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ABSTRACT

This doctoral thesis focuses on the study of historical shallow landslide activity over time in response to
anthropogenic forcing on land use, through the compilation of multi-temporal landslide inventories. The study
areas, located in contrasting settings and characterized by different history of land-cover changes, include the
Sillaro River basin (Italy) and the Tsitika and Eve River basins (coastal British Columbia). The Sillaro River
basin belongs to clay-dominated settings of the Northern Apennines, characterized by unglaciated terrain with
extensive badland development, and dominated by earth slides and earthflows. Here, forest removal began in
the Roman period and has been followed by agricultural land abandonment and natural revegetation in recent
time. By contrast, the formerly glaciated Tsitika-Eve River basins sit in the temperate rainforest of the Pacific
Northwest, characterized by granitic and basaltic lithologies, and dominated by debris slides, debris flows and
debris avalanches. In this setting, anthropogenic impacts started in 1960°s and have involved logging operation

for industrial forest management.

In Emilia-Romagna (E-R), where the Sillaro River basin is located, the regional Geological Survey has
compiled and has been managing a region-wide landslide inventory, whose historical (i.e., post-1954) degree
of completeness is presently unknown. To address this gap, the existing E-R inventory is integrated and
compared with a multi-temporal landslide mapping approach, which includes visual interpretation of thirteen
sequential aerial photo sets in the 1954-2020 period and confirmatory fieldwork, applied to four landslide sites
of the Sillaro River basin. Specific objectives include evaluating the advantages of higher resolution mapping
for characterizing (i) landslide extent, geometry and activity through time; and (ii) landslide interaction with
the drainage network. Results display that the proposed multi-temporal mapping approach allows to record
occurrences and recurrences and to reduce mapping uncertainty on existing landslide polygons, but mostly
provides insights on process understanding. Therefore, an added value of this mapping approach lies in its
ability to detect different styles of landsliding and define most likely scenarios of evolution at the site-scale,
through detection of (i) source-to-sink pathways, (ii) revegetation patterns, (iii) headscarp migration, (iv)

changes at landslide terminus and/or induced changes in the geometry of the channel bed.

This multi-temporal approach is then applied at the Sillaro River basin-scale (1954-2018) and used to
investigate landslide activity in relation to lithologies (i.e., claystones of the Ligurian, Epiligurian and Padano-
Adriatic Units, as well as sandstones & marls of the terrigenous Flysch Complex), historical land-cover
changes (i.e., land abandonment followed by natural vegetation regrowth) and precipitation. Results show that
landslides occur mainly in badlands and transitional shrubs of claystones and are strongly controlled by
lithology. In the time window considered, recurring landslides are dominant and at a site can recur up to 9
times. With respect to landslide geometry, lengths and areas are chiefly conditioned by terrain morphometry
and lithology, whereas land cover appears to play a secondary role, except on a limited cluster of occurrences
in arable crops and meadows, which resulted distinctively shorter and smaller. Analyses on landslide temporal

variability suggest complex interactions between landsliding and land cover types, modulated by slope gradient



and lithology. Overall, landslide activity is highest during a period of land-cover stability (i.e., between 1997
and 2018), where a decrease in total precipitation and increase of extreme events is recorded. Accordingly,
high correlation values between landslide activity and specific precipitation indices were found. In particular,
badlands turned out being the most sensitive sites to changes in precipitation, with highest landslide density
between 1997 and 2018 in all but the Padano-Adriatic claystones. In these latter, landslide densities in badlands
are highest between 1955 and 1976, when agricultural pressure peaked, interpretated as consequence of the

temporary expansion of cropland onto unstable badlands terrain.

Finally, the effects of forest harvesting in the Tsitika and Eve basins on landslide activity are evaluated by
integrating field- and remotely-derived landslide inventories with historical information on logging. In
particular, the work examines the geometry of debris slides and long runout failures (i.e., debris flows and
avalanches) in cut and uncut terrain, and evaluates the effects of forest harvesting on landslide frequency and
size. Results display no significant dependency of landslide depth with length, width and therefore area,
regardless of land use and movement type. Post-logging landslide occurrences are highest after 7-9 years and
recover to undisturbed rates after 16-19 years since timber harvesting has ceased. Due to the low elevation of
cutblock development, logging generates landslides at low elevations and low slopes, where they would not
normally occur. This topographic position has no effect on the size-frequency relation of debris slides, but
limits the size of logging-related long runout failures. In pristine forest, analyses suggest that glaciated
landscape structure exerts primary control on the elevation and slope gradient of landslide initiation, imposing
constraints on local relief (available energy), slope length, and therefore maximum landslide length. When
morphologic position at initiation is considered, constraints on landslide size and consequently on the size-
frequency relation become apparent. Accordingly, the rollover occurs at transition among different
morphologic position at initiation, controlled by first-order valley wall geometry for primary movements (i.e.,
gully headwall and open slope) and by the geometry of second-order features, such as incisions on the
hillslopes (i.e., gully depth) and valley floors (i.e., escarpment depth), for secondary movements (i.e., gully

sidewall and escarpment).



CHAPTER 1

Introduction

1.1 Evaluating landslide activity and sediment transfer through multi-temporal inventorying

Landslides are dominant geomorphic processes of sediment production in mountain environments. They
modulate sediment and carbon fluxes from hillslopes and steep, high-order streams, down to lowland, fluvial
systems (Gomi et al., 2002). Owing to the variety of physiographic settings on which a combination of tectonic,
climatic and anthropogenic forcing interact at different characteristic time scales, understanding landslide
activity and landslide sediment dynamics remain complex topics of investigation. In this context, improved
knowledge is critical for addressing basic scientific issues, like sediment delivery to streams (Dadson et al.,
2004; Imaizumi & Sidle, 2007; Brardinoni et al., 2009) and landscape evolution (Hovius et al., 1998; Korup
et al., 2010), as well for solving practical problems, including sediment management and the prevention of
landslide-induced disasters (Fan et al., 2019).

Depending on the study objectives and the landslide types involved (Cruden & Varrnes, 1996; Hungr et al.,
2014), landslide dynamics may be addressed at a variety of spatial and temporal scales, by means of different
techniques. For example, at the site scale, in single instrumented landslides, real-time hydraulic, geophysical,
and geodetic monitoring has yielded valuable insights into the physical behavior of earthflow surges (Bertello
etal., 2018; Squarzoni et al., 2020). Similarly, in instrumented reaches, monitoring of the flow and the channel
bed conditions have been critical for characterizing the mechanics of debris-flow events (McArdell et al., 2007;
McCoy et al., 2010) and validate prior mechanical formulations (Iverson, 1997, 2005). More recently, the
combination of both classical and novel techniques, including geodetic surveys, radar interferometry (INSAR)
and UAV-based photogrammetry, have allowed documenting the response of single (and a few) deep-seated,
gravitational deformations to meteorological forcing at seasonal, annual, and decadal resolution (Corsini et al.,
2009; Bayer et al., 2017; Confuorto et al., 2017; Guerriero et al., 2017). In the past decade, LiDAR- and
Structure-from-Motion technology have proved extremely useful - through the differencing of sequential,
high-resolution DEMs - for mapping topographic change and quantifying volumetric rates of erosion and
deposition along steep headwater systems, over scales of 5-10 km? (e.g., Theule et al., 2012; Cavalli et al.,
2017; Barnard et al., 2020).

When wishing to pursue a rapid evaluation of landslide activity and sediment transfer at basin, regional and
even orogen scales across effective time scales of environmental change (i.e., decades), despite recent dramatic

technological advances in remote sensing, an increasing degree of spatial and temporal resolution is inevitably
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lost, and higher levels of uncertainty are involved. At such spatial and temporal scales, investigation typically
relies on multi-temporal landslide inventories, compiled through visual interpretation of historical sets of
optical imagery (Guzzetti et al., 2012). Quantification of landslide sediment transfer via landslide inventorying
is particularly well suited for rapid slope failures (Cruden & Varnes, 1996), including avalanches, flows and
slides characterized by high mobility (e.g., Brardinoni et al., 2013), which deliver discrete sediment pulses
from initiation sites down to well-defined deposition zones, or directly into the channel network (Reid &
Dunne, 1996). Indeed, inventories of high mability, rapid slope failures are critical tools for evaluating
sediment transfer in response to individual storms (Rickenmann & Koschni, 2010; Mondini et al., 2011) and
earthquakes (Keefer, 2000; Parker et al., 2011) over their characteristic spatial scales of disturbance (Nakamura
et al., 2000). Similar inventories are also instrumental for assessing lithological (Guzzetti et al., 1996;
Brardinoni etal., 2012) and land-use effects (Jacob, 2000; Sidle & Ochiai, 2006) on decadal landslide sediment
transfer, and allow disentangle local variability (e.g., monitored at instrumented sites) from representative

regional patterns.

For predictive purpose, the compilation of inventories forms an indispensable preliminary step for the
statistical characterization of landslide size-frequency relations (e.g., Brardinoni & Church, 2004; Malamud et
al., 2004). These, in turn, provide empirical reference for hazard assessment (Hungr et al., 1999; Guzzetti et
al., 2002), as well as for modelling slope stability (e.g., Montgomery & Dietrich, 1994; Wu & Sidle, 1995;
Cislaghi et al., 2017) and landslide sediment transfer across landscape components (Benda & Dunne, 1997;
Benda et al., 1998; Bennett et al., 2014). When integrated with field measurements, inventory-based estimates
of volumes mobilized by rapid slope failures, aid identification of interactions between landslide and fluvial
sediment yield (Dadson et al., 2004; Brardinoni et al., 2009), and may help detect transient responses to

climatic (Meyer et al., 1992) and anthropogenic (Imaizumi et al., 2008) disturbance.

1.2 Landsliding and land-cover history

Since the development of agricultural communities in Europe and Asia in the mid-Holocene, humans have
substantially altered the landscape through land cover changes. The most striking of these anthropogenic
changes is undoubtedly forest removal for agriculture and grazing, and as a source of fuel and construction
material (Kaplan et al., 2009). In an epoch of global change, where humans have become dominant agents of
geomorphic disturbance (Tarolli et al, 2019), addressing the effects of land cover changes on landslide activity
gains importance beyond the local scale, considering the spatial variability in: (i) land cover history; and (ii)
sociopolitical priorities that drive land cover change today (Mensing et al., 2018). On one hand, mountain
forests are undergoing increasing anthropogenic pressure (e.g., Forbes & Broadhead, 2013; Zeng et al., 2018),
for example across the tropics. On the other hand, agricultural land abandonment across large parts of Europe

has led to progressive expansion of transitional brushland and woodland.

Expansion of forest cover in a given basin implies an increase in rainfall interception (Gallart et al., 1997;

Llorens et al., 1997) and a consequent reduction of direct runoff. This leads to more buffered hydrological

4



responses, accompanied by significant decrease in surficial erosion and sediment redistribution (e.g., Garcia-
Ruiz & Lana-Renault, 2011). The effects of land cover changes are particularly relevant for shallow rapid
failures, where trees ensure increased slope stability through root cohesion and additional water interception
capacity, thus reducing soil water content (e.g., Asdak et al., 1998; Bischetti et al., 2009; Reid & Lewis, 2009;
Winkler et al., 2010). Consequently, land cover changes can modify landslide typology and behaviour, their

frequency and spatial distribution (see Sidle & Ochiai, 2006 for a comprehensive review).

This doctoral thesis examines basin-wide landslide activity over decadal time scales in contrasting
physiographic settings characterized by different history of land cover change. Specifically, we look at the
Northern Apennines (Italy) in unglaciated, claystone-dominated terrain, where significant forest removal
began since the Roman Period and was followed by widespread agricultural land abandonment after WW2.
This setting is contrasted with the heavily glaciated Vancouver Island (coastal British Columbia, Canada),
where forest practices began in 1960°s. We assess landslide activity through the compilation of multi-temporal

landslide inventories.

In many European countries, the onset of significant and systematic forest removal dates back to the Roman
Period, with forests in many countries being substantially cleared before the Industrial Revolution (ca. 1790-
1900) (Kaplan et al., 2009; Mensing et al., 2018). Across the Mediterranean, population started to grow steadily
from the end of the 15" century, reaching a peak in the middle of the 19" century. Population growth pushed
forest conversion to cultivated land and pasture (Garcia-Ruiz & Lana-Renault, 2011), possibly inducing
widespread badlands formation (or expansion) in clay-dominated settings. In this context, sociopolitical
changes associated with post-WW2 recovery and modern industrial development, led to widespread people
displacement from rural areas to cities and thus to agricultural land abandonment, with consequent
recolonization by transitional shrubs and natural forests (Keestra et al., 2009; Preciso et al., 2012; Pavanelli et
al., 2019). While lowland Mediterranean fluvial systems have responded to these land cover changes with
peculiar channel adjustments (e.g., Scorpio & Piegay, 2021), research efforts on landslide response are mainly
concerned with susceptibility assessment (Table 1). As a result, a quantitative evaluation of landslide activity

and relevant sediment transfer is missing.

With reference to clay-dominated Mediterranean terrain, where badlands are common, existing work is mainly
focused on soil erosion and badland evolution (Gallart et al., 2013; Martinez-Murillo & Nadal-Romero, 2018;
Nadal-Romero et al., 2021). Erosion rates on badlands are typically analysed by dynamic or volumetric
methods (De Ploey & Gabriels, 1980; Sirvent et al., 1997; Nadal-Romero & Garcia-Ruiz, 2018). Dynamic
methods typically measure water and sediment fluxes over plots (e.g., Regués et al., 1995) and micro-
catchments (e.g., Mathys et al., 2003). Volumetric methods aim to measure erosion rates through the analysis
of topographic changes. Historically, volumetric methods have relied on sparse observations across relatively
small areas, based on erosion pins (e.g., Benito et al., 1992; Barnes et al., 2016) or microprofile metrics (e.g.,

Sirvent et al., 1997; Descroix & Olivry, 2002). Small-scale measurements, although crucial, are associated



with a number of limitations, especially when wishing to extrapolate findings at the watershed scale for basic

and applied purposes (Sidle et al., 2017). In this context, there is a need to address issues of spatial scaling.

In the past decade, advances in high-resolution topographic surveying (e.g., Tarolli, 2014; Passalacqua et al.,
2015) have offered the opportunity to examine topographic changes in a more spatially distributed fashion.
Nonetheless, most of the recent quantitative work on badlands is conducted over small study areas (e.g., Lucia
etal., 2011; Vericat et al., 2014; Smith & Vericat, 2015; Stocker et al., 2015; Llena et al., 2020), with only few
examples addressing the topic at the basin scale (e.g., Descroix & Olivry, 2002; Aucelli et al., 2016, Bosino et
al., 2019). Indeed, there is a general lack of quantitative knowledge on landslide activity in badland-dominated

settings, and on how land cover changes may affect landslide occurrence across catchments.

Table 1. Basin-wide studies on landslide activity in relation to land cover changes in the Mediterranean.

Location Study area  Number of  Methodology  Time interval Reference
(km?) landslides

ljuez River basin, 55 288 API (3 sets) 1957-2002 Begueria, 2006
Spain
Ormazal River basin, 25 307 API 2006 Garcia-Ruiz et
Spain al., 2017
Frate Creek basin, 2 245 API 2009* Persichillo et
Italy al., 2017
Versa River basin, 38 196 SAPI 2009* Persichillo et
Italy 193 2013* al., 2017
Upper Tidone R. 94 90 SAPI and field 2014* Persichillo et
basin, Italy surveys al., 2017
Rivo River basin, 82 1202 API (3 sets) 1954-2007 Pisano et al.,
Italy 2017
Zezere River basin, 5064 259 SAPI 2005 Meneses et al.,
Portugal 2019
Vernazza R. basin, 6 364 API and field 2011* Pepe et al.,
Italy surveys 2019
Val d’Aran Region, 336 393 API 2013* Shu et al., 2019
Spain

API = Aerial photo interpretation; SAPI = Satellite imagery and aerial photo interpretation; * Rainstorm.

In the temperate rainforest of the Pacific Rim, shallow rapid failures are the main geomorphic players of
sediment transfer (Dietrich & Dunne, 1978; Sidle et al., 1985, Benda & Dunne, 1997), and control the
geometry, the morphology, and bed texture of headwater streams (Grant & Swanson, 1995; Brummer &
Montgomery, 2003; Brardinoni & Hassan, 2007). Here, forest practices and logging road construction

represent the major sources of slope instability and hydro-geomorphic disturbance (see Sidle & Ochiai, 2006
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for a comprehensive review). Timber harvesting (i.e., clearcutting and subsequent regeneration of secondary
forest cover) history is well documented, and the impact on slope instability has been quantitatively
investigated starting from 1970’s. These studies have shown that timber harvesting can increase landslide
sediment flux (e.g., O’Loughlin, 1972; Swanston & Swanson, 1976) and sediment delivery to streams (e.g.,
Reid & Dunne, 1984; Guthrie, 2002; Jordan et al., 2010) by orders of magnitude.

Table 2. Natural and logging related landslide sediment yield in basins of coastal British Columbia (modified
from Hassan et al., 2005).

Location Area Percent Sediment delivery Yield (m*km°/yr)
(km?) logged to Natural Logged Acceleration
Chapman Creek, 56.0 36.3 Permanent streams 15.9 153.9 10x
Coast Mountains Gullies 19 150.5 79X
Unchannelled slopes 19 66.9 35X
Centre Creek, 38.0 28.2 Permanent streams 18.5 451.6 24x
Cascade Mountains Gullies 53.6 293.9 5x
Unchannelled slopes 3.9 151.6 39x
Nesakwatch Creek, 48.0 10.1 Permanent streams 3.6 496.3 138x
Cascade Mountains Gullies 325 1096.5 34x
Unchannelled slopes 7.4 454.1 61X
Howe Sound, 26.8 25.0 Permanent streams 65.6 920.6 14x
Coast Mountains Gullies 53 254.6 48x
Unchannelled slopes 7 327.3 47X
San Juan River!, 517.0 25.0 Permanent streams 20.8 247.2 12x
Insular Ranges Gullies 3.6 61.6 17x
Unchannelled slopes 1.3 74 47X
Capilano River?, 12.9 27.9 Permanent streams 175.8 102 0.6x
Coast Mountains Gullies 22.9 59.3 3x
Unchannelled slopes 3.7 133.7 36X
Queen Charlotte 350.0 13.4 Permanent streams 60 2760 46x
Islands®, Insular Gullies 21 370 18x
Ranges Unchannelled slopes 79 2690 34x

INorthwest Hydraulic Consultants (1997, unpublished report).
2 Modified from Brardinoni et al., 2003b.
*Modified from Rood (1984).

With reference to the formerly glaciated landscape of coastal British Columbia, quantitative investigations on
post-logging sediment transfer, associated with both timber harvesting and road construction, have reported
accelerations of sediment production on the slopes comprise between 34 and 61 times, and sediment delivery
to streams increased by a factor of 0.6 to 138 (Table 2). In particular, previous work on shallow landslides
yielded ambiguous results on the effects that logging operations may have on the size of shallow landslides
(e.g., Schwab, 1983; Jakob, 2000; Brardinoni et al., 2003a). This ambiguity may be related to different

movement types and to the peculiar positions in which cutblocks are developed within the glaciated landscape
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of coastal British Columbia. Indeed, a systematic statistical evaluation of the effects of forest harvesting on the

magnitude and frequency of shallow landslides in relation to glaciated landscape structure, is still missing.

1.3 Aims and Structure

This PhD thesis focuses on the study of historical shallow landslide activity over time in response to
anthropogenic forcing on land cover. Through the compilation of multi-temporal landslide inventories, we
investigate two areas located in contrasting physiographic settings that have experienced different history of
land-cover change. Study areas include the Sillaro River basin (Northern Apennines), and the Tsitika and Eve
River basins (Vancouver Island, coastal British Columbia). The former belongs to the Mediterranean bio-geo-
climatic zone, underlain by clayey lithology with extensive badland development, and the unglaciated terrain
is dominated by earth slides and earthflows. The latter sits in the mountain temperate rainforest of the formerly
glaciated Pacific Northwest, is underlain by granitic and basaltic lithologies blanketed by thick glacial and
glaciofluvial deposits, and is dominated by debris slides, debris flows and debris avalanches. In the Northern
Apennines, forest removal began in the Roman Period and has been followed in recent times by agricultural
land abandonment and natural revegetation. By contrast, anthropogenic impacts in coastal British Columbia
started at the beginning of the 20" century (i.e., in 1960’s in the study basins) and have involved logging
operation for industrial forest management. The general objective of this work is to evaluate and contrast the

influence of different land-cover histories on settings dominated by different landslide types.

Following this introductory chapter, the thesis begins with a methodological section (Chapter 2), where a multi-
temporal mapping approach is proposed and tested at four landslide sites of the Sillaro River basin. Results, in
terms of inventory completeness in time and space, are compared against the existing region-wide Emilia-
Romagna inventory. This approach is then applied at the Sillaro River basin scale, where the multi-temporal
inventory obtained is used to investigate the landslide activity in relation to historical land cover changes (i.e.,
abandonment of cropland and meadows, and contingent natural forest regrowth) across geologic domains and
in relation to hydro-meteorological forcing (Chapter 3). Chapter 4 is concerned with the impact of timber
harvesting and road construction on landslide activity and sediment transfer in the Tsitika and Eve River basins,
with a focus on the controls that interactions between landscape morphometry and cutblock location may have
on landslide size-frequency relations. The thesis ends with a summary of the main findings and briefly
discusses advantages and limitations associated with the compilation of multi-temporal inventories in the two

physiographic settings during different periods of human-driven, land-cover dynamics (Chapter 5).
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Abstract

In mountain, clay-rich physiographic settings of the Northern Apennines, earth slides and earthflows are
dominant processes of hillslope sediment transfer, which cause hazard and pose risk to lives and man-made
structures. In Emilia-Romagna (E-R), information drawn from a region-wide inventory is customarily used for
assessing landslide hazard potential and partly guides decision making on land management and urban
planning. However, the inventory’s historical (i.e., post-1954) degree of completeness is presently unknown.
To address this gap, we integrate and compare the existing E-R inventory with a multi-temporal landslide
mapping approach at four selected study sites of the Sillaro River basin, where we perform visual interpretation
of thirteen sequential aerial photo sets in the 1954-2020 period and conduct confirmatory fieldwork. Specific
objectives include evaluating the advantages of higher resolution mapping for characterizing (i) landslide
extent, geometry and activity through time; and (ii) landslide interaction with the drainage network. With
reference to the E-R inventory, multi-temporal mapping allowed identifying additional first occurrences and
recurrences (up to a 5-fold increase), additional mapped landslide area (up to a 12-fold increase), and combined
footprint area (up to a 9-fold increase). Our findings indicated that the proposed approach does not always
result in mapping larger (or smaller) landslide polygons, or previously undetected landslides, but provides
insights on process understanding. Therefore, an added value of this mapping approach lies in its ability to
detect different styles of landsliding and define most likely scenarios of evolution at the site scale. Insights
were drawn through detection of: (i) headscarp upslope migration (or revegetation); (ii) newly formed gully
channels and/or revegetation on landslide depositional features; and (iii) changes at landslide terminus, which
allowed identifying new sediment pulses, exact delivery targets (e.g., fan, valley floor, and stream channel),

as well as induced changes in channel bed texture and geometry.

Keywords:

Landslides; landslide inventory, temporal resolution, recurring activity, sediment delivery to streams
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1. Introduction

Multi-temporal landslide inventories are efficient tools for the rapid evaluation of geomorphic change and
landslide-driven sediment flux over large areas (Reid & Dunne, 1996; Brardinoni et al., 2012), as well as for
assessing sediment supply to stream channels (Schuerch et al., 2006; Finnegan et al., 2019), relevant
disturbance regimes (Nakamura et al., 2000), effects on channel-reach morphology and geometry (Brummer
& Montgomery, 2003; Green et al., 2013; Hassan et al., 2019) and hazard potential (Guzzetti et al., 2005).
Their basin-to-regional approach complements site-specific monitoring efforts on single landslides (e.g., Baum
& Reid, 1995; Corsini et al., 2009; Berti & Simoni, 2010; Nereson & Finnegan, 2018), and radar interferometry
investigations on slow-moving bodies (e.g., Colesanti & Wasowski, 2006; Roering et al., 2009; Bayer et al.,
2018; Bekaert et al., 2020).

Multi-temporal landslide inventories may be compiled through integration of aerial photo and/or satellite
imagery interpretation, field surveys, and historical documentation. Methods adopted in the compilation --
which depend on the study objectives, available resources, spatial and temporal resolution needed, and the
spatial extent to be investigated (Guzzetti et al., 2000) -- will affect the quality and the completeness of the

inventory maps, hence the reliability of the derived (basic or applied) products.

In Emilia-Romagna (E-R), the regional Geological Survey has compiled and has been managing a region-wide
multi-temporal landslide inventory (Regione Emilia-Romagna, 2021), which is intended as a complementary
tool to guide land planning. The bulk of the inventory, including the attribution of the activity status, was built
between the mid 1980°s and late 1990’s, through stereoscopic inspection of historical aerial photo sets (i.e.,
1954, 1969, 1976 and 1996) and complementary field visits. The inventory was digitized in 2005 and since
then has undergone annual updating via manual delineation of landslide polygons on post-1996 aerial
orthophoto sets and Google Earth imagery, as well as directly, drawing information from field surveys, local
newspapers, historical archives, and technical reports associated with slope stability monitoring programs
(Piacentini et al., 2018).

In the inventory, each landslide is mapped as a polygon feature, where the polygon outline comprises the total
(i.e., initiation, transport and deposition zones) landslide area. Each polygon is characterized by categorical
and geometric attributes, such as movement type (e.g., fall, flow, slide, complex), state of activity (i.e., active
or dormant), scar area, and scar length (Table 1). Attribution of activity should be regarded as indicative, except
otherwise documented by direct historical information. Specifically, classification of landslide features in
active or dormant is mostly based on their morphologic expression as interpreted on aerial photos.

