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Highlights

What are the main findings?

e Landslide development in the eastern Tararua District is governed by lithologic sus-
ceptibility and fluvial incision rather than by slope gradient alone.

e LiDAR-derived morphometrics integrated with geological data discriminate three
distinct slope-relief regimes and reveal strong hillslope—channel coupling.

What are the implications of the main findings?

e  Assessing the intrinsic susceptibility of rock types and geomorphic parameters inde-
pendently allows for improved sediment source and hazard interpretation.

e A threshold-based conceptual model integrating lithology, topographic forcing, and
land-cover modulation advances remote sensing applications for regional instability
assessment in soft-rock terrains.

Abstract

Deep-seated landslide complexes are widespread in soft-rock hill-country landscapes, yet
their regional morphometric organisation and controlling factors remain insufficiently
quantified. This study uses high-resolution (1 m) airborne LiDAR-derived terrain data inte-
grated with geological and drainage-network datasets to investigate landslide complexes in
the eastern Tararua District, New Zealand. A relative, unit-based morphometric framework
is applied to compare terrain derivatives (including slope, aspect, and multi-scale relative
relief) between mapped landslides and their host geological units. To isolate intrinsic
lithological controls from geomorphic influences, the analysis is restricted to landslides
occurring entirely within a single geological unit. The results indicate that lithology exerts
first-order control on landslide morphometry, while fluvial incision and valley confinement
regulate landslide initiation and persistence. Landslides are preferentially associated with
low- to mid-order channels, indicating strong hillslope—channel coupling within a young,
actively uplifting landscape. A conceptual threshold framework is proposed, showing that
landslides develop where lithological susceptibility and relief amplification jointly exceed
stability thresholds. By integrating geological information with LIiDAR-based morphome-
tric analysis, this study provides a transferable framework for distinguishing instability
regimes and improving understanding of sediment dynamics and landscape evolution in
soft-rock terrains.

Keywords: deep-seated landslides; earthflows; LIDAR; soft-rock hill country; morphometry;
hillslope—channel coupling; lithologic control
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1. Introduction

Landslides are widespread geomorphic processes that affect both natural and built
environments. Their impacts range from long-term terrain evolution to acute, high-impact
disasters. Globally, numerous events highlight their destructive capacity [1-4]. At broader
temporal and spatial scales, landslides contribute significantly to the denudation and
sculpting of mountainous terrain and landscapes [5,6].

Landslide classifications [7-9] are widely used to describe landslides based on material
(rock, debris, or earth) and movement type, such as falls, slides, spreads, and flows. In
addition to these categories, the term deep-seated landslide is commonly applied to failures
with rupture surfaces extending into bedrock [10,11]. When these deep-seated failures
occur in weak, weathered, or poorly lithified “soft rock,” they often form large landslide
complexes that can persist and reactivate over long periods of time [12-15].

The term stability is commonly used to describe the likelihood of slope failure. Slopes
are considered stable when resisting forces exceed driving forces, and unstable when
driving forces dominate [16]. The controls on slope stability are commonly grouped into
preconditioning, preparatory, triggering, and sustaining factors [17]. Preconditioning
factors govern long-term susceptibility and include bedrock strength and structural config-
uration. Preparatory factors progressively reduce stability, such as uplifting, weathering,
or vegetation removal. Triggering factors act over short timescales, with earthquakes and
intense rainfall being the most common causes for both shallow and deep-seated failures. In
soft rock terrains, rainfall-induced increases in groundwater levels and pore-water pressure
are particularly important, often resulting in delayed responses relative to storm events [18].
Sustaining factors influence post-failure behaviour, including continued toe erosion by
rivers or coastal processes, and seasonal fluctuations in groundwater pressure [15,19].

Landslides are widespread across the hill-country terrains of New Zealand’s North
Island, where large areas are underlain by weak Neogene sedimentary rocks prone to deep-
seated instability [20-22]. These deep-seated landslides can be long-lived and slow-moving
features that are highly sensitive to hydrological, geomorphic and land use change. They
shape local landscapes while also affecting pastoral farming [23,24] and pose ongoing haz-
ards to communities and critical infrastructure [25-27]. They also contribute significantly
to sediment production, with research showing that a single landslide can deliver up to
~40 kt of sediment to a river system per year [14]. These impacts highlight the need to
improve our understanding of landslide susceptibility, behaviour and geomorphology to
support sediment source and hazard mitigation.

Our study focuses on deep-seated landslides in the eastern Tararua District, New
Zealand (Figure 1). These include planar to rotational slides and earthflows that can be
slow-moving and subject to reactivation. To address our research questions, we adopted
a data-driven geomorphic interpretation, viewing landslides as landforms shaped by
both bedrock properties—expressed as material-strength contrasts (lithology-dependent
behaviour)—and external landscape drivers, including slope position, relative relief, and
drainage interactions. Bedrock and terrain influences were evaluated within a consistent
spatial framework combining regional geological mapping with high-resolution LIiDAR-
derived topography. Unlike traditional approaches that rely on absolute slope or lithology-
based comparisons, this study evaluates landslide morphometry relative to the background
terrain within individual geological units, enabling identification of deviations from unit-
scale conditions. This approach is used to assess how lithology and terrain morphology
influence landslide geometry and surface expression across the study area.
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Figure 1. Simplified geology, topography and location of the study area within the lower North
Island of New Zealand.

