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Abstract

Background:Landslides can cause substantial environmental, social and economic impacts. Under future climate scenarios
the frequency of landslide-triggering events is likely to increase. Land managers, therefore, urgently require reliable high-
resolution landslide susceptibility models to inform effective landslide risk assessment and management.

Methods: In this study, gridded rainfall, topography, lithology and land cover surfaces were used to develop a high-resolution
(10 m x 10 m) spatial model of landslides that occurred in Tasman, New Zealand during a period when ex-tropical Cyclone
Gita brought heavy rain to the region. We separately modelled landslides in the same dataset as a function of the erosion
susceptibility classification (ESC) data layer used to determine the level of control applied to forestry activities under the
National Environmental Standards for Plantation Forestry (NES-PF). Models were fit using boosted regression trees.

Results: Our preferred model had excellent predictive power (AUROC = 0.93) and included the parameters: aspect,
elevation, mid-slope position, land cover, rainfall, slope, and a descriptive seven-class topographical index. Land cover,
elevation, rainfall, slope and aspect were the strongest predictors of landslides with the land cover classes seral native
vegetation and clear-felled plantation forest predicting higher probabilities of landslides and tall native forest and closed
canopy plantation forest predicting lower probabilities of landslides. The ESC was a poor predictor of landslides in the
study area (AUROC = 0.65).

Conclusions: Our study shows that accurate, high-resolution landslide probability surfaces can be developed from
landslide distribution, land cover, topographical and rainfall data. We also show that landslide occurrence in the Tasman
region could be substantially reduced by increasing the extent of permanent forest cover and by limiting clear-fell harvest
of plantation forests on landslide-prone slopes. The ESC framework that underpins the NES-PF was a poor predictor of
landslides and, therefore, an unreliable basis for regulating forestry activities in the Tasman, New Zealand.

Keywords: Climate change, erosion susceptibility classification, forestry, National Environmental Standards for Plantation
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Introduction

Landslides can cause substantial environmental, social
and economic impacts (Dymond et al. 2010; Fahey &
Coker 1992; Gordon 2007; Kemp et al. 2011; Krausse
et al. 2001; Ryan et al. 2008; Thrush et al. 2004). Land
management agencies, therefore, have a strong interest
in identifying areas that are susceptible to landslides

and managing human activities that either increase
or decrease landslide risk. Substantial effort has also
been directed toward understanding the implications
of future climate scenarios on the probable frequency of
landslide triggering events (Collison et al. 2000; Crozier
2010; Jakob & Lambert 2009; Wood et al. 2020).
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In New Zealand and internationally, rainfall intensity
and duration, seismic activity, lithology, topography, land
cover and land use have all been identified as predictors
of landslides (Barrell & Smith Lyttle 2015; Carson &
Kirkby 1972; Crozier 2017; Dymond et al. 2010; Dymond
et al. 1999; Montgomery & Dietrich 1994). However,
the relative importance of these predictors varies
at a range of spatial scales, and multiple-occurrence
landslide events associated with major storms may not
be adequately described by general erosion susceptibility
models (Basher et al. 2015a, 2015b; Marden et al.
2015). Change in rainfall intensity and duration and
the frequency of severe storms associated with climate
change will make rainfall-initiated landslide events
more likely in the future (Crozier 2010; Crozier 2017;
[PCC 2018), and highlight the need for reliable erosion
susceptibility models to inform land management. Using
high resolution lithology, topography, land cover, land
use and climate surfaces paired with site specific data
on previous landslide events, it is possible to accurately
model landslide susceptibility and risk at the scale of land
use activities (Basher et al. 2015a). Such modelling can
help land management agencies identify areas that are
susceptible to landslides and to recognise and manage
land use activities that increase or decrease landslide
risk.

Landslide susceptibility has been predicted using
precipitation thresholds (e.g. Caine 1980; Guzzetti et al.
2008; Page et al. 1994) and antecedent moisture in soils
(e.g. Crozier 1999). Steeper slopes are generally more
prone to failure (Carson & Kirkby 1972), but predictions
of failures at near-threshold slopes are difficult without
direct measurements of soil properties (e.g. shear
strength, cohesion, pore pressure, stabilizing effects of
vegetation) as these vary considerably across landscapes
(e.g. Claessens et al. 2007).

Studies into landslide susceptibility at local and
regional scales in New Zealand have taken a variety of
approaches. Most consider underlying lithology and/
or soils and topography (slope angle, aspect, relief)
as potential predictors of landslide susceptibility (e.g.
Barrell & Smith Lyttle 2015; Gao & Maro 2010) and
some consider land cover (e.g. Dymond et al. 2010;
Glade 2003; Marden & Rowan 1993). A few studies also
include landslide triggers such as high-intensity rainfall
and earthquakes (e.g. Dellow 2010; Kritikos & Davies
2015), or are tied to particular triggering events (e.g.
Massey et al. 2018). Very few consider all these factors
together (e.g. Kritikos & Davies 2015), in part due to a
paucity of accurate up-to-date land cover data layers
with adequate discrimination between land cover
classes, but also because triggering events, particularly
their frequency and magnitude, are usually considered
as part of a risk analysis independently from landslide
(erosion) susceptibility (Basher et al. 2015a). However,
landslide susceptibility analyses could be improved by
including information on the spatial distribution of high-
intensity rainfall, where the pattern of precipitation is
predictable at local scales (Kritikos & Davies 2015).
Landslides in New Zealand are commonly triggered by
rainfall (Dellow 2010; Kritikos & Davies 2015) which can
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vary substantially over small areas due to interactions
between topography and storms (Klik et al. 2015).

Much of the New Zealand landscape that is susceptible
to landslides due to high precipitation and steep
hillslopes is used for hill country farming and forestry
(Basher 2013). Recent rainfall-triggered landslide events
in the East Coast, Tasman, and Wanganui-Manawatu
regions (Hancox & Wright 2005; Marden & Rowan 1993,
1995; Page et al. 2012, 1994) emphasise the need for
better management of these areas. Studies that examine
the role of vegetation and land use in detail have shown
that forest maturity is an important determinant of
landslide susceptibility (Dymond et al. 2010; Marden &
Rowan 1993; Reid & Page 2003). Landslide occurrence
and sediment yields are lowest in places where forest
is well established and forms a continuous canopy, and
highest in places where forest is absent or immature,
and hasn’t developed deep, strong root systems or a
continuous canopy (Dymond et al. 2010; Marden et al.
2020; Marden & Rowan 1993). Thus, understanding
the role of vegetation and land use in hillslope failure
during large storm events is particularly important and
may yield actionable strategies for minimising landslide
occurrence (Basher 2013; Dymond et al. 2006; Dymond
etal. 2010; Marden et al. 2020).

Plantation forestry activities in New Zealand are
regulated by the National Environmental Standards
for Plantation Forestry (NES-PF) (Ministry for Primary
Industries 2017), which are underpinned by an erosion
susceptibility classification (ESC) framework developed
by Bloomberg et al. (2011) and later revised by Basher
et al. (2015b). The ESC ranks all land into four erosion
susceptibility classes: low, medium, high and very high.
These classes determine the resource consent status of
forestry activities. For example, planting and harvesting
plantation forest on land with a low, moderate or high
ESC ranking are permitted activities, but on land with a
very high ESC ranking these activities are controlled and
no more than 2 ha can be planted within a calendar year
or harvested within any 3-month period. Thus, the ESC
has a strong influence on the level of regulation applied to
forestry activities. However, the coarse spatial resolution
ofthe ESC may be ill-suited to managing forestry activities
at the scale of forestry operations (Basher et al. 2015b).

In this study, we modelled landslides that occurred
in the Tasman region of New Zealand between summer
2016 and March 2018, a period during which ex-tropical
Cyclone Gita brought heavy rainfall to the region. Our
full model included land cover, rainfall, topography and
surficial geology. We determined the relative importance
of each parameter included in the model, dropped
parameters that failed to improve model performance,
and from the final simplified model produced a high
resolution (10 m x 10 m) landslide susceptibility surface
for the Tasman region. In addition, we compared the
accuracy of the ESC framework used in the NES-PF with
our preferred model. We also explored the implications of
increasing permanent forest cover and halting the clear-
fell harvest of plantation forest to determine whether
these management interventions might reduce landslide
susceptibility in the study area.
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Methods

Study site

The study was undertaken in a ~196 km? area located in
the Tasman region of New Zealand. The area is subject to
frequent extreme weather events with disruption caused
by heavy rain and flooding (Macara 2016). The area
includes Motueka, Riwaka and Marahau townships, flat
land used for horticulture, grazing and rural-residential
properties. It also includes the eastern flanks of the Mount
Arthur Range on the western side of the Motueka River - an
area dominated by steep terrain underlain by weathered
granite and Riwaka Complex volcanic and metamorphic
rocks. The predominant land cover is regenerating native
forest interspersed with plantation pine (Pinus radiata
D.Don) forest and some upland grazing (Cao et al. 2009;
Young et al. 2005). Small farms and lifestyle blocks are
scattered on the lower slopes and on alluvial soils next to
the Motueka River.

The study area was delimited to include the catchments
most affected by landslides that occurred during the period
when ex-tropical Cyclone Gita passed over the Tasman
region on 20 & 21 February 2018, and to include the area
covered by aerial imagery acquired on behalf of the Tasman
District Council to document the extent of landslides and
flooding after the event (Figure 1).

