internally called GRASS scripts (used for pre-
processing and attribute handling) are found and executed in the ex-
pected shell environment. No changes were made to the internal logic of
v.net.models, only the Windows launcher configuration was adjusted so
that the original GRASS script can be used directly from R.

We generated a complete network among all KDE-based thresholded
sites using the above described friction model as a basis for a cost sur-
face, in which each cell represents cost to travel through that cell
(Conolly and Lake, 2006). The friction model was adapted to each
chronological (archaeological) bin using the climate indices from
hydroclimate reconstructions described above (Kempf et al., 2025). In
addition, we applied a logarithmic (climate weighted power) trans-
formation to the cost surface in order to disproportionately amplify high
friction values associated with major river networks and high-elevation
grid cells:

friction = exp(strength * weight * log(friction + eps))

in which friction is the composite raster of elevation and simulated run-
off, eps is a small constant (1e-6) to avoid log(0), weight is the climatic
index as positive scalar, strength (set to 1.5) is a tuning parameter to
control how strongly climate can reshape the cost surface.

To evaluate the influence of climatic weighting on the friction sur-
faces, climate-weighting strengths between 0 and 2 and hydrological
weighting factors between 0 and 3 were systematically tested. Mean,
standard deviation, minimum, and maximum friction values were
calculated for each period and parameter combination. Increasing
climate-weighting strength resulted in smooth and monotonic re-
ductions in mean friction values across all archaeological periods,
indicating stable model behaviour without abrupt threshold effects.
Similarly, increasing hydrological weighting produced gradual increases
in friction values, particularly in areas characterized by elevated runoff
accumulation. The parameterization (climate-weighting strength = 1.5;
hydrological weighting = 2) produced intermediate friction conditions
and avoided climatic overfitting and excessively amplified environ-
mental barriers (Supplementary Figs. S5-S6).

The archaeological site coordinates were converted to simple point
geometries and assigned unique integer IDs before being imported as a
GRASS vector map. The v.net.models module requires consecutive
numbering of input sites. We used the GRASS module r.cost in the R
environment to generate a continuous accumulated cost surface from
each archaeological subset. Knight's-move neighbourhood was applied
for improved isotropy. Because r.cost assigned zero cost to starting lo-
cations, which caused subsequent network cost calculations to fail,
resulting zero cost cells were replaced with a small positive constant
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(0.01). From that, a complete network was calculated for each subset.
To derive a non-redundant representation of movement corridors,
overlapping least-cost path networks were flattened using the overline2
O function from the stplanr package (Lovelace and Ellison, 2019) in R.
This approach aggregates coincident and partially overlapping line ge-
ometries into a set of unique corridor segments, while preserving in-
formation on the frequency with which individual paths contribute to
each segment. The resulting attribute records the cumulative traffic
density, defined as the number of overlapping least-cost paths sup-
porting each corridor segment. For each segment, travel time was esti-
mated using Tobler's hiking function as described above (Tobler, 1993).

4.6. Center-periphery models

To analyse how connectivity evolved across the cultural subsets, two
complementary datasets were used for each period: (1) the center—
center network via the climatically weighted connections, and (2) a set
of climatically weighted periphery—center connections representing
travel from all sites to their two nearest computed centers using the LCP
and MST approach described above (Kempf et al., 2025). This approach
captures both the structure of inter-center networks and the accessibility
of the surrounding hinterlands. Using the LCP estimates described
earlier, we calculated the shortest travel time for each hinterland site to
a subset of five nearest centers based on Euclidean distance. We selected
the two shortest overall travel pathways for each site within each cul-
tural subset, resulting in thousands of center-periphery connections
across the entire temporal coverage. For each period, center-periphery
metrics were computed by aggregating travel time values. (1) At the
periphery level, the total number of periphery sites and their associated
travel times allowed for the calculation of the following descriptive in-
dicators: the mean and median travel time to the nearest center, the
proportion of sites within 1 h of travel, and a measure of inequality in
accessibility using the Gini coefficient (e.g. Gastwirth, 1972). (2) At the
center level, each center was characterized by the number of periphery
sites linked to it, along with summary statistics of these sites’ travel
times.

4.7. Site distribution density persistence

Spatial persistence across all periods was quantified by overlaying
the dissolved KDE core areas (as polygons) from all periods. The union of
all polygons was partitioned into non-overlapping spatial units, and for
each unit the number of periods in which it occurred was counted
(overlap). This yields a spatial persistence map in which the color code
represents the number of chronological periods whose KDE cores
include a given location. For each period, the total footprint area (km?)
was calculated, together with the proportion of the covered study re-
gion. Spatial persistence was summarised using the area-weighted mean
overlap, representing the average number of overlapping periods within
that period's footprint, weighted by the polygon area.

