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Abstract: The identification and delineation, through aerial photography, of the archaeological struc-
tures that present temporal resolution, as well as their characterization based on high-resolution
LiDAR (Light Detection and Ranging)-derived DEMs (Digital Elevation Models) are modern tech-
niques widely used in the archaeological prospecting of various landscapes. In this study, we present
an application of Airborne Laser Scanning (ALS) and aerial photography (AP) techniques, used in
order to compute geomorphometric indices specific to the ashmound structures of Late Bronze Age
(LBA) archaeological sites that are visible on the soil surface. The necessity of determining the ash-
mounds’ geoarchaeological description stems from the fact that despite the majority of archaeologists
weighing in on the subject, there is still no accepted explanation regarding their initial functionality.
Thus, we believe that the GIS-based high-resolution characterization of 200 ashmound features
identified in 21 Noua Culture (NC) archaeological sites will contribute to a better understanding of
the ashmounds’ functionality and evolution in the heterogeneous landscape of the study area (NE
Romania). Therefore, various shape indices, such as the area (A), perimeter (P), length (L), form factor
(RF), circularity ratio (RC), and elongation ratio (RE) were computed for microlevel characterizations
of the visible ashmounds’ structures. Additionally, LiDAR-derived DEMs with a 0.5 m resolution
were used to generate more surface characteristics such as the slope (S) and hypsometric indices (HI).
The outcomes indicate that the ashmounds have relatively diverse shapes (an RF range from 0.37 to
0.77; a RC range from 0.79 to 0.99; a RE range from 0.68 to 0.99), and the micro-relief slightly varies
from positive to negative landforms (HI range from 0.34 to 0.61) depending on the erosion intensity
(S range from 1.17◦ to 19.69◦) and anthropogenic impact (e.g., current land use and agriculture
type). Furthermore, each morphometric parameter is an indicator for surface processes, aiding in
the identification of the geomorphologic and surface-erosion aspects that affect the archaeological
remains, contributing to the assessment of the conservation status of the ashmound structures within
the current landscape configuration. In this regard, this article presents and discusses the remote
sensing (RS) techniques used, as well as the morphometric data obtained, exploring the implications
of our findings for a better characterization of the NC in Romania.

Keywords: GIS; airborne laser scanning (ALS); aerial photography (AP); ashmound archaeological
structures; temporal resolution; Noua Culture—Late Bronze Age (NC-LBA); NE Romania

1. Introduction

During the last few decades, geoarchaeological investigations, such as the pollen-
based analysis of sedimentary sequences, have allowed the identification of significant
climatic oscillations that occurred during the second part of the Subboreal period during
two chronological sequences, namely 4000–3600 cal BP and 3200–3000 cal BP [1]. The
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consequences for prehistoric communities were substantial, representing the primary
reasons behind the transformations that took place at the end of the Bronze Age (BA) [2]. In
this context, in the northwestern Pontic (Black Sea) region, the agricultural communities of
the Middle Bronze Age (MBA) were gradually replaced by human groups characterized by
a predominantly pastoral economy [3,4], and these changes had effects on multiple levels.

In this framework, our investigation focuses on the emergence of a new type of
settlement that presents a temporal resolution (visible only outside of the growing season),
considered to be an important cultural marker for the pastoralist communities of the Late
Bronze Age (LBA), namely the Noua-Sabatinovka-Coslogeni (NSC) cultural complex [5,6].
The latter occupied a wide area, extending from the territory located east of the Apuseni
Mountains (Western Romanian Carpathians) in Romania up to the Dnieper region, and
from Ukraine’s sub-Carpathians up to northeastern Bulgaria (Danube Valley) [7]. Among
the similar characteristics of the three cultures that compose this complex, we have to
mention the preference for an economy based on animal husbandry (especially cattle),
a quasiuniform typology of the ceramic forms utilized (e.g., jar/bag vessels, decorated
with simple strips of clay; cups with one or two raised handles), the usage of numerous
flint (e.g., krummesser and arrowheads) and bone (e.g., crenated scapulae, tupik sickles and
needles) tools, and, most importantly, the presence of the settlements with ashmounds
(quasicircular grey spots visible on the soil surface with diameters between 15 and 45 m
and small elevations, resembling small mounds) [5–10].

The ashmounds, also known as ash heaps, cinder mounds, or zolniki, were first discovered
and described at the end of the 19th century by Zaretskyi [11] and at the beginning of
the 20th century by Gorodčov [12]. Initially, they were believed to be special places
destined for votive offerings or the remains of cremation barrows belonging to Iron Age
(IA) settlements, in particular Scythian settlements [13]. However, later on, in the mid-
20th century, these features were identified within sites belonging to the NSC cultural
complex [14] and the Belogrudovka culture [15]. The term ashmound was first coined to
describe the characteristics of the Scythian settlement of Bel’sk [12], and it was named
based on its appearance, as these ‘structures’ were long believed to represent ashes due
to their light-grey color. After decades of discussions, it is now a known fact that no
form of burning was involved in producing the ash-like soil [9,10,15–19]. However, a
single accepted explanation for the ashmounds’ functionality is still missing, despite
the vast majority of specialists weighing in on the subject. The ashmound features are
easily identifiable outside the growing season due to their distinct soil marks and elevation,
making them visible on orthophotos, satellite images, LiDAR (Light Detection and Ranging)
measurements, and aerial photographs [7]. These methods are essential for archaeology,
allowing: the identification of new sites; detailed studies of the areas where human groups
once settled; and site documentation, monitoring, and interpretation [20–26]. Although the
importance of these methods has constantly been proven in different studies concerning
the prehistoric communities that inhabited latter-day Romania [27–32], when talking about
the LBA or NSC cultural complex, the studies utilizing detailed RS methods and products
(e.g., high-resolution DEMs or aerial photographs) are relatively few [33–36].

In this study, we aim to address the gap related to the high-resolution investigation of
the ashmounds by providing the first GIS-based surface characterization of 200 ashmound
features identified in 21 Noua Culture (NC) archeological sites from northeastern Romania
by using Airborne Laser Scanning (ALS) and aerial photography (AP) techniques. Our
main goals are (i) to highlight the role of the GIS-based surface characterization of the
ashmound features as a crucial tool for understanding the habitation behavior and ecocul-
tural evolution of prehistoric communities belonging to NC during the LBA, and (ii) to
characterize the conservation status of the ashmound structures in the current landscape
configuration of northeastern Romania. In light of these goals, we present and discuss
the RS techniques used and the morphometric data obtained and further explore the im-
plications of our findings for a better characterization of the LBA communities known as
Noua culture.
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2. Study Area
2.1. Geoarchaeological Framework

The study area is located in the northeastern part of Romania, encompassing the
territory of the middle and lower Jijia catchment [37] (Figure 1). The Jijia River is the
primary tributary of the Prut River, serving as the natural border between Romania and the
Republic of Moldova [38,39]. Broadly, the entire area is commonly known as the Moldavian
Plain, but a more accurate name would be the Jijia Hills due to the fact that it is a hilly
region, which coincides with the central northeastern part of the Moldavian Plateau [40,41].
The elevation ranges from 40 m to 256.5 m, with an average elevation of 112 m. Altitudes
above 200 m indicate the contact area between the Jijia Hills and the Central Moldavian
Plateau on the southern flank, as well as the contact area between the Jijia Hills and the
Suceava Plateau on the western flank. Elevations below 50 m correspond to the shared
floodplain of the Jijia and Prut rivers in the southeast. The slope ranges from flat areas
like major floodplains and structural plates to 88.5◦ (mean slope of 5.37◦), with the highest
values observed especially on the front of the cuestas affected by landslides and on the
active banks of the large rivers (e.g., Prut and Jijia) [41]. The climate is temperate continental,
with an average annual temperature ranging between 8 and 10 ◦C and an annual mean
precipitation value ranging from 450 mm to 500 mm [7].
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Figure 1. Geographic location of the study area (Jijia Hills) within Romania and the distribution of
the selected NC-LBA sites (see Table S1); the number of ashmound structures identified within each
NC-LBA site are indicated.

