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In this work we examine the spatial and temporal distribution of radiocarbon dates from landslides on the NE-
facing side of the Northern Apennines during the Holocene, focusing on the region’s associated vegetation and
climatic changes. We also propose a method for identifying areas and landslides that may contain very old
organic materials for future research in the region. This analysis was based on a principal component analysis
(PCA) on 5255 grid cells measuring 1 km? each, overlaid on the study area. These grid cells incorporated var-
iables derived from the terrain characteristics, including underlying lithologies and topographic features.

Our findings reveal that, during the upper Holocene, the last dated events of recurrent and single-event
landslides occurred first closer to the coldest and wettest territories once occupied by the glacier termina dur-
ing the Last Glacial Maximum (LGMgt). Subsequently the last dated events occurred at distances greater than 30
km from the LGMgt, towards the mountain chain’s margin. Conversely, at the beginning of the Holocene, an
opposite pattern emerged, with landslide events occurring towards the chain interior. These spatial patterns were
consistently observed when considering also the entire dataset of 87 dates for landslide events. During the middle
Holocene, we observed that the recurrent landslides were primarily concentrated within a narrow belt 8.5 km
from the LGMgt. Furthermore, higher rates of landslide activity were associated with the 4.2 ka BP event and
persisted until approximately 2.0 ka BP, indicating a correlation with wet and cool periods. In conclusion, these
spatial patterns in landslide events can be linked to changes in precipitation patterns and dominant atmospheric
circulation in the mountain belt occurred since the beginning of the Holocene.

1. Introduction and relief creation (Korup et al., 2010; Larsen and Montgomery, 2012;
Roering, 2012). In a given region, and particularly for certain types of
landslides such as debris and mudflows, lateral spreads, rotational and
translational slides (with falls or topples being perhaps less affected),
ongoing trends in landslide occurrence or reactivation periods can also

be correlated with climatic conditions. Numerous studies have estab-

1.1. Landslides dating

The dating of landslide events is crucial for reconstructing slope
evolution or accurately assessing landslide hazards zonation on a slope

or basin scale. However, dating landslide events is a complex task that
necessitates selecting the appropriate dating technique, locating suitable
yet not always abundant materials, and devising an efficient strategy to
identify sites where such materials may be found (Lang et al., 1999).
Searching for suitable materials is often time-consuming and frequently
dependent on chance rather than the results of a systematic approach.

Excluding anthropogenic influences, under natural conditions, the
reactivation or occurrence of a landslide can be influenced to varying
degrees by rainfall events. Other reactivations may be more closely
associated with unpredictable endogenous forces, such as earthquakes,
or with orogenic and tectonic processes linked to mountain formation
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lished a link between landslide activity and climate (e.g., Corominas and
Moya, 2008; Gariano and Guzzetti, 2016), often associating dated events
since the Last Glacial Maximum (LGM) with phases of glacier retreat and
the presence of a more humid and cooler climate (for Europe, see Bor-
gatti and Soldati, 2002, 2010, and related references). Globally, land-
slides are particularly associated with glacial-interglacial transitions,
and during the Holocene, they are linked to the middle to upper Holo-
cene transition (around 5-4 ka) (Panek, 2019). Interestingly, Dapples
et al. (2002) linked dated landslides to climate, vegetation changes, and
anthropogenic activities in the Western Alps. They identified five pe-
riods of increased landsliding during the Holocene: 5700-5400,
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3500-3000, 2800-2300, 1600-1300, and 700-300 cal a BP. Cold and
humid climates are also associated with a higher frequency of dated
events at several sites in northern Italy, including the Alps and the
Northern Apennines (Soldati et al., 2004, 2006). They used a GIS-based
approach to characterise site distribution, geographical features, dating
techniques, and stratigraphic context, finding higher frequencies of
dated events during the Holocene, especially in the 5500-1000 cal a BP
period. Furthermore, they associated the altitude of the landslide crown
with the age of the event, observing earlier activations (during the lower
Holocene) at lower elevations and later activations at higher altitudes in
more recent times (upper Holocene).

A recent study on a 13-m-thick sedimentary succession in the peat
bog known as ‘Lake Moo’ in the Northern Apennines revealed clusters of
coarse-grained alluvial deposits. These deposits have been associated
with extreme paleoflooding events that occurred during the Holocene
Thermal Maximum phases and, more recently, coinciding with signifi-
cant climate change (Segadelli et al., 2020). This recent climate change
period is marked not only by well-documented global atmospheric
warming (Myhre et al., 2019) but also by the occurrence of extreme
precipitation events.

Information regarding landslide reactivations is crucial for land
management, and considering the long-term perspective is an essential
component of comprehensive hazard assessment. When evaluating
landslide occurrences and reactivations over extended periods spanning
several centuries and thousands of years, understanding their direct
interaction with vegetation becomes paramount. This is because radio-
carbon dating of biological remnants found within landslide deposits,
such as wood, peat, or organic matter, often serves as the sole source of
valuable insights into past landslide activities. In the North-Eastern
Apennines, landslide activity is extensively documented in the Parma
and Reggio-Emilia districts, where a substantial dataset of up to 95
radiocarbon dates is available (Tellini and Chelli, 2003; Bertolini et al.,
2004; Soldati et al., 2006; Bertolini, 2007).

1.2. Study area

1.2.1. Geology and landslides in the Northern Apennines

The study area is in the Northern Apennines of Italy, a mountain
chain-oriented NW-SE. It spans approximately 300 km south of the Po
Plain and reaches its highest point at Mt. Cimone, 2165 m a.s.l. This area
is encompassed within Liguria, Emilia-Romagna, and Tuscany.

Specifically, we selected a portion of the North-Eastern Apennines in
the Emilia-Romagna region, which includes the hilly and mountainous
districts of Piacenza, Parma, and Reggio-Emilia. This region covers an
area of 8324 km? of total surface, with 4769 km? situated above an
elevation of 200 m a.s.l. Within this territory, approximately 30 % of the
total area is affected by various types of landslides. Of this, 9 % is
characterised by landslides currently classified as active, while 21 % is
characterised by inactive or relict landslides, as per the Regione,
2021database.

Most of these landslides consist of large complex earth slides and
earth flows, primarily composed of weak rocks such as clayey flysch and
mélanges (Bertolini et al., 2017).

The Northern Apennines have evolved as a folded and thrust belt
since the Cretaceous period due to the convergence and subsequent
continent-to-continent collision between the Adria and Europa plates
(Molli, 2008, and references therein). The sedimentary sequences, rep-
resenting former paleogeographic regions, have been thrust over one
another, creating a series of tectonic units distinguished by varying
lithological, structural, and tectonic characteristics. These attributes
significantly contribute to the predisposing factors for landslides in the
region (Bettelli and De Nardo, 2001).

The area comprises rocks with a high clay and claystone content,
exhibiting pseudocoherent behaviour. These rocks are interbedded with
limestones and sandstones that display a more coherent to semicoherent
behaviour within complex rock masses. This contrast in lithology and
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lithotechnic properties among different rock types is pivotal in pro-
moting slope instability, influenced by factors such as slope angles,
structural features, and hydrogeological behaviour.

In the Northern Apennines, the development and distribution of
large landslides are closely tied to tectonics, playing dual roles — passive
and active. Tectonics act passively by creating lines of weakness and
failure surfaces while also actively promoting landslides through topo-
graphic growth and the over-steepening of slopes (Carlini et al., 2016).

Additionally, a tectonic and structural approach reveals that trans-
lational or rotational landslides in the region are linked to the formation
of wide antiforms. These antiforms influence slope angles and the
increased incision of watercourses. These effects concern local tectonic
discontinuities, sedimentary bed attitude, and lithology (Carlini et al.,
2018).

1.2.2. Paleoclimate in the Northern Apennines

Glacial evidence in the study region is apparent through numerous
well-preserved landforms and deposits in the mountain chain’s inner
and upper portions. This concentration is particularly notable in the
southeastern part of the region, where the highest peaks rise, with only a
few exceeding 2000 m a.s.l. (Fig. 1; Bettelli et al., 1982; Federici and
Tellini, 1983; Chelli and Tellini, 2002; Giraudi, 2004, 2011; Baroni
et al., 2018).