19



Table 1. Landslide attributes of the Emilia-Romagna inventory.
Attribute Category

Landslide type Rock fall
Slide
Earth flow
Debris flow
Deep-seated gravitational slope deformation (DGSD)
Complex
Indefinite

State of activity Active
Dormant

Geometry Area
Length

To date, the inventory comprises 80,985 landslides, including respectively 44,377 active and 36,608 dormant
failures (Figure 1). Collectively, landslides occupy an area of about 2,600 km?, out of the 10,500 km? hilly and
mountain terrain of Emilia-Romagna. Prevalent movement types are earth slides and earth flows that typically
recur on pre-existing scars (Bertolini & Pizziolo, 2008) and mainly involve clay-dominated Ligurian Units
(Berti et al., 2012; Simoni et al., 2013; Pizziolo et al., 2015).
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Figure 1. Emilia-Romagna landslide inventory map (version updated on January 1% 2021). Solid grey linework indicates
coastlines and regional administrative boundaries, black open polygon delimits the Sillaro River basin. The inset shows
the location of the Emilia-Romagna within Italy.

Considering the inventory’s main purpose, its regional extent and available resources, the updating process is
conducted each year in different areas, mainly where landslides have caused damage and/or pose immediate

risk to structures and infrastructure, or where ad hoc contingent land planning is needed. Therefore,
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information such as date of first recorded occurrence, subsequent recurrences and possible cause of activation
is limited to a subset (n = 2,558) of so-called “historical” landslide polygons. When the size of a historical
activation is too small to be drawn on a 1:5000 map, or the exact location (or geometry) is uncertain, the

landslide is treated as a point feature in the database (Piacentini et al., 2018).

With reference to post-1954 landslide activity, the degree of E-R inventory completeness, is presently
unknown. This is a critical shortcoming, both for addressing basic scientific questions on landscape evolution
(e.g., Finnegan et al., 2019) and for tackling more applied issues, such as landslide hazard assessment (e.g.,
Wieczorek, 1984) or watershed sediment management. In this paper, we aim to explore the advantages of
adopting a higher temporal resolution mapping for (i) documenting landslide extent and activity through time;
and (ii) landslide interaction with the drainage network. To this purpose, we integrate and compare the existing
Emilia-Romagna inventory with systematic visual inspection of all available historical aerial photo sets and
confirmatory fieldwork. In particular, we focus on four landslide sites within the Sillaro River, a mountain
basin representative of the physiographic, clay-dominated context of the Northern Apennines. The four study
sites were selected so to encompass a range of characteristics including system size and complexity, landslide
type, landslide lateral confinement, and sediment delivery to the drainage network (Figure 2). Accordingly,
they include simple, unconfined earth flow (site A) and earth slide (site B) that interact directly with the Sillaro
River, a channelized earth flow that interferes with a road (site C), and three earth flows that converge towards

an old landslide deposit and interact with the secondary ephemeral drainage network (site D) (Figure 3).

2. Study area

The mountain portion of the Sillaro River basin (139 km?), Northern Apennines, originates at the orogen divide
in Mt. La Fine (993 ma.s.l.), and develops northeast down to the town of Castel San Pietro Terme (56 m a.s.l.)
in Emilia-Romagna, within the Bologna Metropolitan Area (Figure 2). The channel main stem displays a
complex planform structure, characterized by a large northward bend in its middle portion. The area has a
Mediterranean climate with distinct cold and dry seasons, and mean annual rainfall of 824 mm (1990-2020) at
San Clemente (166 m a.s.l.) meteorological station (ARPAE, 2021).

According to the Emilia-Romagna inventory, the basin hosts 1,981 landslides (1,247 active and 734 dormant),
for a combined area of 34 km? (Figure 2a). Among these, 13 hold historical records of occurrence, including

study site C.
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Figure 2. Maps of the Sillaro River basin showing: (a) active (red polygons) and dormant (green polygons)
landslides of the Emilia-Romagna inventory, as well as elevation bands shown with different grey tones; and
(b) geological domains. Capital letters indicate the four sites of interest.

The study basin is located at a key regional geologic transition, where the Ligurian Unit (Cretaceous-Eocene)
and the Umbro-Marchean-Romagna succession (Miocene-Pleistocene) come into contact in proximity of its
south-eastern side (Zattin et al., 2002; Benini et al., 2009; Bettelli et al., 2012) (Figure 2b). Bedrock geology
consists primarily of alternations of marls and clays of the Ligurian (Cretaceous-Eocene), Sub-Ligurian
(Eocene-Oligocene) and Epiligurian (Eocene-Miocene) domains in the upper-to-mid portions of the basin, and
of clays and sands of the Padano-Adriatic (Upper Messinian-Pleistocene) domain in the remainder lower part
(Figure 2b). In particular, tectonized clays of the Ligurian Unit, which underlain most part of the study
landscape, incorporate large limestone blocks and exhibit chaotic texture. Foredeep turbidities of the Umbro-
Marchean-Romagna succession (Marnoso-Arenacea Formation, Serravallian-Tortonian), consisting of
sandstone-pelite alternations, outcrop on the south-eastern part (Figure 2b). Of the four study sites, A, B and

C are underlain by Ligurian lithologies, whereas D is characterized by Epiligurian substrates (Figure 2b).

Most of the basin likely underwent forest clearing in unknown historical times, with forest cover reaching a
minimum immediately after Second World War. Since then, societal changes, including the abandonment of
the countryside, have induced a substantial increase in forest cover (Preciso et al., 2012; Pavanelli et al., 2019).
Today, land cover consists primarily of arable crops and meadows, which occupy about one third of the basin,
mainly in its mid-to-lower portions. Bushes and managed forest together cover about half of the basin, mainly

at higher elevations, in the mid-to-upper portions of the basin, including terrain of the Mamoso-Arenacea
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Formation. Badlands, which accounts for over 12% in area, are clustered in the central part of the basin, in
correspondence of Ligurian and Epiligurian lithologies. Urban areas are restricted along the distalmost parts
of the Sillaro main valley floor, around Castel San Pietro Terme, which is the only town in the basin (Figure
2).

3. Data Collection and Methods

Landslide identification and delineation at the four study sites was performed through visual inspection of ten
sequential aerial photosets (i.e., stereoscopic photographs and/or digital ortho-imagery taken in 1954, 1969,
1976, 1985-88, 1996, 2000, 2006, 2008, 2011, and 2014), and Google Earth imagery (i.e., 2016, 2018 and
2020) (Table 2). We mapped the areal extent of each mass movement observed on optical imagery, setting a
minimum level of landslide width detection of 4 meters. Below this threshold, it was not possible to
consistently delineate the landslide perimeter, especially on the 1954 photos, due to coarse resolution and poor
contrast. Our inventory targets landslides associated with a clear transfer of material from an initiation zone,
through a transport zone and down to a deposition zone. Therefore, it does not include incremental seasonal
movements, which may be detected through direct monitoring, INSAR, and/or feature tracking. Landslide
tracks were digitized in GIS environment on the sequential orthophoto mosaics. We first delineated polygons
of total disturbed landslide area, which includes initiation, transport and deposition zones; then, when possible,

we subdivided total disturbed area into initiation-transport and deposition polygons.

Table 2. Stereoscopic photographs and digital ortho-imagery used for multi-temporal landslide identification
and mapping.

Year Nominal scale Pixel size (m)  Imagery type Source

1954 1:55,000 1 Black and white Istituto Geografico Militare
1969 1:15,000 0.7 Black and white Regione Emilia-Romagna
1976 1:13,000 0.9 Color Regione Emilia-Romagna
1985-88  1:25,000 1 Black and white Regione Emilia-Romagna
1996 1 Black and white Regione Emilia-Romagna
2000 1 Color WMS GN*

2006 05 Color WMS GN*

2008 0.5 Color WMS E-R**

2011 05 Color WMS E-R**

2014 0.5 Color Regione Emilia-Romagna
2016 0.3 Color Google Earth

2018 0.3 Color Google Earth

2020 0.3 Color Google Earth

* Geoportale Nazionale: http://www.pcn.minambiente.it/mattm/servizio-wms/

** Geoportale Regione Emilia-Romagna: https://geoportale.regione.emilia-romagna.it/servizi/servizi-

ogc/elenco-capabilities-dei-servizi-wms
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Recorded landslide attributes for each landslide polygon include: photo year of occurrence, landslide type,
morphologic position at initiation (source), lateral confinement, and sediment delivery target at landslide
terminus (sink) (Table 3). Photo year represents the minimum landslide age, where temporal constraint is given
by the date of the preceding aerial photo set. Consequently, year of occurrence for landslides first identified in
1954 is unknown. Classification of landslide type follows the scheme proposed by Cruden and Vamnes (1996).
In the Sillaro River basin, mapped types include earth slides, earth flows and complex ones. We use the term
terminus (as opposed to toe) to indicate the downslope end of visible landslide disturbance, since several cases
did not exhibit a well-defined toe (e.g., Brardinoni et al., 2009).

Table 3. Landslide attributes of the multi-temporal inventory (this study).

Attribute Category or Units
Landslide size Total disturbed area (m?)
Landslide type Earth flow
Earth slide
Complex
Photo year of activity From 1954 to 2020 (cf. Table 2)
Morphologic position at initiation Gully headwall
(Initiation zone) Open slope
Lateral confinement Confined
(Transport zone) Channelized
Unconfined
Sediment delivery target Hillslope
(Deposition zone) Gully channel
Permanent tributary
Main channel

Headscarp activity

Deposition lobe activity

Stream channel changes

Anthropogenic structure

Upslope migration
Revegetation

Gully incision
Revegetation

Occlusion
Avulsion
Bed coarsening

Definition of morphologic position at initiation and sediment delivery target are important to identify sites of
sediment production and delivery, and consequently the sediment transfer pathways (hereafter termed source-

to-sink pathways) that dominate on the hillslopes and along the steep ephemeral drainage network. Initiation
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positions include gully headwall and open slope sites. Following previous classification schemes (Maynard,
1991; Brardinoni et al., 2015), sediment delivery targets encompass four “natural” categories, listed in order
of increasing sediment delivery potential (or deliverability), and an additional one associated to anthropogenic
structures. Categories include: (i) hillslopes (unchannelled topography); (ii) gully channels (v-notched, first
and second order streams flowing on bedrock or on colluvial deposits) (Figures 3c and 3d); (iii) permanent
tributaries (higher order streams with an alluvial channel bed that drain secondary valleys); (iv) main channels
(i.e., the Sillaro River main stem) (Figures 3a and 3b); and (iv) roads, or other anthropogenic structures that
may concentrate drainage water, trap sediment and deflect landslides, sometimes preventing them from
reaching the drainage network. An example of a source-to-sink pathway affected by man-made structures is
provided in Figure 3c. Here a channelized earth flow originates at a gully headwall, flows along a steep,
confined gully channel and stops by a road, which was deflected downslope. Degree of lateral confinement
was defined with reference to the transport zone, where we distinguished between confined (mostly

channelized) tracks and landslides that move down an unconfined hillside.

Each mapped landslide was provided with a unique identifier. Recurring initiations, typically associated with
channelized earth flows, were also mapped and recorded. In these instances, a secondary identifier (i.e., equal
for all landslides that originate from the same initiation site) was also added to each recurring landslide.
Information about landslide recurrence is useful to evaluate landslide hazard (e.g., Crovelli, 2000; Guzzetti et
al., 2006), sediment transfer through time (e.g., Hoviusetal., 1997; Brardinoni et al., 2009), as well as potential
rates of sediment recharge across the gully channel network (Bovis & Jakaob, 1999; May & Gresswell, 2003).
For recurring landslides, we noted whether the movement involved: (i) the entire track of an antecedent slope
failure or only part of it; (ii) headscarp retreat; (iii) advance of an existing landslide terminus; and (iv)
downslope stream channel changes. Within landslide deposition zones, we recorded the temporal pattern of
revegetation and/or the development of gully channel incision. The former indicates the degree of site stability

across photo years, the latter indicates the degree of ongoing fluvial reworking.

In the results, we will compare at each site our multi-temporal mapping with that of the E-R inventory, where
morphological scar changes (e.g., headscarp retreat, terminus advance or erosion, and downslope secondary
activation) within a given landslide system are progressively incorporated in the pre-existing “old” polygon
(i.e., change of polygon outline) as the inventory gets updated. We start from simple landslide systems and

continue with increasingly larger and more composite configurations.
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Figure 3. (a) Site A: unconfined, earth flow delivers sediment from an open-slope position within badlands
morphology to the Sillaro River channel (source: Google Earth, 2014); (b) Site B: unconfined, rotational earth
slide delivers sediment from an open-slope position in managed forest to the Sillaro River channel (source:
Google Earth, 2018); (c) Site C: channelized earth flow developed within a ravine in badlands delivers
sediment from a gully headwall, flows along a second-order gully channel, and stops by a road, behind older
landslide deposits (source: Google Earth, 2017); (d) Site D: three earth flows (D1, D2, and D3), within a third-
order tributary basin, which interfere with each other and deliver sediment to a gully channel that cuts through
an older landslide deposit (dashed outline) (source: Google Earth, 2020).

4. Results

At site A, detailed multi-temporal mapping allowed: (i) integrating the three (active) landslide scars included
in the E-R inventory (Figure 4a) with additional ones, and (ii) showing that landslides are recurrent in nature.
On 1954 photos, we could distinguish six landslide scars, whose year of last mobilization is uncertain. In this
study, existing (active) polygon outlines were also enlarged (cf. Figure 4a and 4b). Overall, landslide area in
1954 adds up to 48,700 m?, as opposed to 5,700 m? in the existing inventory. In subsequent photo years (i.e.,
1969, 1988, 2011, 2014 and 2016), we mapped a total of six recurring landslides (Figure 4b).
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One earth flow, which records two post-1954 recurrences, illustrates a dynamic style of landslide-fluvial
interaction. The earth flow front (thickness = 4 m) entered the Sillaro River in 2011, almost occluding the
stream channel (Figure 4d). By 2014, we observe that fluvial reworking had obliterated in-channel landslide
deposits, leaving behind large blocks (b-axis up to 2 m) of the Argille a Palombini Formation, which likely
have prevented further fluvial undercutting, and locally have generated boulder-cascade channel morphology.
The diamicton fabric of the Argille a Palombini, characterized by a pelitic matrix bearing limestone blocks
(the so-called palombini), is possibly responsible for the observed fluvial response to sudden landslide
sediment supply. Following this logic, we expect that most of the fine matrix was typically flushed downstream
as suspended load.
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Figure 4. Site A: (a) landslide polygons of the Emilia-Romagna inventory; (b) corresponding multi-temporal
landslide polygons mapped in this study; and close-up views of the landslide terminus (c) before (2008), (d)
during (2011), and (e) after (2014) its advance in the Sillaro River channel. Note white limestone blocks of the
Argille a Palombini Formation (Ligurian Domain) on the landslide surface and then forming lag deposits in
the Sillaro River channel. In panel b, different colors indicate different photo years of landslide occurrence.
Thick grey linework indicates roads. North arrow and scale in panel a apply also to panel b; north arrow and
scale in panel ¢ apply also to panels d and e.
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At site B, multi-temporal mapping proved being critical for: (i) constraining landslide first appearance in photo
year 1969 (Figure 5a); (ii) elucidating landslide movement style and its interaction with the Sillaro River
channel across decades; and (iii) identifying a small, previously undetected earth slide (Figure 5f). In terms of
size, landslide area increases from 7,800 m? in the E-R inventory (Figure 5e), to 12,900 m?, as mapped in photo
year 2020 (Figure 5f). Through the years, we note headward migration of the main headscarp and a progressive
downslope movement of the main landslide body (thickness = 4 m), with concurrent revegetation at the toe
(e.q., Figures 5b through 5d). Differently from site A, in this case we observe that the earth slide protrudes
slowly into the Sillaro River channel and opposes resistance to fluvial undercutting. Accordingly, from 1996
(cf. Figures 5a and 5b) we start observing significant river deflection to northeast -- hence instability on the
opposite valley side -- and an increase in river planform sinuosity. To date, these dynamics continue altering
the local morphology of the Sillaro River channel (e.g., Figures 5¢ and 5d). As noted at site A, we also observe
limestone blocks in the main channel bed, freshly supplied in proximity of the landslide front.
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Flgure5 Site B: historical plan-view in photo year: (a) 1969 (b) 1996; (c) 2014; and (d) 2018. (e) Landslide
polygon of the Emilia-Romagna inventory; and (f) corresponding multi-temporal landslide polygons mapped
in this study. In panel f, different colors indicate different photo years of landslide extent. Note that initiation-
transport and deposition zones are clearly visible and how landslide downslope movement induces river
deflection to northeast, instability on the opposite valley side, and an increase of river planform sinuosity.
Thick grey linework indicates roads. North arrow and scale in panel a apply to all panels.
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At site C, multi-temporal mapping allowed elucidating the highly dynamic nature of this larger and more
complex earth-flow system. At this site, the E-R inventory reports two historical earth-flow pulses -- one in
late 2001, and one on May 5th, 2019 (Figure 6h) -- as opposed to the eight activations documented between
1988 and 2020 (Figure 6i). Overall, E-R mapping approach does a good job at delineating the total disturbed
area, in that the existing combined polygon outline (Figure 6h) is very similar to that we would get by merging
all multi-temporal polygons together (Figure 6i). However, the sum of the eight mapped polygons makes up
an area of 113,700 m?, compared to the 42,400 m? of the E-R inventory, implying a much larger sediment flux

over the study period than previously expected.

In photo year 1976, along this steep tributary valley we observe old, partly vegetated landslide deposits that
extend down to its mouth. We also observe that these deposits, emplaced at least before 1954, are incised by a
gully channel draining north, then westward. This period of relative stability is followed by at least eight
distinct channelized earth-flow pulses that have recurred between photo year 1988 and 2020 (Figure 6). In
some instances, earth flows travel down to the valley mouth, where they have damaged and altered the road
course (photo years 1988, 2000, 2016, 2018 and 2020 in Figure 6i), in others they have involved only the upper
part of the gully system (e.g., 2006 and 2014) or a secondary drainage branch (2011). Largest occurrences,
like those visible in 2000 and 2018, have produced significant headward migration of the gully network,

causing loss of agricultural land. In no instance, recurring earth flows have reached the Sillaro River channel.
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Figure 6. Site C: historical plan-view in photo year: (a) 1976; (b) 1988; (c) 2000; (d) 2006; (e) 2014; (f) 2016;
and (g) 2018. (h) Landslide polygons of the Emilia-Romagna inventory; and (i) corresponding multi-temporal
landslide polygons mapped in this study. Dashed black linework indicates drainage network. Thick grey
linework indicates roads. In panel i, different colors indicate different photo years of landslide extent. Note
road disturbance from photo year 1988 onward. North arrow and scale in panel a apply to all panels.
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Site D is an earth flow-dominated tributary basin (1.2 km?), where the main valley floor stands out for being
entirely occupied by a densely vegetated landslide deposit (Figure 3d). In this context, multi-temporal mapping
helped to elucidate that the nine coalescent “active” polygons (Figure 7a): (i) are indeed the result of several
landslides originating at multiple initiation sites between photo year 1954 and 2020 (Figure 7b); and (ii) the
distal portion of the valley trunk may be considered as an older depositional landslide feature. The latter
interpretation is supported by the stability of the gully channel that has been cutting through it (Figures 8b and
8e), the lack of dislocation signs, and increasingly denser and undisturbed forest cover since photo year 1954
(Figure 8). Some discrepancies between the regional and the site-specific multi-temporal mapping are also
obvious along small lateral tributaries. For example, on the northern valley side we could not confirm landslide

activity in any of the three distalmost lateral tributaries previously mapped as active sites (Figure 7).
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Flgure 7 Slte D: (a) Iandsllde polygons of the Emilia-Romagna inventory; and (b) corresponding multi-
temporal landslide polygons mapped in this study. In panel b, different colors indicate different photo years of
landslide extent. Dashed black linework indicates drainage network. Thick grey linework indicates roads.
North arrow and scale in panel a apply to all panels.

Interestingly, the sub-basin hosts a high diversity of landslide styles, including both recurring (sites D1 and

D2) and episodic (site D3) movements. All three landslide initiation sites deliver material to the ephemeral

gully network. D1 is a very narrow channel that experiences earth-flow activity in virtually all photo years, as
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testified by newly developed deposition lobes, lateral levees (Figure 8c) and scarp headward migration (Figures
7a and 8b). At D2, we observe recurring spoon-shaped landslide initiations developing into narrowly
channelized earth flows (i.e., 1954, 1969, 2006, 2008, and 2011), the largest of which (52,600 m?) occurred in
1969. These sediment slugs sometimes stop along the gully channel (2006 and 2011), sometimes reach the
main valley floor, at the confluence with D1. Substantial vegetation regrowth at both the initiation and the
deposition zones is evident over time (cf. dashed yellow outline in Figures 8a and 8b). D3 is the largest
landslide (97,600 m?) occurred between 1954 and 2020 at any of the four sites here examined. It was first
observed in photo year 2016, initiated as a 25 m-thick rotational slide (Figure 8d), which transformed into an
earth flow forcing the existing gully channel southward (Figure 8b).
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the perimeter of an earth-flow track at site D2, occurred after photo year 1954 and before 1969, which appears
completely revegetated in photo year 2016. Field, oblique views of: (c) active headscarp and earth-flow
channel at site D1 (height of lateral levee = 1.5 m); (d) rotational slide developing into an earth flow at site
D3; and (e) gully channel cutting through old landslide deposit (thickness: 4 to 6 meters).
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5. Discussion

When considering a mapped landslide polygon of a multi-temporal inventory, critical information of interest
to an end user, either for basic or applied purposes, include landslide size (e.g., area), how frequently landslide
activity has occurred at that same location in a given time period and how landslide geometry developed in
time. Indeed, landslide size, geometry and frequency modulate downslope/stream sediment flux and

geomorphic disturbance, hence determine landslide hazard and risk to lives and man-made structures.
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Figure 9. Comparison of landslide combined footprint area between the E-R inventory and this study (left
hand-side panels). Landslide area across photo years obtained through the multi-temporal mapping approach
(right hand-side panels). Empty bars indicate landslide areas of landslides visible on 1954 aerial photos, whose
time of last activation is unknown.

Comparative analysis between multi-temporal and E-R landslide mapping shows diverse outcomes across the
four study sites. Inter-site variability, observed in terms of combined footprint area -- defined as the area of the
polygon outline that results from merging all historically mapped landslides appeared between photo years
1954 and 2020 at a given site -- in part reflects landslide type and the number of recurrences mapped in the
study period (Figure 9). Combined footprint area is respectively 9 (site A) and 2 (site B) times larger than
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previously mapped in the E-R inventory (Table 4 and Figures 9a and 9c). In the former, most of this difference
is due to six landslide polygons mapped in photo year 1954; in the latter, this is related to progressive headscarp
upslope migration, otherwise previously undetected. Combined footprint area is about the same at earth-flow
site C (Table 4 and Figure 9e), where the spatial extent of the two historically documented earth flows (Figure
6h) substantially match that resulting from the eight multi-temporal activations (Figure 6i). At site D, combined
footprint area in the E-R inventory is about 1.7 times larger than the corresponding multi-temporal case (Table
4 and Figure 99). In this context, the E-R inventory was critical for identifying the primary depositional feature
on the sub-basin valley floor, whereas the multi-temporal approach allowed deciphering which portion of this

deposit was indeed associated with post-1954 landslide activity (Figures 7 and 8).

Table 4. Landslide combined footprint area of the two inventories and landslide area across photo years
obtained through the multi-temporal mapping approach (this study). At site B, landslide area across photo
years refers to a single landslide feature evolving in time.

Inventory Photo Site A Site B Site C Site D

year
Combined footprint area (m?) E-R 5,700 7,800 42,400 399,300
This study 48,800 15,200 37,900 239,300
Landslide area (m?) This study 1954 48,700 43,400
1969 4,900 10,500 96,200
1976 12,400
1988 7,700 12,200 22,900 22,700
1996 11,900
2000 28,900 25,400
2006 12,400 16,200 32,700
2008 3,200
2011 5,600 1,300 23,500
2014 2,000 12,600 3,700 2,300
2016 1,600 15,300 97,600
2018 12,800 25,300 12,600
2020 12,900 16,700 14,300

Our findings indicated that the multi-temporal approach does not always result in mapping larger (or smaller)
landslide polygons, or previously undetected landslides, but provides insights on process understanding.
Consequently, an added value of this mapping approach lies in its ability to detect different styles of landsliding
and improve the degree of inventory completeness in post-1954 time (Figure 9). For example, we could
disentangle the origin of a combined footprint area in the E-R inventory: either as the result of multiple
recurring landslides at site A (Figure 9b), site C (Figure 9f), and D (Figure 9h), or as the progressive evolution
of a single landslide scar at site B (Figure 9d). In this context, the case of site D is instructive (Figures 7, 8 and
9h). Within this sub-basin, we could show that: (i) sites D1 and D2 have been continuously active since 1954;
and (ii) site D3 is the result of a new earth flow, presently at the early stage of evolution. From an applied
perspective, enhanced process-based understanding of landslide activity at the study sites provides critical
insights on possible future scenarios of evolution, lending fundamental support for landslide hazard and risk
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assessment, as shown by previous geomorphological approaches (e.g., Cardinali et al., 2002; Van Westen et
al., 2006; Wieczorek, 1984).

Information and inferences on process-response dynamics were drawn: (i) at landslide initiation sites, through
observation of headscarp headward migration (as opposed to stability or vegetation regrowth), which implies
downslope sediment supply; (i) at landslide transport and deposition zones, the spatial pattern of revegetation
through time, in conjunction with the development of gully channels, allowed inferring periods of stability;
and (iii) changes at landslide terminus, allowed identifying new sediment pulses, exact sediment targets (e.g.,

fan, valley floor, and stream channel), as well as induced changes in channel morphology and geometry.

