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Project and client

e Waikato Regional Council (WRC) contracted the Bioeconomy Science Institute Maiangi
Taiao (BSI)' to model erosion and suspended sediment loads using the LiDAR-based
version of the SedNetNZ model in the upper Waitomo catchment (44 km?) to support
integrated catchment management (ICM).

e The project involved generating a new digital stream network (DSN) from a 5 m digital
elevation model (DEM) of the catchment that incudes modifications to represent sinkholes
and subterranean conduits characteristic of the dominant karst landscape in the Waitomo
catchment. A high-resolution landslide susceptibility model was also developed to predict
rainfall-induced shallow landslide erosion. These layers were used in the LiDAR-based
version of SedNetNZ to model contemporary suspended sediment loads as well as three
future, and a retrospective (‘Retro’) erosion mitigation scenario for the catchment.

e The project also assessed the load reductions required to meet National Policy Statement
for Freshwater Management (NPS-FM 2020)? suspended fine sediment (visual clarity)
attribute targets, including the national bottom line (NBL) and attribute bands, and included
an economic analysis of cost-effectiveness of the erosion mitigations.

Objectives
The project had five main objectives, as shown below.

e Adapt the SedNetNZ model for the dominant karst landscape to more accurately represent
surface drainage, identify sink points where low-order streams terminate, and ensure
hillslope erosion processes are appropriately parameterised for the catchment.

e Update the contemporary suspended sediment loads for the upper Waitomo catchment
(from previous region-wide SedNetNZ modelling) ® using the LiDAR-based version of the
SedNetNZ model.

e Model future erosion mitigation scenarios, including bush retirement/afforestation, space-
planted trees, and riparian retirement under three implementation scenarios.

e Assess load reductions required to meet NPS-FM 2020 attribute bands and the NBL for
suspended fine sediment (visual clarity) at the ‘Tumutumu’ state of the environment (SOE)
monitoring site (‘Waitomo Stm at Tumutumu Rd’) located within the catchment.

e Conduct an economic analysis to evaluate the cost-effectiveness of erosion mitigations in
achieving visual water clarity targets defined by the National Objectives Framework (NOF)
for suspended fine sediment.

10n 01 July 2025 Landcare Research New Zealand Ltd became the New Zealand Institute for Bioeconomy Science
Ltd; Manaaki Whenua — Landcare Research operates as an internal group within this Institute, which is less formally
known as the Bioeconomy Science Institute Maiangi Taiao or Bioeconomy Science Institute (BSI).

2 Ministry for the Environment. 2020. National Policy Statement for Freshwater Management 2020. Wellington:
Ministry for the Environment.

3 See: Vale S, Smith H 2024. Application of SedNetNZ in the Waikato region to support NPS-FM 2020

implementation. Manaaki Whenua — Landcare Research Contract Report LC4432, prepared for Waikato Regional
Council.
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Methods

LiDAR-based SedNetNZ model description

We generated a DSN from a sink-filled 5 m DEM using a flow direction and accumulation
algorithm with a 5 ha channel initiation threshold. The DSN was subsequently edited
manually to correct planform errors and further modified to represent subsurface drainage
pathways characteristic of the karst system.

We adapted SedNetNZ sub-models to incorporate LiDAR-derived DEMs, including:

e integration of a high-resolution landslide susceptibility layer into the shallow landslide
erosion sub-model

o full implementation of the Revised Universal Soil Loss Equation (RUSLE) using LiDAR-
derived topographic inputs in the surface erosion sub-model

e implementation of a data-driven riverbank erosion sub-model
o redefining overbank sediment deposition areas using the LiDAR-based 5 m DEM.

Erosion mitigation scenarios

Our contemporary baseline (C2024) used recent land cover (LCDB v6; year = 2023)*, soil
conservation works, and estimated riparian fencing based on previous Catchment
Environmental Monitoring (CEM) programme riparian surveys in the Waikato region. Our
surface erosion sub-model also incorporates stock density data to represent the effect of
livestock treading on soil erodibility.

We also included a retrospective scenario (‘Retro’; based on LCDB v6; year = 1996) to
assess the influence of erosion mitigations and land cover change since the onset of soil
conservation works within the catchment.

We modelled three future erosion mitigation scenarios (M1-M3) to represent fully
implemented and matured mitigations in the upper Waitomo catchment.

e  Mitigation scenario 1 (M1): included retirement/afforestation of pastoral land on slopes
= 35° and space-planted trees on slopes = 26° and < 35°, with riparian fencing applied
under Regional Plan Change 1 rules for the Waikato Regional Council.®

e  Mitigation scenario 2 (M2): included retirement/afforestation of pastoral land on slopes
= 30° and space-planted trees on slopes = 26° and < 30°, with 5 m riparian buffers
applied to waterways (excluding first-order streams) and sinkhole (tomo) setbacks.

e  Mitigation scenario 3 (M3): included retirement/afforestation of pastoral land on slopes
= 25°, with 5 m riparian buffers applied to waterways (excluding first-order streams)
and sinkhole setbacks.

Reductions for NPS-FM visual clarity attribute bands

We assessed proportional and absolute load reductions required to meet NPS-FM 2020
attribute bands and the NBL for the Tumutumu SOE monitoring site (‘Waitomo Stm at
Tumutumu Rd’) for the contemporary baseline and three future mitigation scenarios.

4 LCDB v6.0 — Land Cover Database version 6.0, Mainland New Zealand (Manaaki Whenua — Landcare Research,
2025), representing land cover circa 2023. Available at: https://doi.org/10.26060/landcareresearch/LCDBv60.

5 See: Waikato Regional Council (WRC) 2020. Proposed Waikato Regional Plan Change 1: Waikato and Waipa River
Catchments (Decisions Version). Waikato Regional Council Policy Series 2020/02. www.waikatoregion.govt.nz.
(accessed September 2024).
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Cost-effectiveness of erosion mitigations

We used modelled suspended sediment loads to assess the cost-effectiveness of erosion
mitigations, including bush retirement/afforestation, space-planted trees, and riparian stock-
exclusion fencing and planting, implemented from 2024 to 2045.

We estimated establishment costs (in NZ$) of the mitigations on both an undiscounted
basis and discounted to a 2024 base year.

We estimated effectiveness using modelled changes in suspended sediment loads for both
overall cost-effectiveness of each mitigation scenario and the relative effectiveness of
individual mitigations. Regression relationships derived from the mitigation scenarios were
used to estimate the marginal contribution of individual mitigations to sediment load
reduction, while catchment-scale delivery factors were used to translate source reductions
to changes at the SOE monitoring site.

We combined mitigation costs with the estimated effectiveness of the combined mitigation
scenarios and individual types to calculate cost-effectiveness metrics, expressed as cost
per unit reduction in suspended sediment load and cost per unit of improvement in visual
clarity at the SOE site. These estimates provide both an assessment of overall cost-
effectiveness of modelled mitigation scenarios and an indicative comparison of the relative
cost-effectiveness of individual mitigations across the catchment.

Results

LiDAR-based SedNetNZ erosion and sediment load model for the upper Waitomo
catchment

The LiDAR-based SedNetNZ model estimated a net suspended sediment load of 5.7 kt yr’
for the contemporary baseline (C2024), delivered to the Upper Waitomo catchment outlet.

Over a multi-decadal timescale, shallow landslides contributed an estimated 61% of the
suspended sediment load. Surface erosion accounted for 36%, while riverbank erosion
contributed 4%.

Under the retrospective (‘Retro’) scenario, the net suspended sediment load would be 8.5 kt
yr', 2.8 kt yr' higher than the contemporary baseline (C2024). Process contributions were
similar: shallow landslides c. 63%, surface erosion 31%, and riverbank erosion 6%.

Under the M1 scenario, total erosion load decreased by 24% relative to the contemporary
baseline, reducing loads to 5.2 kt yr-'. Larger reductions of 36% and 45% were achieved
under the M2 and M3 scenarios, reducing total erosion loads to 4.9 and 4.6 kt yr™,
respectively.

Reductions in sediment loads for NPS-FM visual clarity attribute bands

At the Tumutumu SOE monitoring site, a 36% reduction in sediment load would be required
under the contemporary baseline to achieve the NBL for visual clarity. Achieving the NOF B
and A attribute bands would require reductions of 47% and 56%, respectively.

Under full implementation of the M1, M2 and M3 mitigation scenarios, the NBL was not
achieved. Additional reductions of 17%, 13% and 6%, respectively, would still be required
to meet the NBL at the site, with larger reductions (35%-56%) needed to achieve the NOF
A attribute band.

Cost-effectiveness of mitigations

The three mitigation scenarios span a wide cost range, with total establishment costs of
$2.5-5.6 million (undiscounted), equivalent to $2.0—4.6 million in present value at a 2%
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discount rate, reflecting increasing areas of afforestation and riparian retirement across
scenarios.

The three mitigation scenarios differed in overall cost-effectiveness. M1 provided the lowest
cost per unit reduction in suspended sediment load ($1,540 t™! yr'; 2% discount rate),
followed by M2 ($2,000 t' yr') and M3 ($2,560 t' yr').

Space-planted trees were the most cost-effective option for reducing suspended sediment
loads and improving visual clarity, with marginal costs of $1,190-1,210t™ yr' at a 2%
discount rate and $720-730 t~! yr~! at an 8% discount rate. Afforestation delivered
moderate cost-effectiveness ($2,690-2,870 t' yr' at 2%; $1,620-1,720 ' yr' at 8%),
while riparian retirement was substantially more expensive ($12,460-14,150 t™! yr~' at 2%;
$7,480-8,490 t' yr' at 8%), despite achieving higher sediment reductions per hectare. The
relative ranking of mitigation types remained unchanged across discount rates.

Conclusions

The LiDAR-based SedNetNZ model estimated a contemporary suspended sediment load of
5.7 kt yr' at the Upper Waitomo outlet. Shallow landslides were the dominant sediment
source (~61% of load), followed by surface erosion (~36%) and riverbank erosion (~4%).
Under a retrospective scenario without erosion mitigations, the modelled load increased to
8.5 kt yr™*, highlighting the importance of existing erosion control measures.

At the Tumutumu SOE monitoring site, a 36% reduction in sediment load is required to
meet the NPS-FM NBL for visual clarity. None of the mitigation scenarios achieved the
NBL; further reductions of 17% (M1), 13% (M2), and 6% (M3) would still be required to
meet NBL.

Overall cost-effectiveness differed between the mitigation scenarios. M1 provided the
lowest cost per unit reduction in suspended sediment load, followed by M2 and M3,
reflecting the increasing costs required to achieve progressively greater sediment load
reductions.

Cost-effectiveness also varied by mitigation type. Space-planted trees were the most cost-
effective option for reducing suspended sediment loads and improving visual clarity,
followed by retirement/afforestation, while riparian retirement, despite achieving the highest
sediment reductions per hectare, was the least cost-effective due to higher implementation
costs and limited total reductions.