The lithological structure of the entire region is a monocline specific to the Moldavian
Plateau, with Miocene–Pleistocene dipping strata from northwest to southeast, respectively,
from the Suceava Plateau to the middle Prut floodplain and the common floodplain of the
Jijia and Prut rivers [40]. The geological structure comprises the succession of sandy clay
deposits (200–300 m thickness) and layers of limestone and sandstone from the Lower and
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Medium Sarmatian age (2–30 m thickness) overlaid by a loess stratum with thicknesses
ranging from 1–2.5 m to 15–30 m (e.g., river terraces) [42]. The major valleys of the Prut,
Jijia, Miletin, Jijioara, and Bahlui rivers are characterized by Holocene alluvial deposits,
with the lower sector of the Jijia floodplain (3.5 km wide max.) and the middle sector of
Prut Valley (7.5 wide max.) being the most developed in the landscape [43]. The dominant
landforms in the heterogeneous landscape of the study area are the large valleys separated
by interfluves that are mostly of the cuesta type. According to the previous studies [7,40],
the cuestas along with the open slopes and local hills in valleys are the main landforms
preferred by prehistoric populations to establish their settlements.

The workspace, namely the Jijia Hills region from NE Romania, was chosen to perform
the current study due to its extensive habitation during prehistoric periods, including the
Chalcolithic (Precucuteni/Cucuteni–Trypillia cultural complex) [29,30,44] and Bronze Age
(BA) [7,34]. The high density of cultural heritage found throughout the entire territory
of Jijia Hills serves as evidence of the essential physical–geographical characteristics that
describe this region, making it suitable for the development of communities, both in
historical as well as in present times. Therefore, the chronological framework selected in
this study is the LBA (1600–1100 cal BP). This choice is mainly due to the significant number
of archaeological discoveries belonging to this chronological stage, but also because, to
this day, relatively few modern studies have been dedicated to this prehistoric period.
Also, the LBA workspace was highly frequented by human groups belonging to the Noua
Culture (NC), resulting in over 400 archaeological sites such as settlements, necropolises,
and hoards being left behind [34].

2.2. Noua Culture (LBA) Habitation in NE Romania

In the modern territory of Romania, the LBA can be described as the stage in which
the previous archaeological cultures, dating from the MBA, were continued and ended
and, most importantly, as the emergence period of two important cultural complexes:
Noua-Sabatinovka-Coslogeni (NSC) and Zimnicea–Plovdiv. The last two have appeared
as a result of the contacts existing between the local communities and the eastern and
southern elements [4,6,14].

As we have already stated, the focus of our paper is on the human groups belonging
to Noua Culture (NC). While the sites specific for these communities can also be found in
Ukraine, the Republic of Moldova, and other territories of Romania (e.g., Transylvania),
the selected workspace is considered to be the most important region of NC development,
benefiting from the highest number of discoveries [13] consisting mostly of settlements. The
latter can be categorized into two types in accordance with the presence or absence of the
ashmounds on the soil surface. While many theories have been postulated regarding the
differentiation existing between the two types of sites [13,18,19,45], a satisfactory answer is
still missing. In this regard, recent studies [7,34] have brought to light an important aspect,
namely the possibility that the ashmounds with very good soil contrast and small-to-no
elevations could be, in fact, a consequence of intensive agricultural works. In addition, after
performing test trenches in a settlement without such features visible, Dascălu [45] was
able to prove the presence of the ashmound feature beneath the arable soil layer. Thus, the
current state of research seems to be far from satisfactory enough to allow the issuance of
theories regarding the functionality of the ashmounds or the behavior of NC communities
(Figure 2). Therefore, in order to achieve the objectives of our study, 21 NC sites with
ashmounds from Jijia Hills (NE Romania) (Figure 1) were selected, presenting between two
and nineteen such features, located mostly in the southern half of the workspace (Table 1).
During our previous studies [7,34] and projects, we conducted numerous field surveys
within settlements of this type throughout the entire area of interest, but for this paper, we
chose as case studies only the most relevant situations, with high contrasting soil marks
and an important amount of archaeological material discovered.
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fills up with waste and debris and the ashmound reaches its maximum height; Stage 3—the conser-
vation stage of the ashmound due to new cultural layers and/or soil accumulation on top; Stage 4—

Figure 2. The supposed evolution stages of a NC settlement with ashmounds, redrawn after
Dietrich [9]: Stage 1—the ashmound basin construction phase; Stage 2—the phase where the basin
slowly fills up with waste and debris and the ashmound reaches its maximum height; Stage 3—the
conservation stage of the ashmound due to new cultural layers and/or soil accumulation on top;
Stage 4—the first erosion phase, which affects both older soil layer and the ashmound structure;
Stage 5—the second erosion phase when the destruction of the upper settlement layers is almost
complete and only the ashmound basin remains. In the oblique images (right photos), the ashmound
structures are highlighted with arrows (light-grey ‘spots’ on soil) from different NC sites.

Table 1. List of the 21 NC-LBA archaeological sites (see Figure 1 and Table S1) analyzed in this work
and their main feature characteristics. S1 to S21 are the site Ids. For the computation of landform
classes corresponding to the location of the NC-LBA sites, please refer to our previous articles [7,40].

Id Site Name Lat. N Long. E
Elevation
(m a.s.l.)