4.8. Ecozone/biome classification and archaeological footprint
persistence

Ecozones/biomes were calculated for the extent of the Hungarian
administrative boundary using the variables topography (elevation),
temperature, and climatic moisture index (Depaermentier et al., 2025a,
2025b; Kempf, 2026a). These variables describe broad topographic,
thermal and moisture gradients across the study area. The resulting
classes are descriptive environmental groupings and do not represent a
direct assessment of agricultural suitability, soil quality or crop pro-
ductivity. Soil properties are relevant to cultivation and settlement but
are not included as an independent variable in the present clustering. We
applied K-means cluster analysis to create descriptive biomes using the
approach presented in Kempf (2026). We tested for cluster stability
using the silhouette method, elbow method, and gap statistics on a
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capped subset of 40% (max 10,000 cells) of the study area. Candidate
K-values were estimated between 2 and 30 and silhouette scores were
extracted. Silhouette K-means favours small K for most stable clusters
and with continuous environmental data, plateaus develop at which no
enhanced diversification between clusters is achieved. We added the
within-cluster sum of squares (WSS) to assess the elbow point in vari-
ance reduction. Gap statistics were further applied to estimate cluster
separation and marginal improvements were examined to detect plateau
behaviour indicative of over-segmentation (K after the 1-SE rule = 4; K
after 15% of max marginal gain using the elbow method = 5). Candidate
K-values were then evaluated using bootstrap resampling (B = 30) to
assess cluster stability via Jaccard similarity indices and K = 6 was
selected as best representation of stability and interpretability with all
clusters exceeding the stability threshold of 0.75 (<0.60 unstable clus-
ter; 0.60-0.75 weak stability; 0.75-0.85 acceptable; >0.85 stable cluster)
(Fig. 3; Table 1).

We then evaluated whether archaeological activity landscapes
differed environmentally between periods using the spatial overlap be-
tween the KDE footprint polygons described above and the environ-
mental biome classes. The KDE footprint polygons were intersected with
the biome polygons, and we calculated the archaeological footprint
surface areas for each biome. We normalized the biome coverage prior
to statistical comparison because biome classes differ substantially in
spatial extent across Hungary. The Pearson chi-square test of indepen-
dence was applied to test whether environmental distributions differed
between periods, following the null hypothesis that the biome compo-
sition of archaeological footprints is independent of chronological
period.

4.9. Carbon and nitrogen stable isotope data

As one attempt to test whether shifts in settlement and land-use
patterns can be associated with shifts in subsistence strategies over
space and time, we collected published carbon (C) and nitrogen (N)
stable isotope data (expressed as 5'3C and 6'°N in %) from the open
access online repositories CIMA (Cocozza et al., 2022) and IsoArch
(Salesse et al., 2018), from a recent large-scale study (Depaermentier
et al,, 2025a), and from further open access literature (Cavazzuti
et al., 2025; Lazaridis et al., 2025; McCall et al., 2022). The data was
subdivided into the same periods as defined from the archaeological
dataset presented above (Depaermentier, 2026). We furthermore
differentiated the §'°C and §'°N data derived from humans, from her-
bivores and from omnivores in order to specifically investigate human
diet and husbandry practices (Lee-Thorp, 2008) and to get insights into
potential ecological fluctuations (Depaermentier et al., 2025c¢). Based on
the site location (i.e., longitude and latitude), each entry was moreover
assigned to the respective ecozone cluster as defined from the model
described above.

Scatterplots of human, herbivore and omnivore collagen isotope data
were produced using the ggplot2 (Wickham, 2016) package and R Soft-
ware to visualize patterns in §'3C and 5'°N data variability over time,
while combined beeswarm and boxplots of human and herbivore
collagen 5'3C and 5'°N data were produced using the ggbeeswarm
package (Clarke et al., 2025) to observe such patterns among ecozone
clusters. The latter selection is based on the fact that the isotopic
composition of herbivore tissues directly derives from the ingested
plants, i.e. from a less diverse diet than omnivore mammals - including
humans. Herbivore §!3C and 6'°N values are therefore considered to be
more likely affected than omnivores by both potential husbandry prac-
tices and local environmental and climatic conditions. Their isotopic
composition thus provides a robust comparison to the human dataset
when investigating the potential influence of environmental and cli-
matic conditions on the measured 53C and §'°N values. We used
ANOVA-tests based on categorical variables (from the periods and the
ecozones) to verify whether the carbon and nitrogen isotope values of
humans and herbivores statistically significantly differ among groups, i.
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Fig. 3. K-means cluster stability test results for Hungarian ecozone clusters using silhouette method, WSS elbow method, and gap statistics. The y-axis units are:
average silhouette width (dimensionless): a normalized index describing how well each observation fits its assigned cluster compared to the nearest alternative
cluster (1 = points are very well separated from other clusters; 0 = cluster overlap; <0 = potentially wrong cluster assignment); total within-cluster sum of squared
distances (dimensionless): the total squared distance between each observation and the center of its assigned cluster; gap statistics (dimensionless): the difference
between the clustering compactness observed in the data and that expected from randomly distributed data. The dashed lines are model-selected silhouette K = 2,

WSS K =5 and gap K = 4.