The Late Pleistocene glacial cycles in the Apennines reached their
climax during the Last Glacial Maximum (LGM), occurring approxi-
mately between 30 and 16 cal ka BP (Giraudi and Frezzotti, 1997; Gir-
audi, 2004). During this period in the Northern Apennines, more than
100 valley and mountain glaciers were widespread, particularly in the
north-facing sector, encompassing the Parma and Reggio-Emilia dis-
tricts. The local LGM dates back to periods before 21 ka (Baroni et al.,
2018). Subsequently, all glaciers vanished from the Northern Apennines
before the onset of the Younger Dryas (Hughes and Woodward, 2008;
Giraudi, 2004).

Numerous climatic insights can be gleaned from pollen stratigraphic
analyses of lake sediments or peat bogs. These analyses often enable a
continuous reconstruction of past climates by studying vegetational
changes. During the LGM, cold and arid conditions predominantly fav-
oured steppe and tundra environments across northern Eurasia, dis-
placing forest biomes southward (Prentice et al., 2000). This shift
extended as far as the circum-Mediterranean area, which served as a
refuge for broadleaf species. Steppe environments characterised South-
ern Europe (Elenga et al., 2000), and loess deposition occurred in the Po
Plain (Cremaschi, 1990).

Following the LGM and up to the Late Glacial interstadial warming
around 14.7-14.5 cal ka BP) the Apennine foothills bordering the Po
Plain featured Pinus sylvestris-Betula woodlands. Meanwhile, spruce
(Picea abies (L.) Karsten), an indicator of continental dryness, expanded
primarily in the inner Apennine region (Lagdei and Berceto sites; Ber-
toldi, 1981; Bertoldi et al., 2004; Lowe, 1992; Lowe and Watson, 1993)
and particularly in the Alps (Ravazzi, 2002).

The decline of spruce in the Northern Apennines commenced during
the Late Glacial interstadial (Lowe, 1992), with an earlier onset in the
western sector and a later start, at the beginning of the Holocene, in the
eastern sector (Lake Greppo). This transition saw the replacement of
spruce by fir (Abies alba Mill.), a species adapted to moist climatic
conditions (Ravazzi et al., 2006). The delayed advance of Abies, even up
to the treeline, can be attributed to the dry conditions prevailing on the
Adriatic eastern side of the Apennines during the Late Glacial period.
Additionally, this region was farther from the Adriatic Sea during the
Late Glacial period (Lambeck et al., 2004) than today, owing to a lower
sea level of approximately 90 m. Indeed, in the Northern Apennines, the
absence of sediments dating to the Late Glacial and Early Holocene has
been interpreted as a consequence of dry climatic conditions (Ponel and
Lowe, 1992; Lowe and Watson, 1993).

The warming during the Early Holocene occurred rapidly and was
accompanied by heightened moisture conditions in the eastern sector of
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Fig. 1. Location of the study area in the Northern Apennines, Italy (A), included the districts of Piacenza, Parma and Reggio-Emilia, comprising only a small portion
of the Po Plain, the hills and the mountains up to the mountain divide located in the south-west. Distribution of the dated landslides included in the superimposed
hexagon grid of 1 km? cells (B): cells are coloured according to the oldest date obtained from radiocarbon dating at each landslide. For the landslide names and
details, see the corresponding acronyms reported in Table 1. The figure also depicts the extension of the glaciers during the LGM (in blue; Baroni et al., 2018) and an
antiform structure located in the southern portion of the area (dashed red line) (Carlini et al., 2018). (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

the Northern Apennines. This shift is evident through the swift estab-
lishment of a continuous forest cover, primarily dominated by Abies, and
subsequently, especially at lower altitudes, by Quercus, Acer, Fraxinus,
Tilia, and Ulmus (from approximately 10,400-8000 to 5000 a BP; Wat-
son, 1996). The transition in vegetation should be viewed as a spatial
phenomenon across the region, with changes commencing earlier at
lower elevations and progressively reaching the highest elevations of the
treeline. In periods likely associated with the lower and middle Holo-
cene, which includes the climatic optimum, it is worth noting that at the
Mt. Cusna site (located a few kilometres southeast of the study region),
the forest cover reached altitudes of up to 1850 m. This was approxi-
mately 100 m higher than the current treeline, as indicated by buried
paleosols (Compostella et al., 2014). Pollen sequences spanning the last
30000 years, extracted from the Berceto and Lagdei lacustrine deposits,
provide insight into the Holocene period. Mixed forests of Abies and
Quercus characterised the landscape during its early phase. The arrival of
Fagus, however, occurred 6800 a BP (Bertoldi et al., 2007) and reached
its maximum distribution in the Northern Apennines around 5000 a BP
(Lowe, 1992).

1.3. Research objectives

Radiocarbon dates obtained from landslides are typically closely
linked to the particular landslide where organic materials were discov-
ered and to the type and movement of the landslide. When considering a
broader region, these dates are often presented regarding their
geographical distribution and chronological evolution concerning
climate changes. However, they typically lack a clear spatial and tem-
poral correlation with climate and a quantitative assessment of the
geographical features such as topography and the primary underlying
lithology. These geographical features are essential for understanding
the preservation of materials suitable for dating purposes.

The primary objective of this paper is to examine regional-scale
spatial patterns of landslide events that occurred during the Holocene,
which encompasses the period with the highest number of available

radiocarbon dates. This analysis aims to establish connections between
the timing of these landslides and climatic condition changes. Addi-
tionally, we seek to investigate the relationships between the dated
landslide events in the realized database and various geographical fac-
tors that influence the preservation of datable materials. These factors
include lithology and the lithotechnic behaviour of rocks, geo-
morphology, and topography. We aim to develop a systematic approach
to pinpoint areas where landslide bodies may contain organic material
suitable for dating landslides and extracting valuable climatic informa-
tion from older remnants.

In the course of our research, we also evaluate whether the radio-
carbon dates of landslide events, collected over decades of research
conducted in the North-Eastern Apennines (Tellini and Chelli, 2003;
Bertolini et al., 2004; Soldati et al., 2006; Bertolini, 2007), are evenly
distributed across various geographical features, such as topography,
lithology, slope angle, elevation, and landslide type. Alternatively, we
assess whether certain parts of the region are over- or under-represented
in the dataset due to the influence of these territorial features, which
may also impact the preservation of organic datable material.

2. Methods
2.1. GIS project and radiocarbon dates

A GIS project was established using the QGIS (2022) software
(version 3.16) to create a spatial database of available dates from
landslides. This database also included a grid of 1 km? hexagonal cells
superimposed over the entire study area, which spans from 200 m a.s.l.
(at the borders of the Po Plain) to the highest point in the south-west,
reaching a maximum elevation of 2054 m a.s.l. (Fig. 1). The choice of
hexagonal grid cells over square ones was made because of their more
rounded shape, which better suited the terrain’s coverage.

Along the study region’s borders, the grid cells were trimmed to a
smaller extent, retaining only those larger than 0.8 km2 within the
project. Numerous variables were derived from these cells, including the
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predominant underlying lithology (Table 2), surface cover, the primary
landslide type, and the overall extent of landslide coverage. Addition-
ally, various topographic variables were derived from a 5-m Digital
Elevation Model obtained from Regione Emilia-Romagna (2020). These
topographic variables included elevation, slope, plane and tangential
curvature, and roughness and were assessed for their mean, maximum,

Table 1
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minimum, and range values within each grid cell.

Supplementary information, such as the landslide code reported in
the Landslide Inventory Map and Landslides Historical Archive (Regione
Emilia-Romagna, 2021) and the IFFI code (ISPRA, 2021), was also in-
tegrated into the project.

