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A COMPUTATIONAL MODELLING APPROACH TO RECONSTRUCT 
THE FLUVIAL SYSTEM OF THE FLOODPLAIN OF LUCCA IN THE 
ROMAN PERIOD

Abstract: During antiquity, the floodplain of Lucca was crossed by numerous branches of the Auser river. 
Scholars recognised several paleo-channels in the area and proposed different possible paths of the river 
during the Roman period, relying on the study of place names and documentary sources, on the obser-
vation of Lucca’s urban plan, on remote sensing, and archaeological excavations. Far from proposing 
a conclusive reconstruction of Lucca’s ancient landscape, this research complements other studies and 
contributes to strengthening our knowledge of the paleo-fluvial system of the plain. This study aims to 
test a new methodology – based on logistic regression modelling – for assigning traces of paleo-channels 
to a given period based on selected geomorphological and archaeological variables.
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1. Introduction

Located in northern Tuscany, the floodplain around Lucca has always been characterised 
by the presence of the Auser/Serchio river with its several branches. Throughout the Etruscan 
age, small settlements developed in the plain, primarily located in the prominent morpho-
logies between the numerous branches of the river (Ciampoltrini, 2005; 2010; Ciampoltrini 
& Zecchini, 2007). The foundation of the Latin Colony of Luca (180 BC) marks an important 
milestone in the history of the territory: the first centuriation of the ager can be dated to the 
first decades of the 2nd century BC, while a second one dates to the second foundation of 
the colony in the Triumviral or Augustan age (Ciampoltrini, 2009; 2016). Centuriation was not 
only used for agricultural purposes, but it was also aimed at regulating and containing the 
waterways. However, the alteration that centuriation brought to the delicate hydrogeological 
balance of the Plain contributed to triggering flooding events that deeply conditioned local 
settlement patterns (Bini et al., 2020). Starting from the 2nd century AD, the poor mainte-
nance of irrigation canals might be related to the increased frequency of floods recorded by 
numerous archaeological research in the territory. This constant threat might have accelerated 
the depopulation phenomenon of the ager. Flood risk and depopulation, in turn, created a 
cause-effect relationship that determined the swamping of the territory during the Middle 
Ages (Basile, 2021) and the appearance of Lake Bientina in its southernmost part.

Even though neither the river nor the lake exists anymore, the plain’s delicate hydrogeo-
logical balance is still observable in periods of intense rainfall, when the area of ​​the Bientina 
riverbed turns back to swamp.
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The study of the landscape and its features is fundamental to understanding settlement’s 
dynamics and characteristics. Besides the numerous floods that determined the life and 
the abandonment of many settled areas, the Auser was mostly used for trading purposes, 
as it constituted the easiest and fastest way to connect Lucca, the city of Pisa, and the sea. 
Necessarily, its waters were also used for manufactures, agricultural, breeding and fishing 
purposes. Hence, reconstructing the Auser river path and correlating it with the settlement 
pattern can lead to a better comprehension of the complex interaction between humans and 
landscape during the Roman period.

Today, numerous paleo-channels are known in the Plain and several studies were con-
ducted to reconstruct the ancient path of the river (Ciampoltrini et al., 2009; Cosci, 2005; 
Mencacci & Zecchini, 1981, pp. 10-32). Nevertheless, the analysis of aerial photographs and 
the study of place names alone do not enable a reliable identification of the paleo-riverbeds 
active during the Roman age. In fact, although the possible path of the river has already 
been approximately reconstructed, which of the many paleochannels belong to the Roman 
period is still unclear.

This study proposes a novel methodology for identifying Roman paleo-riverbeds using 
archaeological layers dated to the Roman period 1. Sophisticated spatial interpolation tech-
niques (Lloyd & Atkinson, 2004) are employed to create a palaeo-DEM from these data. A 
map displaying the probability of each location to be a riverbed is produced through logistic 
regression, using archaeological data as dependent variable and ancient geomorphological 
parameters (derived from the palaeo-DEM) as predictors. The use of logistic regression in 
landscape archaeology has significantly increased in recent years. It is primarily used to predict 
the spatial distribution of archaeological sites (Carrer, 2013) and to model the characteristi-
cs of past environments (Alberti et al., 2018). To the best of our knowledge, this is the first 
attempt to use this methodology to infer ancient watercourses. The modelling results will 
be compared with the palaeo-channels identified through remote sensing, to isolate those 
palaeo-channels that are more likely to date to the Roman period.