Table 1

K-means cluster stability test results for Hungarian ecozone clusters using silhouette method, WSS elbow method, gap statistics, and Jaccard similarity indices (mean
and minimum values given as mean values can hide bad clusters; PCLstab>0.75 is the proportion of clusters whose stability >0.75) (cluster candidate K > 1).

Candidate K Sil Scores WSS gap SE Mean Jaccard Min Jaccard PCLstab>0.75
2 0.580 13602.4 1.063 0.003416 0.990 0.984 1

3 0.462 8656.7 1.135 0.003051 0.974 0.963 1

4 0.429 6468.9 1.180 0.002504 0.969 0.940 1

5 0.411 5425.2 1.151 0.002887 0.862 0.780 1

6 0.391 4473.9 1.164 0.003133 0.892 0.838 1

7 0.377 3912.4 1.164 0.003014 0.779 0.582 0.7143
8 0.368 3463.8 1.170 0.002896 0.858 0.747 0.8750
9 0.329 3174.8 1.182 0.002521 0.774 0.518 0.6667
10 0.353 2948.7 1.182 0.002463 0.831 0.766 1

11 0.306 2725.0 1.208 0.002314 0.658 0.313 0.2727
12 0.309 2547.5 1.216 0.002322 0.704 0.416 0.5000
13 0.307 2425.9 1.207 0.002051 0.833 0.748 0.9231
14 0.288 2288.7 1.233 0.001752 0.730 0.395 0.5714
15 0.291 2182.8 1.236 0.002794 0.734 0.438 0.5333
16 0.302 2050.8 1.246 0.002397 0.752 0.602 0.4375
17 0.305 1941.8 1.253 0.002540 0.789 0.588 0.5882
18 0.297 1862.6 1.260 0.003245 0.758 0.520 0.5000
19 0.296 1811.5 1.260 0.002708 0.755 0.506 0.6316
20 0.294 1686.7 1.257 0.002944 0.682 0.338 0.4000
21 0.298 1628.3 1.264 0.003038 0.723 0.571 0.4762
22 0.293 1652.5 1.270 0.002881 0.732 0.338 0.5455
23 0.285 1550.6 1.272 0.002815 0.685 0.441 0.3913
24 0.296 1485.3 1.267 0.002959 0.667 0.432 0.3333
25 0.287 1454.3 1.273 0.002609 0.651 0.459 0.2400
26 0.293 1390.3 1.266 0.002269 0.632 0.351 0.1923
27 0.276 1357.3 1.271 0.001670 0.678 0.424 0.2222
28 0.289 1314.5 1.275 0.002427 0.632 0.423 0.2143
29 0.277 1293.6 1.270 0.002475 0.645 0.400 0.1724
30 0.290 1268.6 1.271 0.001636 0.651 0.372 0.2333

e. among periods, among ecozones, and among ecozones within each
period. We then applied Generalized Additive Models (GAM) to estimate
which predictors explain the most patterns and variance of human and
herbivore §'3C and §'°N values. For the GAM, we used numerical vari-
ables, i.e. the mean date for the temporal aspect, the longitude and
latitude for the spatial aspect, and the mean TMP, mean CMI and mean
ELV for the ecozone associated with each entry. In both cases, we ran the
ANOVA tests and the GAM twice: first without accounting for the fact
that individuals and animals are mostly grouped by site, and then ac-
counting for the effect of this grouping by site. The related R-code is
available from Depaermentier (2026).

5. Results and discussion
5.1. Site distribution intensities

Site distribution intensities and persistence in the Carpathian Basin
are shown in Fig. 4, highlighting the chronological overlap of KDE
centers from the Neolithic to the Hungarian Conquest period. The
Neolithic and the Hungarian Conquest period show lowest overall
impact on footprint size patterns, whereas Bronze Age and the Roman/
Early Medieval period site densities contribute most. The Roman/Early
Medieval period has maximum impact on site persistence patterns, fol-
lowed by Copper Age and Neolithic sites. Spatially, the southern Tisza
region shows strongest archaeological site densities across all periods,
which is consistent with land-use potential and high-quality soil distri-
bution but also with scientific biases caused by research interest and
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Fig. 4. Spatial persistence of archaeological site densities in the Carpathian Basin. Color values represent the number of archaeological periods whose KDE footprints
overlap each location. High values indicate long-term persistence across multiple periods rather than dominance by any single phase. Roman/Early Medieval
(Roman/EarlMed) and Bronze Age site intensity contribute most to the persistence patterns, whereas Neolithic and Hungarian Conquest period records contribute
less in footprint size. The Roman/Early Medieval archaeological record spatially contributes strongly to site persistence in the southern Tisza region and at the
northern Danube. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

sampling intensity (Kempf, 2021). High-persistence areas therefore
represent locations where multiple archaeological periods coincide
spatially, indicating repeated occupation across long temporal se-
quences or scientific bias rather than dominance by any single phase.
The sensitivity analyses further demonstrate that the major archaeo-
logical structures identified by the KDE approach are remarkably robust
to changes in parameterization. Although center numbers vary sub-
stantially with bandwidth and threshold selection, the overall spatial
footprint of occupation remains comparatively stable through time,
despite large differences in archaeological sample size. This suggests
that the principal central structures identified by the KDE approach
reflect persistent spatial organization within the archaeological record
rather than artifacts of individual parameter choices and that the
selected parameterization represents a stable intermediate solution that
minimizes both over-fragmentation and excessive smoothings
(Supplementary Figs. S3-S4, Supplementary Table S1).