Ninety-five radiocarbon dates, obtained from 43 landslides within

Landslides names and types of radiocarbon-dated materials, as well as main characteristics of the 1 km? grid-hexagon cells where the 43 dated landslides are located.
Data are ordered, separating the recurrent landslides (23) from those presenting only one dated organic sample (20) and according to a decreasing distance from the
LGM glacier terminus. PC, PR, and RE are acronyms for the Piacenza, Parma and Reggio-Emilia districts. Type of radiocarbon-dated material (total of 95 dates): (WR)
wood remains, (T) trunk, (OM) organic matter, (B) organic matter from a borehole, NA not available information. For the acronyms of * Main landslide type and **
Main lithology in the cells, the reader is referred to Tables 2 and 3, respectively. *C ages are from Tellini and Chelli (2003), Bertolini et al., (2004; 2005), Bertolini

(2007).
Landslide Landslide Administrative No. ¢ 14C Age of Type of Main Main Mean Grid cell
toponym acronym district dated oldest dated landslide lithology in elevation of distance from
samples sample (yr. material type in grid grid cell ** gridcell (ms.l.  LGM glacier
BP) cell * m.) terminus (km)

Marra Molino MMV PR 2 3290 + 60 (WR) a2g Dm 713 1.1
Vecchio

Lugagnano LGN PR 2 6000 + 50 NA a2h Dsc 815 1.3

Marra MRC PR 3 4460 + 50 (WR) a2g Dsc 710 2.2
Centrale

La Lama- LDC PR 3 1550 + 50 (WR) alg Blp 754 2.9
Corniglio

Secchio ScC RE 3 5310 £ 70 (WR) a2g Dsc 845 3.7

Morsiano MRS RE 2 11390 + 70 (¢V) a2g Dsc 812 3.8

Miano MIN PR 3 3940 + 60 (WR)(B) a2g Bp 563 5.7

Berceto Spz2- BRC PR 4 29620 + (OM)(B) a2h Bp 650 5.9
2 290

Cerre Sologno SLG RE 6 4510 + 40 (WR)(B) alg Dsc 822 7

C.Cozzo = M. CRV PR 9 5730 + 50 (WR) ald Blp 1078 7.5
Cervellino

Le Ripe LRP PR 2 5360 + 60 (WR) a2g Blp 1121 8.5
(Schia)

Talada TLD RE 2 2530 + 60 (WR)(B) a2g Ge 551 8.8

Carobbio CRB PR 3 25129 + (WR)(B) a2g Blp 608 10.6

160

Gazzolo GZL RE 5 8090 + 70 (WR)(B) alg Dsc 638 10.6

Cavola CVL RE 5 3660 + 40 (WR)(B) a2g Bp 480 13

Beduzzo BDZ PR 2 7810 + 50 (WR) a2g Blp 498 13.2

Groppo GRP RE 2 1980 + 60 (OM)(B) alg Dsc 582 13.4

Riopoggione RPG PR 2 3880 + 60 (WR) a2g Dol 709 13.8

Tosca TSC PR 4 12120 + 50 (WR)(B) alg Bp 598 15

Rocca RCC PR 3 2580 + 60 NA a2g Blp 543 17.2

Metti Bh MTT PR 3 10230 + 80 (WR) a2g Bp 562 20.1

Ienza INZ RE 3 1540 + 40 NA a2g Dsc 318 23.4

Casoletta CSL RE 2 580 + 40 (WR)(B) ald Dsc 271 31.2

Succiso SCS RE 1 8380 + 60 (T alb Dsc 863 0

Sivizzo di SDC PR 1 100 £+ 0.5 (WR) alh Blp 1086 1.9
Corniglio

Casanova di CDM PR 1 3350 + 60 (WR) a2g Bp 809 2.8
Monchio

Cinquecerri CNQ RE 1 3620 + 60 (¢V] a2d Dsc 598 5.4

Minozzo MNZ RE 1 960 + 40 (WR)(B) a2g Blp 709 5.5

Agna AGN PR 1 2820 + 60 (WR)(B) a2h Blp 904 6.6

Ramiseto RMS RE 1 2930 + 40 NA a2g Dsc 1058 7.9

Schia di SDT PR 1 420 + 40 (WR) a2h Blp 1164 8.4
Tizzano

Lucola LCL RE 1 4380 + 60 (¢V) a2g Dsc 500 11.9

Signatico SGN PR 1 120 + 40 NA alb Bl 891 11.9

Albareto 1 ALB PR 1 8090 =+ 60 (WR) a2g Blp 563 12.8

Molino VTR PR 1 1500 + 50 (WR) a2g Blp 584 14
Vecchio Tre
Rii

Costa di CDB PR 1 5400 =+ 50 (WR)(B) a2g Blp 454 14.2
Beduzzo

Cozzo di CDT PR 1 8280 + 70 (WR)(B) a2g Blp 591 149
Tizzano

Porcelloso di PDT PR 1 100 + 0.6 (WR) a2g Blp 405 16.3
Tizzano

Valestra VLS RE 1 3980 + 60 (OM)(B) alh Bl 669 20.5

Magliatica MGL RE 1 9190 + 60 NA alg Dol 491 21.4

Vedriano VDR RE 1 119 £ 0.8 NA a2g Dsc 601 22.7

Mulazzano 1 MLZ PR 1 9960 + 70 (WR) a2g Bl 314 27

Rossena 4 RSN RE 1 8960 + 60 (OM)(B) alg Dsc 342 30.1
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the study area (Table 1), underwent calibration using Calib software
(version 8.2; Stuiver et al., 2022) and the IntCal20 Northern Hemisphere
radiocarbon age calibration curve (Reimer et al., 2020). Calibrated dates
associated with organic remains, including wood fragments, trunks, and
organic matter, were integrated into the GIS project, each linked to its
respective landslide of origin.

To ascertain the most likely calibrated date, we followed our
regional-scale approach. For each calibrated date accompanied by 20
ranges (often encompassing multiple time intervals), we selected a sin-
gle date as follows: the mean date from the sole interval that exhibited a
relative area under the probability distribution > 0.6 or the mean date
derived from all intervals with a relative area under the probability
distribution < 0.6.

The dates were analysed temporally and spatially, considering
various environmental variables. These variables included the distance
between the hexagonal grid cell containing the main, lower, portion of a
dated landslide and the closest Last Glacial Maximum glacier terminus
(LGMgt, in this study, treated as a variable combining information from
regions representing the coldest and wettest areas), the distance from
the primary mountain divide located in the south-west of the study area,
and the elevation of the cell. To determine the position of the LGMgt, we
referred to Baroni et al. (2018) and their cited sources. All measure-
ments of distances and elevations were conducted within the GIS
project.

2.2. Landslides and territorial features

To identify potential spatial patterns in dated landslides concerning
geo-lithological and topographic factors, a principal component analysis
(PCA) was conducted. The original matrix was structured with grid cells
in rows and normalised variables in columns. This PCA was executed
using PAST4 software (Hammer et al., 2001), encompassing indexed
variables associated with various lithologies present in each grid cell and
the topographic attributes of these cells across the three selected districts
of Piacenza, Parma, and Reggio-Emilia.

Within the geo-lithological variables employed, the Geological
Strength Index (GSI), which ranges from 0 to 100 (Hoek and Brown,
1997; Marinos et al., 2005), was calculated for each rock type in the
region. To use rock strength as an indicator of rock resistance to gravi-
tational processes and debris production, we adopted mean GSI values
derived from typical GSI ranges for various rock types, following the
guidelines of Marinos and Hoek (2000). These rock types included
sandstone, siltstone, claystone, clay shale, limestone, granite, ophiolite,
gneiss, schist, and flysch (Mandrone, 2004) (Table 3). GSI values were
unavailable for gypsum, so we categorised massive and stratified

Table 2
Acronyms were used to classify landslide deposits in the Regione Emilia-
Romagna (2021) and adopted in this study.

a0 Undetermined stabilized or relict
landslide deposit

al Undetermined active landslide a2 Undetermined dormant landslide
deposit deposit
alg  Complex active landslide deposit ~ a2g  Complex dormant landslide
deposit

ala  Fall or topple active landslide
deposit

alb  Rotational or translational active ~ a2b
landslide deposit

alh  Massive rotational or a2h
translational active landslide
deposit or Deep-seated
gravitational slope deformation

Rotational or translational
dormant landslide deposit
Massive rotational or
translational dormant landslide
deposit or Deep-seated
gravitational slope deformation

ald  Mud flow active landslide a2d  Mud flow dormant landslide
deposit deposit

ale Debris flow active landslide a2e Debris flow dormant landslide
deposit deposit
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gypsum as As and Cc groups, respectively (Table 3). Rock types were
grouped according to mass lithotechnic characteristics following the
clustering scheme proposed by Regione Emilia-Romagna (2021), and
mean GSI values were computed for each group (Table 3). Additionally,
for massive rocks (A), we incorporated the theoretical GSI range values
for intact to blocky rocks. Another complex variable was introduced,
referred to as ‘GWI x Mean Slope’: Geological Weakness Index (GWI;
ranging from 100 to 0, being calculated as the reciprocal of the mean
GSI) multiplied by the mean slope angle.

Among the topographic variables considered, after conducting
multiple PCA runs, we retained only the range of profile and tangential
curvature and the mean roughness, as they better elucidated the data-
set’s variability.