2. Background

2.1 Geology and geomorphology
The plain of Lucca (fig. 1) falls within a large tectonic depression, which began taking shape 

in the northern Apennines starting from the Upper Miocene (Ambrosio et al., 2010; Nardi et 
al., 1987). It is bounded by the Apuan Alps and the Apennines to the North, the Monti Pisani 
to the South-West, the Cerbaie upland to the South-East, and the Monte Albano to the East. 
The area was occupied by a large lake during the Pleistocene; the relationship among the lake 
deposits, layers referring to a fluvial system in the Cerbaie, and the general geological and 
geomorphological features suggest that the region of the ancient Pleistocene depression was 
affected by important and diversified periods of tectonic uplift and by differentiated cycles 
of erosion and fluvial sedimentation. These events outlined the essential geomorphological 
features of the region (Nardi et al., 1987, p. 133).

From the Würm period, the river Auser started shaping the morphology of the plain. Due 
to the tectonic movement, and the continuous episodes of flooding and swamping of the 
plain caused by the rising level of the river Arno, the Auser splitted. From the north, the wa-
tercourse flowed throughout the area of Bientina to reach the river Arno, while several minor 
branches detached from the main river with a North-East/South-West direction, reaching the 
sea through the areas of Ripafratta and Pisa (Salvini et al., 2006, p. 300).

1  For this study, we have considered only data that date from the early 2nd century BC to the late 2nd century AD. 
This timespan provides a reasonable trade-off between the resolution of archaeological data and the variability of the 
fluvial system.
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From a hydrological perspective, it is possible to distinguish three types of alluvial depo-
sits in the plain: sandy-gravelly deposits with high permeability to the North, where the river 
enters the plain from the Apennines; silty-sandy deposits with medium permeability, which 
constitute the largest alluvial sediment and cover a large part of the plain; silty-clayey deposits 
with low permeability located in the South-eastern portion of the plain (Ambrosio et al., 2010, 
p. 217; Nardi et al., 1987, p. 135)

Local infiltrations on the Apennines and the sub-bed flow of the Serchio River recharge the 
aquifer system of the area; meteoric infiltrations also play the same role together with streams 
descending from the Monti Pisani and the Cerbaie hills (Ambrosio et al., 2010, pp. 217-218).

As far as the morphology of the plain is concerned, its average slope is approximately 2.4%, 
with a 4% slope in its northern area and a 1.5% slope in the southernmost part. The elevation 
varies from 31 m above sea level in the northernmost part to 4 m in the Bientina area.

The morphology combined with the several antropic interventions, as well as the abun-
dance of both superficial and underground water, produced numerous digressions of the 
river-beds. These dynamics led to the formation of the different paleo-channels currently 
visible through remote sensing.

2.2 The Auser river
In order to reconstruct the main branches of the Auser river in the Roman period, many 

scholars relied on the study of place names and documentary sources (Barsocchini, 1853; 
Mencacci & Zecchini, 1981, pp. 18-32; Paderi, 1932; Repetti, 1839), on the observation of Lucca’s 
urban plan (Sommella & Giuliani, 1974, p. 17), on remote sensing (Cosci, 2005; Salvini et al., 
2006) and on archaeological excavations (Ciampoltrini & Andreotti, 2008, pp. 13-16).

The integration of all these approaches enabled some tentative reconstructions. Once it 
entered the plain at Ponte a Moriano (fig. 2), the Auser splitted into two branches: a smaller 

fig. 1. The floodplain of Lucca.
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one, the Auserculus, which bent towards the West entering the Plain of Pisa through Ri-
pafratta and is today almost replicated by the Serchio River; and a bigger branch which, 
instead, continued towards the South. In the area of Lammari this second branch splitted 
into two further branches: an eastern one which will be discussed later, and a western one 
which the numerous toponyms allow to reconstruct. From North to South several locations 
refer to the presence of the river. The area of San Pietro a Vico, indeed, since the 8th cen-
tury was known as “Vico Ausulari” (Mencacci & Zecchini, 1981, p. 23), while a little further 
to the South-East the hamlet of “Isola’’ suggests that this area was located between two 
branches of the river. Furthermore, according to Mencacci and Zecchini (1981, p. 24) the 
toponym “Lunata’’ owes its name to the proximity of a river bend. To the South-West, the 
river crossed the area today known as Antraccoli, a toponym usually interpreted as “inter 
aquas” (Giannoni, 2015, pp. 107-108). Finally, the area today known as Pieve di San Paolo 
used to be called “Vico in Gurgite” (Barsocchini, 1837, p. 1636). The last two places might 
suggest a meandering and swirling course of the river, which is indeed confirmed by the 
photo interpretation analysis conducted by Marcello Cosci (2005). The Auser thus continued 
West, passing the city of Lucca to the South and again merging to the already mentioned 
branch on the way to Ripafratta and Pisa.