5.2. Climate-adaptive networks for the Carpathian basin

Climatically weighted networks for center-center connectivity pat-
terns were produced for each archaeological period using the custom
friction model and a hydroclimatic wetness/dryness index based on the
reconstruction presented in Warken et al. (2024), from which distinct
communication networks were obtained for each period in the Carpa-
thian Basin (Fig. 5). Sensitivity analyses demonstrate that both
climate-weighting strength and hydrological weighting produced
gradual and monotonic changes in friction values. No abrupt threshold
behaviour or unstable responses were observed, indicating that the
friction models are robust to moderate parameter variation. The gradual
response of the friction models suggests that hydroclimatic conditions
acted primarily as a modifying influence on landscape accessibility
rather than as a deterministic control on movement behaviour. Envi-
ronmental variability therefore likely altered the relative attractiveness
of particular movement corridors while maintaining the broader struc-
ture of the regional connectivity (Supplementary Figs. S5-S6.

Increasing climate-weighting strength progressively reduced mean

friction values across all archaeological periods, without abrupt
threshold behaviour within the tested parameter range. This analysis
evaluates the response of the friction surface itself. It does not inde-
pendently test the stability of individual network edges, corridor con-
figurations or centre-periphery indicators under alternative parameter
settings. At higher climate-weighting values, the response curves flat-
tened substantially, indicating smaller effects of additional weighting.
Hydrological weighting produced a gradual and approximately linear
increase in friction values. The selected hydrological weighting value
represents an intermediate parameterization that balances riverine in-
fluences without dominating the friction surfaces.

This results in different responses to climate variability over the
Holocene and the connection of socio-cultural centers and hubs via
persistent routes and pathways. Because this study uses a spatially
limited archaeological dataset, remote areas show less influence on the
central connectivity than centers located in the central part of present-
day Hungary.

The Neolithic connectivity patterns are preferably located on flat
terrain outside the floodplains (Fig. 5), which accounts for the increased
run-off variability, impacted by humid conditions during the early
(i =1.884) and late Neolithic (i = 1.732) compared to the slightly below
average middle Neolithic period (i = 1.407). Major centers during the
Neolithic are scattered across the study area with concentrations in
Transdanubia in the west and Alfold in the east. These two centers are
settled by differing archaeological cultures during the Neolithic, with
trajectories from Starcevo to Transdanubian-LBK (Linearbandkeramik)
in the west and Koros to Alfold-LBK in the east (Banffy, 2008; Banffy and
Stimegi, 2012). While both groups had broadly similar lifestyles, their
differing material substrates (decorated pottery, lithic networks) coin-
cide with genetic differences, specifically more hunter-gatherer ancestry
in the east (Gelabert et al., 2024). In contrast, the central part of modern
Hungary, characterized by the Danube-Tisza Interfluve (DTI), has a
particularly low site and network density. Because the DTI mostly con-
sists of sandy land and salt-affected soils (Pasztor et al., 2018), this area
was not particularly suitable for the early forms of agricultural exploi-
tation, which likely explains why Neolithic sites are lacking there
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Fig. 5. Movement networks by period showing cumulative corridor use and travel cost. Line width shows the number of overlapping paths (traffic density), colour
represents Tobler-based travel time (hours) derived from the slope of the accumulative cost surface and climatic weights for each period. Black points indicate center
hubs derived from density estimates of all sites. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)

(Banffy, 2013; Kempf, 2021). The south-north stretching network along
the Tisza is most prominent and connects the southern hotspots of the
early Neolithic Starcevo and Koros culture with the northern LBK cul-
tural expansion (Jakucs et al., 2016; Oross et al., 2023). A southern high
traffic connection is revealed by the model that connects the southern
Tisza region with the western Transdanubian part. This reflects largely
the westward spread of the Neolithic lifestyle in the Carpathian Basin
(Banffy and Stimegi, 2012; Oross and Banffy, 2009). In particular, the
dominant south-north-orientation of Neolithic networks (Fig. 5) reflects
the role of the Carpathian Basin as key transition corridor that facilitated