Tasman Region

Il Landslides
=== Motueka river
Study area
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Mapping landslides and land cover

Three aerial imagery datasets covering the study area
were used in our analysis. These were acquired in 2012-
2013,2015-2016 and on 9 March 2018. The 2012-2013
and 2015-2016 datasets were sourced from the Land
Information New Zealand (LINZ) data service (https://
datalinz.govt.nz/) and had a resolution of 0.4 m Ground
Sampling Distance (GSD). The March 2018 dataset (Figure
1) was sourced from the Tasman District Council and had
a resolution of 0.3 m GSD. The earlier two datasets were
used to identify landslides that existed prior to 2016
and to determine changes in land cover, especially the
identification of areas of clear-felled plantation forest
(CfPF) <8 years post-harvest. The March 2018 dataset
was used to identify landslides that occurred between
2016 and 2018, and to determine land cover status at the
time ex-tropical Cyclone Gita passed over the study area
in February 2018.

Landslides identified in the March 2018 dataset, but
not in earlier datasets, were digitised in Arcview 3.2
(Esri 1999) by drawing detailed polygons (mean vertex
distance ~6 m) around landslide scars at the boundary
between bare earth and vegetation. Debris fields were
excluded from polygons delineating landslides. In total,
4,719 landslides were identified in the study area. These
ranged in size from 0.001-1.2 ha and covered ~179 ha.

New Zealand

0 200 400 km
” [ | |

FIGURE 1: The left-hand panel shows the study area, digitised landslides, and the March 2018 imagery dataset used to
digitise landslides and land cover classes. The right-hand map shows the location of the study area and the

Tasman region of New Zealand.
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Following a similar process to that used to digitise
landslides, eight land-cover classes (Table 1) were
identified and delimited by drawing detailed polygons
(mean vertex distance ~6 m) around the boundary
between land cover classes. In total, 756 land cover
polygons were digitised within the study area.

TABLE 1: Landcover classes and abbreviations used.

Land cover class Abbreviation
Bare ground other than landslides Bgr
Clear-felled plantation forest CfPF
c. 0-7 years after harvest

Closed canopy plantation forest CCPF
c. 8-30 years after planting

Easy lowland pasture, horticulture EP&R
and residential

Hill pasture HP
Mixed exotic woodland including MxdW
small stands of exotic hardwoods

Seral native vegetation SNV
Tall native forest TNF

Aspect (°) Elevation (m)
lo
1'% 250
180 ~ 500
I 270 l 750
I 360
Landcover MPI
Bare ground 2 | 0.00
I Clear-felled plantation ‘“‘ ; 0.25
| Closed can. plant. forest _&‘i 0.50
Easy past., hort. & resid. ’@" 0.75
I Hill pasture ¥ g I 1.00
I Mixed ex. woodland Alend

Seral native veg.
I Tall native forest

Slope (°) Surficial geology
lo | Alluvium
10 I Conglomerate
Igneous
gg | Marble
40 | Plutonics
[ 50 Schist
I 60
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Other spatial layers used

A 15 m DEM (digital elevation model) for the Tasman
region (Columbus et al. 2011) was sourced from the
LINZ data service (https://data.linz.govt.nz/). A 48 hour
accumulated rainfall surface (0.5° resolution) covering
20 to 21 February 2018 was sourced from the National
Institute of Water and Atmosphere (NIWA). Shape files
of surficial geology rock types (Newsome et al. 2008) as
classified by Lynn and Crippen (1991) and the ESC data
layer used for the NES-PF were sourced from the Land
Resources Information System (LRIS) portal (https://
Iris.scinfo.org.nz/). From the 15 m DEM additional
gridded surfaces of aspect, mid-slope position index
(MPI) (0 = mid-slope, 1 = maximum vertical distance
up-slope and down-slope of the mid-slope position)
(Dietrich & Boéhner 2008), slope (°), and a 7-class
topographical position index (TPI) (Guisan et al. 1999)
were created in the geospatial software package SAGA
(Conrad et al. 2015).

Data preparation

All spatial datasets (Figure 2) were imported into the
statistical package R (R Core Team 2019), clipped to
the study area extent and resampled to a standard
10 m x 10 m grid using the package raster (Hijmans et al.

ESC
| Low A

Moderate
High
I Very High

48 hr rainfall (mm)

I 100
125
150
175

I 200

TPI

| Streams
I Midslope Drainages
Upland Drainages
| Vvalleys
Plains
| Open Slopes
Upper Slopes
| Local Ridges
Midslope Ridges
| High Ridges

FIGURE 2: Gridded 10 m x 10 m resolution surfaces used for modelling landslides in Tasman, New Zealand. Abbreviated

surface titles are erosion susceptibility classification (ESC), mid-slope position index (MPI), and topographical
position index (TPI).
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2016). The gridded landslide surface was converted to a
spatial points data frame in which points designated as
landslides had a value of 1 and non-landslide points had
a value of 0. Using the raster::extract function, data from
all gridded surfaces were joined to spatial landslide/
non-landslide points, which were balanced by randomly
reducing the number of non-landslide points from
1,989,804 to 20,987 to match the number of landslide
points. The resulting dataset was split at random using
the package groupdataZ2 (Olsen 2019) into a model
training dataset comprising ~ 75% of the data and a
model validation dataset comprising the remaining ~
25% of the data. To ensure the training and validation
datasets were independent we set the groupdata2:id_
col parameter to “LandslideID” so that data points
representing a landslide were either included in the
training dataset or the validation dataset, but not in both.

Statistical analysis
Using the model training dataset, the binary response
landslide/non-landslide was modelled as a function of
aspect, elevation, MP], land cover, rainfall, slope, surficial
geology, and TPI using boosted regression trees (BRT) in
the package dismo (Elith & Leathwick 2017; Hijmans et
al. 2017). Tree complexity was set at 5, learning rate at
0.05 and bag fraction at 0.75 as recommended by Elith
and Leathwick (2017).

After fitting the initial cross-validated model, the
function dismo::gbm.simplify was used to determine
if any variables included in the full BRT model failed
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to improve performance. This process supported the
inclusion of all model parameters except surficial
geology, which did not improve model performance
and was dropped. A simplified BRT model was then fit
using all remaining parameters, and predictions from
the resulting model derived for the validation dataset.
Model accuracy was assessed using the area under the
receiver operating curve (AUROC) (Fawcett 2006) and a
confusion matrix (Kuhn 2008).

Following model simplification and validation the
functions dismo::gbm.interactions and dismo:: gbm.
perspec were used to identify and visualise significant
pairwise interactions between predictors. We also
created 10 m x 10 m gridded landslide probability
surfaces of the simplified model and a hypothetical
afforestation scenario in which seral native vegetation
(SNV) is replaced by tall native forest (TNF) and CfPF is
replaced by closed canopy plantation forest (CCPF). The
later was achieved by reclassifying grid cells classed as
SNV to TNF and CfPF to CCPF prior to calculating model
predictions for each 10 m x 10 m grid cell. From the
landslide probability surfaces we calculated the extent
of each land cover class with a predicted probability of
landslides > 75% (Table 2).

In a separate process we modelled landslides in the
training dataset as a function of ESC class using BRTs
with the same tree complexity, learning rate and bag
fraction settings described above. Model accuracy was
assessed using AUROC and a confusion matrix.

TABLE 2: Landslide probability by: A. land cover class; and B. alternative land cover class. High probability = predicted

probability of landslides > 75%.

A B

Land cover class  Total High Highlandslide Alternative High High landslide
area landslide probability land cover landslide probability area/
(ha) probability area / total class probability  total area (%)

area (ha) area (%) area (ha)

Bare ground 23.6 1.7 7.3 No change 1.7 7.3

Clear-felled 712.6 3219 45.2 Closed canopy 50.6 71

plantation forest plantation forest

Closed canopy 3511.6 2279 6.4 No change 2279 6.4

plantation forest

Easy pasture & 4223.8 21 0.5 No change 21 0.5

residential

Hill pasture 1166.6 36.9 3.2 No change 36.9 3.2

Mixed woodland 149.2 2.1 1.4 No change 2.1 1.4

Seral native 7594.0 1266.3 16.7 Tall native forest 73.3 1

vegetation

Tall native forest 2208.3 9.3 0.4 No change 9.3 0.4

All 19589.6 1887.1 10.1 All 422.8 3.4
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Results

The simplified BRT model fit the training data well
(AUROC = 0.94) and accurately predicted the presence
and absence of landslides in the validation dataset
(AUROC = 0.93; Accuracy = 0.867, +/- 95% CI = 0.0066,
p <0.005; Kappa = 0.73). Of the variables included in the
model, land cover, elevation, rainfall, slope and aspect
were most informative, with the land cover classes
clear-felled plantation forest (CfPF) predicting the
highest probability of landslides and tall native forest
(TNF) predicting the lowest probability of landslides.
Fitted functions for the continuous variables elevation,
rainfall, slope and aspect indicated that the probability
of landslides was highest at sites where > 130 mm of
rain fell in 48 hours, elevation was < 500 m, slope was
> 30°, and at sites with a north-easterly aspect (Figure
3). Fitted functions for the TPI and MPI indicated that
landslide occurrence was highest on mid-slope and
upper-slope drainages, but these parameters explained
substantially less deviance in the response and had low
importance scores (Figure 3).

Assessment of pairwise interactions between
predictors revealed strong interactions between rainfall
and aspect and rainfall and elevation. The nature of
these interactions indicates that where high rainfall
occurred in combination with north-easterly aspect and
elevations < 500 m landslide occurrence was much more
likely than if the effects of rain, aspect and elevation
were simply additive (Figure 4). In contrast, interactions
between rainfall and slope, TPI and MPI were weak.