The core objectives of the work were to (1) document and describe morphometric
variability within different geological units, (2) test whether the observed morphological
contrasts represent structured, interpretable geomorphic domains rather than random
scatter, (3) evaluate how morphometric classification relates to geomorphic controls on
landslide development and organization, and (4) assess the implications of these patterns
for hillslope—channel coupling and sediment transfer in landslide-dominated catchments.

By reframing landslide geometry as a measurable, geologically modulated signal, this
study contributes to our understanding of landslides beyond simple mapped boundaries.
In particular, the use of relative, unit-based morphometric deviation metrics allows the
identification of distinct geomorphic control regimes that are not captured by conventional
slope-lithology analyses. This approach facilitates insights into the long-term coupling
between geology, terrain, and persistent hillslope instability within a rapidly evolving
young landscape.

2. Study Area

The study area is located in the eastern uplands of the Tararua District in the lower
North Island of New Zealand (Figure 1). It extends east from the Waewaepa and Puketoi
ranges towards the coast, where the Wainui, Akitio and Aohanga rivers discharge into the
Pacific Ocean, forming the main sediment transport routes (Figure 2).
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Figure 2. Bedrock geology of the study area (blue outline) with superficial deposits omitted [28].
Landslides mapped in this study are shown as transparent black polygons over a shaded-relief
map. Holocene river alluvium (Q) and mélange units (mel) are labelled. Pre-Quaternary geological
formations are grouped by age (Jurassic to Pliocene) and coloured accordingly.

This region occupies a forearc position relative to the Hikurangi Subduction Zone,
where the Pacific Plate subducts beneath the Australian Plate [29-31]. This tectonic setting
exerts a primary control on the geology and structure of the area. Deformation since the
early Miocene (~25 Ma) has produced a complex network of west-dipping thrust faults and
associated folding [28,29]. Major onshore faults trend northeast-southwest, parallel to the
subduction zone, and strongly influence the present-day landscape.
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The area is underlain by a partly inverted Cretaceous—Cenozoic marine forearc basin
that has been uplifted and deformed by tectonic processes operating along the Hikurangi
Subduction Zone. Quaternary landscape evolution in the Tararua District reflects the
interplay of tectonic uplift, river incision and aggradation, sea-level fluctuations, and loess
deposition [28,32-39], resulting in a complex assemblage of river terraces, uplifted marine
surfaces, and rapidly eroding hill-country terrain.

The Waewaepa and Puketoi ranges dominate the landscape, rising up to 800 m above
sea level to form the western boundary of the study area. The Waewaepa Range is a
fault-bounded block of Mesozoic greywacke and argillite of the Pahau Terrane, flanked
by westward-dipping Miocene sedimentary rocks. The Puketoi Range forms a prominent
northeast-southwest trending dip slope and escarpment of Pliocene to early Pleistocene
limestone interbedded with sandstones and siltstones of the Onoke Group. Between the
Puketoi Range and the coast, the landscape comprises deeply incised hill country with
common landslides (Figure 2) [28].

3. Data and Methods
3.1. LiDAR Data and Landslide Mapping

The one-metre-resolution bare-earth Digital Elevation Model (DEM) used in this study
was derived from an airborne LiDAR survey commissioned and funded by Regional
Software Holdings Limited (RSHL) on behalf of the New Zealand Government, with data
acquisition and related services contracted to Woolpert NZ Ltd. (Napier, New Zealand) [40].
The LiDAR data were acquired using a Leica Terrain Mapper-2 sensor mounted on a Cessna
402B fixed-wing aircraft, flown at an altitude of approximately 2100 m above ground level.
Data acquisition took place between 26 January and 5 May 2024, with an emitted pulse
density of approximately 8 pulses per square metre. The resulting DEM is projected in New
Zealand Transverse Mercator 2000 (NZTM2000) and referenced vertically to the NZVD2016
datum, with a reported horizontal accuracy of +1.0 m and vertical accuracy of +0.2 m at
the 95% confidence level.

To support morphometric and terrain interpretation, terrain derivatives including
slope, aspect, and relative-relief metrics were generated from the LiDAR-derived DEM
using ArcMap 10.4 [41,42]. Landslides were manually delineated using slope and shaded-
relief rasters following established geomorphic mapping principles [43,44]. Only large-scale
mass movements exhibiting evidence of tension cracks, internal deformation, pressure
ridges, and complex accumulation zones were included in this study. Shallow soil slips
not displaying these features were excluded from the landslide dataset. Delineation and
surface-texture validation were supported using Horizons Regional Council’s orthorec-
tified aerial photography from 2016 and 2021 (0.3 m ground resolution; optical bands),
consistent with minimum mapping resolutions recommended for landslide interpreta-
tion [45]. Mapping was also informed by the multi scale (1:5000-1:250,000) New Zealand
National Landslide Database [21], the 1:50,000 Erosion Risk North Island dataset [46], the
1:63,360 1st edition of the New Zealand Land Resource Inventory (NZLRI) for Southern
Hawkes Bay-Wairarapa [13,47], and partial coverage of 1:8000 LUC) mapping from the
Horizons Regional Council Sustainable Land Use Initiative (SLUI) [48,49]. The principal
sources of uncertainty for landslide identification in this study include (1) omission of highly
degraded or older landslide features with subdued geomorphic expression, (2) ambiguity
in distinguishing the boundaries between deep-seated landslides and adjacent shallow
soil-slip-affected terrain, where transitional slope deformation is common, and (3) limited
ground truthing and coverage of farm-scale data. These uncertainties are expected to have
limited influence on the regional-scale morphometric patterns assessed in this study.
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3.2. Geological Data