the spread of Neolithic farming communities from the Balkans to the rest
of Europe (Banffy, 2019; Depaermentier et al., 2020a,b; Gaudenyi and
Mihajlovi¢, 2022; Gelabert et al., 2024; Lipson et al., 2017). During
the Copper Age (average i = 1.748), the hydroclimatic conditions were
rather humid with consistent values above average (early to late Copper
Age: i = 1.852; i = 2; i = 1.40). The east-west stretching connections
developed much stronger with the Transdanubian western part being
integrated into the south-north network via the southern DTI (Fig. 5).
With the onset of metal production, the important reliance on mineral
(copper) sources had a decisive impact on long-distance and specialised
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networks (Gyucha et al., 2024), which built on pre-existing in-
frastructures and connectivities inherited from the Neolithic (Fig. 5).
The Tisza river networks now stretch closely along the eastern and
western margin of the extensive floodplain, avoiding high traffic river
crossings and focusing on southern and less frequently used northern
connections. The riverbed of the Tisza was highly dynamic in the early
and middle Holocene with frequently changing channel locations
following avulsion events that caused extensive flooding (Kempf, 2020;
Kiss et al., 2014; Knipl and Siimegi, 2012). During periods of enhanced
rainfall in the eastern Carpathian Mountains, these events would have
significantly altered the riverbed characteristic, making the area
vulnerable for settlement locations and enhancing the risk for agricul-
tural production.

The Bronze Age (average i = 1.27) archaeological density shows an
increase in center distribution along the river Danube and the northern
and eastern part of Hungary, which affects the network model
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simulation and alters the connections between the central hubs (Fig. 5).
The eastern river Tisza network gets more important as a major
communication artery as well as more frequent east-west connections
crossing the DTI and reaching Lake Balaton and Transdanubia. A small-
scale network hotspot is visible in central Hungary, highlighting the
importance of the river Danube compared to the marginal centers at that
time, which coincides with more stable and drier climatic conditions
(early to late Bronze Age: i = 1.316; i = 1.298; i = 1.193). This confirms
the results of previous studies that put the increasingly important river-
based-networks in perspective with their role in facilitating access to
metal resources (Duffy, 2020) and to long-distance trading routes that
developed during the Bronze Age (O'Shea, 2011), in parallel to signifi-
cant socio-cultural developments (Kulcsar and Szeverényi, 2013). The
marked east-west orientation of the networks further mirrors the
intensified connectivities with and cultural influences from the East, as
also attested by movement of populations across western Eurasia

Least-cost path (LCP) lines and derived networks by period
Coloured: LCP travel time (sqrt-scaled). Black: flattened network + LCP endpoints. Red: sites.
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(Allentoft et al., 2015; Haak et al., 2015; Lazaridis et al., 2025).

This changed during the Iron Age (i = 1), where the DTI became a
major hub in connecting the west with the east and the north with the
south (Fig. 5). The rivers played a lesser role in the east-west connec-
tivity patterns, however, drier conditions allowed for more frequent
crossings and small-scale connections in east-west directions compared
to north-south/south-north oriented networks. This result reflects the
archaeologically attested intensification of east-west connections
(Kemenczei, 2003) which took place in the framework of an unprece-
dented urbanization process associated with infrastructure de-
velopments (Fernandez-Gotz, 2018). The results of this network model,
however, does not exemplify the increasing connectivity to the Medi-
terranean world.

In the Roman to Early Medieval period (i = 1.163), drier conditions
prevailed initially followed by higher variability and pronounced phases
of cooling, warming, and changes in hydroclimatic conditions (Biintgen
et al., 2016; Luterbacher et al., 2016; Xoplaki et al., 2021). The central
networks changed drastically with high density cores in the
south-eastern Carpathian Basin and the river Tisza region (Fig. 5). The
communication intensity is reduced despite a strong increase in site
numbers, mirroring the more dispersed and scattered peripheral occu-
pation during this period (Fig. 6). The core density central hubs domi-
nate the dispersal and account for strong influence of the southern
Hungarian region compared to the northern and western parts. The
dominating clusters result in lesser numbers of central hubs and hence
lesser large-scale communication, which strongly increases the travel
time from the periphery to the centers, particularly in the western part of
Hungary. The overall mean travel time is high, the share of the periphery
to the centers within 1 h is the smallest across all periods, which reduces
the Gini equality index drastically (Fig. 7).

This result contrasts with the expectations of intensive long-distance
connectivities during this period, characterized by the gradual integra-
tion of the Carpathian Basin (i.e. Pannonia) into the Roman Empire and
its widespread, sophisticated and multifaceted infrastructures (Dermody
et al., 2014; Scheidel, 2015), followed by the so-called Migration Period
and expansion of various kingdoms throughout the period (Alt et al.,
2014; Amorim et al., 2018; Halsall, 2014; Maréti et al., 2022). During
the Hungarian Conquest period, the climatic conditions were relatively
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humid, which would further influence the development of trans-
portation and movement corridors close to the river beds and control
also selective crossings (i = 1.903). The archaeological site distribution
changed accordingly, and much more dispersed patterns led to an
increased number of dominating clusters compared to smaller total
number of observations. This is pushing the traffic intensity to more
long-distance communication based on short-interval connections
spanning most of modern-day Hungary (Fig. 5). East-West communi-
cation is strongly expressed stretching towards the margins of the
operational window. Due to the dispersed site distribution, the mean
travel time from peripheral site to next center is small (Fig. 7) because
most dispersed sites form a center itself. Only two larger site concen-
trations can be observed, in the southern Tisza region and around
Budapest, which slightly influence the center-periphery connectivities.