Model predictions for current land cover indicate that
the terrain most susceptible to landslides is concentrated
toward the northern end of the study site on slopes
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0.31
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surrounding the settlements of Riwaka and Marahau
(Figure 5). This area is dominated by vulnerable land
cover classes seral native vegetation (SNV) and CfPF and
received the highest total rainfall during the 48 hour
period ex-tropical Cyclone Gita crossed the top of the
South Island of New Zealand (Figure 2).

Model predictions highlight the susceptibility of
SNV and CfPF to landslides, with ~17% and ~45% of
the area occupied by these land cover classes assigned
a predicted probability of landslides > 75% (Table 2).
A hypothetical afforestation scenario in which SNV
is converted to TNF and CfPF to CCPF shows that the
high landslide probability area could be reduced by an
estimated 1193 ha if SNV succeeds to TNF and a further
271 ha by halting clear-fell harvest of plantation forests
(Table 2 & Figure 5). In combination, these changes
could reduce the high landslide probability area within
the study area from an estimated 1,887 ha to 423 ha
(Table 2 & Figure 5).

Unlike the simplified BRT model presented above,
we found the ESC was a poor predictor of landslides
in the training (AUROC = 0.66) and validation datasets
(AUROC = 0.65; Accuracy = 0.63, +/- 95% CI = 0.0093,
p < 0.005; Kappa = 0.25). The marginal effect estimates
for ESC classes low, moderate and high were 0.11,
0.28 and 0.29 respectively and increased in a stepwise
manner as expected. However, the difference between
the marginal effects for ESC classes moderate and high
were negligible, and the marginal effect estimate for
the ESC class very high was strongly negative (-0.68).
However, the latter should be viewed with some caution
as only 43.3 ha of the study area was assigned a very high
ESC classification.

Bgr CCPF CfPF EP&R HP MxdW SNV
Landcover (25.2%)

TNF

o
o

o
w

o
w

o
o

(o]

100 125 150 175
48 hour rainfall (mm) (19.6%)

300 600 900 75
Elevation (m) (19.8%)

0 100

Marginal effects on mean centred log(p)
o
o

20 40
Slope (°) (14%)

o
o

©
w

025 050 0.75
MPI (4.7%)

1.00

200 300
Aspect (°) (10.7%)

Strm MdsD UpID Vily Plns OpnS UppS LclR MdsR HghR
TPl (6%)

FIGURE 3: Partial dependence plots showing fitted functions for land cover,
elevation, rainfall, slope, aspect, topographical position index (TPI),
and mid-slope position Index (MPI) when all other predictors are held
at their mean values. The predictors are ranked in order of importance
with importance scores presented in parentheses below each plot. Black
lines are fitted functions, blue lines are smoothed fitted functions and
red dotted lines indicate the mean value for each parameter.
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FIGURE 4: Three-dimensional partial dependence plots showing interactions between 48 hour rainfall (mm) and aspect
(°) and 48 hour rainfall (mm) and elevation (m). All other variables are held at their mean values.

Current land cover

Predicted landslide probability

1 0%
25%
50%
75%

I 100%

Alternative land cover

FIGURE 5: Modelled probability of landslides across the study under land cover described from March 2018 imagery (left
panel), and modelled probability of landslides under an alternative management scenario in which areas of
clear-felled plantation forest and seral native vegetation are converted to closed canopy plantation forest and

tall native forest respectively (right panel).

Discussion

In our study, high resolution (10 x 10 m) gridded rainfall,
topography, land cover surfaces were used to model
landslidesinthe TasmanregionofNewZealand. Ourresults
are broadly consistent with the literature and reinforce
the relevance of land cover, rainfall and topography as
predictors of landslides but, most importantly, imply
that effective land use management could substantially

reduce landslide occurrence in Tasman, New Zealand. In
particular, our model suggests that increasing the extent
of permanent forest cover and limiting clear-fell harvest
of plantation forests on landslide-prone slopes could
substantially reduce landslide occurrence during high-
intensity rainfall events. The findings presented here are
a first for the Tasman region, and provide an important
resource for land managers.
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Seral native vegetation and landslide occurrence
Seral native vegetation (SNV) is the dominant land cover
in the study area and includes 1266.3 ha with a predicted
probability of landslides > 75% (Table 2). In the Tasman
region, SNV mainly comprises shallow rooted native
species, such as five finger (Pseudopanax arboreus
(Murray) Philipson), karamu (Coprosma robusta Raoul)
and kahuhu (Pittosporum tenuifolium Sol. ex Gaertn.),
which have low root-wood tensile strength (Watson &
Mardern 2004) and occupy steep slopes on marginal
farmland that was retired in the mid 1980’s (Basher
2013; Cao et al. 2009). Our study indicates SNV is more
vulnerable to landslides than tall forest, and is consistent
with other studies (Dymond et al. 2006; D.L. Hicks 1991;
Marden & Rowan 1993) that document higher landslide
occurrence in areas of seral or immature vegetation
cover. Thus, if SNV reverts to tall native forest (TNF)
through natural succession, landslide occurrence in the
Tasman region is likely to decrease. Here, we estimate
the area with a predicted probability of landslides > 75%
could be reduced by as much as 1193 ha if TNF were to
fully replace SNV (Table 2).

To accelerate the transition from SNV to TNF, land
management agencies could control factors that retard
natural succession, such as animal browse by goats,
possums, deer and domestic stock (D.A. Wardle et al.
2001); land clearance (Johnson & Gerbeaux 2004); and
fire (Fill etal. 2015). Under-planting or seed sowing could
also be employed to overcome seed limitation of native
forest canopy species (Coomes et al. 2003; McAlpine et
al. 2016), such as New Zealand beech (Fuscospora and
Lophozonia spp. (Hook.f.) Heenan et Smissen), which are
poor dispersers and unlikely to recolonise some areas
without assistance (J. Wardle 1984).

Clear-fell plantation harvest and landslide
occurrence

Clear-felled plantation forest (CfPF), which includes
areas where trees have been replanted after harvest but
are <8 years old, occupies only 712.6 ha of the study area.
However, ~ 45% of this area has a predicted probability
of landslides > 75% (Table 2) indicating CfPF is much
more vulnerable to landslides than other land cover
classes and contributes disproportionately to landslide
occurrence. This is consistent with studies conducted
elsewhere in New Zealand (e.g. Dymond et al. 2006;
Glade 2003; Marden & Rowan 1993, 2015; Page et al.
1994; 2000) that highlight the vulnerability deforested
steeplands to landslides and sediment loss, but also
show replanted plantation forest can be associated
with high landslide occurrence for up to 8 years after
replanting (Marden & Rowan 1993).

Approximately 40% of New Zealand’s production
plantation forests are grown on steep, erosion-prone
hillslopes due to lower land prices and higher return
on investment, and in some areas were established to
stabilise erodible terrain (Visser et al. 2018). Preferred
harvesting methods involve large-scale clear-felling
paired with ground-based or skyline cable log extraction
to maximise cost efficiencies (Visser et al. 2018).
Harvesting often occurs across entire catchments and
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can cause considerable soil disturbance and reduce
slope stability (Marden & Rowan 1993; Marden et
al. 2006); increase surface water yields and velocity
(Bosch & Hewlett 1982; Davie & Fahey 2005; Rowe &
Pearce 1994); and increase sediment and debris flows
(Fahey & Coker 1992; Gibbs & Woodward 2017, 2018;
D.M. Hicks et al. 2008; O’Loughlin 1994). Collectively,
these factors can result in significant damage to
downslope property and infrastructure and freshwater
and marine environments during large storm events
(Ryan et al. 2008; Thrush et al. 2004; Visser et al. 2018).

Some authors have argued the environmental
impacts of forestry could be reduced by implementing
stringent clear-felling limits on erosion prone lands,
or by implementing alternative low impact harvesting
methods such as patch-cutting or single tree selection
(e.g. Amishev et al. 2014; Visser et al. 2018). Our
model indicates closed canopy plantation forest
(CCPF) had a much lower probability of landslides
than CfPF, and implies harvesting protocols that leave
a greater proportion of CCPF standing would reduce
landslide occurrence. However, the area of CfPF with
a predicted probability of landslides > 75 % could be
reduced by an estimated 271 ha if all plantation forest
in the study area was managed as permanent CCPF
(Table 2). Additional reductions in landslide occurrence
may also be possible if CCPF was converted to TNE,
which had a lower probability of landslides than other
cover classes included in our model; this conversion
might be accelerated by underplanting native podocarp
species (Forbes et al. 2016).

Lower landslide occurrence in native forest than in
plantation forest is also reported by D.L. Hicks (1991),
but others record little or no difference between native
and exotic forests (Hancox & Wright 2005; Marden &
Rowan 1993), and Marden and Rowan (2015) report
higher sediment generation rates for native forest
than mature exotic forest. In part, discrepancies in
reported erosion rates for native and exotic forests may
be explained by inconsistent classifications of native
and exotic forests (e.g. Hancox & Wright 2005; D.L.
Hicks 1991; Marden & Rowan 1993), but also because
interactions between rainfall, topography and land
cover, although acknowledged, are not addressed by the
analytical approaches used (e.g. Hancox & Wright 2005;
Marden & Rowan 1993, 2015). Nevertheless, there is
broad consensus in the literature that mature forest
reduces landslide susceptibility and that low impact
harvesting methods or other initiatives that result in
increased forest cover on erodible lands ought to result
in improved environmental outcomes.