Modelled sediment loads were broadly consistent with SSC—Q rating curve estimates and
previous region-wide SedNetNZ modelling®, supporting confidence in the overall magnitude
of predicted loads.

High-resolution LIDAR DEMs improved model parameterisation, stream network
representation, and erosion process representation, although in this karst-dominated
catchment subsurface drainage through sinkholes and cave systems introduces uncertainty
in hydrological connectivity and sediment routing.

6 See: Vale S, Smith H 2024. Application of SedNetNZ in the Waikato region to support NPS-FM 2020
implementation. Manaaki Whenua — Landcare Research Contract Report LC4432, prepared for Waikato Regional
Council.
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Waikato Regional Council (WRC) contracted the Bioeconomy Science Institute Maiangi Taiao
(BSI)” to model erosion and suspended sediment loads using the newly developed LiDAR-based
version of the SedNetNZ model in the upper Waitomo catchment (44 km?) (Figure 1) to support
catchment management work. The project was also to assess the load reductions required to meet
the National Policy Statement for Freshwater Management (NPS-FM 2020) suspended fine
sediment (visual clarity) attribute targets, including the national bottom line (NBL) and attribute
bands, and evaluated the cost-effectiveness of alternative erosion mitigations. This follows
previous region-wide SedNetNZ modelling and the previous application of the new LiDAR-based
version of SedNetNZ in four catchments from the Catchment Environmental Monitoring (CEM)
programme in the Waikato region.

The upper Waitomo catchment contains the internationally recognised Waitomo cave system,
where sediment deposition, stream visual clarity, and suspended sediment concentrations have
been longstanding management concerns (Hawke 1976; Hoyle et al. 2012; Van Beynen and
Bialkowska-Jelinska 2012). The catchment has been the focus of extensive erosion control and
land management efforts since the establishment of the Waitomo Catchment Trust Board in 1993,
which was formed specifically to reduce sediment and nutrient losses to the Waitomo Stream and
cave network. After seven years of operation, the scheme had delivered approximately 60 km of
fencing, 350 ha of commercial afforestation on former grazing land, 264 ha of native forest
purchased by the Queen Elizabeth Il National Trust, 360 ha of permanently retired native bush and
scrubland, three dams, and three reticulated water supply schemes. By 2017, these efforts had
expanded to encompass approximately 127 km of fencing and 1,235 ha of land retirement within
the catchment. Since its establishment, substantial investment has continued in riparian fencing,
afforestation, native vegetation retirement, and other soil conservation works.

Despite these efforts, previous analyses of the long-term monitoring record have produced mixed
conclusions regarding trends in suspended sediment and the effectiveness of mitigation measures,
highlighting the difficulty of separating the effects of land management from the influence of
climatic variability and large storm events (Hoyle 2012; Hoyle 2014).

The catchment benefits from an extensive monitoring record, including suspended sediment
monitoring at Aranui Caves since 1990 and State of the Environment (SOE) monitoring since 1993.
However, a key challenge for erosion and sediment modelling in the Waitomo catchment is the
presence of an extensive karst landscape, characterised by sinkholes, cave systems, and
subterranean drainage networks that influence sediment transport and connectivity between
erosion source areas and downstream receiving environments. Consequently, the SedNetNZ
model was adapted to better represent sediment routing through the karst system and provide an
assessment of contemporary sediment loads, the effectiveness of historical mitigations, and the
potential benefits of future catchment management interventions.

7.0n 01 July 2025 Landcare Research New Zealand Ltd became the New Zealand Institute for Bioeconomy Science Ltd;
Manaaki Whenua — Landcare Research operates as an internal group within this Institute, which is less formally known
as the Bioeconomy Science Institute Maiangi Taiao or Bioeconomy Science Institute (BSI).
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Figure 1. Upper Waitomo catchment extent used for the LIDAR-based SedNetNZ modelling, showing
the Waitomo State of the Environment (SOE) monitoring site. Inset map shows the catchment
location within the North Island of New Zealand.

1.1 Objectives
The project had five main objectives, as shown below.

o Adapt the SedNetNZ model for the dominant karst landscape to more accurately represent
surface drainage, identify sink points where low-order streams terminate, and ensure hillslope
erosion processes are appropriately parameterised for the catchment.

e Update the contemporary suspended sediment loads for the upper Waitomo catchment (from
previous region-wide SedNetNZ modelling) 8 using the LiDAR-based version of the SedNetNZ
model.

8 See: Vale S, Smith H 2024. Application of SedNetNZ in the Waikato region to support NPS-FM 2020 implementation.
Manaaki Whenua — Landcare Research Contract Report LC4432, prepared for Waikato Regional Council.
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e Model future erosion mitigation scenarios, including bush retirement/afforestation, space-
planted trees, and riparian retirement under three implementation scenarios.

e Assess load reductions required to meet NPS-FM 2020 attribute bands and the NBL for
suspended fine sediment (visual clarity) at the Tumutumu SOE monitoring site monitoring site
(‘Waitomo Stm at Tumutumu Rd’) located within the catchment.

e Conduct an economic analysis to evaluate the cost-effectiveness of erosion mitigations in
achieving visual water clarity targets defined by the National Objectives Framework (NOF) for
suspended fine sediment.

2.1 SedNetNZ

The SedNetNZ sediment budget model represents the range of erosion processes that occur in
New Zealand. These include shallow landslide, earthflow, gully, surface erosion (sheet/rill), and
riverbank erosion (Dymond et al. 2016; Smith, Spiekermann et al. 2019), each with their own
submodel. Hillslope erosion (shallow landslide, earthflow, gully, surface erosion) is modelled using
digital elevation data derived from digital elevation models (DEMs), while bank erosion is estimated
for each river segment of a digital stream network (DSN). The hillslope erosion sub-models
produce raster layers of mean annual sediment yield at a common resolution, allowing outputs
from different erosion processes to be combined. Estimated sediment loads generated from these
processes are routed through the DSN, with losses accounted for through floodplain deposition
and lake trapping, to estimate mean annual suspended sediment loads for each sub-catchment.

Two versions of SedNetNZ have been developed: the original non-LiDAR version and a newer
LiDAR-based version. The earlier non-LiDAR version uses the national 15 m DEM derived from
contour data and a digital stream network based on the River Environment Classification v2
(RECZ2; Snelder et al. 2010). The LiDAR-based version incorporates higher-resolution topography
and stream data, allowing more detailed representation of the slope and DSN.

Region-wide SedNetNZ modelling for the Waikato region (Vale & Smith 2024) used the latest non-
LiDAR version to produce consistent model outputs across the region, updating earlier SedNetNZ
applications for the region (Palmer et al. 2013, 2015; Betts, Spiekermann et al. 2017). This version
included significant updates, such as an enhanced bank-erosion model incorporating riparian
woody vegetation, channel sinuosity, and bank erodibility (Smith et al. 2019, 2020); refined
surface-erosion representation using spatially variable runoff and soil erodibility (Neverman et al.
2021); integration of lake sediment trapping (Neverman et al. 2021); and improved floodplain-
deposition routines (Vale et al. 2021).

The Vale & Smith (2024) application to the region represented recent land cover and erosion
mitigations, as well as future erosion mitigation and climate change scenarios. Backward-looking
scenarios were also developed to represent past land cover and riparian fencing based on regional
riparian surveys from 2002 to 2017. Sediment load reductions required to meet NPS-FM 2020
suspended-fine-sediment (visual-clarity) targets (Ministry for the Environment 2022) were
evaluated for baseline and future scenarios, with and without climate-change effects.

The LiDAR-based SedNetNZ version has since been applied to update contemporary suspended-
sediment loads for four CEM catchments in the Waikato region; Kaniwhaniwha (107 km?), Karapiro
(84 km?), Matahuru (114 km?), and Moakurarua (228 km?) (see Vale et al. 2025a,b).

© New Zealand Institute for Bi y Sci Limited (2026) 3




2.2 LiDAR-based SedNetNZ

The LiDAR-based version of SedNetNZ includes changes to the shallow landslide, riverbank, and
surface erosion sub-models, as well as in the representation of sediment entering floodplain
storage (Smith et al. 2024).

The benefits of using higher resolution LiDAR-derived DEMs in erosion and sediment load
modelling may include: a) improved model parameterisation and predictive performance due to the
more accurate representation of topography (e.g. slope angle, curvature); b) better representation
of the stream network (e.g. channel sinuosity, channel slope, bank height); c) the ability to provide
higher resolution raster layers for selected erosion processes (Smith et al. 2024).

Six specific changes in the LiDAR-based SedNetNZ compared to the current non-LiDAR
SedNetNZ model are listed below.

1 Replacement of the national 15 m DEM with a LiDAR-derived 5 m DEM for use in erosion
process modelling.

2 Generation of a new digital stream network and subwatershed layers using the LiDAR-derived
5 m DEM.

3 Upgrading the rainfall-induced shallow landslide erosion sub-model based on high-resolution,
data-driven landslide susceptibility modelling to provide improved assessment of the spatial
patterns in shallow landslide erosion based on the underpinning susceptibility model.

4  Upgrading the riverbank erosion sub-model based on data-driven modelling that draws on an
expanded data set of channel planform change (increased from 77 to over 800 km of mapped
channels) for use in model training.

5 Upgrading the surface erosion sub-model with the Revised Universal Soil Loss Equation
(RUSLE) based on the LiDAR-derived DEM with rainfall erosivity computed from interpolated
mean annual rainfall grids, while slope and runoff-contributing areas are computed from the
LiDAR-derived DEM.

6 Replacing the previous representation of floodplains based on New Zealand Land Resource
Inventory (NZLRI)® mapping at 1:63,360 scale. The extent of floodplain alongside channels
where flows may go overbank and deposit sediment is now determined from the LiDAR-based
5 m DEM.

9 NZLRI Land Use Capability 2021 — New Zealand Land Resource Inventory Land Use Capability layer (Edition 3).
Manaaki Whenua — Landcare Research. Available from the LRIS Portal: https://Iris.scinfo.org.nz/layer/48076-nzlri-land-
use-capability-2021/
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3.1 LiDAR pre-processing for erosion modelling

The 2021 LiDAR data set for the Waikato region was obtained from Land Information New Zealand
(LINZ) in July 2024 (Land Information New Zealand 2021), clipped to the upper Waitomo
catchment extents and resampled to a 5 m DEM for use in erosion modelling.

3.1.1 Digital stream network (DSN)

Digital stream network and subwatershed layers were produced for the upper Waitomo catchment.
The network was generated from the sink-filled DEM using a D8 flow direction and accumulation
algorithm and a 5 ha channel initiation threshold.