Based on this evidence, it can be argued that the city of Lucca was located in the middle 
of a fluvial island which provided, alongside the Late-Republican walls, a natural defensive 
feature. Perhaps, the river flowed very close to the city, as the shape of the northern and 
western walls might suggest (Ciampoltrini, 2008, p. 26; Sommella & Giuliani, 1974, p. 17).

Unfortunately, this portion of the plain is one of the hardest to analyse due to the many 
paleo-channels investigated in the suburbs, which makes it difficult to discriminate between 
those active in the Roman period and those active earlier or later. Besides, the significant 

fig. 2. The westernmost part of the plain, with an indication of paleo-channels known for the area and 
place names.
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urbanisation of the area around the city of Lucca prevents a reliable identification of the 
paleochannel associated with the perimeter of the Roman city. On the other hand, this is 
one of the areas with the highest number of stratigraphic analysis of the whole plain. Such 
interpretative challenges and the availability of stratigraphic data led to the selection of the 
plain around Lucca as a case study for this research.

From the Lammari bifurcation (fig. 3), the eastern branch of the river descended towards 
the South, with a large bend in the Tassignano area. The layout of the investigated settlements 
here seems to match the layout of the paleo-riverbed.

The passage of the Auser in this sector of the plain is also documented by written sources 
from the Early Medieval period. Emanuele Repetti (1839, p. 707) mentions a document dated 
November 18 956 which reports the exchange of some assets in the “Canabbia” area near 
Tassignano. The source defines Cannabbia as «next to the Ausere».

To clarify the location of this toponym, the same author refers to another document dated 
28 March 953 in which a piece of land is cited «in loco Quarto, ubi dicitur a Canabbia»; it is thus 
deduced that the Auser passed through Quarto, an area today located between Tassignano 
and Capannori.

Continuing South, the river lapped the area where two Late Republican farms (known as 
“Fossa Nera A” and “Fossa Nera B”) are located. The traces of paleo-riverbeds in this area 
make the location of the two farms uncertain with respect to the course of the river. The pa-
leo-channel detected by Cosci is in fact located to the east of the two buildings, while Giulio 
Ciampoltrini (2009, p. 25) considers a second trace between the two buildings more reliable.

The different interpretations of this area combined with the relatively high density of stra-
tigraphic research conducted in this part of the plain, led to the choice of the plain between 
Tassignano and the two Fossa Nera farms as the second case study for this research.

fig. 3. The southernmost part of the plain, with an indication of paleo-channels known for the area, 
archaeological sites between Tassignano and Fossa Nera, and place names.
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Finally, the river splitted into three further branches. Some of them, such as the one in the 
Chiarone area, have only been recognised through aerial photography, while others, such 
as the one located in Colmo dei Bicchi, were identified during archaeological excavations 
(Ciampoltrini & Andreotti, 2008).

These three branches merged further South, before flowing in the Arno river.

3. Materials and Methods

3.1 Dataset
The data used for this analysis represent a small portion of a larger dataset created for 

a research project that aims at studying the whole ancient territory of Lucca from the 2nd 
century BC to the late 6th century.

With this purpose in mind, all the available archaeological and environmental data for this 
territory were collected. These data derive from both published and archival material.

All the data collected were stored in the Pisa University MAPPA project database (Anichini 
et al., 2012; Fabiani & Gattiglia, 2012) and geo-localised in QGIS.

The dataset used for this research is composed of 427 archaeological interventions, with 
1196 finds in total. A huge percentage of these interventions – 326 out of 427 – is located on 
the plain, 1013 finds in total. The non-spatial information includes chronology of the excavated 
context, sedimentological characteristics, and elevation. Unfortunately, elevation was recorded 
in a limited number of contexts, the majority of which are located in two areas: the urban/
suburban area of Lucca (Area 1), and the area of Capannori (Area 2). Following a thorough 
assessment of the dataset, a sub-sample of 36 locations for Area 1 (elevation_ancient_area1.
shp) and 13 for Area 2 (elevation_ancient_area2.shp) have been selected.