Considering the potential significance of very old organic material
for paleoclimatic reconstructions, our attention shifted to two landslides
that yielded remnants dating back to periods preceding the LGM,
namely the Berceto and Carobbio landslides. Within the 2D space of the
PCA analysis, we identified the ten closest grid cells for both landslides.
These grid cells represented the regions most closely aligned with the
lithological and topographic characteristics of the two landslides.
Further refinement was performed by selecting cells situated at similar
altitudes to the two landslides (above 600 m a.s.l.) and exhibiting the
same landslide type. This allowed us to identify counterparts to the two
recognised oldest landslides in the study area in terms of territorial
features possibly promoting the conservation of datable materials.

2.3. Comparisons with other reconstructions and vegetation changes

To illustrate temperature variations during the Holocene in our study
area, we incorporated the Holocene July temperature reconstruction
from the Western Alps’ Rutor Glacier region (at an altitude of 2510 m a.
s.1.), as presented by Badino et al. in 2018, relying on pollen data. This
analysis was conducted due to the substantial correlation, denoted by
Pearson’s r = 0.98, established between contemporary July temperature
data obtained from grid data (CRU TS Version: 4.06; Harris et al., 2020)
originating in the Western Alps (specifically, the grid cell encompassing
the Rutor area at Latitude 45.75° N and Longitude 6.75° E, with a mean
elevation of 1923 m a.s.l.) and the grid cells covering our study area
within the Northern Apennines (Latitude 44.75° N; Longitude 9.25° E,
Latitude 44.75° N; Longitude 9.75° E, Latitude 44.75° N; Longitude
10.25° E, Latitude 44.25° N; Longitude 9.75° E, and Latitude 44.25° N;
Longitude 10.25° E, with a mean elevation of 552 m a.s.l.).

To align the temperature series from the Rutor area with the Western
Alps’ grid cell’s mean elevation, we applied a stepwise transformation,
accounting for a lapse rate of 6 °C per 1000 m. Subsequently, we
adjusted the temperature series to align with the elevation of the grid
cells in our study area using a regression equation that links July tem-
peratures in the two regions mentioned above. Ultimately, we deter-
mined the elevation of the July 13 °C temperature isotherm throughout
the Holocene for the Northern Apennines. This isotherm bears signifi-
cant relevance as it is a critical indicator for the northern extent of
forests within the boreal zone (L’Abée-Lund et al., 2009; L’Abée-Lund
et al., 2021). Furthermore, it constitutes a recognised limiting factor for
the prevailing forest type found at the highest altitudes within the
Northern Apennines, namely the European beech (Fagus sylvatica L.)
forest (Pezzi et al., 2008).

To illustrate precipitation variations over the study region during the
Late Glacial period and the Holocene, we relied on the PaleoView model
(Fordham et al., 2017), a tool for extracting high-resolution climatic
data, globally, for any period during the last 21000 years.

3. Results
3.1. Landslide characteristics and time distribution

The hexagonal grid encompasses 5255 cells that span the Piacenza,
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Table 3
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Acronyms for rock masses (adopted as in the Topographic Database of the Regione Emilia-Romagna, 2020), general lithotechnic characteristics of rock masses, and
mean Geological Strength Index GSI value derived from the expected GSI range of the associated rock types (Marinos and Hoek, 2000). Table numbers in the ‘Rock
type’ column and the number associated with a rock type refer to Marinos and Hoek (2000).

Rock 1 Rock lithotechnic characteristics Rock type min max mean st.
acronym GSI GSI GSI dev.
A Massive rocks Granite (table 8) 49 91 69.3 25.6
Ophiolite 1 (fresh; table 9) 37 87
Limestone 1 (massive; table 7) 43 92
Intact to blocky rocks (general 55 100
scheme)
As Stratified rocks Sandstone 1 (massive or bedded; 42 95 68.0 29.5
table 5)
Limestone (massive; table 7) 43 92
G Massive or stratified gypsum - -
Bl Structurally ordered rock masses with alternations of stone levels (Ex: cemented  Flysch A (table 12) 43 74 57.5 23.2
sandstones, calcarenites, calcilutites, etc.) and pelitic levels; prevailing stone
levels: L/P > 3 Sandstone 1 (massive or bedded; 42 95
table 5)
Limestone 2 (thin bedded; table 7) 34 57
Blp Structurally ordered rock masses with alternations of stone levels (Ex: cemented Flysch B, C, D, E (table 12) 28 53 51.5 24.0
sandstones, calcarenites, calcilutites, etc.) and pelitic levels; 1/3 < L/P < 3
Sandstone 1 (massive or bedded; 42 95
table 5)
Limestone 2 (thin bedded; table 7) 34 57
Da Stratified clays, marly clays and silty clays Claystone, siltstone 1 (bedded, 21 44 32.5 16.3
foliated, fractured; table 6)
Cc Clasto-supported conglomerates and breccias with medium to low cementation Sandstone 2 (brecciated; table 5) 27 44 26.0 14.6
Claystone 2 (sheared, brecciated; 5 26
table 6)
Ophiolite 2 (serpentinised with 7 26
brecciation and shears; table 9)
Limestone 3 (brecciated; table 7) 28 45
Ge Chaotic gypsum - -
Cs Lightly cemented sandstones and arenites Ophiolite 2 (serpentinised with 7 26 26.0 15.1
brecciation and shears; table 9)
Sandstone 2 (brecciated; table 5) 27 44
Bp Structurally ordered rock masses with alternations of stone levels (Ex: cemented  Flysch F (table 12) 10 30 24.3 18.6
sandstones, calcarenites, calcilutites, etc.) and pelitic levels; prevailing pelitic
levels: L/P < 1/3 Schist 1, 2 (strong and weak; table 15 58
11)
Schist 3 (sheared; table 11) 8 25
Dm Marl Claystone, siltstone 1 (bedded, 21 44 24.0 16.1
foliated, fractured; table 6)
Claystone, siltstone 2 (sheared, 5 26
brecciated; table 6)
Dol Clay breccias with chaotic primary structure (debris flow and mud flow) Flysch G, H (table 12) 4 28 16.3 12.5
Ophiolite 2 (serpentinised with 7 26
brecciation and shears; table 9)
Dsc Clay shales, intensely tectonized Claystone 2 (sheared, brecciated; 5 26 15.5 14.8
table 6)

Parma, and Reggio-Emilia districts. These cells have been characterised
based on various topographic and geological variables, as well as the
presence of dated landslides (Fig. 1). Among these cells, most of the 43
containing dated landslides are located in the Parma district (25), fol-
lowed by Reggio-Emilia (18), while there are currently no available

dates for the Piacenza district.

The 95 radiocarbon dates correspond to cells that either exhibit
recurrent landslides (23; mean elevation 663 m a.s.l.) or those with only
one recorded date (20; mean elevation 680 m a.s.l.) (Table 1). The
predominant type of dated landslide within the dated grid cells is the
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complex landslide, totalling 32 landslides, of which seven are classified
as active (codes in Table 2: alg and a2g). This is followed by the massive
rotational or translational landslide, with a total of six, two of which are
classified as active (alh and a2h), the mud flow landslide (three, with
two classified as active; ald and a2d), and rotational or translational
landslides (two active landslides; alb). Radiocarbon dates are not
associated with cells that fall or topple landslides (ala) dominate surface
cover or where debris flows (ale and a2e) are present.

In summary, the majority of the dated landslides are located in areas
where flysch formations predominate (24 landslides; Bl = 3; Blp = 15;
Bp = 6; see Table 3 for lithology acronyms) or where intensely tecton-
ised clay shales dominate the cells (15 landslides; Dsc). Other lithologies
include clay breccias (two landslides; Dol), marl (one; Dm), and chaotic
gypsum (one; Gc). Notably, the oldest-dated landslides, namely the
Berceto (29620 + 290 years BP) and the Carobbio (25129 + 160 years
BP) landslides, are located in areas where the flysch of Scabiazza
sandstone (Bp) and the flysch of Monte Caio (Blp) formation predomi-
nate, respectively (Table 1).

The analysis of the temporal distribution of the 95 dated samples in
the study area reveals that only eight samples are associated with pe-
riods before the Holocene. Specifically, three samples date back to pe-
riods preceding the LGM, and five are linked to the Late Glacial period
(Fig. 2).

Most of the dates (87, accounting for 91.6 % of the total available
dates) belong to the Holocene epoch, primarily within the recent period
up to 3.5 cal ka BP. Within this Holocene category, 51 samples (53.7 %)
are concentrated, with the highest concentration occurring in the
3.0-2.5 cal ka BP timeframe, consisting of 13 samples.