Combining similar process-based information at initiation, transport and deposition zones allows making
inferences on landslide mobility and downslope/downstream effects. For example, we found that landslides
that initiate at gully headwalls (e.g., sites C, D1 and D2), move along confined gully channels and tend to stop
before reaching a permanent stream channel. In particular, deliverability appears to be conditioned by previous
landslides that have travelled along the same path and have formed depositional plugs, which now constitute

a barrier to further landslide runout.

Although beyond the scope of this paper, the four study sites within the Sillaro River basin display a high
temporal variability in landslide activity (cf. panels b, d, fand h in Figure 9), suggesting complex responses to
hydro-meteorological forcing in relation to the history of each site, in terms of previous landslide activity, as

well as natural and anthropogenic land cover dynamics.

6. Conclusions

With reference to the existing regional landslide inventory, we show that the multi-temporal approach proposed
in this study can enhance relevant degree of completeness, through identification of previously undetected
landslides, and reduce mapping uncertainties on existing polygons. In particular, by providing a dynamic view
of landslide activity through time, the multi-temporal approach proved useful for gaining: (i) better time
constraint to first time landslide occurrences and subsequent recurrences; (ii) improved estimation of landslide
area, in relation to the episodic or recurring nature of activation(s); and (iii) insights on a surprisingly wide

range of hillslope-channel interactions that control the pace of landscape change.

Major improvements, in terms of landslide detection and quantification of the relevant areas, relate to gully
systems and secondary tributary basins that experience recurring channelized earth-flows. In this context, our
observations suggest that ephemeral gully systems may play a key role in the sediment budget of these clay-
rich mountain settings. Specifically, we show that gullies can convey frequent earth-flow sediment slugs from
headwall positions down to gully confluences (i.e., up to at least eight pulses in 30 years), where depositional
lobes may pile up through time and choke the gully system, limiting the run out of subsequent earth-flow
activations. During extended periods of stability, these sediment stores have shown to undergo partial

reworking, through development and headward migration of newly-formed gully channels, which therefore
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promote sediment transfer downstream. To corroborate our preliminary interpretations and elucidate further

these dynamics of gully recharge and evacuation, we believe ad hoc monitoring efforts are needed.

To constrain landslide-derived sediment fluxes over more representative spatial scales, future work in the
Sillaro River will aim at extending the present multi-temporal mapping experiment at the basin scale, while
complementing it with an assessment of landslide thickness, hence volumes of mobilized debris.
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Abstract

Drainage basins of the Northern Apennines, and in particular those developed on the Allochthonous Ligurian
Complex, are dominated by intense landslide activity operated by earth slides and flows, and by widespread
badland erosion. Today, a long history of deforestation and land cover changes has generated a landscape with
sparse, coppice managed, forest cover. In these settings, quantitative knowledge on landslide occurrence in
relation to inherited and ongoing land cover changes is limited, hence preventing suitable strategies of land
management. To address this gap, we conduct a multi-temporal inventory in clay-dominated terrain of the
Sillaro River basin (139 km?) across four lithologies: claystones of the Ligurian (L claystones), Epiligurian (E
claystones), and Padano-Adriatic (P-A claystones) Units, as well as sandstones & marls of the terrigenous
Flysch Complex. Historical landslide activity, investigated by visual inspection of 12 sequential aerial photo
sets between 1954 and 2018, is quantified in terms of landslide density. Landslides are classified according to
movement type (earth slide, flow and complex) and temporal nature (episodic and recurring). Land use change
is evaluated across four periods: pre 1954, 1955-1976, 1977-1996, and 1997-2018. To account for the historical
variability of meteorological forcing, we examine three precipitation indices: (i) the annual total precipitation
(PRCPTOT); (ii) the annual maximum daily precipitation (RX1day); and (iii) the precipitation fraction
(R99pTOT) due to extremely wet days.

Results show that recurring landslides prevail over episodic counterparts, and that recurrence at a
site can reach a maximum of 9 times across the 12 photo years examined. Landslide activity is
highest in claystones and landsliding appears strongly controlled by lithology. Terrain morphometry
and lithology affect landslide geometry (lengths and areas), whereas land cover appears to play a secondary
role, except in arable crops and meadows where landslides are distinctively shorter and smaller. Exploring
landslide temporal variability in relation to land-cover changes across geologic domains, our findings suggest
complex interactions between landsliding and land cover types, modulated by slope gradient and lithology.
We find that in claystone-dominated terrain, landslides density is highest in badlands across all four time
periods examined, followed by transitional shrublands, managed forest, and arable crops. Conversely, in
sandstones & marls landslide density is highest in managed forest, followed by shrubland and arable crops.
When land use effects are assessed as a function of slope gradient, different behaviours are observed in the
four geologic domains. Overall, landslide activity is highest in the last twenty years, during a period of land-
cover stability, where a decrease in total precipitation and increase of extreme events is recorded. In this
context, we find high correlation between landslide activity and specific precipitation indices. In particular,
badlands result being the most sensitive sites to changes in precipitation, with the highest landslide densities
between 1997 and 2018 in all lithologies, with the only exception of the Padano-Adriatic claystones. These
stand out for their highest density scores between 1955 and 1976, a pattern that we explain with the agricultural

encroachment of unstable badlands terrain.
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1. Introduction

During the last few decades, there has been a growing interest on assessing the relative contribution of climate
change and land cover changes on the vulnerability of water resources and the impacts on sediment transfer in
Mediterranean areas (e.g., Garcia-Ruiz et al., 1996; Piccarreta et al., 2006; Buendia et al., 2015). These studies
have highlighted a decrease in runoff and sediment yield during the second half of the 20" century, mainly due
to forest cover development following rural abandonment, and to a transition to drier climatic conditions.
Forest development implies an increase in rainfall interception (e.g., Gallart et al., 1997; Llorens et al., 1997)
and a reduction in runoff generation. These conditions, combined with the decrease of precipitation and the
transition from arable crops to dense shrubland on steep slopes, have led to buffered hydrological responses,
and consequently, to a decrease in sediment fluxes. Following this logic, in Mediterranean settings, similar
land cover changes may increase slope stability due to positive effects on hillslope hydrology and root
reinforcement (Sidle & Ochiai, 2006). Vice versa, areas with little or no forest cover, such as badlands, could
display high landslide activity.

Badlands are bare, highly dissected areas developed on impermeable, unconsolidated sediment and/or highly
erodible lithologies, typically characterized by high clay content (Yair et al., 1980; Howard, 1994; Gallart et
al., 2002). Dominant geomorphic processes shaping badland morphologies include surface flow-based
mechanisms of diffused (i.e., rain splash and sheet washing) or concentrated (i.e., rilling and gullying) erosion,
subsurface erosion (i.e., piping or tunnelling), and landsliding (i.e., earth slides and earthflows) (Yair et al.,
1980; Bryan & Yair, 1982; Clotet-Perarnau et al., 1988; Kasanin-Grubin, 2013; Moreno-de las Heras &
Gallart, 2018; Llena et al., 2020).

The Mediterranean basin is a region of high badland density (Torri et al., 2018; Nadal-Romero et al., 2021)
due to abundant clayey geology and to climatic seasonal contrasts. In these settings, typically characterised by
easily accessible, gentle slopes, forest clearing began in the Roman Period and continued through the 20™
century, likely promoting widespread erosion and badland development. In this context, traditional field-based
monitoring using sediment traps and turbidimeters are common means for investigating erosion processes and
quantifying erosion rates (e.g., Mathys et al., 2003; Nadal-Romero et al., 2012). Usually, badlands monitoring
has been performed at gully (e.g., Torri etal., 2013; Vericat et al., 2014) or plot scales (e.g., Benito et al., 1992;
Regués et al., 1995), at high temporal resolution over seasons, years, or decades. More recently, the
development of novel technologies of topographic acquisition, such as Terrestrial Laser Scanning (TLS) and
Structure from Motion (SfM) photogrammetry has allowed monitoring volumetric topographic changes (i.e.,
degradation and aggradation) at high spatial resolution (Ballesteros-Cénovas et al., 2015; Nadal-Romero et al.,
2015; Llena et al., 2020; 2021). However, while surficial erosion has been the object of intense investigation,
the role of landsliding has been virtually neglected. Indeed, there is a lack of knowledge on the quantification
of basin-wide landslide activity in relation to badlands evolution, and on how land cover changes may affect

landslide occurrence within and around badlands in relation to ongoing climatic changes.
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To address this gap, we selected a clay-dominated basin in the Northern Apennines, where badlands are
common, and earth slides and earthflows are the dominant types of mass movement. In this setting, socio-
political changes associated with post-WW?2 recovery and modern industrial development, led to widespread
people displacement from rural areas to cities and thus to agricultural land abandonment, with consequent
recolonization by transitional shrubs and natural forests in drainage basins of the Northern Apennines (Preciso
etal., 2012; Pavanelli et al., 2019).

This work aims to evaluate basin-wide, historical trends of landslide occurrence and recurrence in relation to
ongoing land cover and climatic changes. To this end, we have compiled a multi-temporal landslide inventory
(1954-2018) across 12 sequential sets of optical imagery (Table 1). This ensures higher temporal resolution,
hence higher inventory completeness, compared to existing land-cover related landslide susceptibility efforts,
which typically rely on two to four photosets over similar historical time windows. We start with the
examination of the landslide spatial distribution, investigating correlations with lithology. We continue with
the evaluation of lithological and land cover effects on landslide geometry, and conclude with the analysis of
the landslide temporal distribution in relation to historic precipitation indices and land cover changes across
different lithologies.

2. Study area

Study area is the mountain portion of the Sillaro River basin (139 km?) located in the Bologna Metropolitan
Area, Italy (Figure 1a). Elevations range from 56 ma.s.l. in Castel San Pietro Terme, at the basin outlet, to 993

m, at Mt. La Fine, on the main divide of the Northern Apennines.

The Sillaro River basin encompasses four main geologic domains, in which clayey lithologies are prevalent.
Specifically, claystones and lesser sandy, poorly cemented arenites of the Padano-Adriatic domain (Upper
Messinian-Pleistocene; hereafter termed Padano-Adriatic claystones) make up 22% of the area in the lower
portion of the basin (Figures 1b and 2b). Alternations of claystones and lesser marls, and poorly cemented
arenites of the Epiligurian domain (Eocene-Miocene; hereafter termed Epiligurian claystones), mainly outcrop
in the central part of the basin (24% of basin area). Alternations of claystones and lesser marls of the Ligurian
domain (Cretaceous-Eocene; hereafter termed Ligurian claystones), outcrop chiefly in the middle and upper
part of the basin (36% of basin area; Figures 1b and 2b). Ligurian claystones incorporate highly tectonized
limestone blocks and exhibit chaotic texture. Finally, sandstones and marls of the Umbro-Marchean flysch
complex (Serravallian-Tortonian; hereafter termed Sandstones & Marls) cover the remainder 10% of the area,

in the upper south-eastern portion of the basin (Figures 1b and 2b).

The hillslopes and the ephemeral gully network carved on clay-bearing lithologies host widespread badland
systems (i.e., the so-called calanchi in Italian). Dominant landslide types are earth slides and earthflows (Pittau
et al., 2021). These geomorphic processes produce and deliver sediment to major alluvial fans at tributary
confluences and to the main Sillaro River floodplain, which collectively occupy 8% of the basin area. The
Sillaro River has a complex channel pattern. It starts as a single-thread, semi-confined channel, characterized
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by riffle-pool and plane-bed morphology, nested in a plateau-like upper valley segment. In proximity of
Sassoleone (Figure 1a), the channel becomes substantially steeper and flows along tightly confined and
strongly coupled reaches, fed by lateral earth slides and earthflows. Upstream of San Clemente (Figure 1a),

the river degrades to multi-thread unconfined and semi-confined channel reaches, along the main alluvial

floodplain.
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Figure 1. Multi-temporal inventory maps (1954-2018) of the Sillaro River basin showing: (a) landslide
polygons classified into episodic and recurring types on elevation bands (grey shades); and (b) landslide
polygons classified by number of recorded recurrences in the context of the main geologic domains. In panel
a, triangles indicate weather stations. Floodplain in the legend of panel b indicates terrain occupied by the
Sillaro River floodplain and the main alluvial fans. The inset map shows the location of the Sillaro River basin
(black star).

The variation of slope gradient as a function of elevation (Figure 2a), as well as the frequency distributions of
elevation (Figure 2b) and slope gradient (Figure 2c) across geologic domains reflect the foregoing basin
configuration. Accordingly, median slope increases directly with elevation across the area occupied by the
main alluvial floodplain and the alluvial fans at major tributary confluences (i.e., <200 ma.s.l., Figure 2a). At
higher elevation, slope gradient ranges between 25 and 30%, displaying a subtle inflection between 600 and
800 m a.s.l., in correspondence of the aforementioned plateau, before reaching the main summits at the orogen
divide (Figure 2a). In line with the spatial distribution of the main geologic domains (Figure 1b), the Padano-
Adriatic (P-A) claystones plot at lowest elevations (i.e., peak at about 200 m a.s.l. in Figure 2b). Epiligurian

(E) claystones sit at intermediate elevations (i.e., peak at about 350 m a.s.l.), whereas Ligurian (L) claystones,
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and even more so, sandstones & marls of the Umbro-Marchean domain, prevail above 500 m a.s.l. (Figure 2b).
Slope frequency distributions across lithologies are similar, and display peaks comprised between 22% and
28%. Interestingly, Ligurian and Epiligurian lithologies tend to occupy respectively the lowest and highest

proportion of steep terrain (i.e., > 50%) (Figure 2c).
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Figure 2. (a) Median slope as a function of elevation of the Sillaro River basin; (b) elevation frequency
distribution of geologic domains; (c) slope frequency distribution of geologic domains. Dashed line in panel a
marks the approximate altitudinal limit of terrain occupied by the Sillaro River floodplain and the main alluvial
fans.

According to the Képpen-Geiger climate classification, the study area belongs to the Mediterranean climatic
zone, characterized by four seasons including hot, dry summers, cool, moderately dry winters and wetter
springs and falls. Mean annual precipitation (1991-2019) increases with elevation, from 770 mm at Castel San
Pietro Terme (59 m a.s.l.) to 1230 mm at Firenzuola (476 m a.s.l.), and is chiefly concentrated in the fall and
in springtime. Mean monthly precipitation ranges from 35 mm in July to 188 mm in November (Figure 3a) at
Firenzuola, and between 40 mm in July and 92 mm in November (Figure 3b) at Castel San Pietro Terme. Mean
monthly temperature is highest between July and August and lowest in winter, from December to February

i.e., averages below 0°C in Firenzuola (Figure 3a).

45



Q

200 7 == Precipitation Firenzuola (476 m a.s.l.)p 35

180 - == Max temperature L 30
_ | e Min temperature —
o E 160 P _ L 25> O
< E 140 | - =<
-2 bd
55109 _ N °5 5
€ = 100 - N L 15E &
£ g | N =
o .2 At . NG| 108 3
= 0 60 1 2 g
S 40 - \\ =

20 H MO

0 -5

J F M A M J AS O N D

b 200 - Castel S.P. Terme (59 m a.s.l.)p 35

180 - - 30
- £ 160 A L 25_>~§
<= £ 140 A <=
€ c - 20¢c 2
o & 120 - S 5
€ =100 4 L 15E ©
c S S 9]
S 5 80 A - 10 © g
> g 60 - [ 528

Q 40 4
20 _’7 H | O
0 -5
J F M A M J J A S O N D

Figure 3. Climographs (1991-2019) at weather stations in: (a) Firenzuola; and (b) Castel San Pietro Terme (cf.
Figure 1a for locations). Data source: ARPAE, 2021b.

Today, land cover on the slopes includes arable crops and meadows (33%), transitional shrubs (25%)
dominated by rush broom (Spartium junceum), juniper (Juniperus communis), and dog rose (Rosa canina),
and coppice-managed forest (22%), where downy oak (Quercus pubescens) and manna ash (Fraxinus Ornus)
prevail. Badlands occupy about the 12% of the hillslopes and subordinately by urban areas (5%), orchards
(1%), and water bodies (2%) (Figure 8d).

3. Methods

The multi-temporal landslide inventory was compiled in GIS environment. First, we identified and mapped
landslide tracks through visual inspection of ten sequential aerial photosets (i.e., stereoscopic photographs
and/or digital ortho-imagery taken in 1954, 1969, 1976, 1985-88, 1996, 2000, 2006, 2008, 2011, and 2014)
and two more recent sets of Google Earth imagery (i.e., 2016 and 2018) (Table 1). Following the morphologic
classification scheme detailed in chapter 2 (Pittau et al., 2021), for each landslide we recorded movement type,
morphologic position at initiation point, lateral confinement, and sediment delivery target (Table 2). During
aerial photo interpretation (API) we have identified three main types of landslides: rotational earth slides
(slumps), earthflows and complex earth movements. Morphologic position at initiation includes gully
headwalls, gully sidewalls, and open slopes (Table 2), with gully-related slope failures generally occurring

within badlands systems.
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For each landslide polygon, we extracted a series of additional attributes, including length, area, photo year of
first identification, temporal nature of occurrence, geological domain, and land use at initiation (Table 2). Each
landslide polygon encloses the perimeter of the total disturbed area, composed by an initiation and
transportation zone - down to the point where scouring could be identified - and by a deposition zone, where
bulging was apparent. For consistency with the companion inventory compiled in coastal British Columbia
(see chapter 4), the characterization of landslide geometry presented in this paper follows the specifics adopted
by Brardinoni et al. (2009). As such, landslide length and area refer to the initiation and transportation zones
only. Although in this thesis we do not pursue landslide volume estimation (see Chapter 5 for further
discussion), in perspective, this geometric approach avoids doubling volumetric estimations of mobilized
debris. Due to the coarser quality and resolution of aerial photos acquired before 1976, we set a minimum
width of about 4 meters, beyond which we found it was not possible to delineate consistently the landslide
polygon outline through time. Landslides below this threshold width were not mapped in any of the photo sets
considered. Our inventory targets landslides associated with a clear transfer of material from an initiation zone,
through a transport zone and down to a deposition zone. Therefore, it does not include incremental seasonal

movements, which may be detected through direct monitoring, INSAR, and/or feature tracking.

In the inventory, the photo year represents the minimum age for each landslide, the upper temporal boundary
being constrained by the date of the antecedent aerial photo set. Following this logic, landslides mapped on
1954 photos lack of a definite temporal constraint. Finally, temporal classification of landslides (i.e., episodic
and recurring) and number of recurrences at any given recurring site were also recorded (see methods in
Chapter 2 for more details).

Table 1. Stereoscopic photographs and digital ortho-imagery used for multi-temporal landslide
identification and mapping (modified from Pittau et al., 2021).

Photo Photo Nominal  Flying height  Focal length Pixel Bands Source
Year month scale (mas.l.) (mm) size (M)

1954 Jul 1:55,000 3048 153.89 1 B&W IGM
1969 Jun-Sept 1:15,000 1400 151.79 0.7 B&W E-R Region
1976 Apr-Jul 1:13,000 1091 153.15 0.9 RGB E-R Region
1985-88 Apr-Jul 1:25,000 1358 153.26 1 B&W E-R Region
1996 Sept 1 B&W E-R Region
2000 Jun-Jul 1 RGB WMS GN*
2006 Apr-Jul 0.5 RGB WMS GN*
2008 Jun-Aug 6000 0.5 RGB  WMSE-R**
2011 May-Jun 3368 100.50 0.5 RGB  WMSE-R**
2014 May-Sept 05 RGB E-R Region
2016 Sept 0.3 RGB  Google Earth
2018 Sept 0.3 RGB  Google Earth
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Table 2. Landslide attributes included in this inventory (modified from Pittau et al., 2021).

Attribute

Category or Units

Landslide size

Total disturbed area (m?)

Landslide type Earthflow
Earth slide
Complex
Photo year of activity From 1954 to 2018 (cf. Table 1)
Temporal nature Episodic
Recurring
Morphologic position at initiation Gully headwall
(Initiation zone) Gully sidewall
Open slope
Lateral confinement Confined
(Transport zone) Channelized
Unconfined
Sediment delivery target Hillslope
(Deposition zone) Gully channel
Permanent tributary
Main channel

Anthropogenic structure

Ligurian (L claystones)

Epiligurian (E claystones)
Padano-Adriatic (P-A claystones)
Umbro Marchean (Sandstones & marls)

Geologic Domain
(dominant lithologies)

Land cover at initiation Arable crops (and meadows)
Transitional shrubland
Managed forest

Badlands

To better constrain the time window associated with the detection of landslides in photo year 1954, we run a
landslide visibility test in the post-2000 period, when sequential photosets are 2 to 3 years apart from each
other. In particular, we selected 53 landslides that first appeared (and/or last recurred) in photo years 2006 and
2008, and evaluated through time our ability to identify and map: (i) the entire landslide polygon outline (i.e.,
initiation and transport zones); (ii) a portion of it; or (iii) none of it, due to vegetation regrowth, surficial
erosion, and/or fluvial reworking (Figure 4). Landslides considered range in size between 580 m? to 35,700

m?. Of these, 3 initiate in cultivated fields, 24 in shrublands, 9 in managed forests, and 17 in badland terrain.

We found that after 2 years, 64% of the landslides were still entirely visible, and that an additional 13% became
partly visible (Figure 4a). Complete visibility drops to 42% after 5 years and to 19% after 8 years. After 10
years, complete visibility - hence our ability to delineate the polygon outline - becomes rare (9%), with an
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additional 7% of landslides that are still partly visible (Figure 4a). Considering the 5-year uncertainty around
photo year 2006 (i.e., antecedent photo year is 2000) and applying a conservative approach, complete visibility
becomes rare after 15 years. Landslide persistence on sequential aerial photos did not increase directly with

landslide size, since landslide scars completely visible after 15 years ranged between 2,100 m?and 27,000 m?,

When classifying landslides by land cover conditions at initiation (i.e., shrubs, managed forest, and badlands)
we observe some differences in the time windows associated with complete visibility. In particular, complete
visibility may be achieved in roughly 1 out of 10 cases after: (i) 8 years, in terrain covered by shrubs (12%);
(ii) 10 years, in badlands (12%); and (iii) 12 years, in forested terrain (11%) (Figure 4b). As noted above, in
view of the temporal uncertainty around photo year 2006, we consider that complete visibility becomes rare
(hence mapping unreliable) respectively after 13 years in landslide occurred in shrublands, 15 years in
badlands, and 17 years in managed forests. These visibility time windows are applied to landslides identified

and mapped in photo year 1954,

a b
100 Landslides 100 7 visible landslides
—— Visible 7 —&—Shrubs
80 o--0 --O--Partly visible 80 - Managed forest
> E N > i
2 . e @—Badlands
[} * ] O--0)
2 60 3 60
@ o]
= =
= 4‘—:' L]
C
8 40 8 40 +
[ -~ @
& ______ o
--0O-. ] "
20 - 20 1 >
j O
0 0 | 1 | | 1 | 1 "‘*ur}
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
Years since first detection Years since first detection

Figure 4. Landslides (expressed as percent frequency) as a function of time since first detection in aerial photo
that: (a) remain entirely and partly visible; and (b) remain entirely visible across different land cover conditions
at initiation. Dashed lines in panel b indicate uncertain trends, due to the limited number of landslides that have
remained completely visible after 12 years.

To assess land cover effects on landslide activity through time, we have drawn historical data in vector format

from regional webgis data repositories (https://geoportale.regione.emilia-romagna.it/catalogo/dati-cartografici

and https://dati.toscana.it/dataset/ucs). These digital cartographic data, which cover years 1853, 1954, 1976,
1994, 2003, 2008, 2011, 2014, and 2017, were checked through visual inspection of the relevant orthophoto
mosaics, and mapping discrepancies identified were manually corrected. Starting from Corine-based

classification scheme (https://land.copernicus.eu/pan-european/corine-land-cover, we have subdivided land

cover into four main categories, including: (i) arable crops and meadows (for brevity termed arable crops), (ii)
transitional shrubland (for brevity termed transitional), (iii) managed forest, and (iv) badlands. Conceptually,
based on highest root cohesion and water interception, we expect that landslide activity will be lowest in

managed forest (most stable terrain), and that will increase progressively in transitional shrubland, arable crops,
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and badlands (least stable terrain). However, considering that the spatial distribution of land cover within a
watershed depends tightly on logistical access (e.g., arable crops may occupy gentler terrain compared to
managed forest), we will examine land cover effects on landslide activity through time, also in relation to slope
gradient (Section 5.3).

To evaluate possible causal linkages between landslide activity and hydro-meteorological forcing during the
study period (1954-2018), we have looked at historical records of daily and annual precipitation (Figure 5). At
the annual scale, first we have considered the temporal variability of annual precipitation and relevant anomaly.
Due to incomplete historical records (Figure 5), the entire annual series was reconstructed by combining data

from Piancaldoli (500 ma.s.l.) and San Clemente (166 m a.s.l.) weather stations.

Owing to largely incomplete historical records at any of the weather stations within the Sillaro River basin
(cf., Figure 5) and wishing to explore additional precipitation metrics against which evaluate landslide activity
across sequential photo sets (Table 1), we decided to use E-OBS meteorological data analogues, available on
the Climate Data Store website (CDS, 2021). E-OBS is a high-resolution daily gridded (0.25 degrees) land-
only observational dataset over Europe formed through the interpolation of data collected from meteorological
stations. The terrain of the Sillaro River basin falls within three of such grid cells (Supplementary Figure 1).
In this work, we have used data from the cell that occupies the central part of the basin, where the majority of
the landslide clusters and where the San Clemente station is located (Supplementary Figure 1). Starting from
gridded daily rainfall data, we derived the (i) PRCPTOT, (ii) Rx1day and (iii) R99pTOT climate change
indices, corresponding respectively to: (i) the annual total precipitation (mm), (ii) the annual maximum daily
precipitation (mm), and (iii) the precipitation fraction (%) due to extremely wet days (i.e., when daily
precipitation amount exceeds the 99" percentile in the 1950-2020 period). These indices are typically used in
climatology to explore historical precipitation trends across different datasets worldwide. More recently, they
have been considered as possible proxies for evaluating hydro-meteorological correlations with the occurrence
of natural hazards including floods, flash floods and mass movements (e.g., Avila et al., 2016; Mysiak et al.,
2018; Coscarelli et al., 2021).