Besides, modern altitude values have been extrapolated from 120 random locations in each 
Area, to be used as a co-variable in the co-kriging interpolation (elevation_modern_area1.shp, 
elevation_modern_area2.shp).

All the paleo-channels identified by Marcello Cosci (Cosci, 2005) were digitised on QGIS 
together with those detected on LIDAR relief (paleo_channels_cosci_lidar.shp). Paleo-riverbeds 
available on Regione Toscana geodatabase were also used (paleo_channels_geodb.shp).

Finally, to perform logistic regression, a series of “event” locations have been sampled in 
Area 1 and 2 where archaeological excavations recorded layers suggesting the presence of 
riverbeds in the Roman period. These locations were given a value of 1. Several “non-event” 
locations were sampled where the presence of a river in the Roman period could be excluded, 
such as Roman sites with structures. A value of 0 was assigned to these locations. All these 
locations, indicating the presence/absence of the river, constitute the dependent variable in 
the logistic regression. For Area 1, 13 “event” and 37 “non-event” locations were selected (even-
ts_area1); for Area 2, 11 “event” and 55 “non-event” locations were selected (events_area2). The 
overall number of locations, the relatively balanced ratio between “events” and “non-events” 
and the reliability of the attribution to each binary category enabled the creation of a solid 
regression model.

3.2 Data quality
Since the paleo-DEM is produced using locations for which stratigraphic information is 

known, a careful assessment of the quality of this information is paramount. One of the 
main problems is the non-uniformity of the information available for each location. The 
available data are the result of different types of archaeological research (rescue or research 
excavations, surveys, fortuitous recoveries) carried out over more than a century. Besides, 
this research was undertaken by different subjects, including amateur archaeological groups, 
universities, professional archaeologists, and superintendents. Therefore, the excavation 
methods and the documentation quality are significantly different. In addition to this, data 
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collection in the Archives of the Soprintendenza of Tuscany highlighted significant gaps in 
the documentation. For example, it is not uncommon that no archival documentation is 
available for published excavations. This means that in some cases the elevation values used 
for producing the paleo-DEM are obtained from publications instead of the original reports. 
Furthermore, publications often approximate layer’s elevations or cannot be used to estimate 
the elevation above sea level, because the reference point from which the excavation depth 
was computed is not specified.

The inconsistent level of information available for each location affects the reliability of the 
paleo-DEM. Since the predictors for the logistic regressions are derived from this paleo-DEM, 
model outcomes are also affected. In order to mitigate the effect of poor data quality, co-kri-
ging method has been used for spatial interpolation and current morphological parameters 
have been used as additional covariates in the regression (see below).

Similar biases affect the identification of the dependent variable for the regression model. 
Each sample location has been assigned to a “river” (event) or a “non-river” (non-event) cate-
gory, based on the available description of the stratigraphy (sediment texture, fabric, etc.). 
However, relying on what has already been interpreted by the excavators, instead of directly 
consulting the excavation documentation, often implies that interpretations might be unre-
liable. Furthermore, especially in the case of older research, the description of non-anthropic 
layers identified during the excavation was not considered as important as the description of 
structures or other types of evidence. Therefore, only few locations can be reliably assigned 
to each category, thus reducing the sample available to train the model. However, the event/
non-event ratio (more than the absolute number of measurements) represents the most 
relevant parameter for the creation of a solid binomial model (King & Zeng, 2001), and this 
precondition is met in the sampled locations. Besides, a small training sample contributes to 
mitigating the spatial dependence of events and non-events (second-order effect), related to 
the fact that nearby locations are more likely to belong to the same category than locations 
further apart, as Tobler’s First Law of geography states (Alberti et al. 2018; Miller, 2004).

3.3 Co-Kriging

The first step was the reconstruction of the topography of the plain during the Roman 
period (paleo-DEM), using geostatistical interpolation (kriging). Although the area under 
investigation extended from the city of Lucca to the location of Botronchio in the south, the 
dishomogeneous distribution of the elevation checkpoints prevented a reliable interpolation 
for the whole plain. Therefore, the area was divided in two: Area 1 is a 870,5 ha rectangular 
area, from 700 m to the West of the Roman walls of Lucca to the area of Antraccoli with a 
East-West direction; Area 2 is a 1605 ha irregular area, from Tassignano to Fossa Nera in the 
municipalities of Capannori and Porcari (fig. 4).