The DSN were used to apply the bank erosion sub-model. Therefore, the networks needed to
approximate the physical extent of stream channels where fluvial scour may occur as flow is
concentrated within banks (i.e. excludes zero order, un-channelised drainage lines). In earlier
studies, a 5 ha stream initiation threshold was found to be optimal in the CEM catchment
application (Vale et al. 2025a,b), and was applied here to the upper Waitomo catchment.

We manually refined the 5 ha digital network to correct major errors in channel planform arising
from the presence of infrastructure (e.g. bridges, culverts etc.) that prevent the digital network from
following the natural drainage line. We also revised parts of the network that occurred in very low-
relief areas with extensive modified drainage. In these cases, the algorithm was unable to produce
a representative network, so we manually digitised the network from aerial imagery.

In the Waitomo catchment, further modification was required due to its extensive karst landscape.
This included identifying cave entrances and exits, mapping subsurface drainage pathways, and
distinguishing between active and inactive sinkholes to determine which surface segments are
hydrologically connected and able to transport sediment to downstream stream segments,
ensuring the network is suitable for SedNetNZ routing. We supplemented spatial information
provided by WRC, which included maps of connected entrances and exits, with expert input from
members of the New Zealand Speleological Society, whose local knowledge of the Waitomo cave
system helped identify watersheds with known subterranean connections and link them to the
appropriate downstream subwatershed, required for sediment routing.

Differences in channel network length between the LiDAR DEM-derived network and the REC2
digital network reflect both differences in channel initiation thresholds and channel sinuosity (Figure
2). The LiDAR-derived network provides a better representation of channel planform geometry,
capturing greater sinuosity and resulting in a longer total stream length (81 km compared with 68
km for the REC2 network). In the upper Waitomo catchment, the LiDAR-based network also
represents surface drainage patterns more accurately, particularly in karst terrain where stream
flow disappears into sinkholes, leading to some subwatersheds without surface stream segments.
To maintain downstream connectivity for sediment routing, known cave entrances, exits, and
subsurface connections were used to link affected subwatersheds within the digital network,
allowing sediment to be routed through the karst system in the same way as surface channels.

© New Zealand Institute for Bi y Sci Limited (2026) 5
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Figure 2. Example of the new LiDAR DEM-derived digital network (blue) compared to the previous
REC2 digital network (red), showing improved planform accuracy and stream representation as well
as indicative subsurface connections. The LiDAR-based network more accurately represents surface
drainage patterns, particularly in karst areas where stream flow disappears into sinkholes.

3.1.2 Shallow landslide susceptibility

The LiDAR-based version of SedNetNZ integrates high-resolution landslide susceptibility with the
shallow landslide erosion sub-model to estimate landslide-derived sediment loads (described in
Section 3.2.1). This development requires spatial prediction of shallow landslide susceptibility
using a statistical susceptibility model (Smith et al. 2024). In this section, we describe the approach
to modelling rainfall-induced shallow landslide susceptibility using the LiDAR-derived DEM in the
upper Waitomo catchment. Landslide susceptibility modelling involved: a) assembling a dataset
comprising landslides located in areas with LiDAR coverage; b) applying a logistic regression
model to relate landslide presence/absence to topographic, geological, and land-cover variables
and evaluating model performance; and c) predicting landslide susceptibility at 5 m resolution from
the regression model.

As part of step (a), the data set available for susceptibility modelling in the present study comprises
shallow landslides (over n = 123,000) assembled from mapping areas in the Hawke’s Bay,
Gisborne, Greater Wellington, and Waikato regions that overlap with existing LIDAR coverages
(Table 1). This combined data set exceeds that previously used by Smith et al. (2024) with the

© New Zealand Institute for Bi y Sci Limited (2026) 6



addition of landslide data from the Waikato region. Non-landslide locations were randomly selected
from within these landslide mapping areas to produce a balanced sample comprising equal
numbers of landslide and non-landslide points for statistical modelling (Smith et al. 2021).

As part of step (b), binary logistic regression (BLR) was used to classify landslide and non-
landslide locations. BLR is a statistical method used to predict the probability of a binary outcome,
such as landslide presence or absence, from one or more explanatory variables. This type of
regression requires spatial data corresponding to landslide/non-landslide locations for variables
that may influence susceptibility. Our analysis drew on spatial data sets for elevation (5 m LiDAR-
derived DEM), land cover (LCDB v5)'° and rock type (NZLRI''; Newsome et al. 2008). Slope angle
(continuous variable), aspect (categorical variable with 8 classes), profile (categorical: convex,
concave, planar) and planform curvature (categorical: convergent, divergent, planar) were also
derived from the DEM. These input variables were selected for use in statistical modelling
because: a) there is a potential physical basis for how each variable may influence landslide
susceptibility (Smith et al. 2021); b) model inputs can be derived for all areas.

Table 1. Summary information for the landslide mapping areas with LiDAR coverage contributing
data to the shallow landslide data set used for susceptibility modelling

Location Study Period Number of Imagery sources Data source
area (km?) landslides (resolution)

Southern Hawke’s 175 Event (2011) 27,170 Orthorectified aerial Smith et al. (2021)
Bay photography and

Worldview-2 (0.4 m)
Northern Hawke’s 3,162 Multi-event 45,879 Orthorectified aerial Betts et al. (2023)
Bay and Gisborne (2022) photography (0.3 m) and

Pleiades (0.5 m)
Wairarapa, Greater 843 Multi-event 43,069 Orthorectified aerial Spiekermann et
Wellington (2005-10) photography (0.4 m) al. (2021)
Wairamarama, 178 Event (2017) 7,704 Pleiades-1A and GeoEye-1  Smith et al. (2021)
Waikato (0.5 m)

BLR has been widely applied internationally for landslide susceptibility analysis (Reichenbach et al.
2018). This regression is a type of generalised linear model (GLM) that uses a logistic function with
a binary dependent variable (landslide presence/absence). It relates the probability (P) of landslide
presence (Y = 1) to the spatial explanatory variables (xs, x2,...x») where By, B1, B»...5, are fitted
constants (Equation 1):

1
1 4+ e—(Bo+Bix1+Baxz... Bnxn)

PY=1)= (D

Model predictive performance was assessed using k-fold cross-validation whereby we tested the
model by repeatedly training it on part of the data and checking how well it predicted the remaining

0 Land Cover Database v5.0 (LCDB v5) — Mainland New Zealand. Manaaki Whenua — Landcare Research (2020).
Available from the LRIS Portal: https://Iris.scinfo.org.nz/layer/104400-lcdb-v50-land-cover-database-version-50-mainland-
new-zealand-deprecated/

" NZLRI Land Use Capability 2021 — New Zealand Land Resource Inventory Land Use Capability layer (Edition 3).

Manaaki Whenua — Landcare Research. Available from the LRIS Portal: https://Iris.scinfo.org.nz/layer/48076-nzlri-land-
use-capability-2021/
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data. Accordingly, the data set comprising landslide and non-landslide locations was randomly
shuffled and then split into k = 5 folds, where k — 1 folds were used for model training and each
remaining fold (20% of the data) was used once for testing. Sensitivity to the location of non-
landslide points was also tested by repeating the randomised placement of absence points five
times. The procedure was repeated to produce a total of 100 data partitions for model fitting and
testing.

We evaluated model classification performance (i.e. landslide versus non-landslide) using receiver
operating characteristic (ROC) curves and we calculated the area under the curve (AUC) based on
the 100 iterations. ROC curves and AUC values are widely used in the landslide susceptibility
literature to assess model performance (Reichenbach et al. 2018).

True Positive

The ROC curves plot the true positive rate (TPR =

— —) versus the false
True Positive + False Negative

False Positive ) providing an indication of sensitivity (probability of

positive rate (FPR =

True Negative + False Positive
detection) versus 1 — specificity (where specificity refers to the true negative rate) (Conoscenti et
al. 2016). An AUC value of 0.5 corresponds to performance no better than a random guess, while
a value of 1 indicates perfect classification. Model performance is generally considered ‘fair above
0.7, ‘good’ between 0.8-0.9, and ‘excellent’ above 0.9 (Carter et al. 2016). In the present version,
the BLR model achieved a median AUC of 0.9 in cross-validation.

As part of step (c), the fitted BLR model was used to generate a high-resolution (5 m) map of
shallow landslide susceptibility for the upper Waitomo catchment. The model was applied to spatial
layers of the explanatory variables (e.g. elevation, slope, curve, land cover and rock type) to
predict the probability of landslide susceptibility. The resulting susceptibility map, expressed as a
spatial probability (ranging from 0 to 1), was then used as an input to the shallow landslide sub-
model that forms part of the LiDAR-based SedNetNZ (see Section 3.2.1).

3.2 LiDAR-based SedNetNZ model description

SedNetNZ computes a mean annual suspended sediment budget for the subwatershed draining to
each segment in the LIDAR DEM-derived digital stream network. Each sediment budget comprises
erosion process (i.e. surface, shallow landslide, gully, earthflow, and riverbank) sediment loads
delivered to the stream segment minus any sediment entering floodplain storage (see Fig. 2 in
Dymond et al. 2016). The resulting net suspended sediment load is then routed to the next
downstream segment and through the network to the catchment outlet, while accounting for
deposition in lakes.

We produced predictions of mean annual surface and shallow landslide erosion using the LiDAR
DEM-based sub-models on a 5 m grid, while bank erosion was estimated for each stream
segment in the digital network. Earthflow and gully terrains were not present in the upper Waitomo
catchment; therefore, the corresponding sub-models were not implemented or described below.
Net suspended sediment loads and sediment yields were computed for each subwatershed
draining to a digital stream segment for the upper Waitomo catchment.

3.2.1 Shallow landslide sub-model

Shallow landslides are considered the most common form of erosion in New Zealand hill country
(Basher 2013; Eyles 1983; Phillips et al. 2021). Shallow landslides are typically <2 m deep and
individual source areas (scars) are generally small (median size 50-100 m?) (Betts, Basher et al.
2017; Smith et al. 2021). Landslide-triggering storm events occur episodically and thus the
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contribution of shallow landslides to suspended sediment loads will exhibit significant inter-annual
variation. For this reason, SedNetNZ averages across a multi-decadal period to estimate the
longer-term contribution of shallow landslides to mean annual suspended sediment loads rather
than attempting to estimate the contribution for any given year.

In SedNetNZ, the mass of soil eroded by shallow landslides and delivered to the stream network
per square kilometre per year (EL) is estimated by:

EL= pXSDR X d; X f(s) (2)

where p is the bulk density of soil (t m=), SDR is the sediment delivery ratio, d, is the mean depth
of landslide failure (m), and f(s) is the expected area of landslide scars per square kilometre per
year at slope angle s (m? km= yr') for terrain under grass cover.

Bulk density (p) is set to 1.5t m= (Dymond et al. 2016); d; is set to 1 m (Page et al. 1994; Reid &
Page 2002; Betts, Basher, et al. 2017; Phillips et al. 2021); and SDR values are 0.5 in hill country
and 0.1 in hard rock mountain areas, reflecting the tendency for landslides in hard rock
mountainous areas to contain a larger proportion of rock (Dymond et al. 2016).