5.3. Environmental preferences and land-use strategies

An ecological zonation has been computed to identify similarity
clusters of environmental factors that contribute to land-use strategies,
settlement distribution and network development in the Carpathian
Basin. The unsupervised, deterministic K-mean algorithm was used with
a stability-tested K = 6 on elevation (ELV), temperature (TMP), and
climatic moisture index (CMI), resulting in six distinct biomes (Fig. 8
upper panel). There is a strong gradual trend in ecozone development
starting from the south-eastern lowlands of the lower Tisza floodplain
region that is characterized by highest annual average temperature and
the overall lowest moisture availability. Towards the margins of the
basin, temperature declines with higher elevation. Moisture availability
increases and is highest in the Carpathian Mountain ranges in the
northern part of modern-day Hungary.

Spatially, the ecozone with highest TMP and lowest CMI in low-lying
floodplains dominate the cluster results (Fig. 8, middle panel), however,
the normalized footprint comparison shows that the Neolithic, Bronze
Age, Copper Age and particularly the Roman/Early Medieval high in-
tensity core areas are strongly distributed across the plains of the south-
eastern Tisza river system. These floodplains and meadows are also
highly fertile with meadow Chernozems and fluvisols frequently abun-
dant in soil mosaics (e.g. Pasztor et al., 2018), potentially increasing

—
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Fig. 7. Center-periphery connectivity for the archaeological periods based on the least-cost derived connections of the two nearest centers for each peripheral site.
Travel time is given in mean (hours) (upper panel), share within 1-h travel time (middle panel), and Gini index of travel time, indicating equality (towards 0) or
inequality (towards 1). The Roman/Early Medieval period has the highest inequality among center-periphery connectivity, highest mean travel time and lowest share

within 1 h of travel.
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Fig. 8. Environmental distribution of archaeological landscape footprints across biome classes. Upper panel: Environmental biomes in Hungary from unsupervised K-
means cluster analysis (stable K = 6) of elevation (ELV), temperature (TMP), and climatic water balance (CMI) (Kempf, 2026). Middle panel: Distribution of
archaeological clusters across ecological biomes. Bars show the percentage of each biome class covered by the archaeological footprint for each chronological period
(KDE). The coverage was normalized by the total biome area to indicate relative environmental representation. Lower panel: Standardized residuals from the chi-
square test of independence between period and biome class. Positive residuals indicate environmental zones that are more strongly represented than expected for a
given period, while negative residuals indicate underrepresentation (residuals were truncated to improve visual comparability across cells).

agricultural exploitation during prehistory. Loess-soil based land-use
during the Neolithic period, however, is still highly debated and mul-
tiple hypotheses link prehistoric forest clearance, landscape trans-
formations, and land-use to the development of Chernozems from
hydromorphic loess-soils or luvisols (e.g. Strouhalova et al., 2020;
Kempf, 2021; Lehmkubhl et al., 2021; Magyari et al., 2024). This debate
also relates to the older “steppe theory”, according to which early
farming in Central Europe may have started in areas that were not
completely forested but retained remnants of natural steppe or
forest-steppe vegetation from the Late Glacial/Early Holocene (Pokorny
et al., 2015). The floodplain of the river Tisza, in general, provides a
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wide range of fertile soils, freshwater availability, making it highly
suitable for agriculture and animal husbandry. How these landscapes
were impacted by climatic conditions, particularly during the growing
season, is further debated. Betti et al. (2020) showed that major slow-
downs in the spread of farming across Europe coincided with climatic
thresholds affecting growing-season conditions, suggesting that climate
primarily acted through agricultural suitability and resource availability
rather than through direct deterministic forcing. In this sense, climate
should be wunderstood as one factor operating within broader
socio-ecological resilience dynamics, in which Early Neolithic commu-
nities could respond to environmental stress through adaptation,
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reorganisation, mobility, or changing interaction with hunter-gatherer
groups (Gronenborn et al., 2014). Recent high-resolution palae-
oenvironmental evidence from Santovka, Slovakia, provides a
local-scale example of such environmentally dynamic settings, showing
that regional hydroclimatic variability coincided with hydrological
instability, lake-level changes, and ecological reorganisation during the
Mesolithic—Neolithic transition and the Early Neolithic period (Petrik
et al., 2026 in preparation).