Despite this mitigation, the elevation checkpoints turned out to be not dense enough. 
After assessing a significant correlation between the elevation of the Roman levels and the 
elevation of the current ground (0.648 Pearson’s coefficient for Area 1, 0.954 for Area 2), a 
co-kriging interpolation approach was used. Roman elevation values were used as target 
variable and modern elevation values as co-variable. The latter were measured both at the 
same locations as the target variable (co-located samples), and in randomly selected loca-
tions. Exploratory analysis and interpolation were implemented in R using the gstat package 
(Pebesma & Wesseling, 1998).

A gstat structure containing the two sample sets of ancient and modern elevations was 
built (Rossiter, 2007). Variogram models were added to the gstat object and a linear model of 
coregionalization was fitted. Finally, the predict function was used to produce the co-kriging 
interpolation; the gstat object is used as the first argument, while the second is a 20×20 m 
grid for each of the two interpolated areas (Area 1 and 2). The grid is a Spatial Points Data 
Frame created using the create grid function on QGIS. A Spatial Pixel object, to be used for 
the prediction, was created applying the gridded function.
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3.4 Spatial covariates
Regression is a mathematical mapping of the relationship of two or more variables (Nakoinz 

& Knitter, 2018, pp. 87-97). Logistic regression, widely used for geospatial data, models the 
likelihood of each location to be an event or a non-event, based on the observed correlation 
between a training sample of events/non-events and a series of independent variables (or 
predictors). In this research the events are locations where a Roman riverbed has been iden-
tified and non-events are locations where the presence of a Roman riverbed can be excluded.

To model the probability of each location of the computation area to be a riverbed, a total 
of 18 predictors have been used. To overcome the plausible low reliability of the paleo-DEM, 
the same predictors derived from the ancient DEM have been derived from the modern 
elevation map as well.

Ancient and modern elevation are two key predictors, as landscape geomorphology is 
one of the main factors that influences the path of a watercourse (Kolka & Thompson, 2006). 
Variations in slope and aspect were also considered influential. Local variations of slope 
gradient and slope orientation (aspect) can have a profound influence on the directionality 
of surface water flows. Slope and aspect maps were created using GRASS 7 r.slope.aspect 
function. Sine and Cosine functions were applied to the aspect map through r.mapcalc to 
extract respectively the East-West and North-South aspect directions. Another predictor is the 
profile curvature, also created using r.slope.aspect function. Curvature indicates convergence 
and divergence of water flow, as they are determined by the terrain’s convexity or concavity 
(Alberti et al., 2018, p. 10).

Other variables were produced in GRASS using r.terraflow (Flow Direction, Flow Accumula-
tion, and Topographic Convergence Index) and r.topidx (Topographic Wettex Index) functions. 
Flow Accumulation and TWI are both used to describe the tendency of an area to accumulate 
water. The difference in these algorithms stands in the reckoning of the flow direction and 
in whether a single flow direction or multiple flow directions are computed (Ballerine, 2017; 
Mattivi et al., 2019).

fig. 4. Paleo-DEMs of Areas 1 and 2.
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3.5 Logistic regression modelling
Dependent variable (event/non-event) and predictors were estimated for 50 selected lo-

cations (training sample) in Area 1 and 66 in Area 2. The first step in the development of the 
regression model was the assessment of the correlation between predictors in the sampled 
locations, to prevent the negative effects of collinearity on coefficient estimation. Pearson’s 
correlation index was calculated for each pair of predictors, discarding those variables with 
an index above 0.70 (Alberti et al., 2018, p. 13; Dormann et al., 2013). For Area 1, TCI and TWI 
derived from the modern and paleo-DEM were discarded, due to their strong collinearity with 
the DEMs and between themselves. For Area 2, TCI and flow direction derived from modern 
and paleo-DEM were discarded, alongside TWI from modern DEM (fig. 5). Two models were 
created for each area (glm function) using selected predictors generated from paleo-DEM 
(Model1) and modern DEM (Model2). Since multicollinearity among predictors may significantly 
inflate the variance of the estimated parameters, and the pair correlation matrix may not be 
able to identify it, Variance Inflation Factor (VIF) was also considered to increase the reliability 
of each model (Midi et al., 2010). As pointed out in literature (Alberti et al., 2018, p. 13; Midi et al., 
2010, p. 261), a VIF above 10 indicates a significant multicollinearity. In Area1-Model 1, aspectsin, 
curvature and flow_dir had a VIF of 24.62, 16.83 and 18.38. Aspectsin was thus discarded, as it 
was the one variable with the highest coefficient. The procedure was then repeated without 
aspectsin, and the results showed no significant multicollinearity. Despite no predictors had 
a VIF greater than 10 in Area 1-Model 2, flow_dir was discarded, as it had a VIF of 9.83. None 
of the predictors used for Area 2 had VIF greater or close to 10.