1940 1950 1960 1970 1980 1990 2000 2010 2020
Piancandoli — - - S —
Sassoleone —-— e
San Clemente
Castel S.P. Terme - B — —
Montecatone -
Firenzuola —
Castel del Rio -
Fontanelice - oo

1940 1950 1960 1970 1980 1990 2000 2010 2020

Figure 5. Historical precipitation data at local weather stations between 1940 and 2018. Grey lines indicate
complete annual and daily records. Red lines indicate complete annual records but incomplete daily ones.
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4. Historical background

4.1 Hydro-meteorological forcing (1950-2018)

The combined time series of annual precipitation anomaly at Piancaldoli (500 m a.s.l.; from 1950 to 1964) and
San Clemente (166 m a.s.l.; from 1965 to 2018) stations (Figure 6a) starts with a high positive value in 1951.
Subsequently, the 3- and 5-yr moving averages describe a negative trend in 1953-57, which is followed by a
positive one until 1984 (with some isolated exceptions), in agreement with climate deterioration and concurrent
glacier advance recorded in the Alps (Patzelt, 1985; Hoelzle et al., 2003; Scotti et al., 2014). Moving averages
describe a 10-yr negative cycle, until 1995, which is then followed by a series of alternating weak positive and
stronger negative, 3-to-5 yr cycles. E-OBS-based precipitation anomalies (Figure 6b) display a very similar
time series, the only exception being the 1953-1965 period, where a more pronounced positive trend is

observed (i.e., highest anomalies in 1959 and 1960).
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Figure 6. Historical annual precipitation anomaly (bars) and relevant 3-year (in red) and 5-year (in black)
moving average drawn from: (a) Piancaldoli (1950-1964) and San Clemente (1965-2018) weather stations (cf.,
Figure 1a); and (b) E-OBS gridded data. Mean annual precipitation at Piancaldoli (1949-1968) and San
Clemente (1962-2020) is respectively 1117 mm and 842 mm (ARPAE, 2021a; ISPRA, 2021). Mean annual
precipitation (1950- 2018) of E-OBS gridded data is 807 mm (CDS, 2021).
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Gridded data of PRCPTOT from 1950 to 2018, display decrease of annual precipitation over time (Figure 7a).
The highest value is recorded in 1960 (1295 mm), while the lowest (471 mm) occurs in 1988. Annual
maximum daily precipitation (RX1day) ranges from 23 mmin 1985 to 79 mm in 2005, with a mean of 44 mm
(Figure 7b). Mean of annual extreme events (R99pTOT) is of 16%, with a peak of 34% in 1973 (Figure 7c).
In 1955, 1970, 1974, 1985, 1988, and 1998 no extreme event is recorded.
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Figure 7. Historical time series (1950-2018) of climatic index values and respective anomalies calculated from
E-OBS gridded data at San Clemente station: (a) total annual precipitation, (b) RX1day, and (c) R99pTOT.
Vertical lines indicate the historical photo years used in the inventory. Thick vertical lines bound the time
period used for assessing historical land cover effects.
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4.2 Historical land-cover changes (1853-2018)

Basin-wide, historical land cover mapping (Figure 8 and Supplementary Figure 2) is instructive. In 1853, the
basin is mainly covered by transitional shrubs, and subordinately by managed forest and orchards, with limited
arable crops and no indication of badland patches (Figure 9 and Supplementary Figure 2). Between 1853 and
1954, we observe a sharp increase in arable crops (and pasture), and to a lesser extent of managed forest, at
the expense of transitional shrubland (Figure 9). Interestingly, during this period badlands extent exhibits a
significant increase, suggesting that land conversion to cropland and pasture favoured widespread surficial
erosion and slope instability (Figure 9). Subsequently, between 1954 and 1976 cropland continues to grow
(even though at a much slower rate) with a symmetrical decrease of transitional shrubs, whereas forests and
badlands remain substantially stable (Figure 8). The latter extent continues to be stable until today. The 1976-
1994 period displays dynamics of agricultural land abandonment. Accordingly, arable crops for the first time
start shrinking and transitional shrubs continue to do so, this time compensated by a revived increase in
coppice-managed forest (Figure 9). From 1994, changes across categories are minimal and the land cover
spatial configuration remains about stable.

a
1954 &

I Badlands
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Figure 8. Land cover maps of the Sillaro River basin in: (a) 1954; (b) 1976; (c) 1994; and (d) 2017.

53



+— Arable crops —e—Transitional

1
10000 - . —&— Managed forest —#&— Badlands
Orchards Water bodies
: —x=- Urban
8000 H I
High agricultural Land Land cover
= . pressure abandonment stability
< 6000 - |
© .
g
< I
4000 H !
2000 - ._—I7A: —— ':‘_—“W
- X = X g X X
0t == P e
1850 1950 1970 1990 2010

Figure 9. Historical land-cover changes of the Sillaro River basin. Values of 1853 are related to the 88% of the
basin area. Vertical dashed line marks temporal truncation applied between 1850 and 1950.

Land cover spatial distribution over time varies across lithologies (Figure 10) and therefore some differences
may be observed in comparison with basin-wide trends illustrated in Figure 9. For example, between 1954 and
1976, major changes involved an increase in arable crops in all lithologies, evidence of increasing agricultural
pressure, and decrease of transitional shrubs, except in L claystones, where they continue to expand at the
expense of managed forest (Figure 10a). The 1976-1994 period shows common land abandonment dynamics,
with decrease of shrubs and arable crops paralleled by an increase of managed forest and badlands (i.e., except
in sandstones & marls, which bear no significant badland terrain), regardless of lithology. Interestingly, we do
not observe a consistent decline of cropland area in L claystones, where this land cover class stays about the

same from 1976 onward.

In view of the foregoing historical changes at the basin scale and across geologic domains, we will examine
landslide activity as a function of land cover across four main periods (see section 5.3). Before 1954, where
temporal information on landslide occurrence is associated with highest uncertainty, between 1954 and 1976,
where cropland development (hence agricultural pressure) peaks, between 1976 and 1994, a period

characterized by dynamics of land abandonment, and after 1994, a phase of general land cover stability.
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Figure 10. Historical land-cover changes across geologic domains, including: (a) Ligurian claystones; (b)
Epiligurian claystones; (c) Padano-Adriatic claystones; and (d) Sandstones & marls.
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In altitudinal terms, these historical land cover changes show that the post-1976 increase in managed forest
occurs at elevations distributed below 600 m (Figurella), at the expense of transitional shrubland, which in
the same period displays a symmetrical decrease (Figurellc). Concurrently, after 1976, the decrease in arable
crops is focused on elevations comprised between 300 m and 750 m (Figurelle). The altitudinal distribution
of badlands does not show any significant change through time and peaks consistently between 200 m and 400
m (Figure 119).

The spatial distribution of land cover types does vary as a function of slope gradient (i.e., modal values and
skewness towards high slopes). Accordingly, arable crops exhibit lowest modal slope (0.22 m/m) and a tail
that extends up to about 0.70 m/m (Figure 11f). These two statistics increase progressively across transitional
shrubland (mode equals 0.25 m/m and tail reaches 0.85 m/m; Figure 11d), and managed forest (mode equals
0.27 m/m and tail reaches 0.95 m/m; Figure 11b). By contrast, the slope distribution in badlands is about
symmetrical and exhibits highest modal value (about 0.37 m/m) and a positive tail that touches 0.90 m/m
(Figure 11h).

The shape of the slope distribution within each land cover category does not change significantly over time,
the only exception being arable crops, where the secondary peak observed at about 0.38 m/m disappears after
1954 (Figure 11f). With reference to landslide susceptibility, we note that, part of the post-1976 forest
expansion observed at the expense of shrubland area, involves steep terrain i.e., up to roughly 0.9 m/m (cf.,
Figures 11b and 11d). In principle, this historical shift suggests that after 1976 a portion of relatively steep
terrain within the basin could be considered less prone to landsliding due to increased root reinforcement and
water interception. To test this hypothesis and look for possible slope-land cover interactions, we will examine

landslide activity in relation to both variables.
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Figure 11. Historical land-cover distribution across terrain elevation in: (a) managed forest; (c) transitional
shrubs; (e) arable crops; and (g) badlands. Historical land-cover distribution across slope gradient in terrain
covered by: (b) managed forest; (d) transitional shrubs; (f) arable crops; and (h) badlands.

5. Results

We mapped 1164 landslides — 345 episodic and 819 recurring — to which collectively is associated an area of
about 4.4 km? (Figure 1a). The number of recurrences at single landslide sites ranges from 1 to 9 (Figure 1b).
Landslides are dominantly of the earthflow type (n = 1022), followed by earth slides (n = 129) and complex
ones (n = 13). Their morphologic position at initiation (source) includes gully headwalls (n= 952), open slopes
(n=147), and gully sidewalls (n=65). Sediment delivery targets include mainly gully channels (n = 1008),
followed by unchannelled topography (hillslopes) (n = 90), main channels (i.e., the Sillaro River) (n = 30),
anthropogenic structures (n = 22), and permanent tributaries (n = 14). Most of the movements (96%) occur in

clay-dominated lithologies (i.e., 35% in L claystones, 35% in E claystones, and 26% in P-A claystones),
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whereas 4% only are observed in sandstones & marls. Landslides preferentially occur on badlands (43%) and

transitional shrubland (36%), and to a lesser extent in managed forest (14%) and arable crops (7%) (Table 3).

Table 3. Number of landslides and corresponding total landslide areas mapped across land-cover types.

Total Badlands Managed forest Transitional Arable crops
Number of landslides 1164 499 (43%) 168 (14%) 420 (36%) 77 (7%)
Area (km?) 44 1.7 (38%) 0.6 (14%) 1.8 (41%) 0.3 (T%)

5.1 Landslide activity across lithologies

In all lithologies, recurring movements overcome recurring counterparts. This dominance is particularly
evident in sandstones & marls, where episodic landslides represent the 14% only, and tends to weaken in L
and E claystones (26%), and in P-A claystones (40%) (Figure 12 and Table 4). Landslide count standardised
by the relevant terrain extent (i.e., landslide density) provides a more reliable view of possible lithologic effects
on landslide activity (Figure 12). Clay-dominated lithologies record highest landslide densities, with E
claystones that display a maximum high of 12.3 landslides per km?, followed by L (7.9 #/km?) and P-A (7.7
#/km?) claystones, and lastly by sandstones & marls (2.9 #/km?) (Table 4).
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Figure 12. Number of landslides (blue bars) and landslide density (brown bars) across geologic domains. Dark
tones indicate episodic landslides; lighter tones indicate recurring landslides.
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Table 4. Landslide count, area, and density stratified by temporal nature and dominant lithology of occurrence.

Temporal L E P-A Sandstones
nature  claystones claystones claystones & marls
Number of Episodic 110 105 124 6
landslides Recurring 300 301 182 36
Total 410 406 306 42
Area Episodic 59 36 17 2
(ha) Recurring 168 116 30 11
Total 220 152 47 13
Landslide density Episodic 2.1 3.2 3.1 04
(#/km?) Recurring 5.8 9.1 4.6 25
Total 7.9 12.3 7.7 29

The number of recurrences at a site in the study period records a maximum of 9 in L claystones, 8 in E
claystones, 7 in sandstones & marls, and 6 in P-A claystones (Figure 13). Cumulative frequency distributions
show striking overlap among claystones, which follow a non-linear increase, with more than 160 landslides
(between 80% and 90% depending on claystone type) that have recurred less than 4 times (Figures 13a and
13c). By contrast, in sandstones & marls, whose cumulative frequency increases linearly, this figure drops by
an order of magnitude, to about 10 landslides (< 65%) in agreement with prior results shown in Figure 12.
When considering cumulative landslide areas across numbers of recurrences, the different absolute
contribution of each claystone type becomes apparent, and the overlap previously observed in landslide count,
disappears (Figure 13b). In relative terms, more than 80% of landslide area in P-A claystones is contributed
by sites where landslide activity has recurred less than 5 times. This figure decreases to about 65% for E and
L claystones, and to 40% for sandstones & marls (Figure 13d).
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Figure 13. Cumulative frequency distributions as a function of landslide recurrences at initiation sites across
geologic domains, represented by: (a) number of observations; (b) landslide area; (c) percent number of
observations; and (d) percent landslide area.

5.2 Landslide geometry across lithologies and land cover types

Mapped landslide lengths range from a minimum of 12 m to a maximum of 830 m, and correspond to areas
comprised between 112 m? and 75,570 m® Landslide lengths are highest in L and E claystones (i.e., median
values >100 m), and display identical distributions (cf., green and yellow box-whiskers in Figure 14a).
Landslides in sandstones & marls and in P-A claystones are comparatively shorter, with the latter showing the
lowest median value (about 80 m; Figure 14a). A similar size ranking across lithologies is observed with regard
to the distributions of landslide areas. In this respect, however, we note a distinct progressive decline in median
values and interquartile ranges (i.e., the boxes) across claystones i.e., from L- through E- and down to P-A
domains (i.e., median values decline from 2,500 m? down to about 1,000 m?; Figure 14b), in agreement with
the ranking in cumulative area distribution (Figure 13b). In terms of land cover, the only apparent effect relates
to landslides occurring in arable crops (and pastures), whose medians and interquartile ranges are distinctively

lower, both in terms of length (i.e., median = 70 m; Figure 14c) and area (i.e., median = 1,200 m?; Figure 14d).
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Figure 14. Boxplots showing the size distributions of landslide: (a) lengths; and (b) areas, stratified by geologic
domain. Relevant landslide: (c) lengths; and (d) areas, stratified by land cover. Boxes enclose interquartile
ranges and whiskers span from 5% to 95%.

Landslide geometry is elongated, with area-length ratio ranging from about 8:1 to over 100:1 (Figure 15a).
Overall, landslide length grows as a 0.53 power function of area (see relation of the “combined” data set in
Table 5). Lithologic-driven departure from this scaling exponent is observed in sandstones & marls (i.e., note
the 0.82 exponent in Table 5 and graphically in Figure 15a), which therefore tend to approach isometric
increase (i.e., a scaling exponent equal to 1 means that length and area grow at the same rate). In relation to
land cover, we note higher than usual scaling exponents on arable crops underlain by L claystones (0.80) and
P-A claystones (0.69). These exponents, however, derive from very limited numbers of observations (Table

5), and should be considered with care.
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Figure 15. Landslide length as function of landslide area, classified by (a) geologic domains; and across land
cover types within terrain of the: (b) L claystones, (c) E claystones and (d) P-A claystones. Due to the limited
number of observations, landslides occurring in sandstones & marls were excluded from the analysis.

Table 5. Power-law fitting of landslide area-length relations stratified by dominant lithology and land-cover
types. Due to the limited number of observations, landslides occurring in sandstones & marls were excluded
from the analysis. A indicates landslide area. L indicates landslide length.

n Power-law fitting R?
Combined 1164 L=1.89A"0.53 0.74
Lithology L claystones 410 L=1.45A"0.57 0.78
E claystones 406 L=1.46A"0.57 0.67
P-A claystones 306 L=2.49A"0.50 0.63
Sandstones & marls 42 L=0.94A"0.82 0.82
L claystones Arable crops 18 L=1.33A"0.80 0.96
Badlands 163 L=2.03A"0.52 0.82
Transitional 188 L=0.99A"0.60 0.80
Managed forest 41 L=3.31A"0.45 0.50
E claystones Arable crops 37 L=1.81A"0.53 0.81
Badlands 180 L=1.45A"0.58 0.72
Transitional 101 L=1.95A"0.52 0.69
Managed forest 88 L=0.87A"0.62 0.65
P-A claystones Arable crops 15 L=0.59A"0.69 0.85
Badlands 156 L=4.21A"0.43 0.45
Transitional 117 L=1.50A"0.57 0.77
Managed forest 18 L=1.64A"0.55 0.56
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5.3 Temporal variability

In all photo years, the number and area of recurring landslides are consistently higher than episodic
counterparts (Figure 16), except for photo year 2016, which however covers a period of 2 years only (Table
2). Starting with photo year 1954, for which we have constrained a visibility time window of 15 years (Figure
4a), we detected a total of 88 landslides (Supplementary Table 1). This figure nearly doubles (n = 148) in photo
year 1969 (Figure 16a), during a period of high agricultural pressure that witnessed highest historical cropland
extent (Figure 9). From 1970 through 1996, in a period characterized by land abandonment, with highest
recorded expansion of forest cover and concurrent shrubland decrease (Figure 9), we observe a steady decline
in landslide occurrences. Subsequently, between 1997 and 2018, in a period of generalized land cover stability,
we observe a high variability in landslide activity, with an historical high of 203 landslides in the 2008-2011
period.

The temporal variability of total landslide area shows obvious similarities with the variation of landslide count,
but at the same time differs in many respects (Figure 16b). First, highest total area is recorded in 1969 (82 ha),
as opposed to 2011 for landslide count (Supplementary Table 1). Second, the continuous decline in landslide
count previously observed between 1969 and 1996, is now interrupted in photo year 1988, mostly due to a
relative collapse in landslide areas recorded in photo year 1976. Third, the 1997-2018 period is still
characterized by ample temporal variability, but the relative weight of these photo years in the overall historical
(1954-2018) area budget is far less important than how observed in terms of landslide count, suggesting that
landslides are comparably smaller. For example, landslide area in 2011 equals to 35 ha, compared to the

historical high recorded in 1969.

To gain additional insights on possible environmental controls, we further examine historical landslide activity
in conjunction with land-cover changes and across geologic domains (Figure 17). Considering the land cover
dynamics detailed in section 4 (i.e., Figures 9 and 10), landslide activity though time was represented across
four time periods, each covering about two decades: before 1954, 1955-1976, 1977-1996, and 1997-2018. In
each study period, landslide density is standardized by the areal extent of each land cover category and by the
relevant number of years.
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Figure 16. Temporal variability in the (a) number of landslides, and (b) relevant area across time periods bound
by historical photo sets used in this study. Green bars indicate episodic landslides; yellow bars indicate
recurring landslides.

Results show that landslide densities across land cover types in clayey lithologies differ from those observed
in sandstones & marls. Densities are consistently higher through time within badlands, followed by transitional
shrubland, manged forest and arable crops (Table 6 and Figure 17a through 17¢). In particular, different
claystones share a common historical trend in overall activity (i.e., combined height of each stacked bar).
Accordingly, after 1954 landslide density decreases in the 1977-1996 period, characterized by highest land
abandonment dynamics, and increases sharply between 1997 and 2018, during a period of generalized land
cover stability (Table 6). This historical trend is also shared by landslide densities in badlands, managed forest
and croplands, whereas transitional shrubs, regardless of lithology, display a progressive increase through time
(Table 6). Differently from what described in clayey settings, landslide density in sandstones & marls: (i)
scores highest in managed forest, followed by transitional shrubland and arable crops (Figure 17d); and (ii)

increases progressively through time (Table 6 and Figure 17d).
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Figure 17. Stacked bar diagrams showing the historical variation in landslide density, stratified by land cover
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in panel d.

Table 6. Historical landslide densities stratified by dominant geology and land cover.

Landslide density (#/km?/yr)

Geology Land use <1954 1955-1976  1977-1996  1997-2017
L claystones Badlands 0.10 0.08 0.07 0.22
Managed forest 0.03 0.03 0.01 0.03
Transitional 0.02 0.05 0.05 0.12
Arable crops 0 0.01 0 0.01
E claystones Badlands 0.03 0.11 0.05 0.33
Managed forest 0.02 0.06 0.02 0.08
Transitional 0.01 0.03 0.03 0.06
Arable crops 0 0.01 0 0.02
P-A claystones  Badlands 0.02 0.15 0.11 0.15
Managed forest 0 0.02 0 0.01
Transitional 0 0.03 0.04 0.08
Arable crops 0 0 0.01 0.01
Sandstones & Badlands 0 0 0 0
marls Managed forest 0 0.01 0.01 0.02
Transitional 0 0 0.01 0.01
Arable crops 0 0 0 0.01

To explore the possible influence of slope gradient on land use effects across lithologies, we calculate and

compare landslide densities across three slope classes. These classes in a given geologic domain are defined
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so that each includes approximately one third of the total number of landslides (i.e., comparable numbers of
observations). In E claystones, P-A claystones, and sandstones & marls this criterion yielded classes with slope
< 0.35 m/m, comprised between 0.35 and 0.45 m/m, and > 0.45 m/m. In agreement with the gentler, basin-
wide slope frequency distribution (Figure 2c), classes in L claystones bound comparably gentler terrain,
including slopes <0.29 m/m, comprised between 0.29 and 0.38 m/m, and > 0.38 m/m. In each geologic context,
we examine the range of variability of landslide density, controlling for land cover and slope gradient at
landslide initiation (Figure 18 and Table 7). Considering the limited number of landslides in arable crops, as

well as in sandstones & marls, densities are reported for completeness and should be evaluated with care.

Examination of Figure 18 shows a composite picture. Landslide density ranges across slope classes are widest
and tend to reach highest values in badlands (i.e., ~36 #/ha/yr in E claystones), followed by transitional
shrubland (i.e., ~37 #/ha/yr in P-A claystones), hence by managed forest (i.e., ~24 #/halyr in E claystones) and
arable crops (Table 7). This ranking differs in E-claystones, where density ranges in managed forest, although
broadly comparable to those in transitional shrubs, exhibit higher maxima across the three slope classes (Figure
18Db).
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Figure 18. Ranges of historical landslide density across land cover types and slope classes in: (a) L claystones;
(b) E claystones; (c) P-A claystones; and (d) Sandstones & marls. Red arrows mark landslide density values
observed in the 1955-1976 period. Black arrows mark landslide density values observed in the 1997-2018
period. Numbers refer to the landslide counts used to compute the landslide densities.
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When densities are calculated from a comparable number of landslides across slope and land cover categories,
density ranges and maxima tend to increase with slope gradient. This is the case of: (i) managed forest in all
lithologies except in P-A claystones, where historical forest cover however is very limited (Figure 10c); (ii)
transitional shrubland in all lithologies, with the caveat of limited numbers in sandstones & marls; and (iii)
arable crops, where present, despite the limited number of observations noted earlier. In L claystones, increase
in landslide density range and maxima applies only at the transition between low and intermediate slope classes
(see patterns of managed forest and transitional shrubs in Figures 18a), whereas it continues up to steepest

slopes in managed forest and shrubland underlain by E claystones (Figure 18b) and in shrubland underlain by
P-A claystones (Figure 18c).

Landslide densities in badlands across claystone types display a complex behaviour across slope classes. If on
one hand densities appear to be insensitive to slope increase in L claystones (i.e., note density maxima at
intermediate slopes in Figure 18a); on the other, in E- claystones, and even more so in P-A claystones, density
exhibits high sensitivity to slope gradient, as ranges of variation broaden with increasing slope and attain
progressively higher maxima (Figure 18c).
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Table 7. Historical landslide densities stratified by dominant geology, land cover and slope.

Landslide density (#/ha/yr)

Geology  Land use Slope (m/m) <1954 1955-1976 1977-1996 1997-2017 Range

L Badlands <0.29 10.96 11.48 8.13 21.80 8.13-21.80

claystones  Managed forest 2.44 1.62 1.21 1.70 1.21-2.44
Transitional 2.37 3.19 4.09 8.06 2.37-8.06
Arable crops 0 0.44 0 1.08 0.44-1.08
Badlands 0.29<5<0.38 8.96 22.34 4.72 35.71 4.72-35.71
Managed forest 6.54 1.46 1.50 4.50 1.46-6.54
Transitional 1.56 5.15 7.49 23.80 1.56-23.80
Avrable crops 0 0.56 0.78 2.04 0.56-2.04
Badlands >0.38 9.52 7.33 12.16 17.32 7.33-17.32
Managed forest 1.48 6.17 1.14 1.81 1.14-6.17
Transitional 2.00 9.56 2.35 20.13 2.00-20.13
Arable crops 0 247 1.37 0 1.37-2.47

E Badlands <0.35 2.73 13.53 5.14 30.42 2.73-30.42

claystones  Managed forest 0.63 432 0.31 2.86 0.31-4.32
Transitional 0.56 1.74 2.09 3.88 0.56-3.88
Arable crops 0.36 0.89 0.30 2.15 0.30-2.15
Badlands 0.35<S<0.45 4.94 12.99 2.77 31.94 2.77-31.94
Managed forest 4.60 3.86 212 11.64 2.12-11.64
Transitional 2.53 3.82 2.54 10.26 2.54-10.26
Arable crops 2.05 0 3.10 4.16 2.05-4.16
Badlands > 0.45 1.86 18.05 6.60 36.39 1.86-36.39
Managed forest 6.05 11.98 7.66 24.13 6.05-24.13
Transitional 3.51 4.64 16.13 21.92 3.51-21.92
Arable crops 0 0 0 36.54 NA

P-A Badlands <0.35 3.64 14.65 5.14 9.81 3.64-14.65

claystones  Managed forest 0 3.09 0.31 1.04 0.31-3.09
Transitional 0 1.07 2.72 291 1.07-2.91
Avrable crops 0 0 0.90 0.67 0.67-0.90
Badlands 0.35<S5<0.45 1.24 21.11 8.32 19.16 1.24-21.11
Managed forest 2.30 1.93 1.06 1.79 1.06-2.30
Transitional 0 6.20 7.62 16.41 6.20-16.41
Arable crops 0 0 1.55 2.77 1.55-2.77
Badlands > 0.45 1.86 27.55 19.08 16.79 1.86-27.55
Managed forest 0 0 0 2.50 NA
Transitional 3.51 8.36 9.22 36.53 3.51-36.53
Arable crops 0 0 6.23 0 NA

Sandstones  Badlands <0.35 0 0 0 0 NA

& Marls Managed forest 0 1.23 0 0.26 0.26-1.23
Transitional 0 0.27 0.63 0.78 0.27-0.78
Arable crops 0 0 0 0.40 NA
Badlands 0.35<S<045 O 0 0 0 NA
Managed forest 0 0 1.06 2.69 1.06-2.69
Transitional 0.84 0 0.85 2.05 0.84-2.05
Arable crops 0 1.93 0 2.77 1.93-2.77
Badlands > 0.45 0 0 0 0 NA
Managed forest 0 0 3.83 8.32 3.83-8.32
Transitional 0 0 0 0 NA
Avrable crops 0 0 0 0 NA
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6. Discussion and conclusions

The multi-temporal visibility test conducted on 53 selected landslides allowed constraining a 15-year time
window, during which, landslide initiation and transport zones could be consistently identified and mapped
(Figure 4a). This figure, which fills a critical empirical gap for the remotely-based detection of landslides in
the Northern Apennines, varies with land cover conditions at initiation: from a minimum of 13 years in
transitional shrubland, to at least 17 years in forested terrain (Figure 4b). Compared to coastal British Columbia
(see Chapter 4), where landslides persist on aerial photos for about 30 years (Rood, 1984; Smith et al., 1986;
Brardinoni, 2001), this shorter time frame requires about twice the number of sequential photosets (hence a
much onerous operator’s effort) in order to obtain a multi-temporal inventory of comparable completeness.
With reference to the photosets used in the Sillaro River basin, the two sequential photo sets that are farthest
apart (i.e., 1954 and 1969), are still within the minimum requirements for visibility and mapping. Following
this logic, when considering climatic and land cover effects, landslide counts and relevant density values in
the 1954-1976 period (Figures 16 and 17) should be regarded as minimum estimates.