This ecozone cluster is over-represented relative to its spatial extent
during the Neolithic period, the Copper Age, and the Roman/Early
medieval period (Fig. 8, lower panel). In contrast, the widely distributed
Bronze Age sites show rather repulsion for this ecozone, and instead a
preference for the medium temperature cluster surrounding the south-
eastern Carpathian Basin, avoiding the extensive high temperature
floodplains during a period of increasingly dry conditions. This land-use
shift is associated with a sudden increase in human collagen 5*3C values
above —18.0%o in the Bronze Age (Fig. 9), which can be considered a
robust isotopic indicator for millet consumption in this region
(Depaermentier et al., 2025b). This correlated with isotopic and
archaeobotanical evidence for the arrival of millet in Central Europe
(Cavazzuti et al., 2025; Filipovi¢ et al., 2020; McCall et al., 2022). With
its specific properties including a resistance to drought, salinity and poor
soil conditions, millet was an ideal crop to cope with extreme conditions
attested for this period (Dreslerova et al., 2013, 2017), and land-use
shifts associated with millet arrival are attested in other regions of
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Europe as well (Orfanou et al., 2026; Depaermentier et al., in prepara-
tion). Millet resistance to water scarcity and saline soils, can also be
linked to soil conditions in the Carpathian Basin. The
Danube-Tisza-Interfluve and large parts of Central and northern
Hungary exhibit salt-affected soils (Pasztor et al., 2018), which impact
the local vegetation (Toth, 2010) but were also an important part of
animal husbandry (Banffy, 2015).

Not enough animal data is available to draw reliable conclusions
from isotopic data on related shifts in husbandry practices (Fig. 9).
However, the very specific distribution of Bronze Age and Iron Age sites
over ecozones that were otherwise neglected during previous and sub-
sequent periods may furthermore mirror the evolution towards a mixed
farming or agro-pastoralist economies that characterized those periods
(Bartosiewicz, 2003; Chapman et al., 2009; Kemenczei, 2003; McCall
et al.,, 2022). The Bronze Age is moreover marked by major social,
economic, and technological transformations, including the widespread
adoption of bronze metallurgy, increasing social stratification,
long-distance exchange networks, and the formation of complex settle-
ment hierarchy, and the rapid spread of millet across Europe (Cavazzuti
etal., 2025; Filipovic et al., 2020). Due to its short vegetation period and
low requirements in the cultivation process, millet (as identified from
elevated 5'3C values on Fig. 9) was particularly well adapted to these
subsistence economies that implied a great degree of mobility
(Dreslerova et al., 2013, 2017; Miller et al., 2016). It can be stressed that
millet remained a particularly important component of human diet from
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Fig. 9. Diachronic evolution of the §'>C and §'°N from human and animal remains in the Carpathian Basin. The grey shaded area around —18.0%o represents the
commonly accepted 5'3C threshold value to distinguish a Cs diet (below —18.0%o) from a diet including C4 food such as millet (Depaermentier et al., 2025b). Detailed
results of the ANOVA tests verifying the significance of 5°C and §'°N fluctuations over time for humans and herbivores are in Table S2.
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the Bronze Age to the Hungarian Conquest Period in the Carpathian
Basin (Fig. 9). In a similar way as for the Bronze and Iron Age
agro-pastoralist communities, this has been also explained by the suit-
ability of a crop with short vegetation period for highly mobile groups
during the Early Middle Ages (Alt et al., 2014; Amorim et al., 2018;
Hakenbeck et al., 2017; Knipper et al., 2020) and as response to chal-
lenging environmental conditions in the later medieval phase (Gugora
et al., 2021). Elevated areas with lowest temperatures and increased
precipitation are less frequently utilized and remain only randomly
occupied compared to their spatial availability (Fig. 8, lower panel).
Normalized biome coverage indicates that archaeological landscape
footprints were not evenly distributed across environmental classes
(Fig. 8, middle panel). This pattern is confirmed by the chi-square re-
sidual heatmap (Fig. 8, lower panel), which identifies distinct
period-specific overrepresentation in particular biome types.

In contrast to human 613C, the available animal data do not show a
comparably clear temporal shift (Fig. 9; Table S2). Because animal ob-
servations are limited and unevenly distributed, they cannot provide a
robust basis for evaluating changes in husbandry practices through time.
However, this difference in temporal pattern suggests that the shift in
human data is triggered by changes in subsistence practices. But given
the ecological diversity attested across Hungary and the different use of
those ecological clusters over time (Fig. 8), it remains key to assess the
role of ecological diversity on carbon and nitrogen isotope variability
(van Klinken et al., 2002; Depaermentier et al., 2025b, 2025c) in order
to disentangle anthropogenic and environmental drivers
(Depaermentier et al., 2025a). The expected trend for the highest
collagen 5'3C and 6'°N within the ecozone cluster “Highest TMP |
Lowest CMI | Lowest ELV” and the lowest values within the ecozone
cluster “Lowest TMP | Higher CMI | Higher ELV” is only observed among
human data (Fig. S7a-b), whereas herbivores neither vary much nor
reflect expected trends (Fig. S7c-d). If not accounting for the effect of the
site to which humans and animals are assigned, the pairwise and com-
bined ANOVA tests reveal statistically significant differences among
periods, ecozones and ecozones within each period for both §'°C and
5'°N data in human remains (with all p-values < 7.4e-11) and among
ecozones for 6'3C (p-value: 0.04) and 51°N (p-value: 0.0001) data in
herbivore remains (Table S2). But when accounting for the
site-affiliation effect, only the period-only-test on human 5'3C shows
significant results (p-value: <2.2e-16; while all other tests show p-values
above 0.07).