Area
(ha)

Landform Corresponding
to NC-LBA Sites 1

Number of
Visible

Ashmounds

S1 Todireni—Hârtopul Căldării 47.41 27.02 109.9 8.9 Local ridges/hills in valley 16
S2 Ples, ani—Cracalia 47.35 27.24 82.0 5.1 Local ridges/hills in valley 10
S3 Alexandru cel Bun—Dealul Iacobeni 47.35 27.27 76.8 7.6 Hill tops, high ridges 2
S4 Bădeni—Dealul Moara de Vânt 47.34 27.29 168.5 11 Hill tops, high ridges 16
S5 Fântânele—Vatra Satului 47.32 27.40 106.7 16.6 Local ridges/hills in valley 13
S6 Coarnele Caprei—Dealul Aramei I 47.34 27.43 140.2 7.2 Upper slopes 8
S7 Bădeni—Gurguieta II 47.57 27.28 98.2 4.8 U-shaped valleys 6
S8 Coarnele Caprei—Arama 47.65 27.17 126.9 4.1 Hill tops, high ridges 7
S9 Coarnele Caprei—Dealul Aramei II 47.41 27.09 103.8 4.8 Local ridges/hills in valley 5
S10 Ceplenit,a—Dealul Ion Clacă 47.46 27.29 94.5 8.4 U-shaped valleys 11
S11 Bulbucani—La t,arina veche 47.33 27.31 101.7 10.1 Deeply incised streams 19
S12 Focuri—Dealul Rotund 47.41 27.10 72.4 3.6 Deeply incised streams 5
S13 Focuri—Dealul Păis, ului 47.24 27.47 87.9 15.7 U-shaped valleys 13
S14 Mihail Kogălniceanu 47.44 27.04 94.9 9.2 Hill tops, high ridges 4
S15 Gropnit,a I—Dealul de ceea parte 47.37 27.26 64.8 3.7 Deeply incised streams 10
S16 Focuri—Dealul Lacului 47.38 27.06 65.9 2.8 Deeply incised streams 9
S17 Gropnit,a II—SE of the village 47.40 27.10 65.8 3.7 Deeply incised streams 10
S18 Potângeni—Buda 47.31 27.19 95.2 7.3 Deeply incised streams 5
S19 Larga Jijia—La grădină 47.41 27.19 45.0 5.3 U-shaped valleys 5
S20 Erbiceni—Iazul Spinoasei 47.36 27.15 113.7 8.1 Deeply incised streams 16
S21 Tăutes, ti—Hârtopul Lingurariului 47.37 27.19 101.4 7.2 Local ridges/hills in valley 10

1 Landform classes adapted after [40] for specific landscape characteristics of the study area [7].

3. Data Acquisition and Methodology

Figure 3 summarizes the workflow chart adhered to in this study, encompassing: the
LBA settlements inventory and NC site selection; the field investigation employing oblique
and vertical aerial photography; as well as the ALS survey, the acquisition process of the
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GIS data, and the computation of morphometric indices to characterize the surface features
of the ashmound structures. Subsequent sections will detail each of these methodological
steps.
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Figure 3. Workflow chart followed in this study of GIS-based surface characterization of the
200 ashmound structures with temporal resolution, identified across 21 NC sites in NE Romania.

3.1. LBA Settlements Inventory and NC Site Selection

The NC-LBA sites inventory was compiled firstly by consulting the archaeological
repertoires [5,46–49]. In addition, due to the partial visibility of the ashmound structures
on the topographic surface, we were able to identify a significant number of novel sites [34]
by using the LiDAR database [50]; aerial photographs; and the orthophotos available on
different portals, such as Inis Viewer, Bing Maps, and Here Maps. The georeferenced
database was generated in Google Earth Pro 7.1.5 and exported as a shapefile in ArcGIS
Pro [7]. An Id (code) was attributed to the selected sites (S1-S21) following the N-S axis
(Table 1 and Table S1). In all cases, the settlements are located in close proximity to
secondary water courses or near to the confluence with other streams [7].

Thus, S1 is represented by the settlement from Todireni—Hârtopul Căldării (Botos, ani
County) that occupies an area of approx. 9 ha, being located at the confluence of Mihăiasa
Valley and one of its tributaries. S2 is the site of Ples, ani—Cracalia (Botos, ani County), of
ca. 5 ha, placed at the confluence of Glăvănes, ti Valley and one of its secondary tributaries.
S3, Alexandru cel Bun—Dealul Iacobeni (Ias, i County), was discovered on the SSW slope of
Iacobeni Hill in the proximity of Aluza River. S4 is represented by Bădeni—Dealul Moara
de Vânt (Ias, i County), a settlement of 11 ha, with 16 ashmounds visible that were found
on the NNE slopes of Moara de Vânt Hill near the river with the same name. The latter
separates the site into two distinct areas: one with fifteen clustered ashmounds and another
with at least one such feature. This aspect has been signaled in other sites as well [8,13],
with the ashmounds being organized in groups and divided in the present time by a small
gully. S5, the site of Fântânele—Vatra Satului (Ias, i County), occupies a larger surface of
approx. 16 ha, although it has a smaller number of ashmounds visible (13). It is located on
the SW slope of Ciorii Hill, near Clătinici Valley (Table 1; Figure 4).
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S6 and S9, Coarnele Caprei—Dealul Aramei I and II (Ias, i County), are located on
the slopes of Aramei Hill, near Puig River. The sites occupy surfaces of 7 ha and 5 ha,
respectively, having between 5 and 8 visible ashmounds. S7 is the site of Bădeni—Gurguieta
II (Ias, i County), located on the S slope of Boului Hill near Gurguieta River, and occupies
ca. 5 ha, with 6 ashmounds visible on the soil surface. S8, Coarnele Caprei—Arama (Ias, i
County), is placed in the proximity of the two settlements from Aramei Hill (S6 and S9),
being located near Pais River on the SSW slope of Bahnit,ei Hill on an area of approx. 4 ha
and having 7 visible ashmounds (Table 1; Figure 4).

Regarding S10, Ceplenit,a—Dealul Ion Clacă (Ias, i County), it is found on the S slope of
Ion Clacă Hill, near Urechii pond, on a surface of 8 ha. Next, S11 is represented by the site
from Bulbucani—La t,arina veche (Ias, i County), one of the biggest settlements in regard to
the number of visible ashmounds (19). It is placed on the western slopes of Crucii Hill near
Boziana Valley. S12 (Focuri—Dealul Rotund, Ias, i County) is one of the smallest settlements
(3.6 ha), being located on the E slopes of Rotund Hill with 5 visible ashmounds. S13 is
the site of Focuri—Dealul Păis, ului (Ias, i County), which occupies an area of approx. 15 ha,
being located at the confluence of Barbos, ica Valley and one of its tributaries. S14 is the
site from Mihail Kogălniceanu—E of the village (Ias, i County), consisting of 4 ashmounds
occupying ca. 9 ha of the W slope of Băs, es, ti Hill and in close proximity to Jijia Valley. S15,
Gropnit,a—Dealul de ceea parte (Ias, i County), is placed on the E slope of Morii Hill, near
Herghetea Valley (Table 1; Figure 4).

S16, Focuri—Dealul Lacului (Ias, i County), is located on the E slope of Lacului Hill
near Lacul Negru Valley, occupying approx. 3 ha. S17, Gropnit,a—SE of the village (Ias, i
County), is also a small site, occupying less than 4 ha, but it presents 10 ashmounds on
the soil surface, being located in a confluence area on the SSE slopes of the hill found S of
Gropnit,a village. S18 is the site of Potângeni—Buda (Ias, i County), with 5 ashmounds in
an area of ca. 7 ha placed at the confluence of Buda River and one of its tributaries. Larga
Jijia—La grădină (S19) was discovered in the proximity of the Jijia River. The 5 ashmounds
that compose the site are surrounding a burial mound that was probably “raised” during
the Early BA, occupying approx. 5 ha. S20, Erbiceni—Iazul Spinoasei (Ias, i county), is
represented by 16 ashmounds identified on an area of ca. 8 ha, located in the immediate
vicinity of Valea Lungă River. Finally, S21 is the site of Tăutes, ti—Hârtopul Lingurariului
(Ias, i County), placed on the SW slopes located between the rivers Valea Prisăcii and Valea
Apăres, ti, with 10 ashmounds, noticeable on approx. 7 ha (Table 1; Figure 4).