Results from multi-temporal mapping suggest that landslide activity in the Sillaro River basin is strongly
influenced by lithology. For example, when considering landslide density per unit lithologic area as a proxy,
landslide activity is 3 to 4 times higher in the Ligurian Allochthonous Complex (i.e., L and E claystones) than
in the Flysch Complex (i.e., sandstones & marls) (Table 4, and Figure 12). This 4:1 ratio agrees with prior
findings derived from regional inventories conducted on 1954 aerial photos across the same geologic
complexes in the Marche and Umbria regions, Central Apennines (Guzzetti et al., 1996). In this context, our
multi-temporal mapping approach on the temporal nature of landslide occurrence allows adding that (i)
landslide activity at a site in a roughly 80-year time window (Figure 4a) can recur up to 9 times (Figure 13);
and (ii) the relative importance of recurring landslide sites, both numerically and in terms of areal extent, varies
with lithology. In particular, recurring landslide sites can account respectively for 35% (P-A claystones) to
60% (sandstones & marls) of the total landslide count, and for 65% (P-A claystones) to 90% (sandstones &

marls) of the total landslide area, with L and E claystones displaying intermediate percentages (Figure 12).

We find that lithology influences landslide geometry too, with landslides on P-A claystones being distinctively
shorter (hence smaller) than the others (Figures 14 and 15). We attribute this difference to terrain morphometry,
and specifically to the spatial distribution of P-A claystones, which dominates the lower portion of the Sillaro
basin (Figure 1b). Following this logic, we argue that the limited range of variation and the shape of P-A
claystones elevation frequency distribution — skewed towards elevations < 400 m a.s.l. (cf., distributions in
Figure 2b) — would bound local relief to comparably lower values, hence limiting slope length and maximum

landslide runout length.

With reference to the influence of land cover on geometry, we show that landslides have virtually identical
shape and size in (coppice) managed forest, in transitional shrubland and within badlands (Figures 14c and
14d; Figures 15b through 15d). This finding suggests that the effect of (herbaceous to arboreal) root

reinforcement, which conceptually should limit the size of landslide footprint at initiation, in clayey, earthflow-
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dominated terrain, might be less straightforward than previously envisaged. In this context, the shorter length
(and smaller area) of landslides in croplands should not surprise. These slope instabilities, which tend to occur
on typically gentler terrain (Figure 11f), are typically rotational slumps characterized by limited downslope
mobility, and therefore less elongated, as hinted by the area-length scaling exponent that approach unity (i.e.,

isometric increase) (Figure 15 and Table 5).
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Figure 19. Temporal variability in the (a) number of landslides, and (b) relevant area across time periods bound
by the historical photo sets used in this study. Green bars indicate episodic landslides; yellow bars indicate
recurring landslides. In panel a, linework indicates concurrent variation in cumulative total precipitation
(PRCPTOT,; blue), maximum daily precipitation (RX1DAY; purple), and the mean precipitation fraction (%)
due to extremely wet days (R99pTOT; red) i.e., when daily precipitation amount exceeds the 99" percentile in
the 1950-2020 period.

To evaluate to what extent historical landslide activity in the Sillaro River basin might respond to hydro-
meteorological forcing (e.g., Berti et al., 2012; Ciccarese et al, 2020; 2021), we have calculated three climatic
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precipitation indices (i.e., cumulative PRCPTOT, maximum RX1DAY and mean R99pTOT) (see sections 3
and 4 in this chapter) across the time intervals that characterize the historical sequential photosets used in this
study (Table 1). Qualitatively, the historical trend in cumulative total precipitation (PRCPTOT), which
displays an overall — even though discontinuous - declining tendency, appears to mimic closely that of landslide
area (Figure 19b), and to a lesser extent, that of landslide frequency (Figure 19a). Simultaneously, despite the
higher noise involved, we observe that the relative weight of mean extreme precipitation events (R99pTOT)
displays an opposite trend, suggesting that periods with higher total precipitation are dominated by events of
low-to-average magnitude, and that vice-versa, as total precipitation decreases, extreme events become
progressively more important. Annual maximum daily precipitation (RX1day) does not appear to show a clear

historical tendency.

The foregoing qualitative observations are confirmed and corroborated by simple correlation analysis, which
excludes the pre-1954 period, due to incomplete gridded precipitation data. Accordingly, landslide count
(correlation coefficient = 0.441) and especially landslide area (0.927), are directly related to total precipitation,
and consequently, inversely related to R99pTOT (Table 8). In this latter case, correlation is stronger for
landslide count (-0.625) than for landslide area. When considering, episodic and recurring landslides

separately, correlations change very little (Supplementary Tables 2 and 3).

Table 8. Matrix correlation between the total number of landslides (episodic and recurring), relevant combined
landslide area and precipitation indices. Period of investigation: 1955-2018.

Total LS #LS LSarea PRCPTOT RXlday R99pTOT
#LS 1.000

LS area 0.674 1.000

PRCPTOT 0.441 0.927 1.000

RX1day 0.038 0.428 0.568 1.000

R99pTOT -0.625 -0.425 -0.278 0.309 1.000

Evaluation of basin-wide historical landslide activity in relation to land cover changes (Figure 9 and
Supplementary Figure 2) in the context of historical precipitation trends (Figures 6, 7 and 19), suggests that
badlands dominate the scene and that other land cover changes may not be as important. The lack of badlands
in sandstones and marls explains the strong lithologic control noted above on landslide activity, and the 3- to

4-fold decrease in landslide density, compared to claystone-dominated contexts.

Indeed, badlands are associated with highest historical landslide densities across all four time periods
examined, followed by transitional shrubland, managed forest, and arable crops (Figure 17 and Table 6). If
one excludes arable crops — considering the limited number of landslides and the comparably gentler terrain
on which they occur — this land cover stability ranking broadly matches expectations on the stabilizing effect

of an increasingly structured and developed vegetation cover.
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The land-cover composition of landslide density in the three claystone types remains about constant through
time (i.e., relative thickness of the different land-cover categories remains the same within the three stacked
bars; Table 6 and Figure 17). When considered alone, this pattern suggests that documented historical
variations in land cover extent and agricultural techniques (e.g., the 1977-1996 period, when land abandonment
was most intense) and/or precipitation (e.g., the 1997-2018 period, when the weight of extreme events has
grown highest in an overall drier climate) have not significantly affected landslide initiation dynamics at the
basin scale. However, since land cover distribution in a basin typically reflects logistical access — forested
areas occupying more remote and less accessible terrain than cultivated lands — we evaluated land cover effects

in relation to landscape ruggedness, and to slope gradient in particular.

This evaluation allowed depicting a more complex picture across different geologic domains (Figure 18).
When densities are calculated from comparable numbers of landslides, density ranges and maxima tend to
increase with slope gradient in: (i) managed forest, except in P-A claystones; (ii) transitional shrublands; and
(iii) arable crops, despite based on very limited numbers of observations. In this context, badlands stand out
for their composite behaviour across claystones. If on one hand, landslide density ranges and maxima increase
directly with slope gradient in E and especially in P-A claystones, they look rather insensitive to slope in L

claystones.

In terms of temporal variability, density stratification by slope and land cover confirms and corroborates a
generalized sensitivity of landslide occurrence in the last 20 years. In this drier period, when extreme
precipitation events have become increasingly important, landslide density values (i.e., black arrows in Figure
18 refer to 1997-2018) tend to attain their historical high in shrubland and managed forest, but especially in
badlands, with the only exception of P-A claystones (Figure 18c). In the latter case, landslide densities in
badlands are highest across all slope classes when agricultural pressure peaked, between 1955 and 1976 (i.e.,
red arrows in Figure 18c). We interpret this finding as consequence of the temporary expansion of cropland
onto unstable terrain, such that previously occupied by badlands (cf., Figure 10c), which locally overrode the

climatic signal.

Collectively, rates of landsliding indicate that natural reforestation and shrubland development following land
abandonment in a clay-dominated setting did not lead to greater slope stability in the last twenty years of
generalised land-cover equilibrium (i.e., 1997-2018). This general finding reinforces prior observations made
further north in the Northern Apennines by Persichillo et al. (2017). Our analysis indicates that decadal
landslide activity responded primarily to changes in precipitation regime, and that this response across land
cover types differed markedly among geologic domains. In terms of landsliding, badlands resulted by far the
most active and sensitive landscape component, expanding current knowledge on the effect of hydro-
meteorological forcing to badlands degradation (Piccarreta et al., 2006), beyond processes of diffused and
concentrated surficial erosion, yet providing empirical basis for diversifying landslide susceptibility scenarios
(e.g., Pisano et al., 2017).
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In order to fully evaluate land cover changes on landslide dynamics in the Sillaro River basin, and make this
case study more directly comparable with the Tsitika-Eve one (chapter 4), future work will aim to: (1) analyse
confinement and sediment delivery targets to characterize how source-to-sink pathways have changed over
time; (2) conduct additional field measurement on landslide thickness to constrain area-volume relations and

convert current landslide areas in first-order estimates of mobilized material.
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Supplementary Figure 1. Map of the E-OBS precipitation data grid.
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Supplementary Figure 2. Historical land cover maps of the Sillaro River basin from 1853 to 2017.
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Supplementary Table 1. Number and area of episodic and recurring landslides mapped in this inventory.

Number Area (ha)

Episodic  Recurring Episodic  Recurring
1954 31 57 25 46
1969 53 95 25 57
1976 54 82 14 27
1985-88 33 90 14 55
1996 26 60 6 22
2000 11 50 2 18
2006 18 100 6 38
2008 3 33 0.4 9
2011 68 135 7 28
2014 38 105 5 21
2016 5 3 8 1
2018 5 9 1 4
Total 345 819 110 330

Supplementary Table2. Matrix correlation between the number of episodic landslides, landslide area and
precipitation indices (PRCPTOT, RX1day and R99pTOT). Period of investigation: 1955-2018.

Episodic LS #LS

LSarea PRCPTOT RXlday R99pTOT

#LS 1.000
LS area 0.624
PRCPTOT 0.467
RX1day -0.029
R99pTOT -0.610

1.000
0.902
0.355
-0.280

1.000
0.568
-0.278

1.000

0.309 1.000

Supplementary Table 3. Matrix correlation between the number of recurring landslides, landslide area and
precipitation indices (PRCPTOT, RX1day and R99pTOT). Period of investigation: 1955-2018.

Recurring LS #LS

LS area PRCPTOT

#LS 1.000
LS area 0.710
PRCPTOT 0.400
RX1day 0.072
R99pTOT -0.597

1.000
0.880
0.431
-0.454

RX1day R99pTOT
1.000
0.568 1.000
-0.278 0.309 1.000
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Abstract

Forest harvesting and the construction of logging roads are major sources of slope instability; however their
effects on landslide size and frequency remain unclear. By integrating field- and remotely-derived landslide
inventories with historical information on logging, we examine the geometry of debris slides and long runout
failures (i.e., debris flows and avalanches) aluate the effects of forest harvesting on landslide frequency and
size in formerly glaciated watersheds of Vancouver Island, Canada. Results display no relationships among
landslide type, landslide scour depth, and forest harvest history. Further, area-volume relations are not
significantly different in cleared and pristine forest. Post-logging landslide occurrences are highest after 7-9
years and recover to undisturbed rates after 16-19 years since clearing has ceased. Logging generates landslides
at low elevations and low slopes, where they would not normally occur. Owing to the characteristic
topographic positions where cutblocks are developed within the landscape, at relatively low elevations and
low slopes, logging-related long runout failures are distinctively shorter than natural counterparts. In pristine
forest, our analysis suggests that glaciated landscape structure exerts primary control on the elevation and slope
gradient of landslide initiation, imposing constraints on local relief (available energy), slope length, and
therefore maximum landslide length. When morphologic position at initiation is considered, constraints on
landslide size and consequently on the size-frequency relation become apparent. Accordingly, the rollover
plots at the transition between distinct initiation morphologies, with large landslides (open slope and gully
headwall initiations) on one side, conditioned by first-order valley wall geometry, and small counterparts (gully
sidewall and escarpment initiations) on the other side, conditioned by the geometry of second-order features,
including incisions on the hillslopes (gully depth) and valley floors (escarpment depth). Our findings suggest
that future empirical and modelling efforts concerned with global environmental change should consider
explicitly logging effects in relation to the morphologic and topographic diversity at initiation associated with

different landslide types across hillslopes and steep headwater streams.
Keywords:

Forest harvesting, landslide type, morphologic position at initiation, glaciated landscape structure, cutblock
position, size-frequency relation.

Key Points:

Glaciated landscape structure controls landslide initiation (elevation and slope), imposing local relief, slope

length, and landslide maximum length.

Cutblock positioning induces distinctively shorter runout lengths to debris flows and avalanches compared to

natural counterparts.

Different morphologic positions at initiation occupy distinct portions of the landslide size-frequency spectrum

about the rollover.
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1. Introduction

In humid, forested mountain watersheds, rapid shallow landslides are prominent players of sediment transfer
(Tsukamoto, 1973; Dietrich and Dunne, 1978; Sidle et al., 1985, Benda & Dunne, 1997). Their magnitude and
frequency control sediment flux on the slopes (e.g., debris slides and debris avalanches) and along the colluvial
channel network (e.g., channelized debris flows). Their spatial distribution modulates the degree of hillslope-
channel coupling, hence the downstream propagation of geomorphic disturbance cascades (Nakamura et al.,
2000). In so doing, shallow landslides dictate the morphology, the geometry, and the channel bed texture of
steep, headwater streams (e.g., Grant & Swanson, 1995; Benda et al., 2003; Brummer & Montgomery, 2003;
Montgomery et al., 2003; Brardinoni & Hassan, 2007; Green et al., 2013), which typically act as temporary
storage sites for colluvial material (e.g., Bovis & Jakob, 1999; May & Gresswell, 2003; Jakob et al., 2005;
Lancaster & Casebeer, 2007; Brayshaw & Hassan, 2009).

In similar settings, timber harvesting and the construction of logging roads are major sources of hydro-
geomorphic disturbance (see Sidle & Ochiai, 2006 for a comprehensive review), bringing about direct and
indirect effects on sediment yield (McEachran et al., 2020). Forest clearing in newly developed cutblocks (e.g.,
3 to 20 year-old) can compromise slope stability by reducing root strength and by increasing soil water content
by factors including reduction of interception loss (e.g., Asdak et al., 1998; Reid & Lewis, 2009; Winkler et
al., 2010). Logging roads can impart instability and promote local incision by altering hillslope hydrology, for
example inducing water diversion and runoff concentration along the road network (Montgomery, 1994),
which typically would require careful maintenance or deactivation. Decreased slope stability and altered
hydrologic pathways may increase sediment delivery to streams (e.g., Reid & Dunne, 1984; Rood, 1990;
Guthrie, 2002; Jordan et al., 2010), hence cause severe modification of the sediment budget at the watershed
scale (e.g., Swanson et al., 1982; Roberts & Church, 1986). More recently, historical forest clearing has also

shown to increase contemporary rates of seismically-induced landslides (Koyanagy et al., 2020).

A great deal of field investigations around the Pacific Rim and in particular across the Pacific coastal ranges
of North America, has addressed quantitative aspects of post-logging landslide sediment transfer in temperate
and sub-tropical forests, where a secondary forest cover is regenerated through natural succession and/or
plantation. These studies, mostly clustered in the 1970’s and 80’s, have indicated that timber harvesting (i.e.,
not including road construction) during a post-logging period comprised between 3 and 20 years (e.g., Swanson
& Dyrness, 1975; Ziemer & Swanston, 1977; Ziemer, 1981), can increase landslide sediment flux from less
than 2 times up to 2 orders of magnitude (e.g., O’Loughlin, 1972; Morrison, 1975; Swanson & Dyrness; 1975;
Swanston & Swanson, 1976; Swanson & Swanson, 1977; Marion, 1981; Amaranthus et al., 1985; Sidle et al.,
1985). In this context, advances in GIS technology and in the acquisition of Digital Elevation Models have led
to georeferenced integration between remotely-sensed and field-based landslide inventories (e.g., Reid &
Dunne, 1996; Montgomery et al., 2000; Brardinoni et al., 2003a; 2003b; Guthrie & Evans, 2004), hence to
rapid characterization of natural (old-growth forest) and disturbed (cutblocks) topographic conditions
associated with shallow landslides over large areas.
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With reference to formerly glaciated mountain settings, logging-related landslides and debris flows have been
found on less steep terrain than counterparts on uncut areas (Swanston & Marion, 1991; Jakob, 2000;
Brardinoni et al., 2003a; Wolter et al., 2010), indicating that logging operations can favour slope failures at
different sites than how observed in old-growth forest. In turn, different initiation positions within the
landscape may reflect different movement types in cut and uncut forests. Following this logic, landslide type
and morphologic position at initiation may be regarded as critical attributes for evaluating logging effects with
enhanced experimental control. Incidentally, previous work on how forest harvesting may alter the size of
shallow landslides has yielded conflicting results, with logging-related slope failures found to be larger (e.g.,
Schwab, 1983), smaller (e.g., Swanston & Marion, 1991; Johnson et al., 2000; Brardinoni et al., 2003a; Wolter
et al., 2010), smaller or larger depending on failure positioning on the slope (e.g., Rood, 1990; Martin et al.,
2002), and not significantly different (e.g., Jakob, 2000) than natural counterparts. We hypothesize that these
contrasts, to some extent, may reflect the variability of movement types (e.g., slides, avalanches, flows, and

falls) included in each inventory, as well as the positioning of logged terrain within variable glaciated settings.

Our ability to predict the effects of forest management on landslide frequency and size is currently hampered
by a lack of studies that compare landslides on similar morphologic positions. Without studies of this nature,
suitable comparisons of landslides on cutblocks and old-growth remain problematic. This limitation in turn
holds implications and useful applications in hazard assessment (e.g., Hungr et al., 1999; Guzzetti et al., 2002),
as well as for modelling slope stability (e.g., Cislaghi et al., 2017), landslide size and shape (e.g., Milledge et
al., 2014), and sediment fluxes across landscape components (e.g., Benda & Dunne, 1997; Benda et al., 1998;
Bennett et al., 2014; Schmitt et al., 2016). Addressing these issues gains further importance beyond the local
and regional scales, considering that mountain forests worldwide are undergoing increasing anthropogenic
pressure (e.g., Forbes & Broadhead, 2013; Zeng et al., 2018). In formerly glaciated settings, a systematic
statistical evaluation of the effects of forest harvesting on the magnitude and frequency of shallow landslides,
stratified by movement type and morphologic position at initiation, in relation to glaciated landscape structure,

is still missing.

To address this gap, we present a multi-temporal (1961-2003) landslide inventory compiled by means of aerial
photo interpretation (API) and extensive field surveys in the Tsitika and Eve River basins, Vancouver Island,
British Columbia (Figure 1). The inventory includes debris slides, debris avalanches, and debris flows (Cruden
& Varnes, 1996; Hungr et al., 2001), and records their occurrence in relation to a well-documented history of
timber harvesting. This paper aims to: (i) constrain the timing, intensity and duration of post-logging
disturbance in terms of landslide density and sediment flux; and (ii) evaluate to what extent this disturbance
alters the magnitude-frequency relation of “simple” debris slides and long runout failures of the flow type (i.e.,
initial debris slides that develop into unconfined debris avalanches or into channelized debris flows) (Hungr,
2005; Hungr et al., 2008).
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2. Study area

Study areas are the entire Eve River basin and 82% of the Tsitika River basin, which cover a combined area
of 612 km? in northeastern Vancouver Island, British Columbia (Figure 1). Most of the watersheds are
characterized by rugged topography of the Insular Ranges (Holland, 1964). Elevation rises from sea-level, at
the basins' outlets, to over 1800 m. The area was repeatedly overridden by the Cordilleran Ice Sheet in the
Pleistocene. Today, river main stems flow across deeply-scoured troughs, flanked by over-steepened valley
walls. As a result, median slope increases rapidly as a function of elevation up to about 900-1000 m a.s.l.
(Figure 2a), where an inflection, associated with the occurrence of relict glacial cirques and hanging valley

floors, is observed.
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Figure 1. Map of land use history in the Tsitika and Eve River basins between 1961 and 2003 (Iogging_data
provided by Weyerhaeuser Ltd.). Black linework indicates the main drainage network, including lakes (filled
black polygons).

By first approximation, surficial materials display an altitudinal zonation (Figure 2a), and therefore

characteristic slope ranges (note offset among interquartile slope ranges Figure 2b). Accordingly, topography

of upper slopes and summits is bedrock-controlled (R); colluvium (C) covers the valley walls, forming thin,

continuous to discontinuous mantles on most of the mid to upper slopes and thicker, more continuous aprons
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and blankets on lower slopes below bedrock-dominated sites. Further downslope, glacial till (M) is the
dominant surficial material. Deposits are usually thickest along valley floors and lower slopes. In some places,
high stream banks and road cuts expose sequences of till in excess of 10-m thickness. Erosional scarps cut
into thick till are common along segments of most of the main tributaries. Till mantles usually are thinner (0.5-
3 m) and more discontinuous on mid to upper slopes. This is commonly the case where rock and colluvium
dominate much of the upper elevations. Most till deposits conform to the underlying bedrock topography and
rarely mantle gradients exceeding 70%. Steep till landforms, which do occur, are erosional surfaces (scarp

faces, gully walls) formed by postglacial fluvial downcutting through thick valley-fill deposits.
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Figure 2. a) Median slope as a function of terrain elevation across (natural and logged) terrain of the Tsitika
and Eve watersheds; b) Boxplot representation of slope distribution across surficial materials; c) Historical
slope frequency distribution of logged terrain; and d) close-up view of logged terrain steeper than 40%.
Logarithmic scale in y-axis is used to help discriminating differences among the four data series. In panel a,
boxes enclose interquartile ranges, whiskers span from 5% to 95%. In panels a and b, codes for surficial
materials follow the BC Terrain Stability Classification scheme (Howes & Kenk, 1997). C: colluvium; F:
fluvial deposits; FG: glaciofluvial deposits; LG: glaciolacustrine deposits; M: glacial till; R: bedrock.

Along the main tributary valleys, deglacial materials occur as mantles of variable thickness overlying till and
bedrock, and as constructional forms (terraces, hummocks) of variable areal extent. Deglacial materials were
deposited by glacial meltwater, at the edge of or in close proximity to downwasting or retreating glacier ice.
They consist mainly of glaciofluvial (FG) sands and gravels, but, in places, may be in association with well-
sorted, fine-textured deposits of glaciolacustrine (LG) or glaciomarine origin. Typically, as valleys on this part
of Vancouver Island became ice free, substantial volumes of meltwater were generated, so erosional
downcutting, reworking of existing materials, and transportation and deposition of meltwater-entrained

sediments remained highly active. Mass movements can be common at escarpment faces where thick till and/or
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deglacial deposits have been reworked and undercut by fluvial incision along the main stem of Tsitika and Eve

Rivers, as well as along tributary valleys.

Landslide types in the study area include falls, slumps, slides, avalanches, flows, and complex movements
resulting from assorted combinations of these (Brardinoni et al., 2009). In particular, we distinguish between
debris flows and debris avalanches, which are dominant long runout failures in coastal British Columbia. The
former are rapid shallow flows of saturated mixtures travelling along steep, ephemeral colluvial channels, also
termed gullies in this part of the Pacific Northwest. The latter are rapid shallow flows of partially or fully
saturated debris on a steep slope, without confinement in an established channel (Hungr et al., 2001; 2008;
Hungr, 2005). Toe-slope and valley-floor areas associated with mass-wasting deposition host cones and
colluvial fans. Along the main tributary valleys, blocky talus slopes (particle size >256 mm) are common along

the base of rock walls.