The identification of the most parsimonious model was carried out using the stepAIC fun-
ction, available in the MASS library of R, which performs a stepwise model selection by Akaike 

fig. 5. Corrplots: top left – Area 1 Model 1; top right – Area 1 Model 2; bottom left – Area 2 Model 1; bottom 
right – Area 2 Model 2.
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fig. 6. Spatial covariates selected by Models 1 and 2 for Area 1.

fig. 7. Spatial covariates selected by Models 1 and 2 for Area 2.

fig. 8. Probability maps.

Information Criteria (AIC). It is known that the best model is usually the one that provides 
the best fit using the lowest possible number of parameters; the stepwise function computes 
the different combinations of predictors in the model, returning the model with the lowest 
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AIC value, namely, according to the principle of parsimony, the model with the best balance 
between likelihood and number of predictors (Venables & Ripley, 2002, pp. 175-177). As a result 
of this process, flow direction and slope were selected as significant predictors for Area1-Model 
1 (Model1AIC), while curvature and slope were selected for Area 1-Model 2 (Model2AIC) (fig. 6). 
For Area 2, only slope and TWI were retained for Model 1, while slope, sin of aspect, cosine 
of aspect and curvature were retained for Model 2 (fig. 7).

The AIC values of the two Area 1 models are almost equal (Model1AIC= 42.09; Model2AIC= 
41.91), while for Area 2, Model1AIC has an AIC of 56.94 and Model2AIC has an AIC of 52.90. AIC 
weight was also computed (Wagenmakers & Farrell, 2004). The results indicates that Area 1’s 
models perform almost equally (AIC weight Model 1= 0.478006; AIC weight Model 2= 0.521994), 
while for Area 2, Model 2 appears to be significantly more reliable than Model 1 (AIC weight 
Model 1= 0.117272; AIC weight Model 2= 0.882728).

To further test the performance of the models, Receiver Operator Characteristic (ROC) 
curve was plotted. Using roc and ggroc functions (pROC package), True Positive Rate (TPR 
or Sensitivity) was plotted against False Positive Rate (FPR or Specificity). Sensitivity is the 
percentage of correctly predicted events, while specificity is the percentage of events which 
were incorrectly predicted as non-events. The more efficient a model prediction is, the closer 
the curve is to the top left corner of the plot. The Area Under the ROC Curve (AUC) was also 
computed with auc. In a range from 0 to 1, it represents the odds of a random event to be 
closer to 1 than a random non-event. If a model prediction is not more likely than random 
probability AUC value approximates 0.5; a model with only correct predictions has an AUC 
value of 1.0. The AUC values show that all the models (in both areas) are fairly reliable (Area 
1: Model 1 AUC= 0.88, Model 2 AUC= 0.88; Area 2: Model 1 AUC= 0.79, Model 2 AUC = 0.85).

The coefficients obtained through the stepAIC function were used to produce a predictive 
map representing the logarithm of the odds for each model. To create these maps, GRASS 
r.mapcalc was used. Raster maps of the selected covariates were weighted based on their 
regression coefficient and combined through map algebra; log-odds were then converted 
to probability using:

PRED = (exp(PROB MAP))/(1+(exp(PROB MAP)))
Each 20×20 m cell of each map was assigned a value from 0.0 (non-event) to 1.0 (event) (fig. 8).