3.2. Airborne Laser Scanning (ALS) Data

The Digital Elevation Model (DEM) derived from ALS (Airborne Laser Scanning) [30,51]
surveys provides the most detailed information regarding the microtopography of sur-
face ashmound structures [7] compared to other DEMs derived from topographic maps
(1:25,000 scale) and plans (1:5000 or 1:2000 scale) or SRTM-derived DEMs (30 m cell size)
that were frequently used in previous archaeological studies [52]. Therefore, the NC ash-
mounds’ DEMs used in this work were extracted from a high-density LiDAR database
acquired by using a Leica ALS60 system within the SMIS-CSNR No. 17945 project [53],
which was coordinated by the Prut–Bîrlad Water Administration (PBWA) in northeastern
Romania [7,37,39,54]. The point cloud data, which cover more than 21,000 km2, were
classified and converted to ASPRS 1.1 format classes [53]. The data georeferencing was
achieved by using a network of 387 geodetic points measured in both ERTS89 and Stereo
70 geographical projections, for which a quasigeoid model was computed [31]. The LiDAR
point density ranged from 2 to 6 points/1 m2, depending on the land cover type. The
point cloud was filtered to exclude vegetation and anthropogenic features (e.g., build-
ings and industrial constructions) [55–58] and to obtain multiple DEMs at a 0.5 m spatial
resolution (Figure 5).
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To simplify the GIS-based DEM data processing, a 500 m buffer area was computed
around the centroid of each NC site to extract individual DEMs. The outcomes indi-
cate high-quality DEMs of the bare ground because the data were acquired during the
February–March period when the study area had low vegetation cover [31,53]. However,
for the cases where the algorithm for point cloud classification failed (e.g., forests and
built-up areas), which did not allow for the computation of geomorphological parameters
(e.g., hypsometry, slopes, and the topographic position index) and the identification of
visible ashmound structures on the settlement’s surface, the final DEM was corrected and
resampled at the same resolution.

3.3. Oblique and Vertical Aerial Photography

In order to determine the surface geomorphometric features of the ashmound struc-
tures inside the NC settlements, we created a geodatabase by using Google Earth Pro
7.1.5 and exported it as a shapefile in ArcGIS Pro. To validate the site locations of all
21 case studies, we used cartographic and aerial image products, including archaeological
maps; topographic maps; orthophotos from Inis Viewer and Atlas Explorer portals; the
high-resolution DEMs described in the section above [53]; and most importantly, the aerial
images collected during fieldwork. We also compiled an inventory of sites by consult-
ing the archaeological monographs for the Ias, i County [7,46,47]. During field surveys,
we used unmanned aerial vehicle (UAV) technology [59–61] and managed to identify
200 visible ashmound structures (Figure 2). We captured aerial photographs by using a
Phantom 4 Pro v.2 drone, acquiring oblique and vertical photographs with a minimum of
60% overlap between each photo. The flight altitude ranged between 50 and 75 m, and
the photos were imported into Agisoft Metashape in order to obtain large orthorectified
images (Figure 4) [60].

3.4. Morphometric Indices Computation

The basic processing of the aerial image was conducted by using ArcGIS Pro software,
and the delineation of the ashmound features occurred through the on-screen digitization of
the resulting orthophotos. The ground-point data obtained from the ALS survey were used
to generate high-density LiDAR-derived DEMs [36] in the area of the selected NC-LBA
sites. To obtain efficient results for the microlevel characterization of the ashmounds, the
LiDAR-derived DEM with a resolution of 0.5 m was selected.

Geomorphometric properties are crucial indicators for surface processes, aiding in
identifying the geomorphologic and surface-erosion aspects that affect archaeological
structures such as the ashmound features. Therefore, various shape indices, including
the area (A), perimeter (P), length (L), and others, were computed by using the Calculated
Geometry tool in ArcGIS Pro software to perform a quantitative analysis of the ashmound



Remote Sens. 2023, 15, 4124 10 of 20

shape. In addition, several parameters for individual aspects, such as the form factor (RF)
(Equation (1)), circularity ratio (RC) (Equation (2)), and elongation ratio (RE) (Equation (3)),
were also calculated [62,63]:

RF =
A
L2 (1)

RC =
12.57·A

P2 (2)

RE =
1.128

√
A

L
(3)

where A is the visible surface area (m2), L is the ashmound maximum length (m), and P is
the ashmound perimeter (m).

By analyzing the shape parameters, it was possible to gain a deeper understanding of
the evolution of the ashmound morphometric characteristics, aiding in their identification
and classification, due to the fact that:

• The RF reflects the ashmound’s shape complexity;
• The RC helps determine the feature’s degree of circularity;
• The RE provides information on the ashmound’s length-to-breadth ratio, indicating

the degree of elongation.

Therefore, by calculating and analyzing all three parameters, it was possible to obtain
valuable information on the ashmound structure evolution.

Another morphometric parameter taken into consideration was the slope (S) of the
visible ashmound surface. This is because the slope has a profound effect on both the
water erosion potential and local wind systems, indicating the upper layers’ displacement
processes. In this study, the average values of the S parameter were computed also in
ArcGIS software. However, for specialists who want to replicate these measurements
but are not familiar with GIS-based measurements, the S parameter can be calculated by
using Equation (4) [62,63]:

S =
Hmax −Hmin

L
(4)

where Hmax is the maximum elevation (m), Hmin is the minimum elevation of the ashmound
surface, and L is the ashmound’s maximum length (m).

The last computed parameter was the hypsometric indices (HI). The HI of a surface
like an ashmound is used to estimate the links between the horizontal area and its elevation.
Currently, hypsometric curves are generated through GIS and have been widely used for
the characterization of the landforms’ evolution stage. In this study, the HI were calculated
based on Equation (5) [62]:

HI = (Hmean −Hmin)/(Hmax −Hmin) (5)

where Hmean is the weighted mean elevation, Hmax is the maximum elevation, and Hmin is
the minimum elevation of the ashmound surface.

4. Results and Discussion
4.1. Morphometric Description of the Selected Ashmound Structures

The descriptive statistics for the area (A), perimeter (P), and maximum length (L)
parameters of the 200 ashmound features selected from the 21 NC archaeological sites are
presented in Table 2. Additionally, Table 3 provides the descriptive statistics for the form
factor (RF), circularity ratio (RC), and elongation ratio (RE).
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Table 2. Descriptive statistics concerning area (A), perimeter (P), and maximum length (L) of the
200 ashmound features from the 21 NC archaeological sites (see Figure 1) from NE Romania (see Table S1).