The National Environmental Standards for Plantation
Forestry (NES-PF) is the principal legislative instrument
for managing plantation forestry activities in New
Zealand and prescribes rules for specified activities
based on the erosion susceptibility classification (ESC) of
the land on which they occur. However, in our study the
ESC failed to reliably discriminate areas of high landslide
occurrence from areas of low landslide occurrence. This
probably relates to the resolution of the ESC and the New
Zealand Land Resource Inventory (NZLRI) (Newsome
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et al. 2008) on which it is based, as the scale (1:50000)
of these data layers may be too coarse to adequately
represent local scale (1:10000) variation in land cover,
climate, or topography. Deficiencies in the ESC could also
be due the quality of the data contained in the NZLRI,
which in some areas is 40 years out of date (Bloomberg
et al. 2011). The potential shortcomings of the ESC are
well recognised (Basher et al. 2015a; Bloomberg et
al. 2011; Marden et al. 2015) and it was intended as a
regional rather than local land use management tool
(Bloomberg et al. 2011). Nevertheless, the failure of the
ESC to discriminate areas of high landslide occurrence
from areas of low landslide occurrence in our study area,
which covers almost 20,000 ha, raises questions about
the reliability of the ESC as a regional land management
tool in Tasman, New Zealand, and may warrant
investigation elsewhere.

Spatial rainfall pattern

In our study, we included a 48 hour rainfall parameter
which was informative and interacted with aspect and
elevation. We suspect interactions between rainfall and
topography are due to the prevailing north-easterly
wind direction during Gita focusing rainfall on north-
eastern slopes, with more precipitation occurring at
low elevations (< 500 m) in the northern sector of the
study area due to the moist air mass condensing as it
cooled travelling upslope over the coastal hills. Fine
scale variation in rainfall is not evident in the rainfall
surface used (Figure 2), but the importance of aspect
and elevation in the model and the complex nature of
their interactions suggest that these two parameters
may explain fine scale variation in rainfall that is not
inherent in the rainfall surface used. Alternatively,
the importance of aspect in the model may relate
to differences in vegetation between northern and
southern facing slopes, and the importance of elevation
may reflect upslope watershed area, although we would
have expected the mid-slope position index (MPI) to
have been a better proxy for upslope watershed area
than elevation. Irrespective of the exact nature of the
relationships between rainfall and topography, however,
these findings imply that spatial patterns of high
intensity rainfall, where it is predictable at local scales,
could improve landslide susceptibility modelling. Heavy
rainfall in the Tasman region generally comes from the
north-east (Macara 2016); thus, it is likely that future
landslides in the study area will occur more frequently
on north-eastern slopes at low elevation.

Frequency and magnitude of landslide triggering
events

Major multiple-landslide events in New Zealand are often
associated with either heavy rainfall or earthquakes. The
2016 Kaikoura earthquake occurred during the period
covered by our landslide analysis, and caused thousands
of landslides in the seaward Kaikoura ranges and along
the east coast (Massey et al. 2018). This event was
extremely well-documented, and landslides generally
occurred within 10 km of fault surface ruptures (Massey
et al. 2018). There are no known active faults within the
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study area (GNS 2019 active faults database), and the
landslides documented in our study are >100 km from
areas that experienced shaking greater than magnitude
3inthe 2016 Kaikoura earthquake (Hamling etal. 2017).
We thus consider it extremely unlikely than any of the
landslides in our dataset resulted from seismic triggers.
While earthquake-triggered landslides have been the
focus of much study in recent years, landslides are more
likely to be triggered by rainfall (e.g. Dellow 2010).
Storms similar in size to Cyclone Gita are a relatively
frequent occurrence in NZ. Between 1970 and 1997,
tropical cyclones hit NZ a little more than once a year
on average (Sinclair 2002), and storms with a similar
intensity of precipitation (>130 mm in 24 hours) occur
every 1-5 years in study area (Tasman District Council;
recurrence estimates drawn from 1962-2019 from
Takaka Hill, Riwaka South, and Motueka at Woodmans
rain gauges). Climate change is likely to increase the
frequency and intensity of major storms (IPCC 2018)
and rainfall-triggered landslides (Crozier 2010). In a
warming world, high-resolution landslide susceptibility
models that enable land managers to make informed
decisions about land use and regulation at a scale
relevant to land use activities will become increasingly
important.

Conclusions

Our study shows that accurate, high-resolution landslide
probability surfaces can be developed from landslide
distribution, land cover, topographical and rainfall data
layers. Our model suggests that land cover is the most
important determinant of landslide occurrence during
large rainfall events in the Tasman region, and that
landslide susceptibility could be substantially reduced
by increasing the extent of permanent forest cover
and limiting clear-fell harvest of plantation forests
on landslide-prone slopes. This work highlights the
importance of reliable erosion susceptibility surfaces
that allow land managers to accurately identify areas of
high landslide susceptibility at the scale at which land
use activities occur.

Reducing landslides and associated erosion will
improve the health of freshwater and near shore marine
ecosystems and reduce future social and economic
costs of large storm events. With increases in the size
and frequency of large storm events predicted under
future climate scenarios, progress on reducing landslide
susceptibility is urgent.

Competing interests
The authors declare they have no competing interests.

Authors’ contributions

RM initiated the study and created the digitised landslide
and land cover data-layers used. ]G led the writing,
performed the statistical modelling and produced all
figures. CL made a significant contribution to writing
and provided geomorphological expertise. All authors
read, critiqued, and approved the final manuscript.



Griffiths et al. New Zealand Journal of Forestry Science (2020) 50:13

Acknowledgements

We thank Susan Timmins, Clayson Howell, Kevin Norton
and three anonymous reviewers who provided helpful
critique and advice on the manuscript. We also thank
Martin Doyle and Pete Frew from Tasman District
Council who provided rainfall data and aerial imagery
for the study area, and Andrew Tait from NIWA who
created the modelled 48-hour rainfall surface used.

Availability of data and materials
Please contact the corresponding author for data
requests.

References
Amishev, D., Basher, L., Phillips, C.J., Hill, S.,, Marden,
M., Bloomberg, M. & Moore, ]J.R. (2014). New
forest management approaches to steep hills. MPI
Technical Paper (2014/39). Ministry for Primary
Industries, Wellington, New Zealand. 22 p. https://
.r rch .n lication/284 4

New_forest management approaches to_steep
hills

Barrell, D.J.A,, & Smith Lyttle, B. (2015). Identification
of areas possibly susceptible to landsliding in the
coastal sector of the Dunedin City district. GNS
Science Consultancy Report (2015/34). Institute
of Geological & Nuclear Sciences Limited, Lower

Hutt, New Zealand. 38 p. https://www.orc.govt.
nz/media/2104 /technical-attachment-1b-gns-

i in-landsli ibility.
Basher, L., Harrison, D., Phillips, C., & Marden, M. (2015a).
What do we need for a risk management approach

to steepland plantation forests in erodible terrain?
New Zealand Journal of Forestry, 60(2), 7-10.

Basher, L., Lynn, I, & Page, M. (2015b). Update of the
Erosion Susceptibility ~Classification (ESC) for
the proposed National Environmental Standard
for Plantation Forestry-Revision of the ESC. MPI
Technical Paper (2015/13). Landcare Research
New Zealand Ltd, Nelson, New Zealand. 17 p.
https://www.mpi.govt.nz/dmsdocument/7998/
direct

Basher, L.R. (2013). Erosion processes and their control
in New Zealand. In J. Dymond (Ed.), Ecosystem
services in New Zealand-conditions and trends (pp.
363-374): Manaaki Whenua Press.

Bloomberg, M., Davies, T, Visser, R, & Morgenroth, J.
(2011). Erosion Susceptibility Classification and
Analysis of Erosion Risks for Plantation Forestry.
Report for the Ministry for the Environment
by the University of Canterbury, Christchurch.
53 p. https://www.mfe.govt.nz/sites/default/
files/laws/standards/forestry/erosion-

ibility-classificati If

Bosch, J.M., & Hewlett, J. (1982). A review of catchment
experiments to determine the effect of vegetation

Page 10

changes on water yield and evapotranspiration.
Journal of Hydrology, 55(1-4), 3-23. https://doi.
0rg/10.1016/0022-1694(82)90117-2

Caine, N. (1980). The rainfall intensity-duration control
of shallow landslides and debris flows. Geografiska
Annaler: Series A, Physical Geography, 62(1-2), 23-
27. https://doi.org/10.1080/04353676.1980.118
79996

Cao, W, Bowden, W.B,, Davie, T, & Fenemor, A. (2009).
Modelling impacts of land cover change on critical
water resources in the Motueka River catchment,
New Zealand. Water Resources Management, 23(1),
137-151. https://doi.org/10.1007/s11269-008-
9268-2

Carson, M.A,, & Kirkby, M.J. (1972). Hillslope form and
process. Cambridge University Press.

Claessens, L., Schoorl, ].M., & Veldkamp, A. (2007).
Modelling the location of shallow landslides
and their effects on landscape dynamics in large
watersheds: an application for Northern New
Zealand. Geomorphology, 87(1-2), 16-27.

Collison, A, Wade, S., Griffiths, ], & Dehn, M. (2000).
Modelling the impact of predicted climate change on
landslide frequency and magnitude in SE England.
Engineering Geology, 55(3), 205-218. https://doi.
0rg/10.1016/S0013-7952(99)00121-0

Columbus, J., Sirguey, P, & Tenzer, R. (2011). A free fully
accessible 15m DEM for New Zealand. Survey
Quarterly, 66,16-19.