Bedrock and terrain influences were evaluated using geological units from the
1:250,000 QMAP geological dataset [28], together with a one-metre-resolution LiDAR
DEM. In contrast to the high-resolution terrain data, the geological units used in this study
are at a broad regional scale and do not capture detailed hillslope scale variability or litho-
logical boundaries, introducing uncertainty into the spatial relationship between individual
landslides and lithological boundaries. Regional-scale (1:250,000) fault and structural
datasets were not used in this study because they do not adequately capture the density
of minor faults and geomorphically expressed structures identifiable in high-resolution
LiDAR-derived DEMs [28]. Structural influences are therefore considered conceptually
rather than through explicit spatial fault datasets. Because many faults coincide with
geological unit boundaries, several analyses were restricted to single-lithology landslides
to minimise ambiguity associated with lithologic contacts and potentially structurally
controlled (fault-related) boundaries. The role of structural controls may be revisited as
higher-resolution fault datasets become available for the Tararua area [50].

3.3. Morphometric Analysis

Relative relief was evaluated at multiple spatial scales (50, 100, and 200 m window
sizes) to assess sensitivity to analysis scale. Smaller windows (50 m) emphasised microto-
pographic variability and produced noisy relief patterns, whereas larger windows (200 m)
overly smoothed terrain and obscured hillslope-scale variability associated with landslide
morphology. A 100 x 100 m window provided the most consistent representation of
hillslope-scale relief relevant to landslide systems and was therefore adopted for subse-
quent analyses. To ensure statistically robust treatment of circular data, aspect values were
analysed using vector components rather than linear averaging. East-west (cosine) and
north—-south (sine) aspect components were calculated for each grid cell and summarised
within analysis units by computing mean vector components. Median aspect direction
and directional concentration were then derived from these components using circular
statistics, with the resultant vector length used as a measure of orientation strength. Aspect
distributions were analysed for the full landslide inventory and for subsets defined by
lithology and morphometric cluster.

3.4. Statistical and Clustering Analysis

Morphometric variability among geological units was analysed in Microsoft Excel,
with group-level differences assessed using non-parametric statistical approaches im-
plemented in Python 3.10, including Kruskal-Wallis tests to evaluate inter-group con-
trasts [51]. Where significant differences were identified, post hoc pairwise comparisons
were performed using Dunn’s test with Bonferroni correction for multiple comparisons [52].
K-means clustering was applied to explore structure and similarity within the multidimen-
sional morphometric dataset [53,54]. The number of clusters (k = 3) was selected based
on a combination of silhouette analysis and interpretability, with lower silhouette scores
obtained for alternative k values, reflecting the inherently diffuse boundaries of continu-
ous terrain datasets. This combined approach enabled comparison of terrain-controlled
morphological variation across contrasting geological settings. To distinguish geology-
controlled, mixed-control, and topography-controlled regimes, deviation thresholds of
+2° for slope and 42 m for relative relief were applied to the difference between land-
slide median values and corresponding geological-unit median values. These thresholds
were selected to represent geomorphically meaningful deviations from background terrain
conditions rather than statistical outliers. In the single-lithology subset, +-2° corresponds
to approximately 0.7 standard deviations of slope deviation and 2 m to approximately
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0.3 standard deviations of relief deviation, capturing departures from unit-scale terrain
while avoiding over-sensitivity to minor variability.

The selected thresholds represent a balanced sensitivity between meaningful geomor-
phic variation and minor fluctuations in terrain metrics. Small variations in threshold
values would be expected to affect individual classifications locally but are unlikely to alter
the overall classification structure or the regional patterns identified.

To evaluate the spatial relationship between landslide occurrence and drainage-
network attributes, each landslide polygon was spatially associated with its nearest stream
segment from the 30 m River Environment Classification (REC2, 1:50,000) [55]. Stream
order was assigned using the Strahler classification scheme [56], and the order of the near-
est stream segment was recorded for each landslide polygon. Observed landslide-stream
associations were normalised against the distribution of stream orders across the study
area to account for the spatial imbalance in stream-order frequency. Expected stream-order
frequencies were calculated using the total length of stream segments per order across
the entire study area, providing a measure of channel availability. Observed landslide
frequencies were then expressed as observed /expected ratios to identify over- or under-
representation relative to random expectation. This normalisation was applied to both
the full landslide inventory and separately to morphometric landslide clusters, allowing
assessment of process-dependent differences in channel coupling while minimising bias
related to drainage-network topology.

A comprehensive flowchart summarising the methodological framework is presented
in Supplementary Figure S1.