Site
Id

Number of
Ashmounds

Area (m2) Perimeter (m) Length (m)

Min Med Max SD Min Med Max SD Min Med Max SD

S1 16 445.9 937.5 1847.7 ±356.1 78.62 111.3 160.46 ±20.19 29.34 40.27 59.23 ±7.32
S2 10 764.8 1119.8 1519.7 ±225.4 101.3 122.99 140.94 ±13.55 31.9 43.55 54.44 ±7.04
S3 2 497.5 799.4 1101.4 ±302 81.37 100.31 119.25 ±18.94 27.61 33.48 39.35 ±5.87
S4 16 469.5 990.2 2224.4 ±434.3 79.4 113.39 171.89 ±23.11 26.62 39.9 58.77 ±8.28
S5 13 470.3 1257.6 2656.6 ±684.1 79.54 126.7 187.72 ±32.68 27.43 45.79 66.6 ±11.6
S6 8 300.1 889.5 1332.3 ±348.5 62.79 107.34 135.49 ±23.83 20.69 37.79 50.8 ±9.2
S7 6 407.4 947.8 1369.4 ±291.1 74.88 112.83 139.82 ±19.87 28.03 41.15 49.76 ±7.44
S8 7 314.7 681.4 1033.7 ±278.7 67.23 94.03 118.29 ±20.58 23.38 33.13 41.99 ±7.16
S9 5 272.8 608.7 851.3 ±215.2 61.06 88.88 106.76 ±16.95 21.8 31.58 39.34 ±6.36
S10 11 533.2 980.3 1804.6 ±329.4 88.71 113.93 153.8 ±16.94 34.16 41.19 53.57 ±5.45
S11 19 662.4 1042 1744.7 ±269.8 94.8 117.85 157.04 ±15.31 33.86 41.94 60.18 ±6.54
S12 5 570.3 901.9 1032.5 ±169.6 86.72 109.49 119.7 ±11.73 30.65 38.86 42.87 ±4.45
S13 13 567.3 916.2 1231.9 ±189.6 86.47 110.17 127.03 ±11.9 30.61 38.81 44.22 ±4.24
S14 4 562.9 897.6 1067 ±200.9 87.32 108.8 120.1 ±12.85 31.35 38.37 43.33 ±4.49
S15 10 191.5 550 1110.4 ±242.9 51.93 85.64 121.13 ±18.85 20.14 32.2 47.18 ±7.57
S16 9 286.2 686.7 1674.5 ±367.1 61.42 92.73 147.79 ±21.72 21.41 32.11 49.75 ±7.17
S17 10 504.1 879.6 1101.2 ±179.8 84.02 107.7 119.71 ±11.07 31.28 37.97 44.42 ±3.87
S18 5 590.1 1087.7 1487.3 ±289.5 89.98 119.08 139.36 ±16.21 33.72 41.51 48.82 ±5.06
S19 5 404.8 841.6 1511.1 ±394 73.44 104.8 144.78 ±24.84 24.71 37.41 53.14 ±9.93
S20 16 335.5 765 1307.4 ±287.4 66.31 99.38 130.16 ±18.92 22.84 35.43 45.91 ±7.14
S21 10 388.6 814.5 1584.8 ±361.4 71.23 101.6 143.31 ±22.17 24.03 35.81 47.63 ±7.66

Total 200 191.5 905.2 2656.6 ±381.3 51.93 108.34 187.72 ±22.37 20.14 38.55 66.6 ±8.21

Table 3. Descriptive statistics concerning areal aspects, such as form factor (RF), circularity ratio
(RC), and elongation ratio (RE) of 200 ashmound features from the 21 NC-LBA archaeological sites
(see Figure 1) from NE Romania (see Table S1).

Site
Id

Number of
Ashmounds

Form Factor (RF) Circularity Ratio (RC) Elongation Ratio (RE)

Min Med Max SD Min Med Max SD Min Med Max SD

S1 16 0.41 0.56 0.66 ±0.07 0.82 0.92 0.96 ±0.04 0.72 0.84 0.92 ±0.06
S2 10 0.44 0.6 0.75 ±0.1 0.85 0.92 0.97 ±0.04 0.75 0.88 0.98 ±0.07
S3 2 0.65 0.68 0.71 ±0.03 0.94 0.96 0.97 ±0.02 0.91 0.93 0.95 ±0.02
S4 16 0.39 0.6 0.68 ±0.08 0.79 0.93 0.96 ±0.04 0.7 0.87 0.93 ±0.06
S5 13 0.45 0.57 0.7 ±0.08 0.85 0.92 0.98 ±0.03 0.75 0.85 0.94 ±0.06
S6 8 0.5 0.61 0.77 ±0.08 0.9 0.93 0.96 ±0.02 0.8 0.88 0.99 ±0.06
S7 6 0.47 0.55 0.67 ±0.06 0.88 0.91 0.96 ±0.02 0.78 0.84 0.93 ±0.05
S8 7 0.5 0.59 0.7 ±0.06 0.88 0.93 0.95 ±0.02 0.8 0.87 0.95 ±0.04
S9 5 0.54 0.59 0.7 ±0.06 0.92 0.93 0.97 ±0.02 0.83 0.87 0.94 ±0.04
S10 11 0.46 0.56 0.63 ±0.06 0.85 0.92 0.96 ±0.03 0.76 0.84 0.89 ±0.05
S11 19 0.47 0.59 0.67 ±0.06 0.87 0.93 0.96 ±0.02 0.77 0.87 0.93 ±0.05
S12 5 0.52 0.6 0.67 ±0.05 0.91 0.94 0.96 ±0.02 0.81 0.87 0.92 ±0.04
S13 13 0.48 0.6 0.65 ±0.04 0.89 0.94 0.96 ±0.02 0.78 0.88 0.91 ±0.03
S14 4 0.57 0.6 0.64 ±0.03 0.93 0.94 0.95 ±0.01 0.85 0.87 0.90 ±0.02
S15 10 0.37 0.52 0.61 ±0.07 0.82 0.9 0.95 ±0.04 0.68 0.81 0.88 ±0.06
S16 9 0.51 0.63 0.69 ±0.06 0.88 0.95 0.97 ±0.03 0.81 0.89 0.94 ±0.04
S17 10 0.51 0.61 0.68 ±0.07 0.9 0.94 0.97 ±0.02 0.8 0.88 0.93 ±0.05
S18 5 0.52 0.62 0.69 ±0.06 0.92 0.94 0.96 ±0.01 0.81 0.88 0.94 ±0.05
S19 5 0.51 0.58 0.66 ±0.06 0.85 0.91 0.96 ±0.04 0.81 0.86 0.92 ±0.04
S20 16 0.43 0.6 0.75 ±0.09 0.84 0.94 0.98 ±0.04 0.74 0.87 0.98 ±0.07
S21 10 0.52 0.61 0.73 ±0.07 0.91 0.95 0.97 ±0.02 0.81 0.88 0.96 ±0.05