3.2. Spatial patterns in landslide and variable selection: The last dated
events

After segregating landslides into two categories based on the number
of dated occurrences - those with multiple dates (23 recurrent land-
slides) and those with only a single date (20 single-dated landslides) —
and initially considering solely the last, most recent, calibrated date
from each landslide, we identified spatial patterns of events across the
study area (Fig. 3). The most recent calibrated ages exhibited correla-
tions with the distance from the locations once occupied by the LGM
glacier termina (LGMgt Fig. 3A and 3B), as well as proximity to the
nearest main mountain divide in the south-west of the study region
(Fig. 3C and 3D).

Regression analysis indicates that the recurrent landslides
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experienced their last significant events, including organic materials, at
approximately 3 cal ka BP and were situated nearby (approximately 3
km) to the LGMgt. Subsequently, more recent events occurred at
increasing distances from the LGMgt (Fig. 3A). The linear regression of
age over distances yields an adjusted determination coefficient Rgdj =
0.37. One recurrent landslide, the Beduzzo landslide, was excluded from
the regression analysis due to an out-of-range value for the most recent
recorded event. This group of recurrent landslides encompasses those
that were active both in the pre-LGM and Late Glacial periods and
throughout the entire Holocene.

The landslides associated with a single-dated event exclusively
occurred during the Holocene period (Fig. 3B). Landslides dating back to
the middle and upper Holocene exhibit similar spatial patterns to the
most recent events of the recurrent landslides. Those landslides posi-
tioned closer to the locations once occupied by the glacier terminus
experienced earlier events than those at greater distances.

For the landslides occurring in the upper Holocene, the linear
regression model indicates a value of approximately 2 cal ka BP at dis-
tances of less than 2 km from the LGMgt. The middle and upper Holo-
cene groups demonstrate linear models with the same slope as the last
events of the recurrent landslides. However, they have lower determi-
nation coefficients due to the greater spread of values (upper Holocene;
Rgdj = 0.16) and a lower number of cases (middle Holocene; Rgdj < 0).

In contrast to the recurrent landslides and the landslides that
occurred in the middle and upper Holocene, those landslides that acti-
vated once during the lower Holocene (or more precisely, those that
recorded an event involving organic materials) display contrasting
spatial patterns (Fig. 3B, yellow points). In this group, landslides
occurred earlier at greater distances from the locations once occupied by
the LGMgt. At approximately 30 km, events took place at approximately
11 cal ka BP, while at distances of less than 2 km, events occurred at 9
cal ka BP (e.g., Succiso landslide). The regression slope indicates a
determination coefficient value of Rgdj = 0.31.

We can make similar observations for recurrent and single-event
landslides when examining the distance from the southwestern divide
of the mountain chain. However, it’s worth noting that for recurrent
landslides, there is a greater dispersion of values along the regression
line compared to when considering the distance from the LGMgt,
resulting in a lower determination coefficient (dej = 0.26; Fig. 3C).

In general, the determination coefficients and slopes of the regres-
sion lines exhibit comparable magnitudes across all subgroups, albeit
with slightly more variability and a broader range of values when
considering the mountain divide.

e

Age (cal ka BP) — 500 yr intervals

Fig. 2. Time distribution of the 95 dated samples from 43 landslides in the study area. The means of calibrated ages in the figure are grouped every 500 years.
Colours are selected as follows: dark blue, before LGM (before 19.0 ka BP); blue, Late Glacial (19.0-11.7 ka BP); yellow, lower Holocene (11.7-8.2 ka BP); orange,
middle Holocene (8.2-4.2 ka BP); upper Holocene (4.2-present). For the Holocene subdivisions, we referred to global, abrupt climatic events (Walker et al., 2019).
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Regression of the last (most recent) calibrated age obtained from a landslide over the distance of the grid cell, containing the landslide from the closest LGM
glacier terminus (A, B) or the closest main mountain divide in the south-west of the study region (C, D). In both cases, the recurrent landslides, i.e., with more than
one date (A, C), are separated from the landslides presenting only one date (B, D), and regression lines report the respective equations and determination coefficients.
The Beduzzo landslide (BDZ, hollow point) has been excluded from the regression in A and C. All the points representing a landslide are coloured according to the
oldest age obtained from the landslide using the same colours as in Fig. 1B; acronyms and landslide details are explained in Table 1.
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Lastly, we conducted a similar analysis focusing on the most recent
recorded events, examining the age of the dated event concerning two
variables: the mean elevation of the grid cell containing a dated land-
slide (Fig. 4A) and the composite variable that encapsulates the litho-
logical and topographic characteristics of the grid cell (the GWI x Mean
Slope variable, as detailed in the Methods section) (Fig. 4B). The last
events of recurrent landslides tended to occur initially at higher eleva-
tions and subsequently at lower elevations during the middle to upper
Holocene. There is no discernible elevation pattern in single-event
landslides in the upper Holocene. However, for landslides in the lower
Holocene, events were initially recorded at lower altitudes and then at
higher altitudes (Fig. 4B). When considering the lithotechnic-
topographic variable, we observe that during the upper Holocene,
both recurrent (Fig. 4C) and single-(dated) event landslides (Fig. 4D)
first occurred in grid cells characterised by steeper slopes and weaker
lithologies, followed by occurrences in cells with contrasting charac-
teristics. Such patterns are not evident in landslides occurring during the
lower Holocene.

3.3. Territorial features of the grid cells containing dated remnants from
landslides

The PCA indicates that the cells, distinguished by lithology, are
horizontally distributed primarily parallel to PC1, and separated along
PC2 into two main groups, one above and one below PC1 (Fig. 5). The
component loadings (Fig. 6) reveal that the variables associated with
PC1 are tangential curvature and roughness, accounting for 58.8 % of
the total variance. Conversely, along PC2, the significance of the GSI and
of the GWI associated with slope dominates, explaining 25.7 % of the
total variance. While the PC2 is not fully significant in its range of
variability, the two axes of the PCA collectively explain up to 84 % of the
total variance in the dataset. Above the PC1 (and along the positive
values of PC2), cells present dominant lithologies that are mainly related
to GSI alone: massive and stratified rocks (A, As); flysch (Blp, Bl). Below
the PC1, cells present lithologies that are mainly related to GWI and
mean slope: clay shales (Dsc); lightly cemented sandstones and arenites
(Cs); stratified clays and marls (Da, Dm).

An uneven distribution of dated landslides becomes apparent, as no
dates of past landslide events are available in areas where certain li-
thologies dominate in terms of surface cover. Similarly, there are no
dated landslides where the topographic surface, including roughness,
curvature, and slope, exceeds a central range of values and assumes
extreme values (Fig. 5). Regarding the primary dominant lithologies
(those dominating in at least 5 % of the total cells, as indicated in the
first column of the legend in Fig. 5), it’s noteworthy that no dated
landslide events are found in areas where lightly cemented sandstones
and arenites (Cs in Table 3) predominate in the cell surface. This li-
thology accounts for 9.2 % of the total cells analysed and ranks fifth in
surface outcropping in the study area. It is primarily associated with low
roughness, curvature, and slope surfaces, although it does exhibit vari-
ation in mid-GSI values.

Concerning the total number of cells containing a specific lithology,
the cells characterised by intensely tectonised clay shales (Dsc in
Table 3) exhibit the highest percentage of dated landslides, with a rate of
21.1 %o. In contrast, cells with other dominant lithologies where dated
landslides are present typically have rates of 10 %o or lower, down to 5.3
%o in cases of structurally ordered rock masses with alternating levels,
where flysch A types with prevailing stone levels (L/P > 3), including
sandstone and limestones (Bl in Table 3), are prominent.

The primary lithology in the area corresponds to the flysch formation
with alternating stone levels and pelitic levels, falling within the range
1/3 < L/P < 3, as well as sandstones and limestones (Blp in Table 3). The
PCA analysis reveals no dated landslides are recorded for PC1 values
below —2 or above 2, except for a single landslide found at approxi-
mately PC1 = 6 (the Succiso landslide). This implies that no dated
landslides are associated with cells featuring extremely low or high
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roughness and curvature range values.