Conrad, O., Bechtel, B., Bock, M., Dietrich, H., Fischer, E.,
Gerlitz, L., Wehberg, ], Wichmann, V., & Bohner,
J. (2015). System for automated geoscientific
analyses (SAGA) v. 2.1.4. Geoscientific Model
Development Discussions, 8(7),1991-2007. https://
doi.org/10.5194/gmd-8-1991-2015

Coomes, D.A., Allen, R.B., Forsyth, D.M., & Lee, W.G.
(2003). Factors preventing the recovery of New

Zealand forests following control of invasive deer.
Conservation Biology, 17(2), 450-459. https://doi.

org/10.1046/j.1523-1739.2003.15099.x

Crozier, M.J. (1999). Prediction of rainfall-triggered
landslides: A test of the antecedent water status
model. Earth Surface Processes and Landforms: The
Journal of the British Geomorphological Research
Group, 24(9), 825-833. https://doi.org/10.1002

(SICI)1096-9837(199908)24:9<825::AID-
ESP14>3.0.C0;2-M

Crozier, M.. (2010). Deciphering the effect of
climate change on landslide activity: A review.
Geomorphology, 124(3-4), 260-267. https://doi.
org/10.1016/j.geomorph.2010.04.009

Crozier, M.J. (2017). A proposed cell model for
multiple-occurrence regional landslide events:
Implications for landslide susceptibility mapping.
Geomorphology, 295, 480-488. https://doi.



https://www.researchgate.net/publication/284367466_New_forest_management_approaches_to_steep_hills
https://www.researchgate.net/publication/284367466_New_forest_management_approaches_to_steep_hills
https://www.researchgate.net/publication/284367466_New_forest_management_approaches_to_steep_hills
https://www.researchgate.net/publication/284367466_New_forest_management_approaches_to_steep_hills
https://www.orc.govt.nz/media/2104/technical-attachment-1b-gns-science_dunedin-landslide_susceptibility.pdf
https://www.orc.govt.nz/media/2104/technical-attachment-1b-gns-science_dunedin-landslide_susceptibility.pdf
https://www.orc.govt.nz/media/2104/technical-attachment-1b-gns-science_dunedin-landslide_susceptibility.pdf
https://www.mpi.govt.nz/dmsdocument/7998/direct
https://www.mpi.govt.nz/dmsdocument/7998/direct
https://www.mfe.govt.nz/sites/default/files/laws/standards/forestry/erosion-susceptibility-classification.pdf
https://www.mfe.govt.nz/sites/default/files/laws/standards/forestry/erosion-susceptibility-classification.pdf
https://www.mfe.govt.nz/sites/default/files/laws/standards/forestry/erosion-susceptibility-classification.pdf
https://doi.org/10.1016/0022-1694(82)90117-2
https://doi.org/10.1016/0022-1694(82)90117-2
https://doi.org/10.1080/04353676.1980.11879996
https://doi.org/10.1080/04353676.1980.11879996
https://doi.org/10.1007/s11269-008-9268-2
https://doi.org/10.1007/s11269-008-9268-2
https://doi.org/10.1016/S0013-7952(99)00121-0
https://doi.org/10.1016/S0013-7952(99)00121-0
https://doi.org/10.5194/gmd-8-1991-2015
https://doi.org/10.5194/gmd-8-1991-2015
https://doi.org/10.1046/j.1523-1739.2003.15099.x
https://doi.org/10.1046/j.1523-1739.2003.15099.x
https://doi.org/10.1002/(SICI)1096-9837(199908)24:9<825::AID-ESP14>3.0.CO;2-M
https://doi.org/10.1002/(SICI)1096-9837(199908)24:9<825::AID-ESP14>3.0.CO;2-M
https://doi.org/10.1002/(SICI)1096-9837(199908)24:9<825::AID-ESP14>3.0.CO;2-M
https://doi.org/10.1016/j.geomorph.2010.04.009
https://doi.org/10.1016/j.geomorph.2010.04.009
https://doi.org/10.1016/j.geomorph.2017.07.032

Griffiths et al. New Zealand Journal of Forestry Science (2020) 50:13

org/10.1016/j.geomorph.2017.07.032

Davie, T, & Fahey, B. (2005). Forestry and water yield-
current knowledge and further work. New Zealand
Journal of Forestry, 49(4), 3-8.

Dellow, G.D. (2010). Rotorua District Council Hazard
Studies: Landslide Hazards. GNS Consultancy
Report (2010/82). Institute of Geological &
Nuclear Sciences Limited, Lower Hutt, New
Zealand. 14 p. https://www.rotorualakescouncil.

our- . ol . X /districtplan/
DistrictPlan/Documents/Proposed-district-plan/

pdf

Dietrich, H., & Bohner, ]. (2008). Cold air production and
flow in a low mountain range landscape in Hessia
(Germany). Hamburger Beitrdge zur Physischen
Geographie und Landschaftsékologie, 19, 37-48.

Dymond, J.R., Ausseil, A.-G., Shepherd, ].D., & Buettner,
L. (2006). Validation of a region-wide model
of landslide susceptibility in the Manawatu-
Wanganui region of New Zealand. Geomorphology,
74(1-4), 70-79. https://doi.org/10.1016/j.
geomorph.2005.08.005

Dymond, J.R.,, Betts, H.D., & Schierlitz, C.S. (2010). An
erosion model for evaluating regional land-use
scenarios. Environmental Modelling & Software,
25(3), 289-298.  https://doi.org/10.1016/j.
envsoft.2009.09.011

Dymond, J.R,, Jessen, M.R,, & Lovell, L.R. (1999). Computer
simulation of shallow landsliding in New Zealand
hill country. International Journal of Applied Earth
Observation and Geoinformation, 1(2), 122-131.
https://doi.org/10.1016/S0303-2434(99)85005-3

Elith, ]., & Leathwick, ]. (2017). Boosted Regression Trees
for ecological modeling. R documentation. https://
cran. r-project. org/web/packages/dismo/vignettes/

brt. pdf

Esri. (1999). ArcView 3.2: Environmental Systems
Research Institute Redlands.

Fahey, B.D., & Coker, RJ. (1992). Sediment production
from forest roads in Queen Charlotte Forest
and potential impact on marine water quality,
Marlborough Sounds, New Zealand. New Zealand
Journal of Marine and Freshwater Research, 26(2),
187-195. https://doi.org/10.1080/00288330.199
2.9516514

Fawcett, T. (2006). An introduction to ROC analysis.
Pattern recognition letters, 27(8),861-874. https://
doi.org/10.1016/j.patrec.2005.10.010

Fill, ].M., Platt, W.J., Welch, S.M., Waldron, J.L.., & Mousseau,
TA. (2015). Updating models for restoration
and management of fiery ecosystems. Forest
Ecology and Management, 356, 54-63. https://doi.

org/10.1016/j.foreco.2015.07.021
Forbes, A.S. Norton, D.A, & Carswell, FE. (2016).

Page 11

Artificial canopy gaps accelerate restoration within
an exotic Pinus radiata plantation. Restoration
Ecology, 24(3), 336-345. https://doi.org/10.1111
rec.12313

Gao, ], & Maro, ]. (2010). Topographic controls on
evolution of shallow landslides in pastoral
Wairarapa, New Zealand, 1979-2003.

Geomorphology, 114(3), 373-381. https://doi.
org/10.1016/j.geomorph.2009.08.002

Gibbs, M., & Woodward, B. (2017). CSSI-based sediment
source tracking study for the Maitai River, Nelson.
Client report Nelson City Council (2017256HN).
National Institute of Water & Atmospheric
Research Ltd, Hamilton, New Zealand. 33 p.

http://www.nelson.govt.nz/assets/Environment/

Sediment-source-tracing-report-for-Maitai-River-

Gibbs, M., & Woodward, B. (2018). Waimea and Moutere
Sediment Sources by Land Use. Client report Tasman
District Council (2018026HN). National Institute
of Water & Atmospheric Research Ltd, Hamilton,

New Zealand. 48 p. https://www.google.co.nz/url?

ahUKEwiPmcLgs]ftAhXWV30KHQDXC8AQFjAAeg

= 0, 0, 0, 0,

2Fdocument%2Fserve%2FSediment%2520Sourc

0, 0, 0 0

%2520and%2520Moutere%2520Max%2520Gib
0, - 0, 0, 0,
path%3D%2FEDMS%2FPublic%2FOther%2FEnv
; 9% 2FEnvi IMonitoring%2FW
rMonitoring%2FSurfaceWater%?2FRiverWater%2

zphwCw0 }

Glade, T. (2003). Landslide occurrence as a response to
land use change: a review of evidence from New
Zealand. Catena, 51(3-4), 297-314. https://doi.
org/10.1016/S0341-8162(02)00170-4

GNS. (2019). Active Faults database. https://data.gns.cri.
nz/af/

Gordon, L.]. (2007). Linking land to ocean: feedbacks in
the management of socio-ecological systems in
the Great Barrier Reef catchments. Hydrobiologia,
591(1), 25-33. https://doi.org/10.1007/s10750-007-
0781-8

Guisan, A., Weiss, S.B., & Weiss, A.D. (1999). GLM versus
CCA spatial modeling of plant species distribution.
Plant Ecology, 143(1), 107-122. https://doi.

org/10.1023/A:1009841519580

Guzzetti, F, Peruccacci, S., Rossi, M., & Stark, C.P. (2008).
The rainfall intensity-duration control of shallow
landslides and debris flows: an update. Landslides,
5(1), 3-17. https://doi.org/10.1007/s10346-007-
0112-1