Total 200 0.37 0.59 0.77 ±0.08 0.79 0.93 0.98 ±0.03 0.68 0.86 0.99 ±0.06

The area of the visible ashmound structures ranges between 191.5 m2 and 2656.6 m2,
with an average of 905.2 m2 by taking into consideration all the selected features. The NC
archaeological sites in which the average value is higher than 1000 m2 are S2 (1119.8 m2),
S5 (1257.6 m2), and S18 (1087.7 m2), this being a consequence of their placement on the top
of the hills, meaning they are affected by agricultural activity (a high erosion intensity).
The archaeological sites with low average values for the visible ashmound areas include
S8 (681.4 m2), S9 (608.7 m2), S15 (505 m2), and S16 (686.7 m2). In these sites, smaller
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ashmounds are combined with one or two larger ashmound structures (e.g., S16, minimum
area: 286.2 m2; maximum area: 1674.5 m2). However, a significant variation in the areas of
the ashmound structures was identified across all of the selected NC archaeological sites
(total SD: ±381.3 m2; S12 minimum SD: ±169.6; S5 maximum SD: ±684.1). This variation
can be explained by two factors. First, within each NC settlement with ashmounds, the
intrasite area was severely affected by erosional or anthropogenic activities, leading to
the destruction of the upper settlement layers and leaving behind only the ashmound
basins (see Figure 2, Stage 5). This suggests that the ashmound structures had different
surface areas initially. Second, within each site, the intrasite area was partially affected, and
the ashmound structures are visible in different stages of erosion (see Figure 2, Stage 2 to
4). This indicates that the ashmound structures initially had similar areas. However, we
believe that the first scenario provides a better explanation for the initial dimensions of
these structures. This is supported by the fact that the area of the largest visible ashmound
structure (2656.6 m2) is 13.8 times larger than the area of the smallest structure identified
(191.5 m2) (Table 2).

Generally, the perimeter (P) is strongly correlated with the area (A) and length (L)
of the irregular surfaces. In the case of the visible ashmound structures, the P parameter
ranges from 51.93 m to 187.72 m, with an average value of 108.34 m. Among the archaeo-
logical sites in question, S2 (122.99 m), S5 (126.7 m), and S18 (119.08 m) have higher average
perimeter (P) values compared to the other sites, similar to the trend observed for the
area (A) parameter. However, as the perimeter (P) increases, the length (L) also tends to
increase, given that the smoothness of the ashmound structure’s margins is low. Conse-
quently, the maximum length (L) of the investigated archaeological structures varies from
20.14 m to 66.6 m, with an average value of 38.55 m. The NC sites that present higher
average length (L) values (>40 m) of the ashmound structures are: S2 (43.55 m), S5
(45.79 m), S7 (41.15 m), S10 (41.19 m), S11 (41.94 m), and S18 (41.51 m) (Table 2). This
variation in the L parameter can be explained in certain cases (e.g., S7) by mechanized
agricultural activities that have disrupted the top layer of the ashmound structures, stretch-
ing the accumulated material along the plowing direction. This aspect transformed the
surface of the investigated archaeological structures, in most cases, from a circular shape,
believed to be their initial form, into an ellipsoid with a longer axis aligned with the
agricultural operations.

However, for a better understanding of the evolution of the ashmound’s morphometric
characteristics based on the area (A), perimeter (P), and maximum length (L) parameters,
we calculated the form factor (RF), circularity ratio (RC), and elongation ratio (RE). The
descriptive statistics concerning areal aspects based on these parameters are indicated
in Table 3.

The first surface aspect parameter used to characterize the visible ashmound is the
form factor (RF), which has been selected for this approach because it reflects the shape
complexity of the investigated archaeological structures. In this context, the RF is defined
as the ratio of the ashmound area (A) to the square of its length (L). Low RF values
(<0.5) indicate long and narrow forms of the visible archaeological structures, while high
RF values (>0.5) indicate a more circular shape. In the study area, the RF of the visible
ashmounds’ surface ranges between 0.37 and 0.77, with an average of 0.59 across all
200 investigated features. Furthermore, more than 85% of the selected ashmound structures
(174 ashmounds) exhibit a more circular shape, while only 13% of them have an elongation
index (RF) less than 0.5. This suggests that 26 of the analyzed archaeological structures
have been severely impacted by anthropogenic activities (Table 3).

The circularity ratio (RC), which is defined as the ratio of the basin area to the area
of a circle with the same perimeter as the drainage basin, was the second surface aspect
parameter used to characterize the ashmound features. Similar to the RF, a low value of the
RC indicates a complex and sinuous form, while a value close to one indicates a circular
shape. For the analyzed archaeological structures, the RC ranges between 0.79 and 0.98,
with an average of 0.93, out of which 175 ashmound structures indicate a circularity ratio



Remote Sens. 2023, 15, 4124 13 of 20

value more than 0.9. What stands out in the values of the RC parameter is that all the
ashmound features exhibit a form based on circles, with values close to one indicating that
those structures have reached the stage of advanced degradation when only the ashmound
basin remains (see Figure 2; Table 3).

The last surface ratio parameter considered for the ashmound surface characterization
was the elongation ratio (RE). The RE is defined as the ratio of the diameter of a circle with
the same area as the visible ashmound structure to the maximum length of the ashmound.
In the case of the studied features, the RE ranges between 0.68 and 0.99, with an average
of 0.86. A low RE value (<0.75) indicates ashmounds with steep slopes that are sensitive
to erosion. In this particular case, eight ashmound structures within the S1, S2, S4, S12,
S15, S16, and S20 NC archaeological sites exhibit high sensitivity to erosion due to the
predominantly steep slope surface (Table 3). However, a more detailed analysis of the
implications of the slope and elevation for the ashmound structure characterization will be
provided below, focusing on the computation of the relief aspects such as the hypsometric
indices (HI) (Table 4).

Table 4. Descriptive statistics concerning terrain slope (S) and relief aspects computed based
on hypsometric indices (HI) of 200 ashmound features from the 21 NC-LBA archaeological sites
(see Figure 1) from NE Romania (see Table S1).

Site
Id

Number of
Ashmounds

Slope (◦) HI

Min Med Max SD Min Med Max SD

S1 16 0.23 4.93 12.38 ±2.12 0.45 0.5 0.55 ±0.02
S2 10 0.4 4.17 8.47 ±1.30 0.45 0.49 0.53 ±0.02
S3 2 0.03 0.58 1.43 ±0.27 0.57 0.58 0.59 ±0.01
S4 16 0.57 3.92 7.49 ±1.12 0.43 0.53 0.58 ±0.04
S5 13 0.69 5.26 11.16 ±1.66 0.42 0.49 0.56 ±0.04
S6 8 1.88 5.64 7.93 ±0.98 0.49 0.5 0.52 ±0.01
S7 6 0.69 4.70 8.47 ±1.34 0.47 0.53 0.58 ±0.03
S8 7 0.36 4.53 12.16 ±2.16 0.43 0.49 0.57 ±0.05
S9 5 1.17 5.15 9.40 ±1.52 0.48 0.53 0.59 ±0.04