Additionally, no dated landslides for PC2 values exceeding 1.5
correspond to cells with massive rocks and stratified rocks (A and As in
Table 3) exposed, along with a rough surface and steep slopes.
Conversely, low GSI values and gentle slopes in cells are primarily
associated with rock masses characterised by intensely tectonised clay
shales (Dsc), representing the group with the highest rate of dated
landslides overall. Regarding landslide activity, the two main groups
represent recurrent and single-event landslides.

In our search for analogous conditions within the study area, our
focus turned to the characteristics of the two grid cells housing the
landslides that yielded the oldest-dated organic materials: the Berceto
landslide (with organic matter from a borehole) and the Carobbio
landslide (featuring wood remnants from a borehole) (Table 1; Fig. 7A).

The ten analogous cells for the Berceto landslide are situated on Bp
lithology and are exclusively found within the Parma district.
Conversely, the ten cells analogous to the Carobbio landslides are
located on Blp lithology and span both the Piacenza and Parma districts.
Further refinement was made by selecting the first 20 grid cells that met
criteria such as elevations higher than 600 m a.s.l. and sharing similar
landslide movement characteristics with the Berceto (translational
dormant landslide) and Carobbio (complex dormant landslide)
landslides.

Through this process, we identified two cells analogous to the Car-
obbio landslide, encompassing the landslides of Marconi di La in Fer-
riere (Piacenza) and Metti in Bore (Parma). These analogues are
relatively distant from the Carobbio landslide, located 53 and 34 km
away in the WNW direction. In contrast, we pinpointed one cell as an
analogue for the Berceto landslide, containing the landslide of Bergotto -
Corchia in Berceto (Parma). This third analogue is close to the Berceto
landslide, approximately 3 km in the WSW direction (Fig. 7B).

4. Discussion

Landslides in the Northern Apennines are a prevalent feature of the
landscape, making it one of the most landslide-prone areas in Italy
(Bertolini, 2007). Several radiocarbon dates, collected over decades of
research conducted on landslides (Tellini and Chelli, 2003; Bertolini
et al., 2004, 2005; Soldati et al., 2006; Bertolini, 2007), have enabled us
to analyse their distribution according to geographical features over
time, primarily through the Holocene, and sparsely into periods pre-
ceding the LGM.

As we have found, out of the 95 dated samples from 43 landslides
distributed in the Parma and Reggio-Emilia districts, only three samples
from two landslides (the Berceto and Carobbio landslides) date back to
before the LGM, and only five samples date to the Late Glacial period
before the Holocene. The ancient organic material preserved within the
landslides is of significant interest for paleoclimatic research, and
landslides serve as important natural archives despite lacking contin-
uous recording capabilities like those found in peat bogs and lacustrine
sediments.

Organic remnants within a landslide body, often at varying depths
and occasionally exposed at the surface, provide evidence of past
landslide events. We categorised the landslides into two primary groups:
recurrent (reactivating) and single-event landslides. One limitation of
this classification is that some remnants may not have been recovered in
the latter group, leading to the landslide being categorised as a single
event rather than recurrent. Moreover, even within the recurrent land-
slides, it’s possible that some remnants indicating a previous event may
be lost. The absence of organic material within the investigated land-
slide body (and hence, dated events) can be attributed to several factors:
(1) True lack of landslide activity. (2) Absent or sparse vegetation cover
on the landslide surface (e.g., during extended cold periods lasting
several years or after a landslide event that removes vegetation cover for
decades). (3) Uneven distribution of remnants within the landslide
body, making it possible to miss some remnants during sampling. (4)
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Fig. 5. Principal components analysis PCA of the 5255 grid cells in the whole study area (coloured points), distinguished by the main underlying lithology in each
cell in terms of surface cover. The different lithotechnic characteristics of the rock masses are depicted in different colours: acronyms and details of the rock masses
and associated rock types are explained in Table 2. Each grid cell comprising a dated landslide is surrounded either by a circle (recurrent landslides) or a square
(single-event landslides), coloured according to the oldest calibrated date obtained (colours as in Fig. 1B). The legend at the bottom reports the main underlying
lithologies from more to less frequent, and also the rate of cells presenting dated events in a landslide deposit concerning the total cells with the same rock masses

underlying, in permil (%o).

Loss of remnants due to the degradation of organic matter, a process that
could be slowed down by clayey lithologies in the deposits (such as Dsc,
as in our research) or accelerated by sandstones and arenites (Cs) (e.g.,
Kibblewhite et al., 2015). Certain landslide types can also influence this
process, such as rock falls or mudflows and debris flows.

Another factor contributing to the loss of organic remnants could be
the reactivation of landslides during major events, which can displace
remnants and disrupt the original stratigraphy. After these events, the
previously buried organic remnants may frequently emerge at the sur-
face in remarkably well-preserved conditions. However, they tend to
degrade rapidly once exposed to meteorological factors and the oxidis-
ing environment.

Hence, the entire research is constrained by analysing only
radiocarbon-dated landslide events, likely the most significant ones, and
the limited availability of dates for just 43 landslides within the study
region. Expanding the dataset with more dates from a broader range of
landslides would undoubtedly enhance our ability to assess the robust-
ness of the proposed model for the Holocene (Section 4.1) and the
tentative reconstruction of related changes in atmospheric circulation
(Section 4.2). Additionally, we introduce a method for exploring ancient
remnants within the study region (Section 4.3).

4.1. Spatial patterns of landslide events: A model for the Holocene, with
all dated events

Considering the scarcity of dates before the LGM and in the Late
Glacial period, our analysis focused on events during the Holocene,
encompassing 87 dated landslide events in the study region. The posi-
tion of the LGMgt boundary used in this research represents the lower
extent of the colder and wetter areas within the territory. This variable is
closely associated with glacialism, and incorporates information about
general climatic conditions, including also the atmospheric perturba-
tions. In contrast, the elevation of the mountain divide may be more
directly linked to temperature, with precipitation playing a secondary
role along a general precipitation gradient. During the LGM, the study
region exhibited relatively low equilibrium line altitudes (ELAs, ranging
from 1200 to 1500 m a.s.l.), varying from the inner to the outer part of
the mountain chain, which is indicative of high glacier accumulation
rates (Giraudi, 2011). These elevated accumulation rates resulted from
the intense precipitation associated with southerly storm tracks, as
Baroni et al. (2018) discussed.

We generally observed stronger relationships with climate-related
variables in recurrent landslides (Fig. 3A, 3C) than in single-event
landslides (Fig. 3B, 3D). When considering only the most recent events
in recurrent landslides and those of the single-event landslides, we
noticed that all the events occurred at different periods concerning their
proximity to either the position of the LGMgt or the primary mountain
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divide in the south-west. However, distinct spatial patterns emerged
between the two groups.

Regarding only the most recent events recorded, recurrent land-
slides, which remained active throughout the entire Holocene, exhibited
a discernible spatial pattern in the upper Holocene. Earlier events were
closer to the LGMgt positions, while later events occurred at greater
distances from the LGMgt (Fig. 3A). This spatial pattern was also
observed in the active single-event landslides during the upper Holocene
(Fig. 3B). Notably, the significant difference between the two groups
during the upper Holocene was that recurrent landslides showed a
correlation with elevation, with landslides at higher elevations occur-
ring first (and close to the LGMgt) and those at lower elevations
occurring later (Fig. 4A). Conversely, the single-event landslides dis-
played no elevation-related pattern (Fig. 4B). However, both groups of
dated events were initially concentrated on steep slopes and areas
characterised by weak lithologies (Fig. 4C, 4D). Considering the lower
Holocene, a reverse pattern emerged for single-event landslides. Earlier
events were recorded further from the LGMgt position (and the primary
mountain divide), while later events occurred closer to it (Fig. 3B, 3D).
This was reflected in the lower altitudes of the earlier events and the
higher altitudes of the later events (Fig. 4B). However, no significant
correlation with slope or lithology was evident (Fig. 4D).

When examining the complete dataset of events for recurrent land-
slides throughout the Holocene, we can discern similar spatial patterns
in both the lower and upper Holocene periods within these two groups of
landslides (Fig. 8A). In the middle Holocene, single-event landslides
were limited to only three occurrences, all located more than 10 km
away from the position of the Last Glacial Maximum glacier terminus
(LGMgt). In contrast, recurrent landslides (comprising 18 events) were
predominantly concentrated in the upper region of the mountain chain,
approximately 8.5 km from the LGMgt (only three events occurred at
greater distances).