Bedrock geology is dominated by extrusive rocks of the upper Triassic Karmutsen Formation (basalt lava,
pillow lava, volcanic breccia, tuff, and greenstone), and to a lesser extent by younger intrusive rocks of the
Jurassic Island Intrusions of the Pacific Rim Complex (quartz diorite, granodiorite, quartz monzonite, and
quartz feldspar porphyry) (Muller et al., 1974).

The study area is covered with old-growth and second-growth conifer forests of the Coastal Western Hemlock
(Tsuga heterophylla) and Mountain Hemlock (Tsuga mertensiana) Biogeoclimatic Zones (Krajina, 1969). The
former is prevalent from sea level up to about 900 m elevation. The Mountain Hemlock Biogeoclimatic Zone
occupies higher elevations (i.e., 900-1800 m) and has a significantly lower capability for forestry (Meidinger
& Pojar, 1991). The former is considered one of the wettest and most productive forest zones in British
Columbia, with annual precipitation varying with location between 1650 and 6650 mm (Krajina, 1969).
Northeastern VVancouver Island has a generally leeward exposure to storms from the Pacific Ocean and as such
experiences lesser amounts of high-intensity precipitation, compared to watersheds on the western side of the
Island. Mean annual precipitation (i.e., 1960-2010) about sea level is comprised between 1900 mm and 3400
mm with a wet season that extends from October through May, and a much drier regime that characterises

June through September (Supplementary Figure 1).

Oldest documented forest harvesting dates back to 1969, with a total of 30 km? harvested by 1977, 72 km? by
1987, and 106 km? by 1994. In 2003, at the end of the study period, a cumulative area of 155 km? had been
logged, corresponding to about 25% of the Tsitika and Eve basins extent (Table 1). Cutblocks are typically
distributed on the floor of relict glacial troughs and on lower-to-mid valley walls (Figure 1). Through the
years, logging operations have moved from gentler and most accessible locations, to progressively steeper sites

on the valley walls (Figures 2c and 2d).
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3. Methods

3.1 Landslide inventories

This work is concerned with rapid shallow failures occurring in natural forests (nf), in clearcuts (cc), and
following the construction of logging roads (rd). We mapped 519 slope failures in pristine forested terrain and
229 in logged terrain (Brardinoni et al., 2009). Of the latter, 50 were related to logging roads. To maximize
experimental control, in our comparative assessment of natural and logging related landslides, we will consider
only 418 movements in natural forest (out of 519) that have mobilized surficial materials (i.e., debris
mobilizing failures). In so doing, we exclude bedrock-mobilizing failures (e.g., rock falls, rock slides, and rock
avalanches) occurred in rugged, bedrock dominated terrain, which, for logistical reasons and in compliance
with provincial forest practices regulations (BC Forest Practices Code, 1995) are typically not harvested. In
this paper, landslide sediment transfer is associated with debris slides, debris avalanches, and debris flows only
and does not include other chronic processes such as soil creep, dry ravelling, as well as sheetwash and
channelized erosion.
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Figure 3. Schematic diagram of the main morphologic positions of landslide initiation in the study watersheds.
Gully headwall (gh) and sidewall (gs) positions characterize the steep low-order drainage network and may
result in debris flows. Open slope (0s) positions characterize steep planar slopes and are typically associated
to debris avalanches. Debris slide initiations at (gullied or unchannelled) escarpment (es) positions are
associated with postglacial valley incisions carved in glacial, fluvial and glaciofluvial materials along the main
tributary floodplains.
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We compiled the Tsitika—Eve multi-temporal landslide inventory through stereoscopic inspection of five
sequential aerial photosets (1961, 1977-79, 1987, 1994, and 2003) that range in nominal scale from 1:10,000
to 1:20,000. This methodology is a versatile way to compile regional landslide inventories (e.g., Reid & Dunne
1996; Hovius et al., 1997; Martin et al. 2002), especially in rugged terrain with difficult field access. However,
in humid and densely forested watersheds, identification and accurate delineation of landslide scars on aerial
photos is hampered by the forest canopy so that a population of mass movements remains undetected
(Brardinoni et al., 2003b; Turner et al., 2010). Prior work conducted in comparable topographic and forest
cover conditions in costal British Columbia indicates that smallest, assuredly detectable, landslide size in old-
growth forests (or in plantations older than 50 years) is 650 m2 In recently harvested cutblocks (i.e., logged <
15 years earlier), this figure lies between 150 m?and 270 m? (Brardinoni et al., 2003b). Similar threshold sizes
should be regarded as first-order estimates, as landslide visibility depends on several terrain characteristics,
including slope steepness, landslide positioning within a hillslope (e.g., upper, mid, or lower portion) and
landscape structure (e.g., valley width), other than land use conditions (e.g., tree height) alone.

For each landslide, we recorded attributes including land use, movement type, and morphologic position at
initiation point. Information on movement type is important to separate landslides involving bedrock from
those mobilizing debris derived from surficial materials (e.g., colluvium, glacial till, fluvial and glaciofluvial
deposits). During aerial photo interpretation (API) we have identified three main types of debris-mobilizing
landslides: debris slides (ds), and long runout failures; the latter including: (i) debris slides that have reached
a gully channel (or a permanent tributary channel) and have transformed into channelized debris flows (dsdf);
and (ii) debris slides transforming into debris avalanches in unconfined slope positions (dsda) (Hungr, 2005).
Surface expression of landslide initiation is critical for addressing logging effects on dominant topographic
sites of sediment production on the hilllopes (unchannelled topography) and about the ephemeral (gullies) and
permanent (stream channels) drainage network. Initiation sites were stratified into six classes, including
concave (zero order) headwater basins (ch), escarpments (es), gully channels (gc), gully headwalls (gh), gully
sidewalls (gs), and open slopes (os) (Figure 3). Among these, initiations at headwater basins and gully
channels occurred in a handful of cases only. In this paper, the term gully refers to steep, ephemeral, first and
second order streams that experience recurrent debris-flow activity on a decadal time scale.

Landslide tracks identified and mapped on the sequential photo sets, were subsequently digitized on a 2003
ortho-photo mosaic, and a series of GIS operations was performed so that landslide attributes (e.g., length,
width, area, photo year of first identification, and land use) could be extracted for each track. Although for
each landslide was outlined the total disturbed area, the delineation of landslide polygons to constrain landslide
lengths, areas, and volumes of mobilised debris follows the specifics adopted by Brardinoni et al. (2009), and
as such includes the initiation and the transportation zones - down to the point where scouring is manifestly

visible - and excludes the deposition zone.
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Figure 4. Examples of rapid shallow landslides in the Tsitika River basin. (a) Debris slide in logged terrain,
originated at the upper edge of an escarpment (es) developed in thick sandy till, which transformed into a
debris flow reaching the escarpment base; (b) Debris slide that initiated at an escarpment face (es), developed
in thick sandy till and directly entering a stream channel; (c) Large, open-slope (0s) debris avalanche that
initiated in a mid-slope colluvial-bedrock complex in old-growth forest and reached the slope base; (d) Debris
slides originating from a gully sidewall (gs) entering an active debris-flow channel (gully) in old-growth forest.
Open-slope (0s) debris slide that developed into a channelized debris flow in old-growth forest: (e)
comprehensive view looking upslope, and (f) close-up view of the headscarp.
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In the API-derived inventory the photo year represents the minimum age for each landslide, i.e., the temporal
constraint is defined by the date of the preceding aerial photo set. In the case of post-logging occurrences, this
figure is further constrained by the date of forest harvesting. Prior work conducted in the Queen Charlotte
Islands (e.g., Rood, 1984; Smith et al., 1986) and in the Pacific Ranges of the Coast Mountains (Brardinoni,
2001) indicates that API-derived identification and mapping of landslide tracks (i.e., polygon outlines and
distinction between initiation, transport and deposition zones) older than 30 years is not consistently reliable,
and that younger occurrences can be detected systematically on the basis of vegetation dynamics, even though
small tracks may become "not visible” in shorter time scales. Applying this logic, it is reasonable to
hypothesize that landslide tracks inventoried in the 1961 photo set could date as far back as the early 1930's.
Owing to the uncertainty associated with the decadal resolution of the landslide inventory, and the lack of
weather stations at suitable elevations, we believe it is not possible to pursue causal linkages between
precipitation trends and landslide occurrence through time. Consequently, in this paper post-logging
disturbance will be evaluated without considering the temporal variability in annual and/or seasonal

precipitation.

This apparent limitation on meteorological effects, indeed avoids possible experimental confounding
associated with the direct comparison of initiation sites on cutblocks, typically implemented on the most easily
accessible terrain (Figure 1), and natural counterparts that often occur in more rugged topography at higher
elevations (e.g., Figure 3c and 3d). In particular, sites located at respectively high and low elevation within a
given valley side are different meteorologically and have different soil hydrology in at least four ways: (i)
regolith is developed on different surficial materials across elevations (Figure 2a); (ii) precipitation is typically
greater at higher elevation, (iii) soil saturation is typically greater at lower elevation, given greater contributing
area; and (iv) wind pattern, which has been associated with greater landslide activity, is typically greater at
higher elevation. In this context, considering morphologic position at initiation ensures that landslides in cut
and uncut forest are compared from similar locations in the landscape, with implicitly improved experimental
control.

The effect of forest harvesting was assessed on the API-based inventory by comparing the number of landslides
and mobilized debris in relation to time since clearcut and/or road construction occurrence and in relation to
the amount of area logged. Owing to the limited number of road-related landslides (n = 50), in the magnitude-
frequency analysis this land-use category was merged with "clearcuts" to form the broader "logged" category,
whose behavior is then evaluated against the so-called "natural forest" (control) counterpart. Similarly to what
just described for field-measured data, given the small number of debris avalanches in natural forest (n = 37)
and logged terrain (n = 38), in the magnitude-frequency analysis of the API-based inventory, we have merged
debris flows (dsdf) and debris avalanches (dsda) into one movement category of the flow type (section 4.3).
Data stratification across movement types and land use categories adopted in the various analytical stages of
this work are summarized in Table 2.
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3.2 Landslide magnitude-frequency analysis

Post-logging effects on the size distribution of landslides, mapped over the 1960-2003 period, were analyzed
using LAND-Stat (Rossi, 2014; Rossi & Malamud, 2014) (implemented in R and available at

https://github.com/maurorossi/dcs-L AND-Stat where size (i.e., area and volume) is regarded as a proxy for

landslide magnitude. The software uses two different statistical distributions to model the probability density
of landslide size: (i) the Double Pareto (Stark & Hovius, 2001); and (ii) the Inverse Gamma (Malamud et al.,
2004). Both models describe the right (or upper tail, i.e., medium- to high-magnitude spectrum) portion of the
landslide size distribution with an inverse power-law scaling, using a Pareto probability density function with
a negative exponent, reproducing the increase of landslide occurrences with the decrease of their size until a
value corresponding to the maximum probability density, the so-called “rollover” (i.e., the modal or the most
frequent landslide size value), is reached.

The main difference between the two models is the description of the left (or lower tail, i.e., low-magnitude
spectrum) portion of the distribution. Double Pareto uses an additional power-law function that gradually
censors the upper tail, from the rollover to the smaller landslide area values. In this range, the probability
density is described trough a positive power-law scaling (i.e., a Pareto density function with a positive
exponent). Therefore, in the Double Pareto model, the rollover is a probability density peak that separates two
scaling regimes, a positive power-law scaling for the lower tail and a negative one for the upper tail, which

reflects a crossover.

The Double Pareto model may have three (i.e., Double Pareto Simplified (DPS)) or five parameters (i.e.,
Double Pareto (DP)), with the latter using two additional parameters for constraining landslide size between a
minimum and a maximum value. The Inverse Gamma (IG) model includes 3 parameters and describes the
lower tail using an exponential rollover. While the Inverse Gamma must always have a maximum (i.e., it
assumes by definition the existence of a rollover), the Double Pareto does not. These two different statistical

models of the landslide size distribution can converge to similar probability density function estimates.

LAND-Stat implements different parametric and non-parametric approaches to estimate the parameters of the
three distributions (i.e., DP, DPS, and 1G) and the associated uncertainty. These include: (i) Histogram Density
Estimation (HDE); (ii) Kernel Density Estimation (KDE); and (iii) Maximum Likelihood Estimation (MLE).
Each of these approaches exploits different optimization procedures, which sometimes can yield slightly
different results. However, they all typically reach convergence when representative and unbiased landslide
size samples are analysed (e.g., Rossi et al., 2012). Statistics derived from these distributions have been used:
(i) for characterizing inventories obtained from different data sources (e.g., Fiorucci et al., 2011), or from
different regions (e.g., Malamud et al., 2004; Fan et al., 2019); (ii) for determining the potential magnitude of
a given landslide event size (and corresponding mass transfer); and (iii) for providing probabilistic hazard and

risk estimates (e.g., Guzzetti et al., 2005; Corominas & Moya, 2008).
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In this work, we use the magnitude-frequency analysis and LAND-Stat outputs to characterize the possible
effect of logging on landslide size distribution and infer relevant changes on landslide hazard. To this purpose,
we select, compare and discuss the Double Pareto Simplified parameters obtained using the Maximum
Likelihood Estimation (MLE) method. This choice is justified by the ability of DPS density function to model
landslide size distributions that do not necessarily display a distinct rollover. Indeed, DPS was built to reflect
the possible under-sampling of those landslides that are too small to be mapped systematically and accurately.

Maximum likelihood estimation (MLE) was preferred as estimation method, due to its reduced subjectivity.

DPS is defined by parameters o, 3, and t, which control the shape of the probability distribution. The parameter
a controls the slope of the upper (i.e., large size) tail, S controls the slope of the lower (i.e., small size) tail, and
t controls indirectly the rollover position. Larger o values correspond to steeper tails, which indicate a reduced
proportion of large landslides within the size range above the rollover. Larger 3 values correspond to steeper
small-size tails, which indicate a reduced proportion of small landslides within the size range below the

rollover.

To evaluate the significance of the modelled parameters («, S, t), LAND-Stat performs t-tests. In the tests, the
t-statistics is used and the corresponding p-value can be compared across different confidence levels to rank
the significance of single parameters (Table 7). This information is useful to evaluate the suitability of the
selected model in relation to the study dataset and its possible representativeness. In addition, LAND-Stat
performs the two-sided Kolmogorov-Smirnov (KS) test, estimating D-statistics and the corresponding p-value,
in order to verify whether DPS was appropriate for describing the frequency-size distribution of landslide areas
of all data stratifications examined (Kolomogoroff, 1933; Smirnov, 1939). The KS test fails when the p-value
is below 0.05, the level of significance we selected for this study. Finally, to evaluate the uncertainties
associated with the probability density estimates, their parameters and the rollovers, LAND-Stat implements
a bootstrap resampling procedure. Such uncertainties are critical to derive statistically robust comparisons of

modelled distributions generated from inventories with different sample size.

4, Results

4.1 Integrating field-based and API-derived landslide data

In this section, field measurements of landslide geometry (i.e., depth, width, and length) are used to constrain
a landslide area-volume relation (where area = width ¢ length, and volume = depth « area) to be applied to the
API-based inventory and translate relevant planform areas into volumes of mobilized debris. Before
proceeding, we conduct exploratory analysis: (i) to examine how landslide depth, width and length vary across
movement types (i.e., ds vs dsda & dsdf) and land uses (i.e., natural vs logged); and (ii) evaluate whether
specific area-volume relations hold statistical significance or a single relation may apply to the whole field-
based dataset.
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Field-measured landslides range in planform area between 8 m? and 48,000 m?. Relevant landslide depths span
from 0.2 m to 5 m, with median and average values respectively equal to 0.50 m and 0.81 £0.06 m (1 Std
Error) (Table 3). Headscarp depths exceed soil thickness, and therefore typically mobilize part of the
underlying surficial materials (i.e., colluvium, glacial till and deglacial deposits) both in logged and natural

occurrences. Landslide scouring down to bedrock is limited to a handful of cases.
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Figure 5. Boxplots showing (a) depth, (b) width, (c) length, and (a) area distributions of field measured
landslides classified by land use (Natural forest and Logged terrain) and movement type (ds = debris slides;
dsda = debris avalanches; dsdf = debris flows). Length and area are represented in logarithmic scale to improve
boxplot readability. Boxes enclose interquartile ranges, whiskers span from 5% to 95%.

Interquartile ranges (i.e., the boxes bounding the 75"-to-25" percentiles) in boxplots of landslide depths
stratified by land use and movement type show that logging-related debris slides (ds) tend to be triggered, on
average, within shallower surficial material depths than natural counterparts, although median values are the
same i.e.,, 0.5 m (Table 3 and Figure 5a). This finding, when considered alone, is consistent with lower
cohesion in logging-related initiations. Landslides do not differ substantially in terms of width, length, and
consequently in terms of landslide area (see overlap between interquartile ranges in Figures 5b, 5c¢ and 5d).

In long runout failures (dsdf & dsda) we do not observe a clear land-use effect on landslide depth (median
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depth equals 1 m in both categories; Table 3). However, typically smaller landslide widths and lengths in
logged terrain (Figure 5b and 5c¢) give rise to markedly smaller landslide areas than observed in natural forest
(Figure 5d). Overall, the variability of scar width, length, and area, as quantified by the interquartile range, is

less pronounced for debris slides (ds) than for dsda & dsdf (Figure 5).
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Figure 6. Scatterplots representing landslide depth as a function of (a) landslide width; (b) landslide length;
and (c) landslide area. Relevant 95% prediction intervals of the linear fitting in logarithmic scale are reported
in panels (b), (d), and (f).

94



Analysis of Pearson’s linear correlation coefficients (rs) shows that simple planimetric variables (i.e., width
and length) are directly related. Correlation is stronger for landslides in natural forest (rs > 0.65) than in logged
terrain (rs ~ 0.40) (Table 4). Interestingly, direct correlation of width and length with area seems to be land-
use dependent, since natural landslide length exhibits higher correlation, while in logged terrain width

correlates higher.

Landslide depth appears to have no significant or consistent linear dependency with the other geometric
variables, regardless of land use and movement type (Table 4). To investigate this question further, we
explored the existence of possible power-law dependencies (i.e., linear for log transformed variables) of
landslide depth as a function of width (Figure 6a), length (Figure 6b), and area (Figure 6¢) across land use
and movement types. In general, depth is positively related with width, length and area. Dependence appears
to be stronger for debris slides, compared to long runout failures (i.e., the slope of dsda & dsdf fitting is
consistently lower — in some cases close to null — than that of debris slides). In particular, the best fit line of
natural debris slides plots consistently above the logged counterpart. Collectively, the high degree of
overlapping among the respective 95% prediction intervals (shaded areas in Figure 6) suggests that available
field data do not allow to constrain distinct relations for different land use or movement types.
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Figure 7. Area-volume scaling relation of slope failures measured during fieldwork conducted in the Tsitika
and Eve watershed (n = 113). Data are stratified by land use (natural vs logged) and movement type (debris
slides vs debris flows/avalanches). Grey-shaded areas indicate prediction intervals of the fitting for different
percentile ranges.
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In agreement with these findings, the area-volume power-law (least-squares) fitting on data stratified by land
use (i.e., logged vs natural) and movement type (i.e., debris slide vs debris flow & avalanche) did not show
significant statistical difference in terms of intercept and scaling exponent (t-test p-values < 0.05).
Consequently, we fitted a common function to all data points in log-log space (Figure 7). This combined area-
volume relation shows a well-constrained positive trend (i.e., VL = 0.243A.% R? = 0.957), with data scatter
that increases for larger landslides. The power-law parameters were obtained by fitting a linear model (dark
red line in Figure 7) to the logarithm of the landslide area (Iogi(AL)) and volume (log:o(VL)) using a similar
approach to that described in Guzzetti et al. (2009) and applying a bootstrap resampling to estimate the
modelling uncertainties (grey shades in Figure 7). The combined area-volume relation is very similar to that
compiled by Guthrie & Evans (2004) for shallow landslides in logged terrain of Haida Gwaii (i.e., original
data drawn from Wise (1997)), British Columbia (n = 124; V. = 0.155A. %" R? = 0.947). The scaling
exponent (1.19) is somewhat lower than what documented in previous global compilations of "soil" landslide
geometry, where this parameter varies between 1.33 and 1.45 (Guzzetti et al., 2009; Larsen et al., 2010).
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Figure 8. Boxplots representing the volume distribution of API-mapped landslides across land-use categories
and stratified by (a) movement type; and (b) morphologic position at initiation point. Boxes enclose
interquartile ranges, whiskers span from 5% to 95%. Given the small number of observations, gully headwalls
(gh) in logged terrain should be considered with caution.
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The area-volume empirical relation was then applied to the API-based inventory, so that landslide activity
could be evaluated in terms of volumes (VL) of mobilized debris (Table 5) and volumetric sediment fluxes
could be assessed for landslides initiated in natural forest, within clearcuts and about logging roads. Relevant
boxplots classified by movement type indicate a consistent behaviour in cut an uncut forest, with debris slides
being the smallest, debris avalanches the largest, and debris flows displaying somewhat intermediate volumes
(Figure 8a). Interestingly, debris slides in natural terrain stand out for mobilizing particularly larger volumes

than logging-related counterparts, as shown by the offset of the relevant interquartile ranges.

Data stratification by morphologic position at initiation helps identifying which parts of the slopes and the
ephemeral drainage network become more prone to shallow landslides following forest harvesting (Table 6
and Figure 8b). Major changes in the relative proportions of debris slide occurrences relate to open slope
positions, whose percent frequency, compared to natural forest, increases by a factor of 2 (from 33.6% to
64.2%) for long runout failures, and greater than 2 (from 8.2% to 20.2%) for debris slides. For the long runout
type, this increase is mirrored by 10-fold rise of initiations at escarpments (from 1.7% to 17.5%), suggesting

that logging can increase escarpment sensitivity to fluvial undercutting.

In terms of size, gully headwall and open slope landslides are consistently larger (primary movements) than
escarpment and gully sidewall counterparts (secondary movements) both in cut and uncut forest, with the
former median values plotting around or well above 1,000 m?, and the latter comprised between 100 and 300
m? (Figure 8b). Considering specific initiation categories (i.e., es, gs, gh and 0s) separately, we observe a clear
land-use effect in that landslide volumes are consistently larger in natural forest than in logged terrain. For
example, median volumes of landslides originating at open slope (Vos ~ 4,000 m®) and gully sidewall (Vgs ~
500 m®) positions in natural forest, are respectively 4 and 5 times larger than logging-related ones (Figure 8Db).

4.2 Time scales of disturbance and recovery

Analysis of landslide occurrence in relation to cutblock age depicts a post-logging disturbance wave, where
occurrences, and the corresponding mobilized volumes, peak respectively 7-9 years and 10-12 years after
logging (Figure 9). This 3-year offset is associated with the occurrence of a large debris flow (i.e., > 30,000

m?®) in year 10, and that of fourteen medium- to large-sized long runout failures in year 12 (Figure 9).

A similar increase in landslide frequency and volume has been previously associated to a transient period of
highest landslide susceptibility, when rooting strength decays after forest harvesting and before substantial
regeneration following plantation emerges. In relation to hydro-meteorological forcing, this window of root
strength minimum indicates that the probability of a landslide is higher given the likelihood of a triggering
storm event (Sidle & Ochiai, 2006). However, to pursue causal linkages between precipitations and landslide
time series, thus to further disentangle logging from meteorological effects, we believe one would need an

inventory with higher temporal resolution (see section 3.1).

Our post-logging trends in landslide frequency and volume agree, among a number of existing studies on root

strength (e.g., O’Loughlin & Ziemer, 1982; Schmidt et al., 2001), with prior findings from comparable
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physiographic settings of formerly glaciated southeastern coastal Alaska (Ziemer & Swanston, 1977).
Accordingly, Western Hemlock and Sitka Spruce roots were found to loose respectively about 30% and 50%

of tensile strength within 2 years after logging, then attaining virtually complete strength loss within 10 years.
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Figure 9. Landslide transient response to forest clearing in Tsitika and Eve watersheds. Post-logging effects
are evaluated in terms of: number of occurrences (blue diamonds), and mobilized volume of debris (open red
circles). Error bars in the volumetric data series depict the uncertainty associated with the difference between
year of cutblock operations and air-photo year in which the landslide was first identified. The same error bars
apply to the corresponding number of occurrences for a given post-logging year. After 16-19 years since
logging, landslide activity in logged terrain return to pre-logging (undisturbed) levels.

Considering the uncertainty associated with the timing of landslide occurrence in sequential photosets (error
bars in Figure 9), the disturbance wave displays a relatively symmetric shape, for a combined post-logging
recovery cycle comprised between 16 and 19 years. This time frame agrees with the recovery dynamics
identified by existing empirical and modelling efforts conducted in the Pacific Northwest (see review by Sidle
& Bogaard, 2016 and references therein).