In the LiDAR-based version of SedNetNZ, the estimation of the landslide-eroded area term (£ (s)),
has been updated using empirical landslide area—slope relationships derived from approximately
70 years of multi-temporal landslide mapping in the Manawati catchment (Dymond et al. 2016;
Betts, Basher et al. 2017; Smith et al. 2024). Separate relationships were developed for grass
cover on soft rock terrain and woody cover on hard rock terrain from the Manawati study areas
(Betts, Basher et al. 2017). Slope was derived from photogrammetrically derived 2 m DEMSs (in the
absence of LIiDAR) and resampled to 5 m for consistency with the Waikato 5 m DEM. These
revised landslide-eroded area versus slope relationships (Figure 3b) replaced the single landslide-
slope relationship originally based on the national 15 m DEM (Dymond et al. 2016); see Figure 3a.
We derived the soft rock landslide-slope relationship using data from landslide mapping of hill
country areas under mostly grass cover (Betts, Basher et al. 2017). The hard rock relationship was
based on landslide mapping data from greywacke ranges under woody vegetation (Fuller et al.
2016). Therefore, the lower landslide eroded area per 1° slope bin for hard rock terrain in Figure 3b
reflects the influence of both woody cover and rock type on landslide erosion.

The predicted landslide-eroded area for each 1° slope bin (f(s)) was then distributed spatially
using the modelled landslide susceptibility (Section 3.1.2). The 2023 land cover from LCDB v6.0
was reclassified into woody cover on hard rock areas and grass cover on non-hard rock terrain,
and this reclassified cover layer was used to predict landslide susceptibility for each domain. The
resulting susceptibility layer was then used to spatially allocate the predicted landslide-eroded area
using a percentile matching approach (Smith et al. 2024). Within each domain, pixel-wise landslide
susceptibility and slope values were ranked, and the predicted landslide-eroded area for each 1°
slope bin was assigned to the corresponding landslide susceptibility-ranked pixels. This preserved
the total landslide-eroded area predicted by the empirical landslide—slope relationships while
preferentially allocating erosion to the highest susceptibility locations, producing a 5 m raster of
shallow landslide erosion. In this upper Waitomo application, percentile matching parameters
derived from the CEM catchments (Vale et al. 2025a,b), which represent a broader range of
terrains, were used to apply the matching within the upper Waitomo catchment.
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Figure 3. Plots of landslide-eroded area (expressed as a percentage of each slope bin) per 1° slope
bin for: a) national 15 m DEM (previous SedNetNZ model; Dymond et al. 2016); b) 5 m DEM for soft
rock under grass (black circles) and hard rock under woody vegetation (blue circles) terrain based
on multitemporal polygon mapping (70-year interval) of shallow landslide erosion in the Manawatu
catchment. (Source: Reproduced from Smith et al. 2024, Figure 9.)

Permanent woody cover was estimated to reduce shallow landslide erosion by 90% compared with
pasture (see Basher 2013; Dymond et al. 2016; Phillips et al. 2020; Smith et al. 2023); while we
applied an estimated 80% reduction for exotic plantations over multiple rotations (first applied in
Vale et al. 2021). The lower reduction estimated for plantation versus permanent forest recognises
the effectiveness of forest cover for reducing shallow landslides (Marden 2012; Smith et al. 2023)
for much of the rotation while acknowledging the period spanning several years between harvest
and canopy closure of the replanted crop during which there is an increase in susceptibility to
shallow landslide erosion (Phillips et al. 2018, 2024). Because the empirical landslide—slope
relationships (f (s)) were derived separately for grass-covered soft rock terrain and permanent
woody-covered hard rock terrain (Figure 3), these vegetation reductions were only applied to soft
rock terrain where permanent woody vegetation was present, as the influence of permanent woody
vegetation is already incorporated within the hard rock calibration. Conversely, landslide erosion in
hard rock areas under non-woody vegetation and exotic forest was increased by an inverse
proportion to represent the higher erosion rates expected in the absence of permanent woody
cover.

To prevent small amounts of landslide erosion from occurring on very low slope land in this sub-
model, we applied a slope threshold of 6° below which landslide erosion was deemed negligible.
This threshold corresponds to an approximate susceptibility value of 0.01, representing the land
least susceptible to instability. We did not model landslide susceptibility for LCDB-mapped urban
areas due to insufficient data, thus landslide erosion was not estimated for these areas.
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3.2.2 Surface erosion sub-model

In the LiDAR-based version of SedNetNZ surface erosion (sheet and rill erosion resulting from
rainfall impact and overland flow) is estimated using the Revised Universal Soil Loss Equation
(RUSLE; Renard et al. 1997), in place of the New Zealand Universal Soil Loss Equation (NZUSLE;
Dymond et al. 2010) used in earlier applications. The RUSLE allows explicit representation of
rainfall erosivity and improved characterisation of topographic controls using high-resolution
LiDAR-derived terrain data.

The RUSLE and the earlier Universal Soil Loss Equation (USLE) (Wischmeier & Smith 1978) are
empirical models developed using an extensive erosion data set obtained from plot measurements
on predominantly agricultural land (Renard et al. 1997). The USLE/RUSLE was originally
developed in the United States and has since been widely applied globally, including in New
Zealand using the national 15 m DEM (Donovan 2022).

As RUSLE represents gross surface erosion and cannot be used to directly quantify the net
sediment loads delivered to streams. We therefore use a sediment delivery ratio (SDR = 0.1) that
approximates the previously calibrated NZUSLE to estimate the total net load delivered to the
stream network from surface erosion. The NZUSLE was originally calibrated with measurements of
surface erosion rates from across New Zealand (Dymond et al. 2013, 2016). We do not have
LiDAR coverages that overlap with the calibration data and thus cannot apply an updated
calibration to the LiDAR-based RUSLE estimate of surface erosion.

Therefore, mean annual surface erosion using RUSLE was estimated as:
ES=RXKXLS XC XSDR (3)

where (ES) is surface erosion (t km= yr="), R is rainfall erosivity, K is soil erodibility factor
(dimensionless), LS is the combined slope length and slope steepness factor (Equations 4-7), and
C represents the impact of vegetation cover (dimensionless) assigned according to land-cover
class using values previously adopted in SedNetNZ applications (e.g. bare ground = 1.0, pasture =
0.01, forest and scrub = 0.005).

The LS factor was derived from the 5 m LIDAR DEM using the approach of Desmet and Govers
(1996) and Renard et al. (1997), which accounts for upslope contributing area and flow
convergence:

(A + DZ)m+1_ Am+1
T D2 x xm x 22.13™

(4)

where L is the slope length factor for a given raster cell (pixel), A is the upstream catchment area
(m?) at the cell inlet, D is the raster cell width (m), m is the slope length exponent, and x = sin a +
cos a, with a being the slope aspect.

The slope length exponent, m, was calculated based on the rill to inter-rill ratio, 8, and the slope
gradient, 6 (Foster et al. 1977; McCool et al. 1989, cited in Renard 1997) and shown in Equations
5 and 6:

sin@/
_ 0.896
3 X (sinf)%8 + 0.56

B (5)
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= 6
"1 (6)
The slope steepness factor S was calculated following Renard et al. (1997):
5= {10.8 X sinf 4+ 0.03 withsp <9% %)
~ |16.8 x sinf — 0.5 withsp = 9%

where (sp) is slope gradient (%).

The soil erodibility factor (K) was estimated using the spatially variable approach of Neverman et
al. (2021), which adapts the K factor equations of Wang et al. 2001 and Yang et al. 2018, using
Fundamental Soil Layer (FSL) attributes:

K = 2.1(12 — oM)M*1410™* + 3.25(SS — 2) + 2.5(PP — 3)

7.59 x 10 ®)

where OM is the soil organic matter content, M is the particle size parameter, SS is the soil
structure code, and PP is the soil profile permeability code. Six PP classes were adapted from
Rosewell & Loch (2002). The soil structure code was set at SS = 2 because the FSL has
insufficient data on soil structure to relate to the SS classes used for calculating K. Neverman et al.
(2021) found the magnitude of K was not sensitive to the choice of SS class value.

The particle-size parameter (M) was calculated as a function of the proportion of silt and clay:
M = Silt(100 — Clay) (9)
where Silt and Clay are the percentage of silt and clay in the soil, respectively.

Silt was limited to a range of 15%—-70%, and OM was capped at 4% to fit the nomograph of
Wischmeier et al. (1971) for organic soils. Where there was no FSL information available to
calculate a spatially varying K factor, a uniform value of 0.25 was used (Dymond et al. 2010).

Rainfall erosivity (R) represents the erosive power of rainfall at the soil surface (Nearing et al.
2017). We estimated R using the New Zealand rainfall erosivity relationships developed by Klik et
al. (2015), which relate rainfall erosivity to mean annual rainfall within different climatic regions.
The previous NZUSLE rainfall term (aP?), based on mean annual rainfall (Leathwick et al. 2003),
was replaced with a spatial rainfall erosivity surface derived from mean annual rainfall for the
period 1981-2010. This provides a more direct representation of the influence of rainfall
characteristics on surface erosion rates.

Surface erosion was predicted on a 5 m grid across the catchment. Channel cells identified from
the LiDAR-derived digital stream network were excluded from calculations, ensuring that only
hillslope-derived surface erosion was represented. The resulting raster represents mean annual
sediment yield from surface erosion and is produced at the same spatial resolution as the other
hillslope erosion sub-models, allowing erosion-process outputs to be combined within the
SedNetNZ sediment budget model.

Stocking density—adjusted soil erodibility factor

The effect of livestock treading and grazing on surface erosion was incorporated into the LiDAR-
based version of SedNetNZ through an adjustment to the surface erodibility factor (K factor in
Equation 3), using the approach of Donovan and Monaghan (2021). This method was first
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implemented in SedNetNZ for the Waikato CEM catchments (Vale et al. 2025a,b). This approach
represents soil damage due to livestock activity via changes in soil permeability (4P;,; see
Equation 10) and structure (4S,,; see Equation 11), which are components of the K-factor. We
parametrised the changes in permeability and structure based on grazing intensity, soil moisture,
clay content, and soil susceptibility to compaction and pugging according to the following
equations:

APy = 1+ (p— (p (1 — 0.05 (hd®5))e 05 iwc)) (10)

A4S = 1+ (p— (p (1 — 0.05 (hd!05}))e 05 iwp)) (11)

where 4P, and AS,, reflect the ‘soil damage’ represented via the soil permeability (PP) and
structural vulnerability (SS) parameters in the RUSLE K-factor (Equation 8); p is normalised
average stock hoof pressure (kPa/kPa) with values of 0.38 for sheep, and 0.7 for cattle (Fig. 2A in
Donovan & Monaghan 2021); h reflects the grazing history (successive years), set to a constant 6
years, the longest reported by Donovan and Monaghan 2021 (see their Fig. 2B); d is the grazing
duration, expressed as the fraction of time across the season (0-1, unitless). A value of d =1 was
applied, reflecting consistent seasonal grazing practices; i is grazing intensity (relative stock unit,
RSU m) as derived from Equation (12), and w, and w, are soil susceptibility factors for

compaction and pugging, respectively (Equations 13 & 14).