Considering the entire sequence of events spanning the Holocene, it
becomes apparent that the initial events recorded by the landslides were
situated in the lower portion of the mountain chain. Subsequently, they
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were primarily observed in the upper belt during the middle Holocene.
Then, during the upper Holocene, events again shifted towards greater
distances from the position of the LGMgt and the primary mountain
divide.

The spatial patterns of events recorded in the lower Holocene,
initially occurring in the lower section of the mountain chain and at
greater distances from the LGMgt, may be attributed to a sequence of
gravitational events and vegetation dynamics in response to climatic
changes. Typically, following cooler periods, the recolonisation of slopes
by vegetation commenced from lower elevations and glacial refugia,
extending towards the colder regions at higher elevations. This process
also influenced changes in the elevation of the treeline.

4.2. Atmospheric changes derived from vegetation changes and landslide
spatial patterns

During the Late Glacial period and into the lower Holocene, the
landscape was characterised by an open steppe woodland and shrubland
featuring Pinus and Artemisia, although there were variations in vege-
tation and climatic conditions along both the west-east (W-E) axis and
the north-south (N-S) slopes of the Northern Apennines. The south-
facing slope of the mountain chain, being closer to the Mediterranean
Sea and subjected to orographic precipitation, tended to be wetter than
their north-facing counterparts, a pattern that persists in modern times.

During the Bglling-Allergd interstadial (Fig. 9A; Fig. 10A), the Alps
experienced warm and dry conditions, leading to the expansion of Picea
(Ravazzi, 2002). In contrast, the western sector of the Northern Apen-
nines exhibited more humid conditions, as evidenced by the expansion
of Abies and a corresponding decline in Picea (observed at the Lagdei and
Berceto sites; Bertoldi, 1981, Lowe, 1992, Ravazzi, 2002, Bertoldi et al.,
2004). Further to the east, Pinus and Artemisia continued to dominate the
landscape, indicating drier conditions (Ravazzi et al., 2005).

During this period, we hypothesise that humid air masses moved
westward and northward (similar to the LGM; as discussed by Baroni
et al., 2018), impacting the mountain chain from the south but
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Parma

Rtjeggio Emilia

Fig. 7. Position of the 20 grid cells detected as analogue areas of the Berceto (BRC, red-coloured hollow hexagons) and the Carobbio (CRB, blue), landslides that
dated back to periods before the LGM. The cells were detected based on the proximity in the PCA scatter plot, thus considering the underlying lithology and the
topographic characteristics, such as roughness, curvature and slope. Areas of the comprised landslides are filled in black (A). A further selection has been performed
by selecting the grid cells above 600 m a.s.l. as representing most likely similar environmental conditions of the Berceto and Carobbio landslides (cells at 649 and
608 m a.s.l., respectively): the hexagons of these grid cells are depicted with green dotted lines above the red or the blue colour. Finally, a further selection was
applied, considering only those cells extensively presenting the same landslide movement as the one of Berceto (translational dormant landslide) and Carobbio
(complex dormant landslide): these landslides are depicted in (B) at higher scales, with the corresponding asterisks: *, Marconi di La in Ferriere (Piacenza); **, Metti
in Bore (Parma); ***, Bergotto - Corchia in Berceto (Parma). The coordinates refer to the EPSG 25832, UTM Zone 32 N coordinate reference system. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 8. All the 87 dated events of the Holocene plus one dating 11.9 cal ka BP (here included in the Holocene group) reported considering the distance from the
LGMgt of the grid cells containing the recurrent (filled circles) and single-event (open squares) landslides as a function of age (A), respective equations and
determination coefficients are also reported. In the group of the middle Holocene, the Metti landslide was omitted from the regression (hollow circle). The horizontal
blue lines depict the 85th percentile of dated events for the group of recurrent landslides: this percentile was chosen considering the distribution of the events during
the middle Holocene and then applied to the other two periods. The mid graph (B) depicts the number of dated events through the Holocene every 500 years,
distinguishing between recurrent (light-blue line) and single-event (red line) landslides; the dotted blue line reports the number of active landslides within the
recurrent ones. The bottom graph (C) depicts the elevation change of the July 13 °C isotherm through the Holocene, according to the temperature reconstruction of
Badino et al. (2018), and modern values close the 0 cal years BP (i.e., 1950 CE) up to 2021 CE. The two horizontal lines represent the altitude of the main mountain
divide in the south-west of the study area, considering only the portions above 1500 m a.s.l.: mean altitude 1710 m a.s.l. (black line), plus 1 standard deviation 1830
m a.s.l. (grey line); maximum altitude at Mt. Prado, 2054 m a.s.l. The bottom-right graph depicts the regression of modern July mean temperature of the five grid
points in the Northern Apennines over the July mean temperature of the grid point in the Western Alps (1901-2021, CRU TS dataset, see Methods), the regression
equation and the respective determination coefficient are also reported. (For interpretation of the references to colour in this figure legend, the reader is referred to
Ehe web version of this article.)

encountering resistance from dry air masses originating from the north. during the period 4.5-4.0 ka BP, during which recurrent landslides
Additionally, it’s worth noting that the Adriatic Sea during this time was increased from an approximate rate of one event every 500 years (with a
situated farther from its modern position, approximately 90 m lower maximum of three events from two landslides) to a rate of up to six
(Lambeck et al., 2004). This resulted in a drier environment and a events every 500 years (involving four and then five landslides). These
climate with continental characteristics, likely influenced by air masses findings point to intense rainfall events (Fig. 8B). Notably, this period
from the north. encompasses the 4.2 ka BP event, one of the Holocene’s abrupt climatic

During the Younger Dryas stadial (Fig. 9B; 10B), stronger air mass changes. This event endured for approximately four centuries (Perry and
movements from the north may have induced colder conditions, leading Hsu, 2000; Mayewski et al., 2004; Magny et al., 2009) and marked the
to rapid changes in vegetation. In this period, Pinus and Artemisia transition from the warm and wet conditions of the middle Holocene (i.

expanded both on the south-facing slopes (Pian del Lago site, Guido e., from ~8.3 to ~4.2 ka BP) to the cooler and drier (with respect to the
et al., 2020) and on the north-facing slopes of the Northern Apennines 4.2 ka BP event) conditions of the upper Holocene. After the 4.2-3.8 ka