98



1985-2003

a 0.16 Rd/NF X9 X14 X8 %3 - 60 b 016 1 RdMNf X9 x4 *11 X6
— Co/Nf x24 x4 7 %29 *x17 = Co/NF %24 x47 x41 X33
RnE‘ -850z c‘wz‘ -
g 0.12 e’ 2 £ o012 ———— L 75
L™ - = #
5 N - -405 R ’
T W Natural . L g = ENatural ’
£ 0.08 | WRoad 302 £ 008 | WAd road - 50
5 OClearcut D g OAd] clearcut
= @™ T
© A
2 0.04 Z =2 0.04 - 25
] 3 »
b= 10w ©
= ~ c
5 3
0 - - 0 0 A 0

193051 196276977 197887 198894 19952003 1930-61 1962°69-77 197887  1988-94
¢ RANF  x4.2 X7 5 x1.0 %0.5 d RINF  x4.2 75 14 x0.9
_ #09 conf ox14 x7.7 x1.6 x50 [80 209 eent o x14 X7.7 x2.2 xe5 |10
£ 200 { S50 % T 200 - ———
E BNatural - = E ENatural e L5
"E 160 { WRoad P T s - 408 T 160 | WAdjroad ’
g OClearcut P Su” ® 5 OAdj clearcut !
2 120 - 2 120
@ ﬁ o
- ~ 2 801
[Z] & own
B 32
5 40 § 40 -

193081 196276977 197887 1988-94

1995-2003

198884

1995-2003

1930-61 19827/69-77 197887

Figure 10. Annual landslide density for the period 1930-2003: (a) calculated by dividing the number of
landslides by the area logged between sequential aerial photo sets (dashed line); and (b) adjusted (Adj) for
post-logging recovery. Landslide sediment yield for the period 1930-2003: (c) calculated by dividing the
number of occurrences by the area logged between sequential aerial photo sets (dashed line); and (d) adjusted
(adj) for post-logging recovery. The adjustment each photo year takes into consideration the area logged within
the time span (i.e., 19 years) necessary for recovery from logging disturbance (i.e., active logged area). Dashed
line indicates the variation of active logged area with time. Logging operations in the watersheds began in
1969. Cc/Nf (Clearcut to Natural forest ratio) and Rd/Nf (Road-related to Natural forest ratio) indicate the
acceleration factor induced by logging activities on landslide density and yield. Landslide yield in 1988-94
period is chiefly associated to a single debris slide that transformed into a debris flow and mobilized an
estimated volume of 112,000 m®. In that period, the other 6 landslides mobilized 5,500 m* collectively.

When considering the number of landslides across sequential photosets, clearcut-to-natural landslide density
ratio is consistently higher (17 < Cc/Nf < 47) than the road-related counterpart (3 < Rd/Nf < 14) by roughly a
factor of 3 or more (Figure 10a). Owing to the larger size of natural landslides (Figure 8a), logging effects
expressed as clearcut (1.4 < Cc/Nf < 5.0) and road-related (0.5 < Rd/Nf < 7.5) sediment yield ratios, become
milder and comparable (Figure 10c).

Landslide density in natural forests shows a general decrease through time (Figure 10a). This decrease is also
observed for clearcut and road-related occurrences, with the former density outpacing consistently the latter
(Figure 10a). The trend does not change when landslide density is “adjusted” for the 16-19 yr recovery time
window just constrained (i.e., adj clearcuts and adj roads in Figure 10b); that is, landslide density (and
landslide yield) in each photo year is calculated over the so-called “active logged area”, or the logged area that

includes 19-year old (and younger) cutblocks only.

Historical trends are different in terms of specific landslide yield (Figures 10c and 10d). In natural terrain we
observe a declining trajectory, interrupted temporarily between 1988 and 1995, due to the occurrence of a large
(i.e., 112,000 m®) debris flow. In logged terrain, clearcut yield declines slowly but consistently, whereas road-

related occurrences display a more rapid drop, after a strong start in the 70’s (> 200 m3/km?/yr). In particular,
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the road-related specific sediment yield, which was initially outpacing the clearcut counterpart by a factor of
3, by 1995-2003 exhibits values about 5 times lower than in clearcuts (Figure 10c).

4.3 Effects on landslide geometry, magnitude and frequency

Landslide planform geometry is typically elongated, with length-to-width ratio varying from less than 1:1
(isometry) to about 100:1 (Figure 11a). As landslides grow larger they become increasingly elongated, and
this tendency appears to hold across all land-use categories. Larger landslides occurred in pristine forest exhibit
the highest length-to-width ratio. Clearcut and road-related landslides are typically shorter (hence smaller) than
in natural forest. As will become clear, logging generates landslides at low elevations and gentler slopes where
they would not normally occur, and they therefore have limited runout because of the particular topography
where logging operations have taken place. In this context, only 11 movements have grown longer than the
length of the relevant hosting cutblock (Figure 11b).
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Figure 11. (a) Landslide length as a function of landslide area across land use types. Solid lines indicate
reference landslide length-to-width ratios, assuming a rectangular landslide planform. (b) Landslide (LS) to
cutblock (CB) length ratio for clearcut and road-related movements. Inset shows the frequency distribution of
the relevant LS-to-CB ratios. Ratios plotting above the 1:1 line indicate landslide lengths greater than the
hosting cutblocks.
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Figure 12. Frequency distributions of debris slides (ds) and long runout shallow failures (dsda & dsdf)
geometry measurements. Landslide width in (a) natural forest and (b) logged terrain. Landslide length in (c)
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in (g) natural forest and (h) logged terrain. Histograms are built with equally-spaced bins in logarithmic scale.

Each order of magnitude includes seven bins.

The effect of logging on landslide frequency distributions is presented to help the reader make a direct
connection between row empirical data (Figure 12) and modelling outputs (probability density functions),
reported in Figure 13. Logging-related debris slides (ds) and long runout failures (dsda & dsdf) display
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different frequency distributions from natural counterparts in terms of width, length, area, and volume (Figure
12). In particular, dsda & dsdf (orange and light blue bars) outpace debris slide occurrences (green and red
bars) by a factor of 5 in natural forest; vice versa the two typologies occur with comparable frequencies in
logged terrain, with a slight dominance of debris slides (Table 5 and Figure 12). The variability (i.e., the
ranges associated to the green and red histograms total widths) and average (i.e., the modal or the most frequent
values in the green and red histograms) geometrical characteristics of debris slide (ds) frequency distributions
remain similar in natural and logged areas. The same histogram characteristics for long runout failures (dsda

& dsdf) display drastic reduction in logged areas (light blue bars) compared to natural ones (orange bars).

Depending on movement type, we also observe diverse land-use effects on the frequency distributions of
landslide width (Lw) and length (LL). In natural forest, widths of long runout failures are positively skewed
towards larger values (up to 270 m), display a much broader range of variation (spread of x-axis), and attain a
larger modal value (i.e., ~ 27 m) than debris slides (Figure 12a). By contrast, in logged terrain the two landslide
types describe very similar width distributions (Figure 12b). This similarity holds with regard to range of
variation, histogram shape (symmetrical in both cases), and modal width (i.e., ~ 14 m).

As expected, landslide lengths of long runout failures display consistently larger modes than debris slides, both
in natural (Los ~ 38 m; Losorpa ~ 140 m; Figure 12c) and logged terrain (Los ~ 27 m; Losoripa ~ 140 m;
Figure 12d). Relevant histogram shapes differ by movement type. Accordingly, debris slides are skewed
towards large lengths in both land-use categories, while long runout failures are either negatively skewed in

logged terrain (Figure 12d), or display an overall symmetrical shape in natural forest (Figure 12c).

Histograms of landslide areas (Figures 12e and 12f) retain most of the characteristics observed for landslide
lengths, suggesting that length (as opposed to width) exerts a primary control on landslide area. Accordingly,
long runout failures display consistently larger modes than debris slides, both in natural (Los ~ 380 m? vs
Losorpa ~ 1000 m? in Figure 12€) and logged conditions (Los ~ 520 m? vs Losoeoa ~ 1930 m? in Figure 12f).
Interestingly, logged modal values, centred within substantially bell-shaped distributions (Figure 12f), are
larger than natural ones. This outcome chiefly derives from the complex, positively skewed shape of the natural
histograms (Figure 12e), characterized by secondary peaks at larger landslide areas (Los ~ 720 m? vs Losorioa
~ 3800 m?). Finally, landslide volumes display histogram shapes that are very similar to those described for
areas (cf. Figure 12e and 12g; Figure 12f and 12h).
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Figure 13. Probability density functions of API-based landslide areas (a, b), lengths (c), volumes (d), and
relevant cumulative probability density functions (e). Panel (a) reports functions of occurrences in natural
forest, in logged terrain. In the other panels, functions are stratified into four categories combining land use
(natural forest and logged terrain) and movement type (debris slides (ds) and long runout failures (dsda &
dsdf)). Red and green vertical lines in panels a and b indicate visibility thresholds for shallow rapid failures
respectively in cutblocks younger than 15 years, and in old-growth forest (Brardinoni et al., 2003b).
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In Figure 13, we compare the magnitude-frequency statistics modelled using the Double Pareto Simplified
(DPS) distribution for landside area (Figures 13a and 13b), length (Figure 13c) and volume (Figures 13d and
13e), expressed as probability density (PDFs) and cumulative density functions (CDFs). Consistent with the
classification scheme used for field-measured occurrences (Figures 4, 5 and 6), remotely-based landslides are
stratified by land use (Figure 13a), and by a combination of land use and movement types (Figures 13b
through 13e). PDF representation allows direct comparison of data distributions, the straightforward
visualization of distribution parameters, the identification of the rollover position, and the possible censoring
effect for low-size landslides (i.e., lower distribution tail). Shaded buffers in the plots (Figure 13) show the
90% confidence interval on the estimate of the PDF. When confidence intervals do not overlap, the estimated
distribution are statistically different. CDF allows for a more direct comparison of quantile/percentile statistics,
or the non-exceedance/exceedance probability (i.e., the cumulated probability for a landslide of being smaller
(or larger) than a given size), and provides meaningful information for hazard analysis (e.g., Guzzetti et al.,
2005; Corominas & Moya, 2008) and the design of possible mitigation measures (e.g., Melzner et al., 2020).

In Table 7, we report the parameters (and the relevant tests statistics) describing the landslide area distributions
estimated by means of Maximum Likelihood Estimation (MLE) (Rossi & Malamud, 2014). The table
summarizes for the DPS model: (i) the parameter controlling the transition between the tails (t), the slope of
the upper tail («), and the slope of the lower tail (5), as well as relevant standard errors and significance,
expressed as p-value; (ii) the estimated value of the rollover (R); and (iii) the Kolmogorov-Smirmov (KS) test
statistics and the relevant p-value. The KS test fails if the p-value is below 0.05 — the level of significance we
selected for this study — meaning that the dataset does not come from a DPS distribution. In Supplementary
Table 1, we report an estimate of the rollover uncertainty (i.e., 1%, 5", 25", 50", 75" 95" and 99" percentiles)

derived from the resampling bootstrap procedure for landslide lengths, areas, and volumes.

KS tests show that DPS is appropriate for describing the landslide area distribution of all data stratifications
examined, with the estimates of their parameters being consistently significant (DPS parameter p-value < 0.05)
(Table 7). Probability density functions of landslide areas in natural forest and logged terrain are statistically
different (Figure 13a and Table 7), they exhibit distinct size ranges and different rollover values (Rn = 330
m? RL = 230 m?) (see lack of overlapping between interquartile ranges of bootstrap resampling in
Supplementary Table 1). In agreement with the frequency distributions depicted by simple histograms
(Figure 12) and with the limits to landslide size imposed by cutblock length (Figure 11b), PDF representations
show that landslides in logged terrain tend to be statistically smaller (i.e., quantile envelopes do not overlap),
with large landslides being evidently less frequent (Figure 13a).

Further data stratification by movement type (Figure 13b) helps gaining insights on the geomorphic causes of
such differences modulated by land use. Indeed, we observe that debris slides are consistently smaller than
long runout failures, regardless of land-use type (as expected, by definition). Most importantly, we note that
debris slides do not display any land-use effect (i.e., ds-natural and ds-logged quantile envelopes overlap) and

that long runout failures do. In particular, we observe that (i) logging-related long runout failures are
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significantly smaller than in natural forest; and (ii) the rollover in logged terrain stands out for being ill-defined,
and bridges small (< 300 m?) and large (> 3,000 m?) landslides that are significantly more frequent than in

natural forest (Figure 13b).

The main characteristics described for the PDFs of landslide area apply to length analogues (Figure 13c), thus
confirming previous observations noted in terms of frequency distribution (Figure 12). In this context, the
well constrained rollover described by long runout failures (blue linework in Figure 13c), which was ill-
defined in terms of areas, represents the one main difference. The rollover for debris slide lengths occurs at
about 20 m for both land-use types (i.e., Rv= 18 m; RL = 19 m in Supplementary Table 1), and increases
progressively for long runout failures in logged terrain (RL = 44 m) and natural forest (Rn =59 m) (i.e., see

lack of overlap between interquartile ranges in Supplementary Table 1).

Similar to areas, volume distributions show statistically significant differences (confidence intervals do not
overlap) only in terms of long runout failures (dsda & dsdf in Figure 13d). For these movements, occurrences
larger than roughly 4,000m? (i.e., values larger than the natural-logged intersection of long runout failures) are
significantly more frequent, with the 5% (Figure 13e i.e., corresponding respectively to a non-exceedance
probability of 0.95, or to an exceedance probability of 0.05) of occurrences being respectively larger than
about: 7,000 m* in logged terrain (blue dashed line) and 30,000 m* in natural forest (solid orange line).
Regardless the overlap between volume-based PDFs (Figure 13d), the corresponding CDFs of simple debris
slides and long runout failures, for values larger than 100 m® show a consistent decrease of volume from

natural to logged conditions across all the main percentiles (Figure 13e).

5. Discussion

5.1 Effects of landslide geometry and sediment transfer

The direct estimation of landslide depth is a fundamental, yet challenging, prerequisite for evaluating landslide
volume and associated sediment flux. Without this type of information, land-use effects may be evaluated with
regard to number of occurrences, landslide densities and disturbed areas (e.g., Jakob, 2000; Wolter et al., 2010).
Challenges in volumetric estimation may vary with movement style, for example due to the recurring or
episodic nature of occurrence, the partial or complete evacuation of the mobilized material from the initiation

site, and the coalescence with adjacent (or antecedent) landslides.

Despite increasingly available higher-resolution airborne and/or satellite imagery (e.g., VVan den Eeckhaut et
al., 2007; Tanyas et al., 2019; Bunn et al., 2020), the visibility issue of shallow rapid failures over multi-
temporal scales remains unresolved in rugged, humid, densely-forested watersheds; unless costly, high
(temporal and spatial) resolution LiDAR surveys are performed. In similar settings, small landslide scars may
be: (i) simply not imaged (Turner et al., 2010); (ii) only partly visible, with their perimeter mapped only to a
limited extent (Pyles & Froehlich, 1987); (iii) subject to a varying degree of coalescence with adjacent scars;
or (iv) too difficult to detect unambiguously under the forest canopy (Brardinoni et al., 2003b). For these

reasons, field measurements form a critical complement to remotely-based inventories.
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Published, field-based measurements on shallow landslide geometry, stratified by land use are rare (e.g., Rickli
& Graf, 2009; Koyanagi et al., 2020). This is particularly the case in formerly glaciated settings of the Pacific
Northwest, where valley walls are often mantled by glacial till. Swanston & Marion (1991) in southeast coastal
Alaska (Chicagof and Prince of Wales islands), while considering 164 debris flows in cut and uncut forest,
report that initial failure sizes, transport distances, erosion in the transport zones, and volumes of deposited
material are larger in unlogged than in logged portions of old-growth forest. They further report that initial
failure depth in old-growth forest and logged terrain was in both instances equal to 0.7 m +/- 0.5 (1 Std
deviation) and that according to t-tests there was insufficient evidence to reject the null hypothesis i.e., failure
zone depth is the same in logged and unlogged conditions. These findings match more recent field-measured
geometries from Prince of Wales Island (Johnson et al., 2000), where 45 landslides, randomly selected from a
larger unpublished inventory, exhibit virtually identical mean landslide depth in old-growth (La = 1.2 m +/-
0.5), second-growth (1.1 m +/- 0.7) and clearcut (1.2 m +/- 0.4) terrain. In coastal British Columbia, these
mean depth values are typically associated to the characteristic thickness of regolith over bedrock, which on
till-mantled slopes correspond to the surface of preferential subsurface water flow and consequent weakness

that develops between weathered and unweathered till (e.g., Brardinoni & Church, 2004).

In this context, the Tsitika and Eve field-based data, stratified by movement type, provide additional insights.
On one hand, they confirm that logging has an almost negligible effect on the depth of long runout failures, as
testified by equal median values and comparable interquartile ranges observed in natural and logging-related
scars (Figure 5a); on the other hand, they indicate that debris slides are somewhat shallower than natural
counterparts, as suggested by the much tighter interquartile spread of the former land use type (Figure 5a).
Despite these indications, low correlations of landslide depth with length, width, and therefore with landslide
area (Table 4), impart high scatter to depth-based power-law relations stratified by land use and movement
type, yielding high overlap between the relevant prediction intervals (Figure 6). In turn, this scatter generates

area-volume relations that are not significantly different across land uses and movement types.

Spatially-distributed information on cutblock development through time, in conjunction with year of first
landslide detection in the API inventory, reveals that landslide occurrences (and the associated sediment yield)
in Tsitika-Eve describe a wave-like disturbance function. This function peaks 7-9 years after logging, hence
declines steadily, and resets at undisturbed rates after 16-19 years since harvesting operations ceased. A similar
time frame agrees with documented post-logging trend of total reinforcement by live and dead roots, which,
in formerly glaciated settings of the Pacific Northwest coast, has been estimated to reach a minimum within
7-11 years after logging (e.g., Ziemer and Swanston, 1977; O’Loughlin and Ziemer, 1981; Sidle and Ochiai,
2006). The 19-year window for hillslope recovery matches results from previous inventory-based studies
conducted elsewhere in coastal British Columbia (Brardinoni et al., 2003a), but it appears much shorter than
the 31-35 years observed in a small (8.5 km?) unglaciated mountain watershed of central Japan (Imaizumi et
al., 2008). Such a discrepancy, may either have to do with the limited basin area examined, or reflect

characteristic dynamics of regolith development and vegetation regrowth in a sub-tropical climatic context.
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Across the 34 years of logging activity examined, this wave-like trend translates into increased landslide
sediment yield. Increase is comparable on cutblocks and logging roads. Depending on the airphoto-year,
logging effects on sediment yield range from no increase up to an 8-fold acceleration, in comparison to natural
counterparts. These figures plot in the lower bound of previously documented, airphoto-based accelerations
along the formerly glaciated coastal ranges of the Pacific Northwest (O’Loughlin, 1972; Fiksdal, 1974; Rood,
1984; Brardinoni et al., 2003a; Hassan et al., 2005), but agree with field-coupled, airphoto-based rates in
selected tributary basins of the Capilano River (Brardinoni et al., 2003b).

Both clearcut and road-related landslide yields decrease systematically with time (Figure 10c). However, the
trend of the former reverses, when logged area (over which landslide yield is computed) is adjusted for the 19-
year time window (cf. white bars in Figures 10c and 10d). While we attribute the sharp decline in road-related
yield to a generalized improvement of road building techniques, in compliance with the British Columbia
Forest Practices Code (1995) (see also Wolter et al., 2010), we explain the rising of clearcut-related yield
(Figure 10d) with the increasingly steeper terrain that have been subject to timber harvesting from 1969
through 2003 (Figure 2).

5.2 Landscape structure, cutblock positioning and the size-frequency relation of shallow rapid failures
Considering the logistical challenges, the geometric assumptions and the uncertainties involved in the field-
based estimation of landslide volumes, as obtained from the integration of landslide planform area and depth
measurements (e.g., Guzzetti et al., 2009; Larsen et al., 2010), size-frequency analysis is typically regarded
more reliable when performed on landslide areas (e.g., Hovius et al., 1997; Pelletier et al., 1997; Stark &
Hovius, 2001; Guzzetti et al., 2002; Tanyas et al., 2019). Following the same logic and wishing to minimize

uncertainty, in the next section we will limit our discussion to landslide length and area only.

Previous work concerned with the effects of forest harvesting on the size and frequency of shallow rapid
failures has yielded contrasting results (e.g., Schwab, 1983; Swanston & Marion, 1991, Jakob, 2000; Martin
et al., 2002). We hypothesize that these contrasts may reflect interactions between the variety of movement
types (e.g., slides, avalanches, flows, and falls) embedded in a given landslide inventory, the way in which
logging activities have approached different landscape components through time (i.e., historical spatial
distribution of cutblocks), and the structure of the landscape under consideration. To some extent, this working
hypothesis is corroborated by recent modelling efforts concerned with seismically-induced landslides,
indicating that landscape structure, among other factors, can exert constraints on landslide size and frequency
(e.g., Jeandet et al., 2019; Medwedeff et al., 2020).
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Figure 14. Boxplots of debris slides and long runout failures showing: (a) elevation at initiation; and (b) slope
atinitiation. All representations are stratified by morphologic position at initiation and land use. Boxes enclose
interquartile ranges, whiskers span from 5% to 95%.

To identify possible morphometric controls that could explain differences in size-frequency relations observed
across movement types and land uses (Figures 12 and 13), we expand our focus to the pristine, formerly
glaciated landscape structure of the study basins and the positioning of cutblocks and logging roads on the
valley walls. Preliminary analysis on morphologic position at landslide initiation have shown that this attribute
could discriminate between small and large landslide occurrences (Figure 8b). Following this lead, we will
explore linkages between landslide geometry (i.e., length and area), the spatial distribution of Quaternary

surficial materials, and the topo-morphological characteristics of landslide initiation sites.

Indeed, data integration on landslide initiation, including elevation (Figure 14a) and slope gradient (Figure

14b) across morphologic positions and movement types, reveals contrasting topographic conditions in logged

and natural settings. In natural forest, median elevations at initiation sit consistently above 800 m a.s.l. (Figure

14a), that is, in the mid-to-upper portions of valley walls and below the bedrock-dominated belt (e.g., Figures

15a and 15b). Logging-related landslides initiate at comparably lower elevations i.e., upper whiskers (95

percentile) plot below 800 m a.s.l. (Figure 14a), a value that roughly corresponds to the upper altitudinal limit
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of cutblock and logging road development in the study basins: on the low-to-mid portions of the valley walls
(e.g., Figures 15c¢ and 15d).

In view of the Tsitika and Eve morphometric landscape structure, where median slope increases with elevation
(Figure 2a), higher elevation in natural forest means higher slope gradient at initiation (Figure 14b). It follows
that, considering the same morphologic positions in unchannelled (i.e., open slope) and channelized (i.e., gully
headwall and sidewall) conditions, we see that forest clearing tends to destabilize sites at lower elevations
(hence at lower slope gradient), which naturally would not fail, or would fail less frequently (Figure 14a). In
this context, debris slides (ds) originating at escarpments (Nf-es) are the exception and their altitudinal (hence
slope) distribution largely overlaps that of logged counterparts (Lg-es) (Figures 14a and 14b). This pattern is
consistent with the spatial distribution of steep escarpment faces, which, in the postglacial landscape of coastal
British Columbia occur along incisions carved into glacial and glaciofluvial valley fills in distal reaches of the

main valley floors (e.g., Figures 15e and 15f).

We argue that the location of cutblocks and logging roads on the slopes, in conjunction with a landscape
structure composed of glacial troughs, adjoining oversteepened valley walls, hanging valleys and postglacial
incisions of sedimentary fills, by exerting primary control on initiation site characteristics (i.e., elevation and
slope gradient), impose heavy constraints on local relief (i.e., available energy), slope length, and therefore on
potential maximum landslide length (Figure 15). Accordingly, open slope (os) and gully headwall (gh)
initiations in natural forest, typically located at highest elevations (Figures 14a, 15b and 15d), display much
longer landslide lengths than escarpment (es) counterparts (see boxplots in Figure 16a), which have
comparably less local relief available in both natural and logged conditions (Figure 15f). Similarly, gully
sidewalls (gs), whose local relief is dictated by sidewall height (Figure 2), display shortest landslide lengths

across movement types and land uses (see boxplots in Figures 16a and 16b).
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Figure 15. Plan views (panels a, c, €) and cross-sectional transects (panels b, d, f) of the Tsitika and Eve
watersheds illustrating the spatial distribution of shallow rapid failures in relation to cutblock position and
landscape structure. In the plan views, light green polygons indicate landslide tracks, purple linework indicate
logging roads, and blue linework the main drainage network. Cutblock period of development include: 1969-
79 (dark green), 1980-87 (yellow), 1988-94 (orange) and 1995-03 (red polygons). In cross-sectional transects,
green and red arrows represent respectively natural and logging-related landslides. Panel a highlights how the
length of long runout failures in natural forest is constrained by hillslope length (i.e., starting from the base of
the bedrock belt, down to the valley floor). Panel ¢ exemplifies how logging-related landslide length may be
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limited by cutblock length (e.g., orange-shaded cutblock at panel bottom), as opposed to natural landslides
triggered above the cutblock belt (e.g., landslide track running parallel to B-B’ trace). Panel e shows that the
limited length of landslides occurring at escarpments, in proximity of the main valley floors (e.g., Tlatlos Creek
on mid to top left of panel), is constrained by the height of such incisions.