4. Results
4.1. Landslide Inventory—Spatial Distribution

A total of 1587 individual landslide polygons were mapped, covering 104 km?, equiv-
alent to 5.3% of the study area (Figure 2). The most landslide-prone areas—where land-
slides cover between 10 and 22% of the land surface—are characterised primarily by
mudstone and secondary sandstone lithologies, with ages ranging from Late Cretaceous
to the Miocene (~100 to 15 Ma) (Table 1). Only six geological units had no recognised
landslides, and together these account for just 3.6% of the study area. These units include
relatively competent Pliocene limestones associated with the Puketoi Range and Mesozoic
greywacke-argillite of the Waewaepa Range, both of which tend to form stable landscape
units within the study area (Figure 1, Table 1).

Table 1. Lithological units and associated landslide abundance, areal extent, and terrain metrics in
the study area. The spatial distribution of lithologies and formation names are shown in Figure 2.
Lithological unit descriptions follow the Geological Map of the Wairarapa Area and the QMAP
1:250,000 Geological Map of New Zealand [28,57].

Median  Median Total Landslide

Unique Main Rocks Age Relief Slope Area Landslide Landslide Area (% of
Code (Ma) (m) (Degr%es) (ha) Count  Area(ha) 1. Unip
24 Pmd Sandstone (limestone) l1.6-2.4 132 18.5 805.5 1 04 0.05
25 Pmv Mudstone (sandstone, limestone) 1.6-2.4 182 155 7.1 0 - -
20 Pml Limestone (sandstone) 1.6-53 131 18.9 504.5 0 - -
6 Pep Coquina (limestone) 1.8-2.6 116 20.4 955.3 0 - -
2 Pea Mudstone (sandstone, conglomerate) 2-5.3 144 245 11,988.4 40 222.7 1.86
21 Pmz Sandstone (siltstone, limestone) 24-3.6 92 16.6 11,412.1 9 38.1 0.33
22 Pmj Limestone (sandstone) 24-3.6 135 19.7 895.1 0 - -
1 Pet Coquina (sandstone, siltstone) 2.5-35 155 20.5 11,410.1 8 46.4 0.41
30 Pek Coquina (limestone, sandstone) 3.6-5.3 156 18.5 12.8 1 0.3 2.30
31 Pmz Sandstone (mudstone, conglomerate) 3.6-5.3 108 20.3 4990.2 5 64.6 1.29
12 Per Coquina (limestone, sandstone) 4-4.6 154 22.8 927.0 2 12.0 1.30
26 MI Sandstone (mudstone, limestone) 3.6-10.9 103 18.5 1288.9 4 259 2.01
3 Ms Conglomerate (sandstone, mudstone) 5-7 123 26.2 636.7 0 - -
4 Mi Mudstone (sandstone, congl., tuff) 5.5-11 110 20.4 31,017.5 294 1451.0 4.68
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Table 1. Cont.

. Median Median Total . . Landslide

Uél(l)gge Main Rocks (%}E‘e) Relief Slope Area Lag:lilﬂ:de I:rr;gs(llllg;e Area (% of

(m) (Degrees) (ha) Lith. Unit)
27 uMi Sandstone (mudstone, limestone) 10.9-25.2 80 15.1 5928.3 73 305 5.15
18 Mi Mudstone (sandstone, limestone, congl.) 11-16.3 106 19.3 17,159.8 163 712.2 4.15
16 Miw Sandstone (mudstone, limestone, congl.) 15-24 121 17.1 6404.4 115 1028.1 16.05
19 Mi Sandstone (mudstone, conglomerate) 16-24 104 17.8 18,980.6 300 1238.6 6.53
11 Mit Algal limestone (sandstone, mudstone) 16.5-19 143 19.5 213.4 2 139.2 65.23
14 Mit Sandstone (mudstone, limestone) 16.5-19 192 28.5 706.3 8 54.7 7.75
13 Ogw Mudstone (marl, sandstone, limestone) 22-425 86 13.1 5636.3 86 340.4 6.04
23 Kiw-Og. Mudstone (sandstone, marl) 22-82 113 16.4 1318.6 36 293.9 22.29
28 Egw Mudstone 33.7-55 92 13.6 2580 100 349.8 13.56
17 Kiw Mudstone (sandstone) 58-82 119 18.0 29,752.2 446 3023.9 10.16
10 Kia Sandstone (mudstone) 65-100 122 19.7 803.4 8 12.3 1.53
9 Kiw Mudstone (sandstone) 65-99 137 22.8 7643.3 26 82.7 1.08
15 Kb Sandstone (argillite, mudstone, congl.) 80-100 147 21.5 5735.2 113 636.6 11.10
8 Kns Mudstone (sandstone, congl., tuff) 95-103 115 19.0 928.4 12 34.8 3.75

5 Ktw Greywacke (sandstone, mudstone) 98-180 173 29 4027.4 0 - -

7 Kam Sandstone (mudstone, argillite, congl.) 100-124 126 244 11,019 107 370.1 3.36
29 Ktw Sandstone (mudstone) 100-146 155 22.1 128.5 1 0.7 0.54

4.2. Terrain Metrics of Mapped Landslides

Landslide areas span more than three orders of magnitude, from <0.2 ha to >230 ha.
Median polygon area is 2.9 ha, with 75% landslides smaller than 6.2 ha and 90% smaller than
12.6 ha. A small number of large composite systems exceed 100 ha and strongly influence the
mean (6.6 ha). Planform geometry also spans a wide range of scales, with median lengths
of ~300 m (interquartile range 202-436 m) and widths of ~155 m (104234 m). Aspect
ratios (width-to-length) cluster mainly between ~0.4 and 0.7, indicating predominantly
moderately elongate forms, although rare valley-confined systems extend for >4 km and
display highly elongate geometries. The strongly right-skewed distributions of area, length
and width indicate that the inventory is dominated numerically by small to moderate
landslides, while a limited number of large composite systems define the upper tail of the
size spectrum.