Hamling, 1.]., Hreinsdottir, S., Clark, K., Elliott, ], Liang, C.,
Fielding, E., Litchfield, N., Villamor, P,, Wallace, L.,



https://doi.org/10.1016/j.geomorph.2017.07.032
https://www.rotorualakescouncil.nz/our-services/planningservices/districtplan/DistrictPlan/Documents/Proposed-district-plan/Research/Final-report-CR-2010-082-Landslide.pdf
https://www.rotorualakescouncil.nz/our-services/planningservices/districtplan/DistrictPlan/Documents/Proposed-district-plan/Research/Final-report-CR-2010-082-Landslide.pdf
https://www.rotorualakescouncil.nz/our-services/planningservices/districtplan/DistrictPlan/Documents/Proposed-district-plan/Research/Final-report-CR-2010-082-Landslide.pdf
https://www.rotorualakescouncil.nz/our-services/planningservices/districtplan/DistrictPlan/Documents/Proposed-district-plan/Research/Final-report-CR-2010-082-Landslide.pdf
https://www.rotorualakescouncil.nz/our-services/planningservices/districtplan/DistrictPlan/Documents/Proposed-district-plan/Research/Final-report-CR-2010-082-Landslide.pdf
https://doi.org/10.1016/j.geomorph.2005.08.005
https://doi.org/10.1016/j.geomorph.2005.08.005
https://doi.org/10.1016/j.envsoft.2009.09.011
https://doi.org/10.1016/j.envsoft.2009.09.011
https://doi.org/10.1016/S0303-2434(99)85005-3
https://doi.org/10.1080/00288330.1992.9516514
https://doi.org/10.1080/00288330.1992.9516514
https://doi.org/10.1016/j.patrec.2005.10.010
https://doi.org/10.1016/j.patrec.2005.10.010
https://doi.org/10.1016/j.foreco.2015.07.021
https://doi.org/10.1016/j.foreco.2015.07.021
https://doi.org/10.1111/rec.12313
https://doi.org/10.1111/rec.12313
https://doi.org/10.1016/j.geomorph.2009.08.002
https://doi.org/10.1016/j.geomorph.2009.08.002
http://www.nelson.govt.nz/assets/Environment/Downloads/Nelson-Plan/reports/Project-Maitai-Sediment-source-tracing-report-for-Maitai-River-Max-Gibbs-NIWA-final-June2017.pdf
http://www.nelson.govt.nz/assets/Environment/Downloads/Nelson-Plan/reports/Project-Maitai-Sediment-source-tracing-report-for-Maitai-River-Max-Gibbs-NIWA-final-June2017.pdf
http://www.nelson.govt.nz/assets/Environment/Downloads/Nelson-Plan/reports/Project-Maitai-Sediment-source-tracing-report-for-Maitai-River-Max-Gibbs-NIWA-final-June2017.pdf
http://www.nelson.govt.nz/assets/Environment/Downloads/Nelson-Plan/reports/Project-Maitai-Sediment-source-tracing-report-for-Maitai-River-Max-Gibbs-NIWA-final-June2017.pdf
https://www.google.co.nz/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&ved=2ahUKEwiPmcLgsJftAhXWV30KHQDXC8AQFjAAegQIBBAC&url=https%3A%2F%2Ftasman.govt.nz%2Fdocument%2Fserve%2FSediment%2520Sources%2520by%2520land%2520use%2520Waimea%2520and%2520Moutere%2520Max%2520Gibbs%25202018-02%2520FINAL%2520V2.pdf%3Fpath%3D%2FEDMS%2FPublic%2FOther%2FEnvironment%2FEnvironmentalMonitoring%2FWaterMonitoring%2FSurfaceWater%2FRiverWater%2F000000844542&usg=AOvVaw2vPk0JgoH6X09S_zphwCw0
https://www.google.co.nz/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&ved=2ahUKEwiPmcLgsJftAhXWV30KHQDXC8AQFjAAegQIBBAC&url=https%3A%2F%2Ftasman.govt.nz%2Fdocument%2Fserve%2FSediment%2520Sources%2520by%2520land%2520use%2520Waimea%2520and%2520Moutere%2520Max%2520Gibbs%25202018-02%2520FINAL%2520V2.pdf%3Fpath%3D%2FEDMS%2FPublic%2FOther%2FEnvironment%2FEnvironmentalMonitoring%2FWaterMonitoring%2FSurfaceWater%2FRiverWater%2F000000844542&usg=AOvVaw2vPk0JgoH6X09S_zphwCw0
https://www.google.co.nz/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&ved=2ahUKEwiPmcLgsJftAhXWV30KHQDXC8AQFjAAegQIBBAC&url=https%3A%2F%2Ftasman.govt.nz%2Fdocument%2Fserve%2FSediment%2520Sources%2520by%2520land%2520use%2520Waimea%2520and%2520Moutere%2520Max%2520Gibbs%25202018-02%2520FINAL%2520V2.pdf%3Fpath%3D%2FEDMS%2FPublic%2FOther%2FEnvironment%2FEnvironmentalMonitoring%2FWaterMonitoring%2FSurfaceWater%2FRiverWater%2F000000844542&usg=AOvVaw2vPk0JgoH6X09S_zphwCw0
https://www.google.co.nz/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&ved=2ahUKEwiPmcLgsJftAhXWV30KHQDXC8AQFjAAegQIBBAC&url=https%3A%2F%2Ftasman.govt.nz%2Fdocument%2Fserve%2FSediment%2520Sources%2520by%2520land%2520use%2520Waimea%2520and%2520Moutere%2520Max%2520Gibbs%25202018-02%2520FINAL%2520V2.pdf%3Fpath%3D%2FEDMS%2FPublic%2FOther%2FEnvironment%2FEnvironmentalMonitoring%2FWaterMonitoring%2FSurfaceWater%2FRiverWater%2F000000844542&usg=AOvVaw2vPk0JgoH6X09S_zphwCw0
https://www.google.co.nz/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&ved=2ahUKEwiPmcLgsJftAhXWV30KHQDXC8AQFjAAegQIBBAC&url=https%3A%2F%2Ftasman.govt.nz%2Fdocument%2Fserve%2FSediment%2520Sources%2520by%2520land%2520use%2520Waimea%2520and%2520Moutere%2520Max%2520Gibbs%25202018-02%2520FINAL%2520V2.pdf%3Fpath%3D%2FEDMS%2FPublic%2FOther%2FEnvironment%2FEnvironmentalMonitoring%2FWaterMonitoring%2FSurfaceWater%2FRiverWater%2F000000844542&usg=AOvVaw2vPk0JgoH6X09S_zphwCw0
https://www.google.co.nz/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&ved=2ahUKEwiPmcLgsJftAhXWV30KHQDXC8AQFjAAegQIBBAC&url=https%3A%2F%2Ftasman.govt.nz%2Fdocument%2Fserve%2FSediment%2520Sources%2520by%2520land%2520use%2520Waimea%2520and%2520Moutere%2520Max%2520Gibbs%25202018-02%2520FINAL%2520V2.pdf%3Fpath%3D%2FEDMS%2FPublic%2FOther%2FEnvironment%2FEnvironmentalMonitoring%2FWaterMonitoring%2FSurfaceWater%2FRiverWater%2F000000844542&usg=AOvVaw2vPk0JgoH6X09S_zphwCw0
https://www.google.co.nz/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&ved=2ahUKEwiPmcLgsJftAhXWV30KHQDXC8AQFjAAegQIBBAC&url=https%3A%2F%2Ftasman.govt.nz%2Fdocument%2Fserve%2FSediment%2520Sources%2520by%2520land%2520use%2520Waimea%2520and%2520Moutere%2520Max%2520Gibbs%25202018-02%2520FINAL%2520V2.pdf%3Fpath%3D%2FEDMS%2FPublic%2FOther%2FEnvironment%2FEnvironmentalMonitoring%2FWaterMonitoring%2FSurfaceWater%2FRiverWater%2F000000844542&usg=AOvVaw2vPk0JgoH6X09S_zphwCw0
https://www.google.co.nz/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&ved=2ahUKEwiPmcLgsJftAhXWV30KHQDXC8AQFjAAegQIBBAC&url=https%3A%2F%2Ftasman.govt.nz%2Fdocument%2Fserve%2FSediment%2520Sources%2520by%2520land%2520use%2520Waimea%2520and%2520Moutere%2520Max%2520Gibbs%25202018-02%2520FINAL%2520V2.pdf%3Fpath%3D%2FEDMS%2FPublic%2FOther%2FEnvironment%2FEnvironmentalMonitoring%2FWaterMonitoring%2FSurfaceWater%2FRiverWater%2F000000844542&usg=AOvVaw2vPk0JgoH6X09S_zphwCw0
https://www.google.co.nz/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&ved=2ahUKEwiPmcLgsJftAhXWV30KHQDXC8AQFjAAegQIBBAC&url=https%3A%2F%2Ftasman.govt.nz%2Fdocument%2Fserve%2FSediment%2520Sources%2520by%2520land%2520use%2520Waimea%2520and%2520Moutere%2520Max%2520Gibbs%25202018-02%2520FINAL%2520V2.pdf%3Fpath%3D%2FEDMS%2FPublic%2FOther%2FEnvironment%2FEnvironmentalMonitoring%2FWaterMonitoring%2FSurfaceWater%2FRiverWater%2F000000844542&usg=AOvVaw2vPk0JgoH6X09S_zphwCw0
https://www.google.co.nz/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&ved=2ahUKEwiPmcLgsJftAhXWV30KHQDXC8AQFjAAegQIBBAC&url=https%3A%2F%2Ftasman.govt.nz%2Fdocument%2Fserve%2FSediment%2520Sources%2520by%2520land%2520use%2520Waimea%2520and%2520Moutere%2520Max%2520Gibbs%25202018-02%2520FINAL%2520V2.pdf%3Fpath%3D%2FEDMS%2FPublic%2FOther%2FEnvironment%2FEnvironmentalMonitoring%2FWaterMonitoring%2FSurfaceWater%2FRiverWater%2F000000844542&usg=AOvVaw2vPk0JgoH6X09S_zphwCw0
https://www.google.co.nz/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&ved=2ahUKEwiPmcLgsJftAhXWV30KHQDXC8AQFjAAegQIBBAC&url=https%3A%2F%2Ftasman.govt.nz%2Fdocument%2Fserve%2FSediment%2520Sources%2520by%2520land%2520use%2520Waimea%2520and%2520Moutere%2520Max%2520Gibbs%25202018-02%2520FINAL%2520V2.pdf%3Fpath%3D%2FEDMS%2FPublic%2FOther%2FEnvironment%2FEnvironmentalMonitoring%2FWaterMonitoring%2FSurfaceWater%2FRiverWater%2F000000844542&usg=AOvVaw2vPk0JgoH6X09S_zphwCw0
https://www.google.co.nz/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&ved=2ahUKEwiPmcLgsJftAhXWV30KHQDXC8AQFjAAegQIBBAC&url=https%3A%2F%2Ftasman.govt.nz%2Fdocument%2Fserve%2FSediment%2520Sources%2520by%2520land%2520use%2520Waimea%2520and%2520Moutere%2520Max%2520Gibbs%25202018-02%2520FINAL%2520V2.pdf%3Fpath%3D%2FEDMS%2FPublic%2FOther%2FEnvironment%2FEnvironmentalMonitoring%2FWaterMonitoring%2FSurfaceWater%2FRiverWater%2F000000844542&usg=AOvVaw2vPk0JgoH6X09S_zphwCw0
https://www.google.co.nz/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&ved=2ahUKEwiPmcLgsJftAhXWV30KHQDXC8AQFjAAegQIBBAC&url=https%3A%2F%2Ftasman.govt.nz%2Fdocument%2Fserve%2FSediment%2520Sources%2520by%2520land%2520use%2520Waimea%2520and%2520Moutere%2520Max%2520Gibbs%25202018-02%2520FINAL%2520V2.pdf%3Fpath%3D%2FEDMS%2FPublic%2FOther%2FEnvironment%2FEnvironmentalMonitoring%2FWaterMonitoring%2FSurfaceWater%2FRiverWater%2F000000844542&usg=AOvVaw2vPk0JgoH6X09S_zphwCw0
https://data.gns.cri.nz/af/
https://data.gns.cri.nz/af/
https://doi.org/10.1023/A:1009841519580
https://doi.org/10.1023/A:1009841519580
https://doi.org/10.1007/s10346-007-0112-1
https://doi.org/10.1007/s10346-007-0112-1