Overall, we observe that landslides originating at distinct morphologic positions characterize different portions
of the length (Figure 16a and 16b) and area (Figures 16¢ and 16d) size-frequency domains. Specifically, open
slopes (o0s) and gully headwalls (gh) occupy the high-magnitude spectrum (i.e., inverse power law), whereas
gully sidewalls (gs), and to a lesser extent escarpments (es), populate the mid-to-low magnitude portions (i.e.,
direct power law), including the rollover zone. This morphologic transition at the rollover may reflect diverse
instability thresholds within the landscape. Accordingly, larger thresholds would have to be crossed for
triggering large debris avalanches on the valley walls or large debris flows at gully headwalls, compared to
gully sidewall and escarpment positions, which may represent local adjustments to slope undercutting operated
respectively by debris-flow scouring along gully channels and by fluvial lateral migration along stream

channels.
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Figure 16. Probability density functions of APIl-based: (a) landslide lengths in natural forest; (b) landslide
lengths in logged terrain; (c) landslide areas in natural forest; and (d) landslide areas in logged terrain. In each
panel, probability density functions are stratified according to movement types including debris slides (ds) and
long runout failures (dsda & dsdf). Probability density functions are shown in conjunction with the
corresponding empirical distributions of landslide lengths (a, b) and areas (c, d), represented as boxplots and
stratified by movement type and morphologic position at initiation. Boxes enclose interquartile ranges.
Whiskers span from 5% to 95%.
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Incidentally, both gully sidewall and escarpment positions are characterized by “low visibility” conditions
(Brardinoni et al., 2003b, cf. their Figure 11), as they typically occur on steep slope faces: the former on narrow
v-notched incisions, the latter at the slope base of fluvial gorges. For this reason, we argue that the shape and
position of the rollover in Figure 13, which starts between 300 and 700 m?, is influenced by undersampling
(Stark & Hovius, 2001; Miller & Bumett, 2007), and as such depicts a minimum frequency scenario. This
interpretation agrees with existing landslide visibility thresholds constrained for coastal British Columbia
(Brardinoni et al., 2003b), which plot between the rollover and the point in which the PDF functions of our
inventory start deviating from the negative power-law relation (Figures 13a and 13b). Our interpretation about
undersampling finds further support from documented rollover’s sensitivity to survey-type (the rollover of an
API-based inventory shifts to smaller sizes when additional “not visible” landslides are added to the inventory
i.e., Brardinoni & Church, 2004), and from recent work conducted in a 5-km? basin of New Zealand (Berard
et al., 2020). Although the question of coalescence between landslide scars may still apply, by differencing
repeat LIDAR surveys conducted before and after an Mw 7.8 seismic event, the authors claim they could detect
1431 distinct landslides, and could fit a simple declining power-law relation for all slide sizes down to areas
of 20 m?.

In the study watersheds, the position of the rollover associated to landslide areas and lengths varies with
movement type, but seems insensitive to land use for “simple” debris slides (Figures 13b and 13c), where
natural and logged rollovers virtually coincide (i.e., see overlap between interquartile ranges of bootstrap
resampling in Supplementary Table 1). In the context of previous modelling efforts and interpretations that
have explained the rollover as expression of the competition between friction- and cohesion-dominated
landslides (e.g., Stark & Guzzetti, 2009; Frattini & Crosta, 2013; Jeandet et al., 2019), our empirically-based
finding forms an element of surprise. In fact, the combination of lower visibility threshold and lower (inferred)
root cohesion in logging-related debris slides should promote a rollover at smaller sizes compared to natural
counterparts. Following this logic, in our inventory we do not observe a rollover dependence on (root) cohesion
but we propose an alternative explanation linked to the topo-morphologic constraints of the failure sites, as

indicated by classification of landslides by morphologic position at initiation (Figure 16).

Logging generates an ill-defined rollover on areas of long runout failures (Figure 13b and 16d), the origin of
which is difficult to explain, considering (i) that this landslide category includes unconfined debris avalanches
and channelized debris flows; and (ii) the limited number of logging-related debris avalanches (n = 38; Table

5 and Figure 8a).

The population of landslides that logging activities add to natural landsliding holds implications for hazard
assessment (e.g., Rollerson et al., 2005). Assuming that larger size means a possible increase in the energy
involved, hence in the destructiveness of a landslide, the effect of logging, as shown by the different percentile
values in the cumulative probability representation (Figure 13e), tends to increase the number of small and
less destructive failures. However, since post-logging hazard estimation - assuming it being dependent from

landslide energy/destructiveness - should also account for the change in landslide initiation position; although
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smaller, logging-related landslides initiate preferentially at lower elevations and slopes (Figures 15a and 15b),
which in the study area, on average, means being closer to valley floors or within postglacial gorges.
Consequently, these landslides have a high probability to enter fish-bearing streams and alter fish habitat

conditions, when appropriate buffer zones are not implemented.

6. Conclusions

By combining historical data on cutblock development, field- and remotely-derived information on landslide
geometry and occurrence -- controlled for movement type, as well as for morphologic position, elevation and
slope gradient at initiation -- we link aspects of landslide response to forest harvesting. Accordingly, we show
that logging activity on the formerly glaciated slopes of the Tsitika and Eve River basins does not affect
significantly landslide depth, and consequently, the corresponding area-volume relation. Cutblock
development and road construction introduce in the landscape an additional population of landslides, whose
activity peaks after 7-9 years and resets to undisturbed rates 16-19 years since logging operations have stopped.
Compared to natural forest, we find that logging promotes disproportionally higher landslide initiation at
certain morphologic locations, including open slopes on valley sides and escarpment faces of incised

postglacial valley floors.

The interaction between logging operations and the morphometry of the landscape, where slope gradient
increases directly with elevation, holds a number of implications. Specifically, we show that landslide yield
has increased through time, as cutblocks were developed at increasingly higher elevations. In this context,
cutblock development, which normally occurs at relatively low slopes and elevations, generates distinctively
shorter landslides in natural forest. This topographic constraint has virtually no effect on the size-frequency
relation of debris slides, but limits drastically the size of long runout failures, such as debris avalanches and

channelized debris flows.

Further landslide stratification by morphologic position at initiation is instructive. Our findings indicate that
the rollover occurs at transitions among different morphologic positions at initiation (Figure 16), which in
turn, may reflect different triggering thresholds and different geometric constraints to runout propagation, as
set by the spatial organization of this formerly glaciated landscape. Specifically, the rollover may stem from
the transition between primary (i.e., open slope and gully headwall) and secondary (i.e., gully sidewall and
escarpment) occurrences. Following this logic, the former would be controlled by first-order valley wall
geometry (i.e., length of regolith- or till-mantled hillslopes), the latter by the geometry of second-order
features, such as incisions on the hillslopes (i.e., gully depth) and valley floors (i.e., escarpment depth)
developed in glacial and deglacial sedimentary covers (Figures 3 and 4). Our results and interpretations
suggest that future empirical and modelling efforts in glaciated and unglaciated settings should address the
morphologic and topographic diversity at initiation associated with different shallow failure types across

hillslopes and steep headwater streams.
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Tables

Table 1. Land-use history in Tsitika and Eve watersheds.

2 Time period
Land use (km’) 196168 1969-77 1978-87 198894 1995-03
Newly logged area 0.0 30.2 42.5 34.1 48.2
Cumulative logged area 0.0 30.2 72.7 106.8 155.0
Active logged area* 0.0 30.2 72.7 76.6 82.3
Natural area 612.1 575.3 539.4 505.3 457.1

* Area logged within the time period necessary for post-logging recovery (i.e., 18-25 years).

Table 2. Summary of land use and movement type classes adopted for analyses conducted on field and API
landslide data. Different data grouping across analyses aimed at achieving a minimum representative number

of observations per class.

Data  Landslide variable Analysis Land-use classes ~ Movement type classes
Depth Descriptive statistics Natural forest (nf)  Debris slides (ds)
Width Simple pairwise correlation Logged (cc & rd)  Long runout (dsda & dsdf)
Length Univariate boxplots
Area Depth-based power-law fitting
E Area Power-law fitting Natural forest (nf)  Debris slides (ds)
= Volume Logged (cc & rd)  Long runout (dsda & dsdf)
Volume Univariate boxplots Natural forest (nf)  Debris slides (ds)
Clearcut (cc) Debris flows (dsdf)
Road related (rd)  Debris avalanches (dsda)
No. of occurrences Post-logging recovery Clearcut (cc) No stratification
Volume
% Landslide density Temporal response Natural (nf) No stratification
":; Landslide yield Clearcut (cc)
= Logged (rd)
E Volume Univariate boxplots Natural (nf) Debris slides (ds)
g' Logged (cc & rd)  Long runout (dsda & dsdf)
< Area Magnitude-frequency analysis Natural (nf) Debris slides (ds)
Volume Logged (cc & rd)  Long runout (dsda & dsdf)
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Table 3. Descriptive statistics on landslide depth across land use (natural and logged) and movement type
(debris slides, debris avalanches and debris flows) classes.

All ds dsdf dsda & dsdf

Natural Logged Natural Logged Natural Logged
Median 0.50 0.50 0.45 1 1 1 1
Mean 0.81 0.78 0.52 1.53 1.17 1.46 1.12
Std Err 0.06 0.13 0.04 0.34 0.13 0.30 0.11
Mode 0.50 0.50 0.30 1 1.50 1 1
Std Dev 0.68 0.64 0.32 1.23 0.55 1.17 0.52
Min 0.20 0.30 0.20 0.50 0.50 0.50 0.50
Max 5 3 2 5 2.5 5 2.5
Number of obs. 113 25 52 13 17 15 21

Table 4. Spearman’s pairwise correlation coefficients of landslide depth, width, length, and area, as measured
in the field. Area is given by the width by length product. Coefficients > 0.6 are indicated in bold.

ds-Natural Depth Width Length Area

(n=25)

Depth 1.000 0.443 0.119 0.0677
Width - 1.000 0.684 0.682

Length - - 1.000 0.979

Area - - - 1.000

ds-Logged Depth Width Length Area

(n=52)

Depth 1.000 0.409 0.465 0.426

Width - 1.000 0.407 0.928

Length - - 1,000 0.638

Area - - - 1.000

dsda & dsdf-Natural Depth Width Length Area

(n=15)

Depth 1.000 0.291 -0.0914 -0.0307
Width - 1.000 0.654 0.846

Length - - 1.000 0.903

Area - - - 1.000

dsda & dsdf-Logged Depth Width Length Area

(n=21)

Depth 1.000 -0.0425 -0.109 -0.101
Width - 1.000 0.398 0.914

Length - - 1.000 0.643

Area - - - 1.000
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Table 5. Number of debris mobilizing mass movements mapped via aerial photo interpretation, stratified by
movement type and land-use at initiation point. The corresponding estimated volumes of mobilized debris in
cubic meters are reported in brackets.

Movement type Debris slides Debris flows Debris avalanches
(ds) (dsdf) (dsda)
Natural (1930-2003) 73 308 37
(Volume — m®) (50,240) (1,144,910) (1,765,580)
Clearcut (1969-2003) 92 66 21
(Volume — m?) (37,980) (71,950) (54,200)
Road (1969-2003) 17 16 17
(Volume — m°) (15,830) (52,090) (64,250)
Logged (1969-2003) 109 82 38
(Volume — m?) (53,810) (124,040) (118,450)
Total 182 390 75
(Volume - m®) (104,050) (1,268,950) (1,884,030)

Table 6. Number of occurrences (n) and corresponding mobilized volumes of shallow landslides (expressed in
cubic meters) mapped via aerial photo interpretation, stratified by morphologic position at initiation,
movement types and land use. Corresponding percent values are reported in brackets.

Movement type Morphologic position at initiation )

& land use es gs gh 0s  others Combined

ds -Natural n (%) 33(45.2) 32(43.8) 1(1.4) 6082 1(14) 73
m? 25,390 12,750 740 11,200 160 50,240

ds -Logged n (%) 44 (404) 43 (39.4) - 22(20.2) - 109
m? 16,420 21,870 - 15,520 - 53,810

dsda & dsdf -Natural  n (%) 6 (1.7) 137(39.7) 82(23.8) 116(33.6) 4(1.2) 345
m® 20,010 256,990 362,660 2,252,070 18,760 2,910,490

dsda & dsdf -Logged n (%) 21(17.5) 13(10.8) 9(75) 77(64.2) - 120
m® 10,680 2,200 11,160 218,450 - 242,490
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Table 7. Parameters of Double Pareto Simplified distribution and related test statistics obtained for landslide
areas in Tsitika and Eve watersheds. The following significance codes rank the significance of the parameters,
from highly to not significant; [*****] = p-value <0.001, [****] = p-value < 0.01, [***] = p-value < 0.05, [**]
= p-value < 0.1, [*] = p-value >0.1.

Figure Stratification DPS Distribution parameters KS test
Parameter Estimate Standard p-value  Significance
Error
13a Natural Alpha 0.98 0.06 <0.0001 Fokkokk D 0.056
Beta 4.33 1.89 0.02 Hkk
t 196 129 0.13 * p-value 0.55
Rollover 330 na na na
Logged Alpha 1.41 0.13 <0.0001 folalaiolel D 0.09
Beta 1.89 0.38 <0.0001 folalalaled
t 465 137 0.0007 faleiakaied p-value 0.31
Rollover 230 na na na
13b ds Natural Alpha 1.71 029 <0.0001 Fkkkk D 0.110
Beta 2.78 1.16 0.01 Fokk
t 303 146 0.03 falaie p-value 0.78
Rollover 240 na na na
ds Logged Alpha 1.82 028 <0.0001 Fkkkk D 0.081
Beta 3.13 1.27 0.01 Fokk
t 245 107 0.02 Fkk p-value 0.80
Rollover 210 na na na
dsda & dsdf Alpha 1.18 0.08 <0.0001 falelakaied D 0.055
Natural Beta 1.82 0.31 <0.0001 Fokkokk
t 997 285 0.0004 Fkkokek p-value 0.64
Rollover 440 na na na
dsda & dsdf Alpha 1.98 0.37 <0.0001 folalaiolel D 0.089
Logged Beta 1.21 0.24 <0.0001 Fkkkk
t 1686 498 0.0007 faleiaiaied p-value 0.63
Rollover 440 na na na
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Supplementary Figure 1. Mean monthly precipitation (1960-2010) at: (a) Port Alice (lat: 50.39; long: -

127.46); (b) Port Hardy (lat: 50.68; long: -127.37); and (c) Quatsino (lat: 50.53; long: -127.65). Dashed lines
enclose 5"-95" percentile envelopes. Data source:

https://climate.weather.gc.ca/historical data/search historic data e.html
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Supplementary Table 1. Uncertainty of the Double Pareto Simplified distributions (i.e., parameters and
rollover), as obtained for bootstrap resampling.

LANDSLIDE AREA

Percertile Rollov
1% 101 245 226.14 230
5% 102 2.59 24386 250
25% 1.05 3.05 260.25 260
50% 107 3.05 274.92 270
75% 1.09 3.05 295.95 280
95% 113 3.05 355.86 300
99% 114 3.05 392.03 320
- Newa
1% 0.9 2.37 134 89 2B0
5% 092 2.69 141.79 290
25% 0.96 35 173.15 310
50% 0.99 4.34 205.72 340
75% 1.03 4 B5 282 37 350
95% 108 4 85 381.19 3BO
99% 109 485 538.93 390
~ loged
1% 127 1.66 368.07 180
5% 129 1.89 399.21 200
25% 137 1.89 441 81 220
50% 141 1.89 473.55 230
75% 148 1.89 515.52 253
95% 158 1.B9 563.88 280 LAMNDSLIDE LENGTH
99% 173 1.89 66046 Pl Percentile Rollov
- ds-Nawral
1% 135 2.03 97.8B 170 1% 153 287 1.26 14
5% 138 2.11 107.53 180 5% 159 3.32 1.78 15
25% 155 241 201.45 210 25% 173 541 5.72 16
50% 169 288 306.26 230 5% 1493 7.67 11.65 18
75% 185 3.8 358 .41 260 75% 209 18.55 16.3 19
95% 207 75 3B6.65 281 95% 257 100 23.25 22
99% 22 75 3B6.65 310 99% 277 100 28.85 24
~ ds-loged  ds-logged
1% 136 203 130.14 160 1% 162 3.04 193 17
5% 151 2.12 138.97 170 5% 1.69 411 2.25 17
25% 166 2.74 173.62 150 25% 18 7.89 2.55 18
50% 18 3.52 2223 210 503 1.88 100 3.25 19
75% 194 443 284 98 230 75% 208 100 14 22 21
95% 237 452 407.61 251 95% 251 100 25.11 24
99% 263 452 412 54 270 99% 283 100 35.88 27
© AREA'dsda&dsdf-Nswral  dsda&dsdf-Nawral
1% 106 1.83 B836.97 360 1% 11 1.82 1.02 34
5% 111 1.83 B876.24 3BO 5% 117 19 12.76 36
25% 115 1.83 954 98 418 25% 123 227 28.61 41
50% 118 1.83 10107 450 50% 133 3.13 46.91 a4
75% 122 1.83 1080 9 480 75% 146 436 73.13 a7
95% 128 1.83 1142 28 510 95% 155 8B 100 51
99% 131 183 1190.33 540 99% 162 8202 100 54
~ dsdagkdsof-loged  dsdadadsdf-lomed
1% 128 0.91 646.09 121 1% 184 1.67 742 43
5% 149 0.97 910.46 230 5% 1497 1.72 82.95 a7
25% 175 1.07 1293.25 360 25% 212 192 100 55
50% 2m 12 1768.18 440 50% 224 203 100 59
75% 236 1.44 2136.84 510 75% 233 222 100 [
95% 2584 1.87 254372 596 45% 253 253 100 70
099% 3.34 2.19 27238 712 993 27 277 100 73
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Supplementary Table 1 (continued)

LANDSLIDE VOLUME
Percentile Rollov

1% 0.83 17 154 36 130

5% 0.84 2.07 165.45 140

25% 0.87 2.59 178.82 150

S50% 0.89 2.59 190.94 155

75% 091 2.59 207.43 160

95% 0495 2.59 286.57 170

99% 097 2.59 428 22 180
- Newa
1% 0.76 184 85.43 160

5% 077 21 90.81 170

25% 081 2.86 107.26 190

S50% 0.83 3.83 129 04 200

75% 0.86 4.09 208.37 220

95% 091 4.09 357.83 240

99% 093 4.09 456 .8 260
- lomed
1% 1.06 1.36 287.44 88

5% 108 148 297.78 92

25% 114 1.59 342 56 110

S50% 119 1.59 382.94 130

75% 124 1.59 402 89 140

95% 134 1.59 455 84 150

99% 14 1.59 568.36 160
- ds-Newra
1% 107 175 408 o4

5% 117 184 68.26 120

25% 136 2.15 145.09 140

S50% 149 245 229 87 150

75% 159 342 273.2 170

95% 182 75 2732 190

99% 185 75 273.2 200
~ ds-loeed
1% 123 163 765 91

5% 128 175 94 53 110

25% 145 2.33 12767 120

S0% 156 277 170.27 130

75% 172 3.38 213.33 143

95% 203 3.79 29477 161

99% 22 3.79 29477 170
© dsdagdsdf-Nawral
1% 09 155 682 28 170

5% 092 155 76434 190

25% 095 155 867.51 220

S50% 1 155 925 6 250

75% 105 155 1005 .9 270

95% 108 153 1115.18 310

99% 112 153 1235.84 350
© dsa&dsoi-loged
1% 129 0.73 891.23 44

5% 135 0.79 974 31 91

25% 151 0.88 1280.61 168

S50% 172 1.01 1734 88 215

75% 198 123 224443 280

95% 245 129 2906.2 367

99% 264 129 35561.34 450
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CHAPTER5

Concluding Remarks and Summary

Multi-temporal inventories are practical tools for characterizing landslide occurrence as well as for evaluating
relevant decadal responses to external forcing over large spatial scales, from single watersheds up to regions.
In this doctoral thesis, we have compiled multi-temporal inventories in two physiographic settings with
contrasting land-cover history, where different styles and intensities of human disturbance have occurred.
Variable anthropogenic forcing in time and space inherently controls the spatial distribution and turnover of
land-cover patches, and therefore affects the quality and resolution of historical land-cover mapping through

which we evaluate relevant landslide responses.

Landslide identification and delineation via aerial photo interpretation is not a simple task and is conditioned
by the quality and availability of historical optical imagery, landscape morphometry, land cover, density of
forest canopy, landslide type, and landslide temporal nature. In turn, these components influence the
completeness of an inventory, hence the uncertainty associated with relevant quantitative evaluations. For
example, in the Tsitika and Eve River basins (Chapter 4), we have seen how forest canopy can hamper landslide
identification, imparting landslide visibility thresholds related to forest age (i.e., cutblocks vs old-growth
forest), and that landslides may remain consistently visible for about 30 years since occurrence. These
thresholds influence the manual delineation of landslide areas, as well as our ability to distinguish between
initiation, transportation and deposition zones, and consequently affect relevant estimations of disturbed areas
and volumes of mobilized debris. In the Sillaro River basin (Chapters 2 and 3), we found forest cover to be not
particularly limiting, due to the lower density of the forest canopy and to less rugged topography. In this setting,
we found that landslide identification and area delineation was more difficult within badlands, due to the poor
contrast between the substrate and freshly displaced sediment, and by the virtually “chronic” nature of
recurring earthflows within gully systems. Our ability to detect these frequent sediment pulses influences the
completeness of an inventory. For example, the availability of photo year 2006 has been instrumental for
capturing the earthflow surge associated to a rotational slump, which otherwise would have gone undetected
(Figure 1). In this respect, the effort spent in the compilation of the inventory over 12 sequential photosets: (i)
ensures higher temporal resolution, compared to existing inventories across the Mediterranean, which typically
rely on two to four sets; (ii) has allowed to constrain a temporal window of 15 years for consistent landslide
identification and mapping. This window was found to highest in managed forest, where the footprint of
landslide scars on aerial photos tend to persist for about 17 years, and lowest in transitional shrubland, where

highly dynamic vegetation patches induce landslide obliteration after about 13 years.
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Figure 1. Dynamic plan-view of a badland complex in photo year: (a) 2000 (b) 2006, (c) 2014, and (d) 2018.
Compare vegetation cover along the main tributary valley floor, before (i.e., 2000), and after (i.e., 2014 and
2018) appearance of a channelized earthflow (yellow polygon outline) in photo year 2006.

The nature of the surficial materials involved directly affects the landslide types that dominate the two different
study areas. In coastal British Columbia, debris slides, avalanches, and flows are all characterized by a high
degree of mobility (i.e., high efficiency of sediment transfer) from the initiation-transportation zone down to
the relevant deposition zone, making it feasible in the field to measure depths (of erosion or deposition) to
constrain area-volume relations and estimate volumes of mobilized debris. On the contrary, in the clay-rich
lithologies of the Sillaro River basin, where earthflows and earth slides are dominant, “fine and sticky”
sediment pulses can produce elusive memory effects associated with more complex runout dynamics over time
and space, thus making the estimation of landslide depths and volumes trickier. In this context, ad hoc field -
based surveys are in progress, but are beyond the scope of this thesis, considering the logistical and temporal
efforts required. For this reason, the thesis component of the Sillaro River basin does not include estimates and

analysis of mobilised volumes.

In this thesis, the advantages of multi-temporal landslide inventorying have been explored in Chapter 2. Here,

a novel dynamic mapping approach was applied to four landslide sites of the Sillaro River basin, and compared

with the existing (static) mapping of the Emilia-Romagna inventory. Results show that multi-temporal
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mapping allows not only to identify occurrences and recurrences, but may also improve landslide detection,
and reduce the uncertainties on existing landslide polygons. In addition, the proposed approach provides
insights on process understanding and on scenarios of evolution at the site-scale, through detection of (i)
source-to-sink pathways, (ii) revegetation patterns, (iii) headscarp migration, and (iv) changes at landslide

terminus and/or induced changes in the geometry and sediment texture of the channel bed.

In Chapter 3, we applied the multi-temporal mapping approach at the basin scale (1954-2018), in relation to
dominant lithologies, and to historical changes in land-cover and precipitation regime. Results display that
landslide in the Sillaro River basin are predominantly recurring in nature and that they occur mainly in badlands
and transitional shrubs of Epiligurian and Ligurian claystones, and subordinately in the Padano-Adriatic
claystones. Landslide geometry is typically elongated and is controlled by lithology and terrain morphometry.
By contrast, land-cover affects landslide geometry in a limited way. Accordingly, landslides are distinctively
shorter and smaller on arable crops and meadows. Considering the temporal variability, number and areas of
recurring movements are always dominant over episodic counterparts. In the roughly 80-year time window
considered, landslides at a site can recur up to 9 times. Analyses on landslide temporal variability in relation
to land-cover changes across geologic domains show that badlands are associated with highest historical
landslide densities across all four time periods examined, followed by transitional shrubland, managed forest,
and arable crops. Excluding arable crops - due to the limited number of landslides and the comparably gentler
terrain on which they occur - this land cover stability ranking broadly agrees with expectations on the
stabilizing effect of an increasingly structured vegetation cover. When land use effects are assessed as a
function of slope gradient, different behaviours are observed in the four geologic domains. Our findings
indicate that landslide activity is highest in the last twenty years, during a period of generalized land-cover
stability, but where changes in precipitation regime are apparent (i.e., decrease in precipitation totals
increasingly dominated by extreme events). Accordingly, we find high correlation between landslide activity
and specific precipitation indices. In this context, badlands turned out being the most sensitive sites to changes
in precipitation, with highest landslide densities between 1997 and 2018 in all but the Padano-Adriatic
claystones. These stand out for their highest density scores between 1955 and 1976, a pattern that we explain

with the agricultural encroachment of unstable badlands terrain.

In Chapter 4 landslide geometry of the Tsitika and Eve basins have been analysed to evaluate the effects of
forest harvesting on landslide size and frequency. Main results display no significant dependency of landslide
depth with length, width and therefore area, regardless of land use and movement type. For this reason, the
same area-volume relation was applied to the whole inventory. Post-logging landslide occurrences are highest
after 7-9 years and recover to undisturbed rates after 16-19 years since harvesting operations ceased. Data
stratification by movement type, display that debris slides are smallest than long runout failures, while
considering the morphologic position at initiation, primary movements (i.e., gully headwall and open slope)
are bigger than secondary movements (i.e., gully sidewall and escarpment). Due to the low elevation of

cutblock development, logging generates landslides at low elevations and low slopes, where they would not
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normally occur. This topographic position has no effect on the size-frequency relation of debris slides but
limits the size of logging-related long runout failures (i.e., debris avalanches and debris flows). The landscape
structure combined with the location of cutblocks and logging roads on the slopes, exert primary control on
initiation site characteristics (i.e., elevation and slope gradient), impose heavy constraints on local relief (i.e.,
available energy), slope length, and therefore on landslide length. The rollover occurs at transition among
different morphologic position at initiation, controlled by first-order valley wall geometry for primary
movements and by the geometry of second-order features, such as incisions on the hillslopes (i.e., gully depth)

and valley floors (i.e., escarpment depth), for secondary movements.
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