The general slope and relative-relief characteristics of the landslides were analysed
using histograms of lower (Q1), median (Q2), and upper (Q3) quartiles calculated for each
polygon. All quartile metrics display broadly unimodal distributions with systematic shifts
towards higher values from Q1 to Q3 (Figure 3). Lower-quartile slopes are concentrated
mainly between ~10 and 17°, median slopes peak at ~16-23°, and upper-quartile values
shift towards steeper terrain of ~22-33°, with a tail extending to ~40°. Relative-relief distri-
butions show a comparable progression, with Q1 clustering at ~21—-41 m, Q2 peaking near
~30-45 m, and Q3 increasing to ~35-55 m and locally exceeding 70 m (Figure 3). Collectively,
these quartile-based metrics indicate that the landslides typically occupy strongly rolling
to moderately steep, low- to moderate-relief hillslopes but contain substantial internal
topographic variability, consistent with composite morphologies characterised by gentler
depositional lobes downslope and steeper, more incised source areas upslope or, in some
cases, extensive backscarps.

Slope gradient and relative relief distribution have been assessed for all individual
landslide polygons, along with the aspect distributions for each lithological unit. Median
relative relief and median slope show systematic variation among lithological groups
(Figure 4). When considering the full inventory and mixed-lithology polygons, land-
slides typically occupy moderate-relief terrain (median values ~35-42 m) and moderately
steep slopes (~18-21°). Several individual geological units deviate from these central
tendencies. Some of the units dominated by older Cretaceous to Paleocene (~56-100 Ma)
mudstone—sandstone successions (e.g., Kiw, Kam) display elevated median relative re-
lief and steeper median slopes, indicating preferential development on more dissected
hillslopes. In contrast, some younger Oligocene to Eocene (~23-42 Ma) (or more weakly
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dissected units (e.g., Ogw) exhibit lower relief and gentler slopes. Interquartile ranges differ
substantially between lithologies, indicating contrasting degrees of internal morphometric
variability. Outliers are present across most lithological units and include both unusually
steep and unusually low-relief settings (Figure 4). Together, these patterns demonstrate
that landslide morphometry is unevenly distributed across geological units rather than
uniformly expressed across the landscape.
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Figure 3. Quartile histograms (Q1, Q2, Q3) of slope and relative relief calculated for mapped landslide
polygons from the 1 m LiDAR-derived DEM.
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Figure 4. Box-and-whisker plots of median landslide slope (a) and median relative relief (b). “ALL”
represents the full population of mapped landslides, while “MULTI” denotes landslides intersecting
more than one lithological unit. Remaining boxes show landslides confined to a single lithology
(Table 1). Whiskers extend to 1.5 the interquartile range (red dots) indicate statistical outliers.

Landslide aspect varies systematically between lithological units (Figure 5). No single
regional preferred flow direction is evident across the study area. Some of the lithologies
(Kiw and Mi units) exhibit broad, multimodal directional patterns, reflected in low resultant
vector lengths (R) and high circular dispersion values. In contrast, the Kb and Kam units
show more concentrated aspect distributions, with mean vector directions clustering within
the SE-S-SW sectors and comparatively higher R values. Across most lithological units,
north to northwest (N-NW) orientations are weakly represented or absent in the rose
diagrams. Overall, aspect distributions differ between geological units in both dominant
orientation and degree of directional concentration.
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2 Pea (31) - Onoke Group (mudstone) 4 Mi (229) - Pallister Group (mudstone) 27 uMI (53) - Tolaga Group (sandstone)
0° 0 0°

16 Miw (51) - Whakataki Fm. (sandstone) 19 Mi (223) - Pallister Group (sandstone)
0 0

13 Ogw (21) - Weber Fm. (mudstone) 23 Kiw-Ogw (23) - Weber and Wanstead Fm.
0 (mudstone) 0°

Figure 5. Rose diagrams of landslide median aspect for the 12 lithological units containing the highest
number of mapped landslides (sample size, n, in brackets), using 15° directional bins. Lithologies
are arranged stratigraphically according to the minimum age of each unit, from youngest (top-left)
to oldest (bottom-right). Radial values represent the percentage of landslides per directional bin.
All panels are plotted on a uniform radial scale (maximum = 22%) to allow direct comparison of
directional strength and dispersion between lithological units.

4.3. Lithological Controls on Landslide Morphology

To assess whether lithology exerts a measurable control on landslide occurrence
and associated morphometric conditions, the median slope and median relative relief of
landslides were compared with those of their enclosing geological units for single-lithology
cases. Restricting the analysis to single-lithology landslides (n = 1202) minimises boundary
effects and isolates intrinsic within-unit morphometric behaviour. The magnitude of
deviation between geological-unit median slope and landslide median slope varies among
lithologies, and a comparable pattern is evident for median relative relief. Units dominated
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by Pea, Mi, and Kam display comparatively lower median slope deviations, whereas Ogw
and Egw units exhibit higher deviations (Figure 6). To evaluate whether these differences
are statistically significant, a Kruskal-Wallis H-test was applied to the slope deviation
values [56]. The test yielded a highly significant result (H = 294.1, p < 0.001), confirming
that slope deviations differ systematically among geological units.
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Figure 6. Box-and-whisker plot showing slope differences for landslides that fall entirely within a
single geological unit. Values represent the difference between the median slope of the geological
unit and the median slope of the landslides contained within that geological unit. Sample sizes (1)
for each unit are shown after each label in brackets. The grey band indicates the £2° threshold used
for classification in the conceptual model.