(Lowe, 1992; Lowe and Watson, 1993; Bertoldi, 1981; Bertoldi et al., BP event, cooler summer conditions were also observed in the western
2007; Vescovi et al., 2010). European Alps (Badino et al., 2018), leading to glacier advances (Bor-
During this period, the air masses from the south were somewhat tenschlager, 1982). These conditions likely extended to our study re-
weaker, resulting in drier conditions and a climate closer to the semiarid gion, given the strong correlations found in modern temperature
regime (Ravazzi, 2005) well established over the Po Plain region. Pre- datasets (Fig. 8C).
cipitation was at its lowest annual level since the LGM (Fig. 10F). During the middle Holocene (Fig. 9D), Fagus trees underwent sig-
During the lower Holocene, we observed a spatial gradient of land- nificant expansion in the region, often replacing pure Abies forests at
slide events, initially recorded at greater distances from the Last Glacial higher altitudes. This expansion began earlier, around 5800-5000 years
Maximum glacier termina (LGMgt) and closer to it. This pattern may BP, in the eastern part of the Northern Apennines, where the taller peaks
suggest a predominant influence of humid air masses originating from allowed for greater precipitation and humidity, thereby favouring the
the Adriatic Sea, with a reduced contribution of intense precipitation proliferation of Alnus as well. This expansion then proceeded westward
from air masses from the south (Fig. 9C). towards locations like Lake Moo and Lake Casanova, occurring between
Throughout the lower Holocene, the increasing influence of humid 4600 and 3000 years BP (Watson, 1996).
air masses from the Adriatic Sea was associated with higher annual In the upper Holocene, Fagus successfully established itself at the
precipitation levels (Fig. 10C), a trend supported by the rapid expansion treeline, and to this day, the current treeline in the study region pre-
of Abies in locations such as Lake Greppo and eastern sites (Ravazzi dominantly consists of Fagus. Its elevation correlates with the July 13 °C
et al., 2006). On the south-facing slope, this period corresponded to the isotherm (Pezzi et al., 2008; Rita et al., 2023). It’s worth noting that the
expansion of Abies, along with declines in Pinus and, subsequently, elevation of this isotherm has varied over time, with it being situated at
Artemisia. Additionally, it marked the emergence of Fagus, accompanied approximately 2400 m a.s.l. during the middle Holocene, surpassing
by numerous other broadleaf species, including Quercus, Corylus, Alnus, even the highest peaks in the region (Fig. 8C, estimated based on the
Fagus, Ostrya, Tilia, Ulmus, and Fraxinus, which became dominant reconstruction by Badino et al., 2018). Throughout the upper Holocene,
around 9970 cal. BP (Guido et al., 2020). there was a gradual trend of summer cooling that affected both the Alps
During the middle Holocene, a period characterised by very warm and the study region, although there were occasional periods of tem-
conditions, the Holocene Optimum (8000-6000 years BP) occurred. perature increase leading up to the recent warming (Fig. 8C).
This period witnessed significant changes in the atmospheric circulation In the upper Holocene, our results indicate a gradual transition of
on a larger scale, as the intertropical convergence zone (ITCZ) shifted landslide events from the dividing area in the south toward the base of
from approximately 20°N to 18°N. This shift likely contributed, not the mountain chain (Fig. 9E). This suggests a stronger circulation of
solely due to climatic factors, to the emergence of the Sahara Desert and humid air masses originating from the south, including storms from the
the conclusion of the African Humid Period (8000-4500 years ago; westerlies and the Adriatic Sea. The air mass circulation patterns over
Wright, 2017). The southward movement of the ITCZ led to a weakening the study region are predominantly influenced by the North Atlantic
of the Hadley cell, resulting in an increased influence of the humid air Oscillation (NAO), a dipole oscillation in sea-level pressure between the
masses from the westerlies in the Mediterranean and our region (Magny Icelandic low and the Azores high (subtropical) as described by Lamb
et al.,, 2012). and Pepler (1987). The NAO significantly shapes both winter and
Our findings indicate that landslide activity during this period was summer weather conditions across Northern and Southern Europe, as
predominantly confined to a narrow zone located less than 8.5 km from highlighted by Folland et al. (2009).
the Last Glacial Maximum glacier termina (LGMgt) (Fig. 9D). This sug- The study area’s eastern (E) and western (W) parts experience the
gests that air masses from the south likely did not traverse the entire influx of humid air masses originating from the Adriatic and Mediter-
mountain range, and the eastern air masses did not significantly ranean Seas, respectively. The south-facing slope of the mountain chain
contribute to instability. The most intense precipitation events were receives higher levels of precipitation. During a positive NAO phase,
likely concentrated in the higher elevations near the main mountain Southern Europe exhibits dry and cooler conditions, whereas during a
divide. The initial peak of landslide events in our study region occurred negative NAO phase, the weather becomes characterised by wetter and
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Fig. 9. Tentative reconstruction of main directions of air masses and storm tracks for humid air masses over the study region in the Late Glacial (A, B) and the
Holocene (C, D, E), derived from vegetation changes (from literature data) and from the landslide spatial patterns during the Holocene (from this work). Directions of
landslide spatial patterns are depicted with black arrows for the whole Holocene. Blue arrows depict the dominant direction of air masses (strong conditions, full and
long lines; weak conditions, short and dashed lines). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

warmer conditions.

During the upper Holocene, we observed the most intense landslide
activity occurring between 3.0 ka BP and 2.0 ka BP. This period
exhibited the highest concentration of recorded events in the dataset,
with up to 12 events per 500 years originating from eight active land-
slides, followed by seven events per 500 years from six active landslides.
This trend, however, is not observed in the group of single-event
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landslides, whose maximum value occurs in the last 500 years of the
dataset, with five events recorded. These single-event landslides were
located at great distances from the LGMgt, on low dip slopes, and in
areas with weak lithologies.

This peak in events corresponds to a period of further summer
cooling, as illustrated in Fig. 8C. It can also be attributed to more intense
precipitation affecting the area, starting initially at its southern limit and
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Fig. 10. Change in annual mean precipitation with respect to 1940 CE (most recent year available) in the central periods of Bglling-Allerod (13.7 cal ka BP), Younger
Dryas (12.15 cal ka BP), Lower to Upper Holocene (10.1, 6.25, and 2.0 cal ka BP), expressed as mm/day, over the region around the study area (red rectangle) based
on the PaleoView model (Fordham et al., 2017). Climate data are averaged over 100 years, and the daily changes are reported in the legend at the top of each frame
(10A to 10E). Note that each legend has different intervals. The change of annual mean precipitation expressed in mm/year during the same periods is also depicted
(10F): values derived from mm/day (see asterisks above the legends). (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)

progressing northward. Interestingly, a similar concentration of dated
landslide events is also recorded in the Polish flysch Carpathians at
2.3-1.9 ka BP (Margielewski, 2002). This observation underscores a
common climatic influence on landslide events across central and
Southern Europe.
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4.3. Territorial features promoting the conservation of datable materials

The PCA analysis of the sampled landslides reveals a notable pattern:
certain areas, characterised by intensely tectonised clay shales (Dsc) as
their underlying lithology, exhibit a high frequency of dated events.
Conversely, areas with lightly cemented sandstones and arenites ex-
hibits no dates of landslide events. These contrasting conditions suggest
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that lithology plays a crucial role in this phenomenon, as it directly in-
fluences the presence of underground water and air within the deposits.
Specifically, soils rich in clay and fine texture are identified as the most
effective types for preserving organic remnants. This is due to their
ability to facilitate absorption and occlusion in the soil matrix (Kibble-
white et al., 2015) and create anaerobic conditions (Bjordal et al., 1999;
Douterelo et al., 2010).

The ancient organic matter contained within the landslides holds
significant paleoclimatic value. With this perspective in mind, we have
devised a method to identify regions that closely resemble the conditions
present in two active landslides even before the LGM, namely, the Ber-
ceto and Carobbio landslides. Utilising PCA and considering the varying
underlying lithologies (Bp for Berceto and Blp for Carobbio), we have
successfully pinpointed areas that exhibit similarities also in topography
and elevation. These identified landslides can, therefore, serve as
promising sites for future investigations aimed at uncovering ancient
organic remnants.

In addition to targeting the retrieval of the oldest organic remnants,
our method, built upon our discoveries, can be systematically employed
to sample landslides. This includes the incorporation of under-
represented lithologies and landslide types, facilitating a precise
reconstruction of the spatial dynamics that have unfolded over
millennia. Furthermore, our spatial dynamics model, which relies on
distances from cooler regions within the territory, holds promise for
application and testing in other mountain ranges where numerous
landslide event dates are accessible.

5. Conclusions

Our analysis has highlighted a noteworthy aspect beyond the well-
established correlation between climate and landslide activity, typi-
cally observed from a temporal perspective. In the case of the north-
facing slope of the Northern Apennines, landslide events during the
Holocene have demonstrated distinct spatial patterns. Specifically, in
the Early Holocene, events occurred first in the lower reaches of the
mountain chain, far from the Last Glacial Maximum glacier termina
(LGMgt). In the Middle Holocene, most landslide events occurred within
approximately 8.5 km from the LGMgt. They were located in the inner
sections of the mountain chain, with the highest concentration clus-
tering during the period encompassing the 4.2 ka BP event. In the upper
Holocene, landslide events were primarily situated close to the LGMgt
and then extended further away, with the highest concentration occur-
ring during the initial phases, from 3.0 ka BP to 2.0 ka BP. These patterns
in landslide events and shifts in vegetation composition mirror alter-
ations in the circulation patterns of air masses across the region.

Furthermore, our analysis enabled the identification of landslides
exhibiting anomalous behaviour, including the absence of significant
events recorded (by remnants) for over 8000 years, as seen in the Bed-
uzzo landslide, possibly due to the non-preservation or non-retrieval of
organic material; unanticipated activity occurring at distances
exceeding 20 km from the LGMgt, while most landslide events are
typically confined within 8.5-10 km from the LGMgt, as observed in the
Metti landslide; and landslides occurring outside the primary cluster in
the PCA space, primarily due to topographical factors, exemplified by
the Succiso landslide.

Our approach has identified disparities in the representation of
landslide events across territories characterised by different underlying
lithologies. Notably, areas with intensely tectonised clay shales exhibit a
significantly higher frequency of dated events, with a rate of cells con-
taining a dated landslide (21.1 %o) roughly triple that of the most
widespread lithology in the region (flysch formations).

Lastly, our analysis has allowed us to identify landslides analogous to
those of Berceto and Carobbio, which were already active before the
LGM. This result provides a valuable research direction for retrieving
ancient organic material. Such material not only aids in dating landslide
events but also offers invaluable climatic information.
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