The GAM approach then confirmed that human collagen §'3C is not
explained by ecology alone and revealed that the chronological pattern
dominates, while ecological/environmental variables provide substan-
tial additional explanatory power (Table S3, Fig. S7a). This result ap-
plies both with and without accounting for the site effect, with the model
explaining respectively 76% and 71% of the variance, and the mean date
(CE/BCE) being the most (or only) significant predictor (p-value < 2e-
16). Similar results are obtained for human collagen 5'°N data yet
with less robust models (up to 46% of the variance explained), while
animal data produce no strong or significant results (Table S3). This
suggests that the observed shifts in isotopic data — in particular the in-
crease in human collagen 5'3C from the Bronze Age — is not a direct
effect of the different ecological settings in the settled areas, but of a
change in subsistence practices such as the adoption of millet. Yet it
remains plausible that the adoption of millet was triggered by or enabled
the land-use shift observed from the archaeological records (Fig. 8).

6. Conclusions

This study provides a standardized and replicable framework for
diachronic comparison of archaeological connectivity patterns in the
Carpathian Basin dating from the Neolithic to the Hungarian Conquest
period by combining site-density derived centers of, climatically
adjusted least-cost movement simulations, center—periphery analysis,
ecological zonation, and stable isotope evidence from human and
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animal remains. Using a custom-tailored network analysis, we present a
new method to assess cross-chronological communication structures,
settlement center hierarchies, and land-use patterns across archaeolog-
ical periods and diverse palaeoenvironmental settings.

Our results show that communication and connectivity patterns in
the Carpathian Basin were highly dynamic across space and time. Areas
of long-term archaeological persistence, especially in the southern river
Tisza floodplain region, are most likely connected to the recurrent
importance of particularly favourable parts of the landscape, for
example for agricultural production and animal husbandry. At the same
time, the organization of central hubs, the accessibility of the associated
hinterland and the complementary region, and the degree inequality
associated with center—periphery connectivity changed substantially
across the chronological phases considered here, showing that long-term
spatial persistence coexisted with repeated reconfiguration of commu-
nication structures. One central outcome of the analysis is that archae-
ological site abundance alone is not a sufficient indicator of regional
integration. The center—periphery comparison shows that accessibility
was unevenly distributed across all periods, but to different degrees. The
Roman and Early Medieval period in particular stands out for the highest
inequality, the highest mean travel times, and the lowest share of pe-
ripheral sites located within 1 h of a centre compared to all other pe-
riods. By contrast, more dispersed site distributions generated a larger
number of local centers and shorter travel times between peripheral sites
and their nearest hubs. One of the main lessons from this comparison is
therefore that densely occupied landscapes did not necessarily form the
most evenly integrated communication systems.

The ecological and isotopic comparison data add an important sec-
ond dimension to these hypotheses. Archaeological footprints were not
evenly distributed across the biome classes calculated for the Carpathian
Basin, and these associations changed through time. The Neolithic
period, Copper Age, and Roman and Early Medieval core areas are
strongly linked to the south-eastern lowland biome of the Tisza system,
characterized by the highest annual average temperature and the lowest
climatic water balance within the study area - a region that is more
vulnerable to prolonged droughts during periods of hydroclimatic
instability. The Bronze Age site distributions show a different ecological
configuration and avoid the extensive high-temperature floodplains.
The isotope evidence is consistent with this shift, indicating the
increasing importance of millet agriculture from the Bronze Age onward
and its continued relevance in later periods. Taken together, these
findings show that changes in connectivity patterns were closely asso-
ciated with changing ecological preferences and subsistence-related
land-use strategies.

Across the full sequence considered here, the analyses do not support
a single, uniform response of communication systems to environmental
change. Instead, they show that connectivity, settlement concentration,
and land-use organization varied across archaeological periods, climatic
regimes, and ecological settings. The main interpretive lesson is there-
fore not that one environmental factor controlled connectivity, but that
long-term communication systems in the Carpathian Basin must be
understood through the combined influence of topography, hydrology,
ecological setting, hydroclimatic variability, and subsistence practices.

The broader significance of the study lies in both its results and its
approach. Empirically, it clarifies that diachronic connectivity in the
Carpathian Basin was shaped by shifting relations between centers of
high site intensity, peripheries, ecological opportunity spaces, and land-
use strategies rather than by simple spatial continuity alone. Methodo-
logically, the study's main novelty lies in integrating environmentally
weighted network modelling, ecological -classification, and bio-
archaeological evidence within one comparative diachronic framework.
This provides a robust basis for future work on mobility, settlement
organization, human-environment interactions, and long-term socio-
ecological adaptation, both in the Carpathian Basin and in other regions
where dense archaeological and environmental records allow similarly
integrated analyses.
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