Post hoc pairwise comparisons using Dunn’s test with Bonferroni correction show that
significant differences are limited to specific lithological contrasts rather than being uni-
formly expressed across all units. Detailed results are provided in Supplementary Figure S2.

4.4. Morphometric Classification of Landslides

To identify recurring slope-relief patterns in landslide morphology and assess whether
these patterns form statistically distinct geomorphic groupings, we applied an unsuper-
vised clustering approach. Landslide polygons were classified into geomorphically distinct
groups using a k-means clustering method applied to median slope and relief quartiles [53].
A three-cluster solution was selected based on cluster separation and interpretability, sup-
ported by a silhouette score of 0.43 [58], indicating a moderately well-defined grouping
structure for what is inherently continuous landscape data. The three clusters represent
distinct combinations of slope-relief characteristics: Cluster 1 comprises landslides with
generally higher slopes and elevated local relief, corresponding to deeply incised terrain or
active headwall environments; Cluster 2 contains moderate-slope, moderate-relief land-
slides typical of broad soft-rock hill country; and Cluster 3 represents lower-slope, lower-
relief landslides situated on subdued terrain or in more weathered lithologies (Figure 7).
Comparison with mapped geological units shows that weak mudstone and siltstone for-
mations (e.g., Mit, Mi, Kb) are disproportionately represented in the lower-slope/relief
clusters, whereas units associated with stronger incision or mixed lithological domains
(e.g., Kiw, Ogw) are more prevalent in the high-slope, high-relief cluster.
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Area: 25.7 ha
Median slope: 13.0
Median relief: 24.4

Area: 7.4 ha
Median slope: 17.7
ef: 3

Area: 4.0 ha
Median slope: 27.4 £
Median relief: 52.9 |

Figure 7. Representative landslides from the study area illustrating low-slope/low-relief (A,B),
moderate-slope/moderate-relief (C,D), and high-slope/high-relief (E,F) morphometries. These
groups correspond to the three morphometric clusters derived from k-means classification of median
slope and relief quartile metrics. Red dashed lines delineate the desktop-mapped landslide bound-
aries, and black or white arrows indicate inferred downslope movement direction. The colour scale
adjacent to each shaded relief map shows slope classes following the Land Use Capability (LUC)
system used in New Zealand [47]: A (0-3°), B (3-7°), C (7-15°), D (15-20°), E (20-25°), F (25-35°),
and G (>35°). The G class is subdivided into 35-45° (purple) and >45° (black) to emphasise very
steep slopes, which commonly correspond to backscarp areas.

4.5. Controls of Channel Hierarchy on Landslide Distribution

To evaluate whether landslide occurrence varies systematically with channel hier-
archy (headwaters versus larger waterways), we compared the observed distribution of
landslides across Strahler stream orders with the expected distribution based on stream-
network availability. The normalised observed/expected ratios reveal a clear stream-order
dependence. When all landslides are considered together, first- and third-order streams
are slightly over-represented (ratios > 1), whereas second-order streams occur approx-
imately in proportion to their availability (ratio ~ 1), and higher-order channels show
progressively increasing under-representation. Fifth- and sixth-order streams display the
lowest ratios (<0.5) (Figure 8). Cluster-specific patterns follow a similar overall trend but
differ in magnitude. High-slope/high-relief landslides show peak over-representation in
third-order channels (ratio ~ 1.2), while moderate-slope/moderate-relief landslides are
concentrated in first- and third-order streams and decline toward higher orders. Low-
slope/low-relief landslides exhibit only slight over-representation in first-order channels
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and become strongly under-represented from fourth order onward, particularly in fifth-

and sixth-order streams (ratio < 0.3). Across all clusters, stream orders >4 consistently
show ratios below 1 (Figure 8).

o
o

o
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Observed / expected ratio
Observed / expected ratio

KEYS \\
| | —=—- Low-slope / low-relief landslides \
—o— - Moderate-slope / moderate-relief \

o
IS

landslides \
—a— High-slope / high-relief landslides \ g
02} L
. ! 1 . ! .
1 2 3 4 5 6
Stream order

Stream order

Figure 8. (a) Normalised stream-order preference (observed/expected ratio) for all mapped land-
slides. Ratios represent observed frequency relative to expected frequency based on stream-network
distribution. The dashed horizontal line indicates proportional occurrence (ratio = 1). (b) Nor-
malised stream-order preference of landslides by morphometric cluster. Values greater than 1 indicate
over-representation relative to stream-network availability, whereas values below 1 indicate under-
representation. High-slope/high-relief landslides show peak preference in third-order channels, while
low-slope/low-relief landslides are strongly under-represented in higher-order streams (orders 5-6).
The dashed horizontal line indicates proportional distribution (ratio = 1).