Griffiths et al. New Zealand Journal of Forestry Science (2020) 50:13

& Wright, TJ. (2017). Complex multifault rupture
during the 2016 Mw 7.8 Kaikoura earthquake, New
Zealand. Science, 356(6334), eaam7194. https://

doi.org/10.1126/science.aam7194

Hancox, G., & Wright, K. (2005). Analysis of landsliding
caused by the 15-17 February 2004 rainstorm in the
Wanganui-Manawatu hill country, southern North
Island, New Zealand.Institute of Geological & Nuclear
Sciences science report (2005/11). Institute of
Geological & Nuclear Sciences Limited, Lower Hutt,

New Zealand. 64 p. https://www.researchgate.net/

publication/259694746_Analysis_of_landsliding_
caused by the 15-17 February 2004 _rainstorm
. he W M hill
southern_North_Island New_Zealand

Hicks, D.L. (1991). Erosion under pasture, pine
plantations, scrub and indigenous forest: a

comparison from Cyclone Bola. New Zealand
Forestry, 36(3), 21-22.

Hicks, D.M., Basher, L.R, & Schmidt, ]. (2008). The
signature of an extreme erosion eventon suspended
sediment loads: Motueka River Catchment, South
Island, New Zealand. (Proceedings of a Symposium
held in Christchurch, New Zealand) IAHS, 325, 184.

Hijmans, R.J., Phillips, S., Leathwick, J., Elith, ]., & Hijmans,
M.RJ. (2017). Package ‘dismo’. Circles, 9(1), 1-68.

Hijmans, RJ., van Etten, ], Cheng, ], Mattiuzzi, M,
Sumner, M., Greenberg, J.A, Lamigueiro, O.P,
Bevan, A, Racine, E.B., & Shortridge, A. (2016).
Package ‘raster. R package. https://cran.r-project.
org/web/packages/raster/index.html  (accessed
1 October 2016).

IPCC. (2018). Global Warming of 1.5° C: An IPCC Special
Report on the Impacts of Global Warming of 1.5°
C Above Pre-industrial Levels and Related Global
Greenhouse Gas Emission Pathways, in the Context
of Strengthening the Global Response to the Threat
of Climate Change, Sustainable Development, and
Efforts to Eradicate Poverty: Intergovernmental
Panel on Climate Change.

Jakob, M., & Lambert, S. (2009). Climate change effects
on landslides along the southwest coast of British
Columbia. Geomorphology, 107(3-4), 275-284.
https://doi.org/10.1016/j.geomorph.2008.12.009

Johnson, P, & Gerbeaux, P. (2004). Wetland types in New
Zealand: New Zealand Department of Conservation.

Kemp, P, Sear, D., Collins, A, Naden, P, & Jones, L
(2011). The impacts of fine sediment on riverine
fish. Hydrological Processes, 25(11), 1800-1821.
https://doi.org/10.1002 /hyp.7940

Klik, A., Haas, K., Dvorackova, A., & Fuller, I.C. (2015).
Spatial and temporal distribution of rainfall
erosivity in New Zealand. Soil Research, 53(7), 815-
825. https://doi.org/10.1071/SR14363

Krausse, M.K,, Eastwood, C.R., & Alexander, R.R. (2001).

Page 12

Muddied waters: Estimating the national economic
cost of soil erosion and sedimentation in New
Zealand. Landcare Research New Zealand Ltd,
Lincoln, New Zealand. 48 p.

Kritikos, T., & Davies, T. (2015). Assessment of rainfall-
generated shallow landslide/debris-flow
susceptibility and runout using a GIS-based
approach: application to western Southern Alps
of New Zealand. Landslides, 12(6), 1051-1075.

Kuhn, M. (2008). Building predictive models in R using the
caret package. Journal of Statistical Software, 28(5),
1-26. https://doi.org/10.18637 /jss.v028.i105

Lynn, L.H., & Crippen, T.E (1991). Rock type classification
forthe New Zealand land resource inventory. Manaaki
Whenua Press, Lincoln, New Zealand. 123 p.

Macara, G. (2016). The climate and weather of the Nelson
and Tasman District 2nd edition. Science and
technology series (71). National Institute of Water
& Atmospheric Research Ltd. 38 p. Rhttps://docs.

niwa.co.nz/library/public/NIWAsts71.pdf

Marden, M., Basher, L., Phillips, C., & Black, R. (2015).
Should detailed terrain stability or erosion
susceptibility mapping be mandatory in erodible
steep lands? New Zealand Journal of Forestry, 59(4)
32-42.

Marden, M., Lambie, S., & Phillips, C. (2020). Potential
effectiveness of low-density plantings of manuka
(Leptospermum  scoparium) as an erosion
mitigation strategy in steeplands, northern
Hawke’s Bay, New Zealand. New Zealand Journal of
Forestry Science, 50:10. https://doi.org/10.33494

nzjfs502020x82x

Marden, M. & Rowan, D. (1993). Protective value of
vegetation on tertiary terrain before and during
Cyclone Bola, East Coast, North Island, New
Zealand. New Zealand Journal of Forestry Science,
23(3), 255-263.

Marden, M., & Rowan, D. (1995). Assessment of storm
damage to Whangapoua Forest and its immediate
environs following the storm of March 1995.
Landcare Research Contract Report (LC9495/172).
Landcare Research New Zealand Ltd, Gisborne,
New Zealand. 29 p.