S10 11 0.22 3.52 7.74 ±1.28 0.44 0.52 0.57 ±0.04
S11 19 0.57 4.59 9.06 ±1.38 0.45 0.48 0.51 ±0.02
S12 5 0.36 5.91 14.28 ±2.48 0.44 0.48 0.51 ±0.03
S13 13 0.87 5.58 10.41 ±1.68 0.44 0.5 0.57 ±0.03
S14 4 0.2 4.40 12.11 ±2.08 0.44 0.51 0.54 ±0.04
S15 10 0.79 5.11 10.82 ±1.70 0.35 0.5 0.58 ±0.06
S16 9 0.64 2.98 4.63 ±0.87 0.42 0.5 0.58 ±0.04
S17 10 0.43 6.26 13.64 ±2.17 0.44 0.48 0.51 ±0.02
S18 5 0.09 6.33 19.69 ±3.35 0.46 0.49 0.51 ±0.02
S19 5 0.06 2.80 7.26 ±1.41 0.34 0.47 0.58 ±0.1
S20 16 1.11 6.65 12.12 ±1.76 0.43 0.49 0.55 ±0.03
S21 10 0.33 3.14 7.12 ±1.22 0.49 0.53 0.61 ±0.04

Total 200 1.11 4.58 19.69 ±1.61 0.34 0.50 0.61 ±0.04

As mentioned earlier, only two relief aspects were computed for the surface char-
acterization of ashmound structures, namely the slope (S) and hypsometric indices (HI).
We selected these indices for their ability to describe the micromorphology of the studied
archaeological features by using LiDAR-derived DEMs. Additionally, these indices have
the predictive capability to indicate processes of upper layer displacement within NC settle-
ments. Therefore, the average values of the terrain slope (S) on the surface of the ashmound
structures range between 1.17◦ and 19.69◦, with an average of 4.58◦. Among the sites in
question, S1, S8, S12, S14, S17, S18, and S20 exhibit maximum values (>15◦) of the slope
parameter. These terrain slope characteristics are a consequence of the placement of NC
sites in areas affected by anthropogenic erosion, such as arable land, and other degradation
processes, including gully erosion in the case of S18 (S max. 19.69◦) (Table 4). Further-
more, the slope parameter (S) also indicates the characteristics of habitation practices and
the preferred landform types for NC communities. In this regard, all of the investigated
sites were located on open slopes, near stream confluences with relatively well-developed
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floodplains, or in the close proximity of hilltops. However, for more information on the
connection between the NC habitation practices and the slope types, please refer to our
previous publication [7].

Regarding the hypsometric indices (HI), this relief parameter is useful in explaining
the erosion that has occurred as a result of hydromorphological processes and the vari-
ables contributing to land degradation in the investigated area. Regarding the surface of
the analyzed ashmound structures, the results indicate that 112 ashmounds still exhibit
convex landforms in the landscape (HI > 0.5), 26 ashmound structures have a flat surface
(HI = 0.5), and only 62 ashmound structures are currently in concave landforms (HI < 0.5).
Regarding the sites, the average value of the HI parameter indicates that nine sites have
slightly concave ashmound surfaces, five sites have flat ashmounds, and the remaining
seven sites still have ashmounds with slightly convex surfaces (Table 4). However, based on
the slope (S) conditions and the hypsometric indices (HI) calculated from the ashmounds’
surfaces, it is clear that all the analyzed ashmound structures are in either the first erosion
phase, affecting both the older soil layer and the ashmound structure (Figure 2, Stage 4), or
in the second erosion phase, where the destruction of the upper settlement layers is almost
complete, with the ashmound basin being the only one still left (Figure 2, Stage 5).

4.2. Trends in Ashmound Structures’ Evolutionary Pattern

Regarding the trend evolution of the visible surfaces of the ashmound structures, and
consequently their associated basins, it has been noticed that the temporal dynamics are
consistent with those described by Dietrich [9] (see Figure 2). Thus, based on the values
of the RF, RC, and RE indices, all 200 surfaces attributed to the NC ashmound structures
analyzed in this study indicate that they are in the first (Stage 4) or second (Stage 5) erosion
phase, where the destruction of the upper settlement layers is almost complete and only
the ashmound basin remains. However, in a previous study [7], based on the assumption
that there is a correlation between the visible surface and the degree of the preservation
of the ashmounds basin, i.e., the smaller the visible surface, the deeper the structure, this
assumption was contradicted by archaeological excavations.

Therefore, by analyzing the length–area dataset as a function of the surface shape,
the trend of the three computed shape indices indicates that the shape ratio, circularity,
or elongation are not influenced by the size (area and perimeter) or maximum length of
the visible surfaces of the ashmounds, only by their degree of degradation. Thus, as a
top layer structure becomes more eroded, the values of the RF, RC, and RE deviate from
the initial circular shape until the topographic surface coincides with the surface of the
initial basin (Figure 6, left charts). In this regard, the RF values for the 200 investigated
ashmound structures indicate a slight tendency of waviness in the visible boundaries due
to repeated anthropogenic interventions. In the case of the RC, the values indicate a high
level of preservation of the initial circular form, mainly because the initial level of the
structures has been removed, leaving only the visible form of the initial basin. As for the
RE values, they indicate the elongation of the surfaces only in the case of the structures in
Stage 4 of degradation according to [9], as in these situations, the circular boundaries of the
ashmound basin are not yet visible (Figure 6, right charts).

The same trend of evolution, as observed in the case of the shape indices, is also
evident from the analysis of the values of the hypsometric indices (HI) computed for the
visible surfaces of the ashmound structures. Therefore, the values of the HI parameters
indicate that the initial landform aspect of the ashmound structure, assumed to be convex
compared to the topographic surface during the LBA period, has been almost completely
removed. This flattening trend, present in all the analyzed structures, also does not correlate
with any other shape parameter of the visible ashmound structures, which reinforces the
idea that the initial size of the basins varied in area (A), perimeter (p), and maximum length
(L) (Figure 7, left chart). Therefore, the relief aspect from the present time cannot indicate
the initial height of the mixture of terrigenous and archaeological materials deposited
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in these basins, only their degree of deterioration in relation to erosional processes and
anthropogenic activities that have modified their specific landform (Figure 7, right chart).

Remote Sens. 2023, 13, x FOR PEER REVIEW 16 of 22 
 

 

 
Figure 6. Length–area dataset from 200 ashmound features from NE Romania as a function of sur-
face shape (left charts). Color code is for the form factor (RF), circularity ratio (RC), and elongation 
ratio (RE). Black lines represent the best fit obtained for subsets based on class intervals. The number 
of ashmound features for each class of RF, RC, and RE (right charts) and its associated proportion 
within the dataset. 

The same trend of evolution, as observed in the case of the shape indices, is also evi-
dent from the analysis of the values of the hypsometric indices (HI) computed for the 
visible surfaces of the ashmound structures. Therefore, the values of the HI parameters 
indicate that the initial landform aspect of the ashmound structure, assumed to be convex 
compared to the topographic surface during the LBA period, has been almost completely 
removed. This flattening trend, present in all the analyzed structures, also does not corre-
late with any other shape parameter of the visible ashmound structures, which reinforces 
the idea that the initial size of the basins varied in area (A), perimeter (p), and maximum 
length (L) (Figure 7, left chart). Therefore, the relief aspect from the present time cannot 
indicate the initial height of the mixture of terrigenous and archaeological materials de-
posited in these basins, only their degree of deterioration in relation to erosional processes 
and anthropogenic activities that have modified their specific landform (Figure 7, right 
chart). 