5. Discussion

In general, the type and severity of erosion may be related to a combination of the
following factors: regional structure, tectonism, lithology (bedrock and regolith properties,
including depth to bedrock), soil properties, slope characteristics (angle, shape, aspect),
vegetation cover and climatic conditions [59-65].

Landslide development in the study area reflects the interaction between lithologic
properties, topographic forcing, drainage-network organisation, and inherited structural
architecture. By integrating morphometrics derived from LiDAR DEMs, clustering analysis,
lithology-specific control regimes, and footprint weighting, this study identifies distinct
instability regimes within the landscape rather than a simple slope—failure relationship.
Similar multi-factor controls on deep-seated and slow-moving landslides have been recog-
nised globally, where landslides emerge from the coupling of lithologic susceptibility, relief
amplification, and structural inheritance [66,67].

High-resolution terrain analysis increasingly allows such interactions to be quan-
tified using inventory-based and DEM-derived morphometrics [68]. However, linking

terrain metrics explicitly to lithologic and structural domains remains less commonly
addressed [69].

5.1. Lithology—Relief Coupling and Morphometric Patterns

The systematic variation in slope, relief, and aspect metrics across geological units
confirms that lithology exerts a first-order control on landslide morphology. Geological
units dominated by mudstone with high landslide counts (e.g., Mi, Pea) are associated
with lower median slopes and reduced slope deviations relative to background terrain,
whereas relatively more competent units with high landslide counts (e.g., Kiw, Kam)
exhibit steeper and more dissected morphometric signatures. The Kruskal-Wallis yielded a
significant result, indicating that these differences are statistically robust and not artefacts
of terrain variability. Comparable lithologic controls on landslide geometry and activity
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have been documented in the Northern California Coast Ranges, where material strength
and weathering state influence both susceptibility and morphometric expression [70,71].

The k-means clustering further shows that landslides occupy structured slope-relief
domains rather than forming a continuous morphometric spectrum. Although the silhou-
ette score (0.43) indicates moderate separation—expected for continuous terrain data—the
clusters reveal meaningful organisation within slope—relief space. High slope-high relief
clusters correspond to deeply incised terrain and probable headscarp-dominated systems,
whereas low slope-low relief clusters represent landslides within gentler hill-country
settings. These patterns support the concept that slope-relief conditions are emergent
properties of lithology—incision coupling. Williams et al. demonstrated that fluvial inci-
sion interacting with weak geological structures can produce departures from universal
threshold slope models [72]. The results from this study similarly indicate that slope angle
alone cannot explain landslide distribution and that fluvial incision and lithology must also
be considered. Importantly, restricting the analysis to single-lithology polygons isolates
intrinsic unit behavior and reduces boundary artefacts. The persistence of significant
morphometric contrasts under this constraint confirms that these patterns are inherent to
the geological units themselves. Although not assessed in this paper, the presence and
orientation of faults, folds, bedding, fracture zones and jointing and clay mineralogy have
been highlighted as important controls in previous work [13,28].

5.2. Directional and Fluvial Controls on Landslide Organisation

Aspect distributions reveal additional lithology-dependent structure. Geological units
such as Pea, Kiw and Kam display broad, multimodal aspect patterns and low resultant
vector lengths, indicating weak directional confinement, whereas Mi and Kb show more
concentrated SE-S-SW orientations. Directional asymmetry in landslide occurrence has
been linked to structural grain, hydro-mechanical forcing, and climatic controls [71,73].
The systematic under-representation of N-NW aspects across most lithologies suggests
landscape-scale asymmetry in slope exposure or structural alignment. This likely reflects
an interaction between regional structural architecture, valley orientation, and drainage-
network organisation [22,74,75]. Previous studies in the Wairarapa hill country reported
a predominance of landslides on north-facing slopes [65], but those inventories were
largely dominated by shallow soil slips triggered during intense rainfall events. In contrast,
the present study focuses primarily on deep-seated translational to rotational slides and
earthflows, which may respond more strongly to longer-term moisture conditions and
sustained hillslope saturation. Consequently, wetter and less isolated south-facing slopes
may favour the formation and reactivation of these deeper failures, whereas drier north-
facing slopes may be more prone to shallow soil-slip processes during short-duration storm
events [65,76,77].

Normalised stream-order analysis indicates that landslides are over-represented in low-
to mid-order streams and progressively under-represented in higher-order channels. High
slope-high relief systems exhibit a particularly strong preference for third-order streams.
This pattern is consistent with strong hillslope—channel coupling in incised headwater and
mid-order valleys, where toe erosion and confinement sustain reactivation. In contrast,
higher-order rivers typically occupy wider valleys with more extensive floodplains, often
resulting in lower connectivity between the channel and adjacent hill slopes. Where wider
floodplains occur, the opportunity for the channel to remove toe material, undercut hill
slopes, and initiate landslides is reduced [78]. Greater stream power and ability to transport
sediment in higher order reaches also means preservation potential of landslide deposits is
lower due to stronger channel reworking and lateral erosion. Similar feedback between
landsliding and fluvial incision has been documented in the Ruahine Ranges [79] and
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in other landslide-dominated terrains [70]. Together, the aspect and stream-order results
reinforce that incision depth and valley confinement modulate morphometric expression in
conjunction with lithologic susceptibility.