3.7 Evaluation of the paleo-riverbeds
The last phase in the analysis was to assess the probability of each of the many paleo-ri-

verbeds known in the two areas to date back to the Roman period.
The first step was to identify the threshold value where the prediction of event and non-event 

in the models is exactly the same. Correct event and non-event predictions for the training 
sample (sensitivity and specificity of the ROC) were plotted against different predictive cutoffs 
(from 0 to the maximum predictive value). The cutoff where sensitivity and specificity are equal, 
represents the threshold above which each prediction can be classified as an event. Due to 
the small number of events and non-events in the two areas, the threshold values were found 
to be very low: 0.24 for both Area 1 models, 0.1 for Area 2-Model 1 and 0.16 for Area 2-Model 
2. However, as discussed below, this issue does not seem to compromise the analysis results.

A polygonal shape file was created for each paleo-channel known in the two computational 
areas. A total of 10 polygons were created for Area 1 and 13 for Area 2 (fig. 9). Some of the 
polygons do not exactly correspond to paleo-channels recognised in the area, but were cre-
ated by joining different traces probably pertaining to the same paleo-riverbed. For instance, 
Area 1-PC3 was created because a core sample identified layers referred to a Roman riverbed 
between two paleo-channels recognised by Marcello Cosci (Basile, 2021). Some others, such 
as Area 1-PC1, are composed of two separate polygons, as part of the paleo-riverbeds lies 
outside the computational area.

Subsequently, 120 locations were randomly created inside each paleo-channel and the 
corresponding probability map value was sampled for each location using GRASS v.what.rast 
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function. Median and mean values of each group of locations were then computed, and their 
relationship with the aforementioned threshold assessed. If they laid above the threshold, 
the corresponding paleo-channel was likely to be active during the Roman period, as most 
of the locations inside its area had values which correspond to events in the probability map. 
This step was thus fundamental in the analysis process, as it provided a semi-formal and 
generalisable approach to interpret the probability maps and address the main research 
questions of this paper.

4. Discussion

4.1 Area 1 (fig. 10)
Despite the lack of information and the above-mentioned issues with data quality, the 

analysis produced interesting results which provided a new perspective on the area.
For many of the analysed paleo-channels – 4, 5, 6, 7 and 8 – the median and mean values 

of the randomly sampled locations are clearly below the threshold value. Hence, it can be 
tentatively argued that they were not active during the Roman period. This inference is par-
tially confirmed by the fact that most of these palaeo-channels are located in areas which 
were occupied by Roman structures or by part of the Roman city (fig. 11).

On the contrary, median and mean values of points sampled inside PC1 and PC3 are strongly 
above the threshold according to both Model 1 and Model 2. Although with smaller values, 
PC9 and PC10 values are also above the threshold.

Finally, PC2 values are below the threshold according to the map produced from Model 1, 
while they are above the threshold according to Model 2.

Based on these outcomes, it can be argued that the Antraccoli area was indeed crossed 
by the river, although it is hard to determine which of the paleo-channels were active during 

fig. 9. Areas 1 and 2 paleo-channels.
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fig. 10. Area 1: medians, means, and interquartile ranges of 120 randomly created locations inside each 
paleo-channel.

fig. 11. Area 1: paleo-channels that were active during the Roman period.

the Roman period. The tributary branch coming from the north (PC4), was probably active 
in other periods. Perhaps, it should be identified with the Etruscan age riverbed recently 
excavated in the area of San Filippo on the North-West of Antraccoli (Giannoni, 2015). Despite 
the difficulties of understanding whether PC2 should be dated to the Roman period, clearly 
the river continued to the West, following the path of one of the two paleo-channels which 
are unfortunately outside of Area 1. A branch of the river – possibly a smaller one – lapped 
the South-Western corner of the city. It can be suggested that this branch connected the 
northern and the southern branches of the Auser. A comparison may come from the nearby 
city of Pisa, where the Auser and Arno rivers had to be connected by a minor branch West of 
the city (Bini et al., 2015).
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As far as the area north to the city is concerned, none of the examined paleo-riverbeds dates 
to the Roman period. It can be argued that the river path might have been similar to today. 
As both the shape of the defensive walls and the presence of sandy-gravelly layers North to 
the city suggest, it is possible that a minor branch of the river flowed in this area just before 
the foundation of the colony. This branch did not exist anymore during the Imperial period, 
as the construction of the amphitheatre (late 1st century AD) and of other structures suggest.

fig. 12. Area 2: medians, means, and interquartile ranges of 120 randomly created locations inside each 
paleo-channel.

fig. 13. Area 2: paleo-channels that were active during the Roman period.