The value of d =1 was based on Donovan and Monaghan (2021), reflecting consistent grazing
durations at the seasonal timescale, which align with typical pasture management practices in New
Zealand. This has some justification given the age of the underlying AgriBase® (AssureQuality
2020) data is at least three years old, and both land use changes and the average lifespan of a
farm typically occur over much longer time frames. Moreover, soil damage appears to be relatively
insensitive to variations in h, particularly at higher grazing intensities (Donovan & Monaghan 2021).

Donovan and Monaghan (2021) describe grazing intensity (i) as a function of grazing density (g,
head/ha) and a relative stock unit (RSU) constant (c). While Donovan and Monaghan (2021)
provide typical RSU constants (c), they emphasised locally informed values are preferred to refine
RSU values for specific stock types. We followed the same approach as the CEM catchment
application (Vale et al. 2025a,b), and were provided AgriBase® stock numbers from WRC to
estimate local stock unit densities (SUD) and these were substituted for gc in Equation 12:

. gc _ SUD
"= 710,000 10,000

(12)

Compaction susceptibility (w.) and pugging susceptibility (w,) were modelled according to the
Equations 13 and 14:

we = —0.003 ¢(750 — 20(¢ + 1))2 + 8¢ + 2 (13)

w, = 1- e —500¢(max(0, o3~ 0.25¢)) (14)

where, (¢) is the clay content (0—1) from the FSL clay value in Equation 9; and ¢ is the soil water
content (SWC). In the absence of high-resolution spatial data, Donovan and Monaghan (2021;
their Fig. 2D) estimated seasonal averages for SWC using data from New Zealand soil
measurements (Curran-Cournane et al. 2011; Laurenson et al. 2016). We used the mean of these
seasonal averages to derive an annual estimate (¢ = 0.325).
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3.2.3 Riverbank erosion sub-model

Riverbank erosion was estimated using the LiDAR-based riverbank erosion sub-model developed
by Smith et al. (2024). Earlier applications of SedNetNZ estimated bank erosion using empirical
relationships between mean annual flood and bank migration rates (Dymond et al. 2016), while
subsequent refinements incorporated additional controls on bank erosion processes (Smith,
Spiekermann et al. 2019). The present LiDAR-based implementation adopts the latest riverbank
erosion sub-model, which uses machine-learning predictions of bank migration rates, LiDAR-
derived estimates of bank height, and an estimate of net bank erosion to calculate the mean
annual suspended sediment load contributed by riverbank erosion for each stream segment in the
digital stream network (DSN).

where B; is the total eroded mass for the j stream segment (t yr), p is the bulk density of the
bank material (t m=3), M; is the bank migration rate (m yr'), H; is the mean bank height (m) and L;

is the length (m) of the j™ stream segment.

The predicted mass of material eroded from riverbanks represents the gross contribution of
sediment supplied to the channel. However, some of this material is subsequently redeposited on
banks, bars, and within the channel bed. Consequently, estimation of suspended sediment loads
requires an assessment of net bank erosion rather than gross bank erosion alone.

Bank migration rates

Bank migration rates were predicted using the random forest (RF) model developed by Smith et al.
(2024). The RF model was trained using an expanded data set of reach-averaged lateral bank
migration rates derived from mapping channel planform change from repeated aerial imagery in
the Hawke’s Bay and Greater Wellington regions. This mapping increased the length of channel
available for model training from 77 km to more than 800 km.

The RF model predicts bank migration rates using variables describing channel hydraulics,
geometry, confinement, bank erodibility, and riparian vegetation. Smith et al. (2024) evaluated four
candidate models and found that the RF model produced the lowest fitting and prediction errors.
The fitted model achieved a mean (R?) of 0.87, with fitting errors of RMSE = 0.15 m yr~' and MAE
= 0.06 m yr" and prediction errors of (RMSE = 0.31 m yr™"; MAE = 0.14 m yr™"). The RF model
also outperformed previous bank erosion modelling approaches and was therefore adopted for the
LiDAR-based version of SedNetNZ.

For application in the upper Waitomo catchment, predictor variables were derived from the LiDAR-
based DSN and 5 m DEM. Mean annual flood (MAF) was estimated from modelled mean annual
discharge using a fitted power relationship developed for the Waikato region (MAF = 26q%°; R? =
0.97; n = 35), where (q) is mean annual discharge (m= s™") (Vale & Smith 2024). Mean annual
discharge for the REC2 network was previously estimated using an empirical water balance model
(Woods et al. 2006; Elliott et al. 2016). These discharge estimates were converted to runoff and
reapplied to the LiDAR-based DSN using the upstream contributing area of each stream segment.

Channel slope, channel sinuosity, and valley confinement were computed from the LiDAR-based
DSN and 5 m DEM. Soil texture classes compiled from the Fundamental Soil Layer (FSL) were
used to represent bank erodibility. Riparian woody vegetation was estimated using a canopy height
model (CHM) generated by differencing the LiDAR-derived digital surface model (DSM) and DEM,
with vegetation greater than 2 m in height classified as woody vegetation. This high-resolution
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CHM replaced the Landsat-derived woody vegetation layer used in previous regional SedNetNZ
applications and provided improved representation of riparian vegetation characteristics. The fitted
RF model was then applied to predict reach-average bank migration rates for all stream segments
in the upper Waitomo catchment.

Bank height

Mean bank height was estimated directly from the LiDAR-derived 1 m DEM. Bank heights were
derived from transects generated perpendicular to the DSN at 50 m intervals. Transect widths
varied according to mean discharge and the inverse of mean lateral slope (as a proxy for valley
confinement) to approximate variations in bankfull channel width (Smith et al. 2024).

This LiDAR-based approach captures local variations in channel form and bank morphology that
are not represented by the simpler discharge-based relationships used in earlier SedNetNZ
applications. Validation against manually measured bank heights in the Hawke’s Bay region
showed a substantial improvement in predictive performance, increasing the coefficient of
determination R2 from 0.40 to 0.66 relative to the previous approach (Smith et al. 2024).

Net bank erosion

Estimating the net contribution of bank erosion to suspended sediment loads requires information
on the redeposition and storage of eroded bank material on banks, within the channel bed; or on
the lateral accretion of material on bars with channel migration. Such information is not widely
available.

Subsequently, net bank erosion was estimated from extensive channel planform mapping in the
Hawke’s Bay region for comparison with the previous Waipaoa-based estimate (Smith et al. 2024).
This planform mapping identified areas of both erosion and accretion within channels for each
digital stream segment which were converted to mean annual rates of reach-average lateral
erosion or accretion (m yr~'). Average erosion and accretion volumes per segment per year were
then approximated using the average of the maximum and minimum mapped bank heights per
transect, respectively. This planform mapping analysis assumed that, for laterally migrating
channels, the outer eroding bank is typically higher than the opposite accreting bank. In practice,
bank heights may vary between erosion and accretion zones, while some reaches may experience
erosion or accretion along both banks. Nonetheless, this assumption provided a first-order
approximation for estimating net bank erosion based on a significantly larger data set (805 km of
channel length) for comparison with the previous estimate based on 44 km of mapped channel
length in the Waipaoa catchment.

Net bank erosion as a proportion of gross bank erosion was estimated at 0.28 based on the
channel planform and bank height mapping data from Hawke’s Bay (Smith et al. 2024). This is
comparable to the 0.20 estimate used in previous SedNetNZ modelling. While both estimates are
subject to considerable uncertainty, their consistency suggests that these values may provide a
reasonable approximation for determining net bank erosion in the absence of repeated LIiDAR
surveys.

Suspended sediment loads from bank erosion

The RF sub-model was fitted 100 times (mean R? = 0.87) using all available bank migration data
and the resulting mean predicted bank migration rate per stream segment was used in the upper
Waitomo catchment. We then combined these mean predictions of bank migration rates with the
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LiDAR-based estimates of mean bank height per stream segment, and the revised estimate of net
bank erosion to estimate mean annual net suspended sediment load from bank erosion per stream
segment in each catchment.

3.24 Sediment routing and floodplain storage

SedNetNZ estimates the mean annual suspended sediment load from the combined erosion
process loads delivered by each erosion process to the DSN. The 5 m raster-based hillslope
erosion estimates (i.e. shallow landslide and surface erosion) are aggregated within each LiDAR-
derived subwatershed to calculate the total sediment load delivered to the corresponding stream
segment. Riverbank erosion is estimated directly for each stream segment. This sediment is then
routed through the network to the coast. In the application of SedNetNZ to the Waikato region
(Vale & Smith 2024), the revised floodplain deposition algorithm was applied to estimate the
amount of sediment entering floodplain storage along the stream network based on upstream
loads (Vale et al. 2021).

In the revised algorithm, we allocate the total sediment entering floodplain storage among
subwatersheds according to a weighting based on both floodplain stream length and the
accumulated upstream sediment load. Consequently, subwatersheds with longer floodplain-
adjacent stream lengths and larger accumulated sediment loads receive a greater proportion of the
total floodplain storage. The mass of sediment (t yr') entering floodplain storage in the ith
subwatershed (F;) is calculated as shown in Equation 16:

(16)

where p is the proportion of the sediment load generated by hillslope erosion per lake or sea-
draining catchment that is deposited on floodplains in the catchment, set to 5% based on previous
SedNetNZ parameterisation carried out in the Manawatd (Dymond et al. 2016), S, is the total
sediment load (t yr-') generated by hillslope erosion per lake or sea-draining catchment, L; is the
segment length (m) on floodplain in the ith subwatershed, and accs; is the total accumulated
(upstream) sediment load from hillslope erosion (t yr~') in the ith subwatershed.

We use the LiDAR-derived 5 m DEMSs for the upper Waitomo catchment to identify the extent of
floodplains along the digital stream network. We did not seek to model the area of floodplain
inundated by the largest flood on record. Instead, we represented the length of channel where
flows may go overbank and deposit sediment on floodplains on average over a multi-decadal
period (i.e. L; in Equation 16). Therefore, we defined floodplains as areas of low slope land
adjacent to the active channel which may be inundated by the average annual maximum flow
within each subwatershed.