5.3. Landslide Footprint, Control Regimes, and Landscape-Scale Impact

Control-regime proportions describe how landslides behave within each lithology,
but they do not directly indicate geomorphic impact. To address this, a lithology-specific
landslide footprint was evaluated using the absolute landslide area. When control-space
positions are weighted by absolute landslide area, the regional signal is not dominated by
the most extreme geology-controlled units but by lithologies that host the largest unstable
terrain footprint. Units such as Mi, Miw, Egw and Kiw collectively account for a sub-
stantial proportion of total mapped landslide area and tend toward mixed or topography-
dominated regimes. This pattern indicates that lithologies with the greatest geomorphic
influence are not necessarily those with the highest relative susceptibility, but those that
host the largest and most spatially extensive landslides. In this context, landslide frequency
alone is not a sufficient indicator of geomorphic significance, as landscape evolution is
disproportionately influenced by large, spatially extensive landslide complexes rather
than numerous small failures. A similar distinction was noted in California, where large,
persistent landslides contribute disproportionately to sediment yield despite occurring
within a limited extent of highly susceptible lithologies [70]. It also highlights that landslide
frequency and landscape impact are not equivalent metrics—a distinction increasingly
emphasised in susceptibility and hazard modelling frameworks [80]. Lithologies with
very small outcrop area and disproportionately high percentage coverage (11 Mit) were
excluded from weighted synthesis to avoid small-denominator bias, as such cases likely
reflect local structural coincidence rather than intrinsic susceptibility.

5.4. Refined Conceptual Model and Implications for Remote Sensing

From a remote sensing perspective, the approach presented here is not limited to
the specific geological or geomorphic context of the study area but represents a transfer-
able framework for analysing landslide morphometry using high-resolution topographic
data. By combining LiDAR-derived terrain metrics with geological and drainage net-
work information, the method enables quantification of deviations between landslide
morphology and background terrain conditions, providing a basis for distinguishing be-
tween lithological and topographic controls. This approach is applicable in other regions
where high-resolution DEMs and basic geological datasets are available and offers a scal-
able means of linking remotely sensed terrain data to process-based interpretations of
landscape instability.

The results support a refined conceptual model in which landslide development
is governed by the interaction of intrinsic geological susceptibility (material weakness,
weathering state, anisotropy), topographic forcing (relief amplitude, incision depth, valley
confinement). This framework extends classical descriptions of landslides by integrating
morphometric classification with stratigraphic differentiation [66]. Within this model,
geology-dominated regimes occur where weak materials fail under relatively low to mod-
erate relief; topography-dominated regimes arise where steep incision drives instability
even in moderately competent units; and coupled regimes represent terrains where weak
lithologies coincide with high relief. Transitional or boundary-influenced units occupy in-
termediate positions, reflecting modulation by stratigraphic contrasts and inherited tectonic
architecture (Figure 9), consistent with litho-structural controls documented earlier [22,72].
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Figure 9. Conceptual model of lithology—topography control on landslide development in the
study area. Geological units are positioned according to the dominant control regime expressed by
landslides confined to each unit (single-lithology cases), derived from slope and relief deviations
relative to host-unit background conditions. The curved boundaries (red dashed lines) represent
conceptual landslide initiation thresholds under contrasting land-cover conditions [81], with the
upper, thicker curve corresponding to native vegetation and the lower curve to pastoral land use.
The shaded field indicates below-threshold stability. Land cover is therefore treated as a threshold
modifier rather than an explicit axis, reflecting its role in shifting the initiation envelope without
being directly quantified in this analysis.

Structural inheritance will have an influence on landslide development, particularly
where faults coincide with lithologic contacts that create zones of mechanical weakness
within soft-rock sequences. This influence is not tested in this study, representing a key
limitation. Limited field observations and high-resolution mapping in selected parts of
the study area indicate that structural controls are locally important, with higher densities
of landslides observed along belts of crushed argillite and jointed mudstone identified
through farm-scale LUC mapping. As a result, the role of structural control is inferred
indirectly rather than quantified explicitly at the regional scale. Future work integrating
high-resolution structural datasets derived from LiDAR analysis, including lineament
extraction and detailed field mapping, could better resolve the influence of structural
inheritance on landslide initiation and evolution.

6. Conclusions

This study presents a quantitative morphometric framework for analysing deep-seated
landslides using high-resolution LiDAR-derived terrain data integrated with geological
and drainage-network information. The results indicate that landslide morphology reflects
the interaction between lithological susceptibility, topographic forcing, and structural
influences rather than a single slope-controlled model.

A relative, unit-based analysis demonstrates that landslide morphometry varies sys-
tematically across geological units and enables the identification of distinct geomorphic
control regimes linked to incision state and terrain organisation. Landslides are preferen-
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tially associated with low- to mid-order channels, highlighting strong hillslope—channel
coupling and the role of fluvial processes in sustaining long-term instability.

The proposed framework provides a transferable approach for interpreting landslide
behaviour using remotely sensed terrain data and improves understanding of sediment
dynamics and landscape evolution in soft-rock catchments.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/rs18081135/s1: Figure S1: Methodological workflow of the LiDAR-
based morphometric framework; Figure S2: Pairwise comparison matrices for slope and relative relief
differences between lithological units.
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