77A computational modelling approach to reconstruct the fluvial system of the floodplain of Lucca

4.2 Area 2 (fig. 12)
As Model 2 proved to be more reliable than Model 1 for Area 2, data obtained from Model 

2 were given a greater weight in evaluating whether the paleo-riverbeds can be dated to 
Roman times or not.

In the northernmost part of the area, the path of the river essentially corresponds to the 
reconstruction already proposed by other scholars (paragraph 2.2). It is thus not surprising that 
PC2’s median and mean are both below the threshold values (fig. 13). Flowing towards South, the 
river describes a large bend in the Tassignano area (PCs 1, 3, 4, 5, 7). One of the research que-
stions for this area was to assess whether the bend described a large curve (PC6) or a narrower 
one (PC5). Based on the results of the analysis, both models suggest PC5 as the most probable 
Roman riverbed. The river thus crossed the area of Tassignano airport, where a Late Republi-
can farm was excavated approximately 20 m to the East of the paleo-channel (Giannoni, 2018).

Model 2 suggests that PC8 cannot be considered active in the Roman period. However, 
based on the available data, this is the only trace that suggests a connection between the 
northern and the southern path of the river. The outcome of the model can be tentatively 
interpreted as inaccurate prediction, perhaps related to recent transformations in the mor-
phology of this sector of the plain. From here, the river descended towards the south to the 
Fossa Nera area. As mentioned above (paragraph 2.2), another research question of this study 
was to understand the relationship between the river and the two farms excavated in this 
area. According to Model 2, PC10 median and mean are strongly below the threshold, while 
PC9 and PC12 are above it. Therefore, it can be assumed that the river flowed between the 
two farms, as Giulio Ciampoltrini already proposed (Ciampoltrini, 2009, p. 25).

Both Tassignano and Fossa Nera areas show a strong relationship between the river and 
some of the Late Republican farms known in the plain. Nevertheless, several other buildings 
along the river path support this reconstruction (fig. 14). Due to the many factors that can 

fig. 14. Area 2: reconstruction of the river Auser in the Roman period. The yellow dots represent Roman 
buildings inside Area 2.
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determine the distribution of farms during the Roman period, further studies need to be 
carried out to understand the role played by the river in this process.

5. Conclusion

This study was aimed at testing a new methodology for assigning traces of palaeo-channels 
to a given period based on selected geomorphological variables.

The accuracy of the analysis is affected by research intensity and research strategy biases in 
the area. The low reliability and non-standardization of data also contributed to reducing the 
analysis accuracy. Nevertheless, according to the analysis results, it was possible to identify 
those paleo-channels more likely to be active during the Roman period. The subsequent re-
construction of the possible Auser path excludes paleo-channels that were likely to be inactive 
in the Roman period, such as PC6 and 7 Area 1 (which cross part of the walled city) or PC 4 
and 8 Area 1 (where Roman structures were identified).

Moreover, the paleo-channels that can be dated to the Roman period create a coherent 
river path (fig. 15).

Despite all the dataset quality issues, this methodology offers a new approach for in-
vestigating the spatial pattern of landscape features in the past, using archaeological and 
geomorphological data. Far from proposing a conclusive reconstruction of Lucca’s ancient 
landscape, this research complements other studies and contributes to strengthening our 
knowledge of the paleo-fluvial system of the plain. Despite the large amount of research 
conducted in the last 40 years, the absolute lack of GIS-based studies and spatial analysis and 

fig. 15. Reconstruction of the river branches during the Roman period. The blue solid lines indicate the 
paths reconstructed through this study. The blue dashed lines indicate the hypothetical paths outside 
the 2 study areas. 
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modelling is noticeable. In fact, the use of GIS was openly criticised in a recent paper by Giulio 
Ciampoltrini himself (Ciampoltrini, 2020, p. 11). Nevertheless, these approaches are today 
widely employed in landscape archaeology, and their crucial role in archaeological research 
is widely acknowledged (Gillings et al. 2020). These methodologies should be used together 
with more classical ones, to obtain new and more complex pictures of the past interactions 
between humans and landscapes and to analyse archaeological and environmental data from 
a different (more formal and larger-scale) point of view. In conclusion, by recognising Roman 
period’s paleo-riverbeds, this study allows to gain new insights into the analysis of human 
behaviour and settlement strategies in this area, and to expand the use of spatial analysis in 
the archaeology of fluvial landscapes.
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