Smith et al. (2024) estimated the depth of the average annual maximum flow across stream orders
(for orders 1-8) using the annual maximum flow from 77 water level gauges in Hawke’s Bay, with a
mean record length of 27 years. Based on this analysis, they estimated maximum floodplain height
above the channel ranged from 1-5 m depending on the stream order. They used these values to
identify subwatersheds where sediment may enter floodplain storage. We applied the same criteria
to determine the floodplain extent in the upper Waitomo catchment, using height above nearest
drainage (HAND) to identify floodplains. The stream bed and banks were excluded from the
floodplain extent using a 7.5 m buffer either side of the streamlines (i.e. for a total width of 3
pixels), and a slope threshold of 5°.
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SedNetNZ includes a lake sediment trapping component to account for sediment storage within
lakes. Where lakes are present, a lake-specific sediment passing factor (SPF) is applied using an
adaptation of Gill’s (Gill 1979) approximation of Brune’s (Brune 1953) trap efficiency (the inverse of
passing factor) curve for medium sediment, as in in Equation 17:

v/,
1.02(V/;) + 0.012

SPF=1-— (17)

where V is the lake volume, and I is the annual inflow to the lake.

No lakes occur within the upper Waitomo catchment and therefore no lake sediment trapping was
simulated in the present application. However, the equation is provided for completeness, as it
forms part of the standard SedNetNZ sediment-routing framework.

3.3 Model simulations
3.3.1 Scenario overview

Contemporary baseline scenario

The contemporary baseline scenario (C2024) represents recent land cover (LCDB v6.0, mapping
year = 2023)'? and erosion mitigations (soil conservation works) completed to date by WRC and
landowners within the catchment, based on data provided by WRC.

We estimate the proportional extent of riparian fencing for each segment in the DSN from existing
riparian retirement spatial data provided by WRC and use riparian buffer width estimates from the
CEM riparian survey, summarised for the Waitomo catchment by Kimberley (2019). Existing soil
conservation works on hillslopes (including indigenous retirement, protection production plantings,
and space-planted trees) were represented using the spatial data supplied by WRC. We also
include the stock density data supplied by WRC derived from AgriBase® in the surface erosion
sub-model to represent the effect of livestock treading on soil erodibility.

Retro scenario

We include a retrospective scenario (‘Retro’) to assess the influence of land cover change and
erosion mitigations implemented since the mid-1990s. This scenario represented catchment
conditions in 1996, corresponding to the earliest land-cover mapping available in LCDB v6.0. All
soil conservation works identified in the WRC data set were excluded from the scenario, as they
were established after 1996. Areas currently occupied by these mitigation plantings were assumed
to have been pasture at that time. Riparian fencing was also removed from the digital stream
network (DSN), reflecting pre-mitigation conditions.

2 _LCDB v6.0 — Land Cover Database version 6.0, Mainland New Zealand (Manaaki Whenua — Landcare Research,
2025), representing land cover circa 2023. Available at: https://doi.org/10.26060/landcareresearch/LCDBv60.
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Future erosion mitigation scenarios

The three mitigation scenarios described below quantified the effect of future erosion mitigations
on suspended sediment loads in the upper Waitomo catchment. In each scenario, the mitigations
are assumed to be fully implemented and fully matured. Table 2 summarises the areas and length
of mitigations.

Mitigation scenario 1 (minimum requirements) (M1):

Retirement and afforestation: pastoral land on slopes = 35° are retired and transitioned to
permanent woody vegetation cover (natives), based on the LiDAR-derived 5 m DEM.

Space-planted trees: pastoral land on slopes = 26° and < 35° remains in production with
implementation of space-planted trees.

Riparian stock-exclusion fencing: stock-exclusion fencing and setback distances are defined
according to the rules described in Regional Plan Change 1 (Waikato Regional Council [WRC]
2020):

e Regional Plan Change 1 specifies that farmed cattle, horses, deer, and pigs be excluded
from water bodies on land with a slope of up to 15°, or on land with slopes greater than
15° where any paddock adjoining the water body has stock units exceeding 18 stock units
per grazed hectare at any time.

e New riparian fencing will be applied to all second-order and higher natural streams,
including ‘narrow’ streams as defined under the Sustainable Dairying Water Accord.
Fencing along these streams will be set back 3 m from the waterbody edge. No riparian
fencing will be applied to first-order streams. For artificial drains wider than 2 m, fencing
will be applied with a 1 m setback.

Mitigation scenario 2 (intermediate) (M2):

Retirement and afforestation: pastoral land on slopes = 30° are retired and transitioned to
permanent woody vegetation cover (native), based on the LiDAR-derived 5 m DEM.

Space-planted trees: pastoral land on slopes = 26° and < 30° remains in production with
implementation of space-planted trees.

Riparian stock-exclusion fencing: stock-exclusion fencing applied to all waterways on slopes <
25°, except 1% order streams, and new fencing will have a 5 m buffer width applied.

All sinkholes (tomo) retired with a setback of 5 metres.

Mitigation scenario 3 (best case) (M3):

Retirement and afforestation: pastoral land on slopes = 25° are retired and transitioned to
permanent woody vegetation cover (native), based on the LiDAR-derived 5 m DEM. No space-
planting.

Riparian stock-exclusion fencing: stock-exclusion fencing applied to all waterways on slopes <
25°, except 1% order streams, and new fencing will have a 5 m buffer width applied.

All sinkholes (tomo) retired with a setback of 5 metres.
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Table 2. Summary of the area or length of erosion mitigations applied under each scenario in the
upper Waitomo catchment

Retirement and Space-planted Riparian stock-exclusion
Catchment Scenario Afforestation trees fencing
(ha) (ha) (km, and % of network)
M1 77 255 8 (5%)
U
pper M2 183 149 13 (8%)
Waitomo
M3 379 - 13 (8%)

Note that scenario M3 does not include space-planted trees (-).

3.3.2 Estimating sediment load reductions from mitigations

Reduction in hillslope erosion from mitigations

The reduction in sediment load from erosion mitigations was represented through changes in land
cover associated with each mitigation type. The effectiveness values summarised in Table 3 are
provided as an indication of the expected reduction in erosion once a mitigation is fully established,
based on published studies. These values are not applied directly as scalar reductions to hillslope
erosion loads; rather, they reflect the reduction achieved through the corresponding land-cover
change represented in the model. Maturity rates are similarly provided to describe the gradual
development of mitigation effectiveness through time, although maturity effects were not explicitly
applied in the present study.

Past, present, and future erosion mitigations, and the associated land cover changes, were
represented using spatial data supplied by WRC describing the location, type, and year of
implementation of soil conservation works within the upper Waitomo catchment. The different soil
conservation asset types were matched to the erosion mitigation categories represented in the
model (Table 3).

The effectiveness values in Table 3 are derived from published studies and indicate the
approximate reduction in erosion associated with each mitigation type once fully established.
Conversion to permanent woody cover has a 90% reduction in mass movement erosion based on
published data (Pain & Stephens 1990; Phillips et al. 1990; Marden et al 1991; Bergin et al. 1993,
1995; Marden & Rowan 1993; Page et al. 1999; Dymond et al. 2006; Phillips et al 2020). Space-
planted trees and gully tree planting are associated with a 70% based on data from Hawley and
Dymond (1988), and consistent with Douglas et al. (2009, 2013; Mclvor et al. (2015), although the
various studies report varying effectiveness (see model limitations). For surface erosion, the
reduction from afforestation and bush retirement are represented through changes in the RUSLE
cover factor (C: Equation 3) resulting from conversion of pasture to forest or scrub along with
changes in the K-factor from removal of livestock grazing and treading. Space-planted trees and
gully tree planting do not typically achieve canopy closure and therefore do not reduce surface
erosion. Riparian retirement was treated separately through the riparian buffer and bank erosion
components of the model, with a reduction of 80% attributable to riparian fencing and stock-
exclusion (Dymond et al. 2016; Phillips et al. 2020), although we recognize that published studies
report a range of effectiveness values (see discussion in Section 4.4 on model limitations).
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Table 3. Summary of maturity and effectiveness of the erosion mitigations on pasture used in the
modelling

Erosion mitigation Years to Annual Effectiveness? Soil conservation asset
fully mature  maturity rate? type from WRC data

Conversion to woody cover 10 10% 90% (mass movement) ‘Indigenous Retirement’,

(afforestation/ bush 50% (surficial) ‘Protection Production

retirement) Plantings’

Space-planted trees 15 6.66% 70% (mass movement) ‘Space Planting’

Riparian retirement 2 50% 80% (bank erosion) ‘Riparian Retirement’,

‘Stream Bank Erosion
Control Plantings’

a Maturity and effectiveness rate derived and summarised from Douglas et al. 2008; Manderson et al. 2011; Mclvor et al.
2011; Basher et al. 2018.

Reduction in hillslope sediment delivery to streams from surface erosion

Equation 18 shows the sediment passing factor, the inverse of trapping efficiency, we calculated
for the riparian buffer of the jth stream segment (PFFj) following Zhang et al. (2010):

k(1 — e™®)

100 (18)

PFp, =1-

where k and b are fitted parameters equal to 90.9 and 0.446, respectively (Zhang et al. 2010), and
w is the buffer width. We estimated a mean buffer width for each digital stream segment based on
the proportion of land class and the corresponding buffer width intersecting with the segment. The
proportion of fenced stream length per segment was derived from existing riparian retirement
spatial data provided by WRC. Average riparian buffer width estimates were derived from the CEM
riparian survey, summarised for the Waitomo catchment by Kimberley (2019). The trapping
relationship was applied at the stream-segment scale using the mean buffer width for each reach,
rather than separately for each stream bank based on the mitigation scenario descriptions.

The reduction in sediment load delivered from surface erosion due to fencing and stock-exclusion
from riparian retirement in a reach (SFj) is a function of the proportion of the reach fenced (FR;) and

the buffer passing factor, shown in Equation 19:
Se, = ES; x (1— FR;PFy,) (19)

where ES; is the hillslope load from surface erosion prior to buffer interception for the j" reach per
subwatershed.

Reduction in bank erosion

We calculated the reduced sediment load from bank erosion due to fencing and stock-exclusion
(BFj) as shown in Equation 20:

Bp; = B; x (1 - 0.8FR;) (20)
where B; is the net suspended sediment load from bank erosion without the effect of fences

reducing erosion. A sediment load reduction of 80% from bank erosion was used for fenced
reaches based on previous SedNetNZ applications and published studies of riparian fencing and
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stock-exclusion (Dymond et al. 2016; Phillips et al. 2020). This reduction reflects the combined
effects of reduced stock trampling and foraging on streambanks (Trimble 1994), and the increased
bank stability associated with establishment of riparian woody vegetation in the absence of
livestock over the longer term. It assumes that sufficient time has elapsed for streambanks to
recover and riparian vegetation to become established. Consequently, the 80% reduction should
be considered an approximation suitable for catchment-scale modelling rather than a site-specific
estimate (see Section 4.4.2).