Figure 6. Length–area dataset from 200 ashmound features from NE Romania as a function of surface
shape (left charts). Color code is for the form factor (RF), circularity ratio (RC), and elongation ratio
(RE). Black lines represent the best fit obtained for subsets based on class intervals. The number
of ashmound features for each class of RF, RC, and RE (right charts) and its associated proportion
within the dataset.

4.3. Limitation of the GIS-Based Ashmound Features Characterization

Like any investigation involving the use of Airborne Laser Scanning (ALS) and aerial
photography (AP) techniques, as well as the processing of the resulting spatial data in
GIS, the methodology used in this study has certain limitations. Firstly, the collection of
aerial photogrammetric data, acquired in order to identify soil marks associated with the
NC ashmounds, is dependent on the vegetation season. Under these conditions, the best
images were captured only during fresh plowing, specifically in the spring season, which
limits survey campaigns to a few months each year. Additionally, in areas with different
vegetation patches, direct ground measurements are required in agricultural parcels where
the ashmound pattern is obscured. Furthermore, these measurements involve expert
opinions, such as geomorphologists, pedologists, and archaeologists, to confirm changes
in the soil texture and archaeological content in the area where the boundaries of these
archaeological structures are lost under vegetation.
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Furthermore, the GIS analysis of the ashmound microstructures depends on the avail-
ability of highly accurate DEMs, such as LiDAR-derived DEMs, and involves processing
a large database. Even under these conditions, high-resolution terrain elevation models
bring significant changes from year to year at the ground level due to agricultural activities
that can reach depths of 40–50 cm and substantially alter the morphometric and morpho-
logical parameters of the ashmounds. For this reason, in this study, in order to characterize
the visible surface of the ashmounds, we calculated only those shape (area, perimeter,
maximum length, form factor, circularity ratio, and elongation ratio) and relief (terrain
slope and hypsometric indices) parameters that are not directly dependent on the raster
resolution. Nevertheless, the surface analysis of the archaeological structures in question
provides valuable information for studying the LBA period and opens up a new research
direction regarding the micromorphometry of the NC settlements with ashmounds. Our
next objective will be correlating the information obtained in this study with data related
to the depth and internal structure of the ashmounds.

5. Conclusions

The GIS-based surface characterization of 200 ashmound structures with temporal
resolution, identified by using Airborne Laser Scanning (ALS) and aerial photography (AP)
techniques, for 21 NC archaeological sites provides valuable morphometric information
related to cultural heritage remains from northeastern Romania. Within this framework,
by computing six shape parameters including the area (A), perimeter (P), length (L), form
factor (RF), circularity ratio (RC), and elongation ratio (RE), along with two relief aspects,
the slope (S) and hypsometric indices (HI), specifically for the selected ashmound structures,
the following main conclusions can be drawn:

• Based on the shape parameters, the area (A) of the visible ashmound structures
ranges from 191.5 m2 to 2656.6 m2, with an average of 905.2 m2. The perimeter (P) of
these structures ranges from 51.93 m to 187.72 m, with an average value of 108.34 m.
Furthermore, the maximum length (L) of the investigated archaeological structures
varies from 20.14 m to 66.6 m, with an average value of 38.55 m. The variation in
the values of the A, P, and L parameters can be attributed to anthropogenic activities,
such as mechanized agriculture, which have disturbed the top layer of the ashmound
structures and caused the material to stretch along the plowing direction.

• Based on the computed shape indices, the form factor (RF) of the visible ashmound
surfaces ranges from 0.37 to 0.77, with an average of 0.59. The circularity ratio (RC)
ranges from 0.79 to 0.98, with an average of 0.93. Notably, 175 ashmound structures
exhibit circularity ratio values higher than 0.9. Additionally, the elongation ratio (RE)
ranges from 0.68 to 0.99, with an average of 0.86. The values of the RF, RC, and RE con-
sistently indicate a transformation process of the visible ashmound surfaces. In most
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cases, the original circular shape, believed to be the initial form of the ashmounds, has
been altered into an ellipsoid with a longer axis aligned with agricultural operations.

• Based on the relief aspects of the visible ashmound structures, the computed values
for the terrain slope (S) range from 1.17◦ to 19.69◦, with an average of 4.58◦ for each
investigated archaeological structure. In terms of the hypsometric indices (HI), the
results indicate that 112 ashmounds still maintain convex landforms in the landscape
(HI > 0.5), 26 ashmound structures have a flat surface (HI = 0.5), and only 62 ash-
mound structures currently exhibit concave landforms (HI < 0.5). Overall, considering
the relief aspects, it can be concluded that all the analyzed ashmound structures are
either in the first erosion phase, affecting both the older soil layer and the ashmound
structure, or in the second erosion phase, where the destruction of the upper settle-
ment layers is nearly complete, leaving only the ashmound basin intact. Thus, the
analysis carried out in the present study has been able to demonstrate that, out of
the few models of ashmound formation stated so far [9,16,18], the closest to reality is
the one formulated by L. Dietrich, according to which the ashmounds, as we know
nowadays, have been subjected to various transformations that can be synthetized
in five stages: first, an oval basin was dug up from the LBA stepping level; next, the
basin starts to slowly fill up, while on the LBA ground surface, the cultural layer starts
to build up; the third stage is represented by the abandonment of the settlements, and
it corresponds to the maximum height of the ashmound; the next two phases are the
ones addressed in the current paper, and they include the ulterior anthropic activities
that flatten the surface of the ashmound, until it no longer presents any elevation, as ev-
idenced by the analysis performed on the various shape and surface characteristics of
200 such features.

From the perspective of the combined ALS, AP, and GIS methodology applied in
this study, even though it has several limitations in terms of characterizing archaeological
structures with temporal resolution, we believe that it represents a valuable tool for com-
prehending the habitation patterns and ecocultural evolution of prehistoric communities
belonging to the NC. Therefore, we intend to correlate the information obtained in this
study with data pertaining to the depth and internal structure of the ashmounds in future
research endeavors.
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The following abbreviations are used in this manuscript:
A Area
ALS Airborne Laser Scanning
BA Bronze Age
BP Before Present
DEM Digital Elevation Model
GIS Geographic Information System
H Elevation
HI Hypsometric Indices
IA Iron Age
L Maximum length
LBA Late Bronze Age
LiDAR Light Detection and Ranging
MBA Middle Bronze Age
NARW-PBWA Romanian Waters—Prut–Bîrlad Water Administration
NC Noua Culture
NSC Noua-Sabatinovka-Coslogeni
P Perimeter
PBRB Prut–Bîrlad River Basin
RC Circularity ratio
RE Elongation ratio
RF Form factor
RS Remote sensing
S Terrain slope
S1-S21 NC-LBA sites
SD Standard Deviation
SRTM Shuttle Radar Topography Mission
UAV Unmanned aerial vehicle
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