Marden, M., & Rowan, D. (2015). The effect of land use
on slope failure and sediment generation in the
Coromandel region of New Zealand following
a major storm in 1995. New Zealand Journal of
Forestry Science, 45:10. https://doi.org/10.1186
s40490-015-0036-9

Marden, M., Rowan, D., & Phillips, C. (2006). Sediment
sources and delivery following plantation
harvesting in a weathered volcanic terrain,
Coromandel Peninsula, North Island, New Zealand.
Soil Research, 44(3), 219-232. https://doi.

org/10.1071/SR05092


https://doi.org/10.1126/science.aam7194
https://doi.org/10.1126/science.aam7194
https://www.researchgate.net/publication/259694746_Analysis_of_landsliding_caused_by_the_15-17_February_2004_rainstorm_in_the_Wanganui-Manawatu_hill_country_southern_North_Island_New_Zealand
https://www.researchgate.net/publication/259694746_Analysis_of_landsliding_caused_by_the_15-17_February_2004_rainstorm_in_the_Wanganui-Manawatu_hill_country_southern_North_Island_New_Zealand
https://www.researchgate.net/publication/259694746_Analysis_of_landsliding_caused_by_the_15-17_February_2004_rainstorm_in_the_Wanganui-Manawatu_hill_country_southern_North_Island_New_Zealand
https://www.researchgate.net/publication/259694746_Analysis_of_landsliding_caused_by_the_15-17_February_2004_rainstorm_in_the_Wanganui-Manawatu_hill_country_southern_North_Island_New_Zealand
https://www.researchgate.net/publication/259694746_Analysis_of_landsliding_caused_by_the_15-17_February_2004_rainstorm_in_the_Wanganui-Manawatu_hill_country_southern_North_Island_New_Zealand
https://cran.r-project.org/web/packages/raster/index.html
https://cran.r-project.org/web/packages/raster/index.html
https://doi.org/10.1016/j.geomorph.2008.12.009
https://doi.org/10.1002/hyp.7940
https://doi.org/10.1071/SR14363
https://doi.org/10.1007/s10346-014-0533-6
https://doi.org/10.18637/jss.v028.i05
https://docs.niwa.co.nz/library/public/NIWAsts71.pdf
https://docs.niwa.co.nz/library/public/NIWAsts71.pdf
https://doi.org/10.33494/nzjfs502020x82x
https://doi.org/10.33494/nzjfs502020x82x
https://doi.org/10.1186/s40490-015-0036-9
https://doi.org/10.1186/s40490-015-0036-9
https://doi.org/10.1071/SR05092
https://doi.org/10.1071/SR05092

Griffiths et al. New Zealand Journal of Forestry Science (2020) 50:13

Massey, C., Townsend, D., Rathje, E., Allstadt, K.E., Lukovic,
B., Kaneko, Y., Bradley, B., Wartman, J., Jibson, R.W.,,
& Petley, D. (2018). Landslides triggered by the
14 November 2016 Mw 7.8 Kaikoura earthquake,
New Zealand. Bulletin of the Seismological Society
of America, 108(3B), 1630-1648. https://doi.

org/10.1785/0120170305

McAlpine, K.G.,, Howell, CJ., & Wotton, D.M. (2016).
Effects of tree control method, seed addition,
and introduced mammal exclusion on seedling
establishment in an invasive Pinus contorta forest.
New Zealand Journal of Ecology, 40(3), 302-309.
https://doi.org/10.20417 /nzjecol.40.32

Ministry for Primary Industries (2017). Resource
Management (National Environmental Standards
for Plantation Forestry) LI 2017/174 C.FR.

(2017), http://legislation.govt.nz/regulation/
public/2017/0174/latest/DLM7373517.
html?src=gs

Montgomery, D.R., & Dietrich, W.E. (1994). A physically
based model for the topographic control on shallow
landsliding. Water Resources Research, 30(4), 1153-
1171. https://doi.org/10.1029/93WR02979

Newsome, P, Wilde, R.,, & Willoughby, E. (2008). Land
resource information system spatial data layers:
data dictionary: Landcare Research New Zealand
Ltd, Lincoln, New Zealand.

O’Loughlin, C. (1994). The forest and water quality
relationship. New Zealand Forestry, 39(3), 26-30.

Olsen, L.R. (2019). Groupdata2: Creating Groups from
Data (Version R package version 1.1.1). https://
CRAN.R-project.org/package=groupdata2

Page, M.J, Trustrum, N.A, & Dymond, J.R. (1994).
Sediment budget to assess the geomorphic effect
of a cyclonic storm, New Zealand. Geomorphology,
9(3), 169-188. https://doi.org/10.1016/0169-
555X(94)90061-2

Page, M.]., Langridge, R.M., Stevens, G.J., & Jones, K.E.
(2012). The December 2011 debris flows in the
Pohara-Ligar Bay area, Golden Bay: causes,
distribution, future risks and mitigation options. GNS
Science Consultancy Report (2012/305). Institute
of Geological & Nuclear Sciences Limited, Lower

Hutt, New Zealand. 82 p. https://nanopdf.com/
queue/gns-debris-flow-report-december-2012
pdf

Page, M., Trustrum, N., & Gomez, B. (2000). Implications
of a century of anthropogenic erosion for future
land use in the Gisborne-East Coast region of
New Zealand. New Zealand Geographer, 56(2), 13-
24. https://doi.org/10.1111/j.1745-7939.2000.
th01571.x

R Core Team. (2019). R: A language and environment
for statistical computing (Version R-3.6.1). Vienna,
Austria: R Foundation for Statistical Computing.
http://www.R-project.or

Page 13

Reid, L. M., & Page, M. ]. (2003). Magnitude and frequency
of landsliding in a large New Zealand catchment.
Geomorphology, 49(1-2), 71-88.

Rowe, L., & Pearce, A. (1994). Hydrology and related
changes after harvesting native forest catchments
and establishing Pinus radiata plantations. Part
2. The native forest water balance and changes
in streamflow after harvesting. Hydrological
Processes, 8(4),281-297. https://doi.org/10.1002

hyp.3360080402

Ryan, K.E., Walsh, ].P, Corbett, D.R., & Winter, A. (2008). A
record of recent change in terrestrial sedimentation
in a coral-reef environment, La Parguera, Puerto

Rico: A response to coastal development? Marine
Pollution Bulletin, 56(6), 1177-1183. https://doi.

org/10.1016/j.marpolbul.2008.02.017

Sinclair, M. (2002). How often is NZ hit by tropical
cyclones? Water & Atmosphere, 10(1), 12-13.

Thrush, S.F, Hewitt, J.E., Cummings, V.J., Ellis, ].I., Hatton,
C., Lohrer, A., & Norkko, A. (2004). Muddy waters:
elevating sediment input to coastal and estuarine
habitats. Frontiers in Ecology and the Environment,
2(6), 299-306. https://doi.org/10.1890/1540-

9295(2004)002[0299:MWESIT]2.0.C0;2

Visser, R, Spinelli, R., & Brown, K. (2018). Best practices
for reducing harvest residues and mitigating
mobilisation of harvest residues in steepland
plantation forests. Enviro Link Contract 1879-
GSD152.School of Forestry, University of
Canterbury, Christchurch, New Zealand. 53 p.

Wardle, D.A., Barker, G.M., Yeates, G.W., Bonner, K.I., &
Ghani, A. (2001). Introduced browsing mammals
in New Zealand natural forests: aboveground
and belowground consequences. Ecological
Monographs,  71(4), 587-614. https://doi.

org/10.1890/0012-9615(2001)071[0587:IBMINZ
2.0.C0;2

Wardle, ]J. (1984). The New Zealand beeches: ecology,
utilisation and management. New Zealand Forest
Service.

Watson, AJ., & Mardern, M. (2004). Live root-wood
tensile strengths of some common New Zealand
indigenous and plantation tree species. New
Zealand Journal of Forestry Science, 34(3), 344.

Wood, ], Harrison, S. Reinhardt, L, & Taylor, F
(2020). Landslide databases for climate change
detection and attribution. = Geomorphology,
355(107061). https://doi.org/10.1016/j.

geomorph.2020.107061

Young, R.G., Quarterman, A.J., Eyles, R.F, Smith, RA, &
Bowden, W.B. (2005). Water quality and thermal
regime of the Motueka River: influences of land
cover, geology and position in the catchment. New
Zealand Journal of Marine and Freshwater Research,
39(4), 803-825. https://doi.org/10.1080/002883
30.2005.9517354


https://doi.org/10.1785/0120170305
https://doi.org/10.1785/0120170305
https://doi.org/10.20417/nzjecol.40.32
http://legislation.govt.nz/regulation/public/2017/0174/latest/DLM7373517.html?src=qs
http://legislation.govt.nz/regulation/public/2017/0174/latest/DLM7373517.html?src=qs
http://legislation.govt.nz/regulation/public/2017/0174/latest/DLM7373517.html?src=qs
https://doi.org/10.1029/93WR02979
https://CRAN.R-project.org/package=groupdata2
https://CRAN.R-project.org/package=groupdata2
https://doi.org/10.1016/0169-555X(94)90061-2
https://doi.org/10.1016/0169-555X(94)90061-2
https://nanopdf.com/queue/gns-debris-flow-report-december-2012_pdf?queue_id=-1&x=1606088652&z=MjAzLjE4NC40OC4xNzI=
https://nanopdf.com/queue/gns-debris-flow-report-december-2012_pdf?queue_id=-1&x=1606088652&z=MjAzLjE4NC40OC4xNzI=
https://nanopdf.com/queue/gns-debris-flow-report-december-2012_pdf?queue_id=-1&x=1606088652&z=MjAzLjE4NC40OC4xNzI=
https://doi.org/10.1111/j.1745-7939.2000.tb01571.x
https://doi.org/10.1111/j.1745-7939.2000.tb01571.x
http://www.R-project.org/
https://doi.org/10.1002/hyp.3360080402
https://doi.org/10.1002/hyp.3360080402
https://doi.org/10.1016/j.marpolbul.2008.02.017
https://doi.org/10.1016/j.marpolbul.2008.02.017
https://doi.org/10.1890/1540-9295(2004)002[0299:MWESIT]2.0.CO;2
https://doi.org/10.1890/1540-9295(2004)002[0299:MWESIT]2.0.CO;2
https://doi.org/10.1890/0012-9615(2001)071[0587:IBMINZ]2.0.CO;2
https://doi.org/10.1890/0012-9615(2001)071[0587:IBMINZ]2.0.CO;2
https://doi.org/10.1890/0012-9615(2001)071[0587:IBMINZ]2.0.CO;2
https://doi.org/10.1016/j.geomorph.2020.107061
https://doi.org/10.1016/j.geomorph.2020.107061
https://doi.org/10.1080/00288330.2005.9517354
https://doi.org/10.1080/00288330.2005.9517354