Riparian fencing estimates and identification of eligible stream reaches

For the contemporary baseline (C2024), we estimated the proportion of stream segments with
riparian fencing in the Waitomo catchment using existing riparian retirement spatial data provided
by WRC, summarised in Table 4. The fencing data was buffered 10 m and intersected with the
DSN to estimate the proportion of each stream segment that was fenced. This 10 m buffer was
used to solely to identify stream segments associated with existing fencing and should not be
interpreted as the width of the riparian buffer itself. Riparian buffer widths were estimated
independently from the CEM riparian survey, summarised for the Waitomo catchment by stream
order (Kimberley 2019). The estimated fencing proportions represent the proportion of stream
length eligible for fencing that was fenced within each stream-order class. Stream reaches already
under woody vegetation were excluded based on LCDB v6.0.

Table 4. Summary of estimated fencing proportions for the digital stream network-based soil
conservation and fencing spatial data, and buffer widths based on CEM riparian surveys for the
Waitomo catchment, by stream order

Stream order Farm type Estimated fencing proportions? Mean buffer width (m)
1 All 35% 54
2 All 29% 7.5
3 All 63% 34
24 All 85% 5.5

a8 The estimated fencing proportions represent the length of stream network that is fenced as a percentage of the total
stream length that is eligible for fencing (i.e. excludes reaches under woody vegetation).

Identification of eligible stream reaches for riparian fencing scenarios

Land use associated with each DSN segment was determined using AgriBase® spatial data
provided by WRC in combination with LCDB v6.0. These data sets were used to exclude areas
unsuitable for riparian fencing (e.g. indigenous forest).

Stream segments classified as ‘Accord streams’ under the Sustainable Dairying Water (Dairy
Environment Leadership Group 2013) were identified by transferring classifications previously
developed for the REC2 network onto the LiDAR-based DSN using the nearest-segment spatial
matching. Accord streams are defined as permanently flowing streams greater than 1 m wide and
30 cm deep and were used to determine riparian fencing eligibility and setback distances under
M1. Stream width was estimated from MAF relationships developed for the REC2 network (Booker
& Hicks 2013; Semadeni-Davies & Elliott 2016; Whitehead & Booker 2020).
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Riparian fencing scenarios

New riparian fencing in Mitigation Scenario 1 (M1) was implemented in accordance with Schedule
C of the Proposed Waikato Regional Plan Change 1 (Waikato Regional Council [WRC] 2020).
Under this plan, farmed cattle, horses, deer, and pigs must be excluded from water bodies on land
with slopes up to 15°, or on steeper slopes (> 15°) where adjoining paddocks have stock unit
densities exceeding 18 stock units per grazed hectare at any time.

For the M2 and M3 scenarios, new stock-exclusion fencing was applied to eligible second-order
and higher stream segments adjacent to land with slopes < 25. Existing riparian fencing was
retained in all scenarios. Slope was derived from the LiDAR-based 5 m DEM and stock-unit density
from AgriBase® data provided by WRC. To improve the continuity of low-slope areas and ensure
alignment with the DSN, the slope layer was processed using majority filtering, boundary cleaning,
and removal of isolated polygons smaller than 400 m? (20 m x 20 m). A 10 m buffer around the
DSN was then used to identify stream segments adjacent to eligible low-slope paddock areas.

Slope was derived from the LiDAR-based 5 m DEM and stock-unit density from AgriBase® data
supplied by WRC. To improve the continuity of low-slope areas and ensure alignment with the
DSN, the slope layer was processed using majority filtering, boundary cleaning, and removal of
isolated polygons smaller than 400 m? (20 m x 20 m). A 10 m buffer around the DSN was then
used to identify stream segments adjacent to eligible low-slope paddock areas.

Riparian setback distances

New riparian fencing under M1 was implemented in accordance with Schedule C of the Proposed
Waikato Regional Plan Change 1 (Waikato Regional Council [WRC] 2020). Second-order and
higher stream segments classified as Accord streams were assigned a 3 m setback, while other
second-order and higher segments were assigned a 1 m setback. First-order streams were not
fenced. For M2 and M3, a uniform 5 m riparian buffer was applied to newly fenced eligible stream
segments. Existing riparian buffer widths associated with baseline fencing were retained in all
scenarios. Other catchment initiatives may specify alternative setback distances (e.g. 5 m buffers
under incentivised management programmes), which were not considered here.

3.4 Reductions for NPS-FM visual clarity attribute bands

To assess the improvement in attribute state under future scenarios, we used the approach
developed by Hicks et al. (2019) to estimate the proportional change in mean annual suspended
sediment load required to achieve an improved attribute state. This approach is recommended by
the Ministry for the Environment in their guidance for implementing the NPS-FM 2020 sediment
requirements (Ministry for the Environment 2022), and informed development of the suspended
fine sediment attribute for the NPS-FM 2020 (see Hicks & Shankar 2020).

Following Hicks et al. (2019) and Ministry for the Environment (2022), we calculated the
proportional change in mean annual suspended sediment load required to achieve a target
attribute state as a function of the ratio between the current state visual clarity (visual clarity for
each scenario) and the target visual clarity, using Equation 21 at the SOE site:

PR, =1~ (V/Vp)"/* (21)

where PR, is the minimum proportional change in mean annual suspended sediment load required
to achieve the target visual clarity, V, is the target visual clarity for each attribute band (Table 5),
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and V,, is the current state median visual clarity. We follow the recommendation of the Ministry for
the Environment (2022) and assume a in Equation 21 takes the national average reported by Hicks
et al. (2019) of -0.76.

We determined the baseline attribute state using the median visual clarity calculated from the most
recent 60 visual clarity observations for the Tumutumu SOE monitoring site, provided by WRC
(Table 6). Median visual clarity requires monthly observations over a minimum record length of 5
years (60 samples).

To assess the minimum proportional change in suspended sediment load required to improve the
attribute band, we used the lower-bound visual clarity for each band (Table 5) for V,; the upper-
bound was used to assess the minimum change in load required for a decline in state from a
higher band.

Table 5. Attribute bands and numerical attribute states for suspended fine sediment

Numerical attribute state by

Attribute band and description suspended sediment class
(Visual clarity [m])
1 2 3 4
A

Minimal impact of suspended sediment on instream biota.

Ecological communities are similar to those observed in natural reference 21.78 20.93 22.95 21.38

conditions.

B <1.78 <0.93 <2.95 <1.38

Low to moderate impact of suspended sediment on instream biota. and and and and
Abundance of sensitive fish species may be reduced. >1.55 >0.76 22.57 21.17
C <1.55 <0.76 <2.57 <1.17

Moderate to high impact of suspended sediment on instream biota. and and and and
Sensitive fish species may be lost. >1.34 >0.61 >2.22 >0.98

National bottom line (NBL) 1.34 0.61 2.22 0.98

D

High impact of suspended sediment on instream biota.
Ecological communities are significantly altered, and sensitive fish and
macroinvertebrate species are lost or at high risk of being lost.

<1.34 <0.61 <2.22 <0.98

(Source: Reproduced from Ministry for the Environment 2020, Table 8.)

The attribute band thresholds for suspended fine sediment are determined by the ‘sediment class’
associated with each REC2 segment (Table 6). The sediment class of a given segment is
determined by the climate, topography, and geological classification (as defined in the REC2) of
upstream segments predominantly contributing flow to a given segment. We used the layer
denoting suspended sediment class for the REC2 DSN produced by Hicks and Shankar (2020)'3
to identify the sediment class of the segment associated with the SOE monitoring site. This was
then mapped onto the stream segment from the LiDAR-based DSN (Figure 4).

3 Available from the Ministry for the Environment data portal at: https://data.mfe.govt.nz/layer/103687-hydrological-
modelling-to-support-proposed-sediment-attribute-impact-testing-2020/
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Table 6. Summary details for SOE monitoring site with measured median visual clarity (CLAR, m)
derived from black disc measurements

REC2

. . Date range Sediment  Median Base
Catchment Site name Site ID nzsel%ment used n class CLAR state
Upper Waitomo Stm at Nov-2019 to
. 1253 3096865 60 1 . D
Waitomo Tumutumu Rd May-2025 0.9
D G Ny T [ €
aitomo o N ﬁ
) G . A Pt 2 7% f‘

%)

~ B
\ Hanga
\ \\ ARaande
A SenitRe
e >

Waitomo Stm
at Tumutumu Road

NPS-FM 2020 suspended sediment classes Esri, NASA, NGA, USGS,
LINZ, Stats NZ, Esri,
Sediment class [/ Class 3 Waitomo SOE oo, A, e
. Class1 . Class 4 e
' Class2

Figure 4. National Policy Statement for Freshwater Management (NPS-FM 2020) suspended sediment
classes for the upper Waitomo catchment, and the location of SOE monitoring site.
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3.5 Cost-effectiveness of erosion mitigations

Suspended sediment loads were modelled using the LiDAR-based SedNetNZ model for the upper
Waitomo catchment. In this study, SedNetNZ was applied to estimate mean annual suspended
sediment loads under three mitigation scenarios (Section 3.3.1), comprising bush-retirement or
afforestation, space-planted trees, and riparian stock-exclusion fencing. For the purpose of cost-
effectiveness analysis, all mitigations were assumed to be fully implemented and mature by 2045,
based on an assumed 20-year implementation period agreed with WRC.

3.5.1 Cost estimation of mitigation scenarios

We estimated implementation costs for each mitigation scenario using unit cost estimates provided
by WRC (unpublished 2025/26 prices in NZ$). Scenario implementation costs were estimated by
multiplying the modelled extent (area) of each mitigation type under the M1-M3 scenarios by the
corresponding unit costs presented in Table 7 and summing costs across all mitigation activities.
Present values were calculated using discount rates of 2% and 8% to convert future mitigation
implementation costs to their equivalent present-day values, reflecting the principle that costs
incurred in the future are worth less than the same costs incurred today. All mitigations were
assumed to be implemented over a 20-year period and completed by 2045.

Some mitigations required additional fencing costs. For example, native afforestation costs
included both establishment costs and retirement fencing of high-slope land, while riparian
retirement costs included waterway fencing and riparian planting. The fully loaded costs used in
the analysis are summarised in Table 7.

Table 7. Establishment cost (NZ$) of erosion mitigations for the upper Waitomo catchment including
WRC-supplied unit costs per mitigation and aggregated costs incorporating associated fencing
requirements.

Mitigation Cost as of 25/26 Mitigation Cost per ha,
provided by the incorporating
WRC? estimated fencing®
Space-planted trees $4,730 ha™ tSrg::e-planted $4,730 ha™
Native afforestation $7,227 ha™! ]
. . . Retu.'ement (and $13,627 ha-"
Retirement fencing of high slope » fencing)
. $30-35m
land/sinkholes
. . »
Riparian planting $37,774 ha Riparian
) . ] retirement (and $85,903 ha™
Rgtlrement fencmg of waterways (assuming 5 $25 m-" fencing)
wire-2 electric)®

@ Cost data were provided by WRC for each mitigation in the Waitomo catchment and were based on typical planting
densities and plant costs. Actual implementation costs will vary depending on site characteristics, existing fencing,
terrain, access, contractor rates, and final design.

b WRC assumes approximately 1,000 m of fencing per 5 ha of hill country retirement; however, this can vary
considerably depending on existing fencing and site configuration.

¢ Riparian retirement was applied to 50% of all new riparian fencing/retirement areas based on WRC guidance. Across
the modelled scenarios, the average estimated fencing requirement equates to approximately 2,680 m per hectare of
riparian retirement.
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3.5.2 Relationships between mitigations and policy-relevant outcomes

Following Polyakov et al. (2024), we derived simplified empirical relationships between erosion
mitigation extent and their modelled outcomes to estimate the effectiveness and cost-effectiveness
of individual mitigations. Although applied here at a smaller spatial scale, the same analytical
framework is appropriate because the objective is to estimate the relative marginal contribution of
multiple mitigation measures implemented simultaneously. The framework identifies each
measure's marginal effect from cross-sectional variation in where mitigations are placed and in
baseline sediment yield, not from the number or size of the modelled scenarios. It is therefore not
specific to the regional scale of Polyakov et al. (2024): here the same variation is provided by 969
subwatershed observations, which is sufficient to estimate three coefficients. Since SedNetNZ
predicts the combined effects of each mitigation scenario, the regression approach provides a
means of decomposing those combined responses into the marginal contribution of individual
mitigations, enabling comparison of their relative effectiveness and cost-effectiveness. Here we
focus on individual mitigations rather than on the combined scenarios because the policy question
is which type of mitigation delivers the largest sediment reduction per dollar, and that ranking
cannot be read from scenario totals in which several mitigations are applied together.

The mitigation scenarios were therefore designed to represent realistic catchment management
scenarios comprising multiple complementary mitigation measures, rather than experimental
scenarios intended to isolate the effect of each mitigation independently. This decomposition does
not depend on the small number of scenarios: it is estimated at the subwatershed level across 969
observations (Equation 22, Table 12), where spatial variation in the placement of each mitigation
and in baseline sediment yield identifies its marginal effect. The scenarios serve only as the source
of that variation, not as the unit of analysis. Running separate mitigation-specific scenarios would
have quantified the performance of individual treatments but would not have addressed the
objective of estimating the relative marginal contribution of each mitigation within realistic
management scenarios. Specifically, we estimated the marginal costs of reducing sediment load at
the SOE site at the end of the modelling period (2045).

First, we estimated the relationship between the erosion mitigations and the modelled changes in
sediment load. We assumed that mitigations implemented from 2024 to 2045 were related to the
changes in sediment load after maturation as in Equation 22:

Blis= ). Fmiisyi + ¢ (22)

where AL; ; is the change in average annual sediment load L (t yr-') generated by the LiDAR-
derived stream segment subwatershed i in a scenario s ; my; is the area (ha) of the mitigation
measure k implemented in the subwatershed; y; is the sediment yield (t km= yr=') in the
subwatershed before the implementation of the works; 8, is the regression parameter to be
estimated; and ¢ is the residual. Like Polyakov et al. (2024), we estimated the model without an
intercept.

This regression attributes reductions in sediment load to individual mitigations. However, some
works, such as riparian fencing and planting, are typically implemented together and therefore
exhibit high correlation, making their independent effects difficult to estimate. To address this,
riparian fencing and planting were represented as a single mitigation variable based on the area of
riparian retirement. We assumed that the length of riparian fencing was proportional to the retired
riparian area. The associated cost estimates reflected this joint interpretation: the costs include
planting on 50% of the retired riparian area (based on WRC guidance) and fencing for the
equivalent proportional length. Consequently, sediment reductions attributed to riparian retirement
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represent the combined effects of riparian planting and fencing, and associated costs include both
planting and fencing components.

Second, we estimated the relationship between changes in the gross sediment load (i.e. not
accounting for the sediment deposition) and the changes in the sediment load at the SOE site (
Equation 23):

AB = yz ALis+¢ (23)
i

where AB; ¢ is the change in sediment load in the catchment j, for scenario s; Y, AL;  is the change

in gross annual sediment load L generated by all the subwatersheds i; y is the regression
coefficient to be estimated; and ¢ is the residual.

This relationship converts the gross sediment reduction, summed across subwatersheds, into the
net change delivered to the SOE site, accounting for deposition and storage in transit. It is required
because the per-mitigation effects from Equation 22 are estimated on gross subwatershed load
and must be carried through to the site to form a cost-effectiveness metric. Because only three
scenarios are available, we treat y as a single calibrated delivery coefficient (Table 13) rather than
a statistically estimated relationship, and we place no weight on its standard error.

Third, we estimated changes in visual clarity for each scenario using sediment loads at the
beginning (baseline) and at the end of the modelling period. Visual clarity was calculated using
Equation (21) and the sediment loads under each scenario at both time points. The difference
between baseline and end-of-period visual clarity provides the estimated visual clarity improvement
attributable to the mitigation scenario.

The resulting mitigation-level effectiveness and cost-effectiveness metrics should be interpreted as
average marginal values derived from the suite of modelled scenarios rather than precise
estimates of the independent effect of each mitigation measure in isolation. Direct comparison of
modelled scenarios provides information on the overall effectiveness and cost-effectiveness of the
mitigation packages (M1-M3), whereas the regression approach provides an indicative
comparison of the relative marginal contribution and cost-effectiveness of the individual mitigation
measures comprising those packages. The package-level conclusions come from the directly
modelled scenario-level metrics, while the mitigation-level estimates are used as an indicative
ranking of the relative cost-effectiveness of individual measures rather than as standalone
treatment effects.

3.5.3 Cost-effectiveness

We modelled the cost (in New Zealand dollars, NZ$) of mitigations as the sum of establishment
costs discounted to present value. Unlike Polyakov et al. (2024), we do not include opportunity

cost, carbon benefits, or ongoing maintenance costs. We calculated the Present Value of Costs
(PVC) for each mitigation over the implementation period (from 2024 to 2045).

For each subwatershed i, mitigations were assumed to be implemented progressively over a 20-
year period from 2024 — 2045, inclusive. The costs were calculated annually and discounted to
2024 using a chosen discount rate (r), as shown in Equation 24.

2045
est,i,t
PVCip = (1 + r)t-2024
t=2024

(24)
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Where PV, is the present value cost of mitigations k in subwatershed i, C,4 ; ; are establishment
costs, r is the discount rate and t is a year.

Annual establishment costs (C.s ; ) Were assumed to occur in the year a mitigation is
implemented. Since we assume that implementation is gradual, the annual cost is given by
Equation 25 as:

Ck X m"k
Cest,i,t = TL (25)

where ¢ is the cost of the mitigation k (Table 7), m; ; is the area of the mitigation k in the
subwatershed i, and 20 is the number of years over which works are implemented.

Discount rates of 2% and 8% were used to convert future implementation costs to their equivalent
present-day values, reflecting the time value of money. These rates were selected to evaluate the
sensitivity of cost-effectiveness estimates to different assumptions regarding future costs.

To estimate cost-effectiveness, mitigation costs were combined with the effectiveness relationships
described above. After obtaining the PVC (Equation 24) and estimating the relationships via
regression models (Equations 22 & 23), we derived several policy-relevant cost-effectiveness
metrics for each type of mitigation.

First, we calculated the physical effectiveness of mitigations as the reduction in suspended
sediment load per unit area of mitigation implemented (t yr' ha). Second, we estimated the
marginal cost of reducing sediment loads at the SOE monitoring site using discounted
establishment costs for both 2% (base case) and 8% (high rate), using Equation 26:

MCSLyy = PVCyy/(viBry;) (26)

where MCSL; ;. is the marginal cost of reducing sediment load (NZ$ t' yr') at the SOE site by
applying mitigation work k in subwatershed i; PVC;  is the present value of mitigations k; y; is the
sediment yield in the subwatershed i; and g, and y; are the regression coefficients.

To relate sediment reductions to water-quality outcomes, we used the established nonlinear
relationship between sediment load and visual clarity (Equation 21). Changes in visual clarity (m)
at the SOE monitoring site were estimated from the predicted reductions in net sediment load.
Using this relationship, we estimated the marginal cost of improving visual clarity, expressed in
millions of NZ$ per m increase in visual clarity ($ million m~"), under both discount rates. Results
were summarised across subwatersheds using area-weighted statistics.

In addition to the regression-derived mitigation-level cost-effectiveness metrics, overall scenario-
level cost-effectiveness was calculated by dividing the total implementation cost of each mitigation
scenario by the corresponding reduction in mean annual net suspended sediment load at the SOE
site. These scenario-level metrics provide a direct comparison of the overall performance of the
modelled mitigation packages and complement the mitigation-level estimates by assessing the
cost-effectiveness of the combined mitigation scenarios.
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4.1 LiDAR-based SedNetNZ erosion and sediment load model for the upper
Waitomo catchment

This section provides an overview of the outputs from the upgraded shallow landslide, surface and
riverbank erosion sub-models under contemporary baseline (C2024) conditions, then considers the
catchment suspended sediment budgets for both the contemporary baseline and future mitigation
scenarios. The upper Waitomo catchment layers associated with the LiDAR-based version of
SedNetNZ that accompany the present report are summarised in Table A1.1 of Appendix 1.

4.1.1 Shallow landslide erosion

Shallow landslide erosion may be expressed as the mean annual sediment yield from shallow
landslides delivered to the stream network. This representation of shallow landslide erosion does
not imply landslide erosion occurs every year. Instead, it takes the average — on an annual basis —
of the sediment load generated by discrete landslide-triggering events estimated to occur over
multi-decadal intervals. This approach allows for the construction of sediment budgets where the
contributions from each erosion process may be expressed in the same units: either as suspended
sediment loads (t yr') or net sediment yields (t km=2 yr").

Figure 5 shows the spatial patterns in modelled mean annual net sediment yields (per pixel) from
shallow landslides for the upper Waitomo catchment. These pixel-based yields form the basis for
computing the shallow landslide sediment load contribution for each subwatershed in the DSN.
The highest net sediment yields (> 750 t km= yr~') from shallow landslide erosion occurred most
extensively on the pastoral hill country, particularly in the upper areas of the catchment. In contrast,
the forested and lower sloped terrain had significantly lower net sediment yields (< 25 t km=2 yr~')
from landslide erosion, which reflects the lower susceptibility of this terrain to the occurrence of
landslides (Figure 5).

The mean annual net sediment load delivered to the stream network from shallow landslide
erosion amounted to 4.1 kt yr~! for the upper Waitomo catchment, using the upgraded shallow
landslide sub-model with the LiDAR-derived DEM.
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Figure 5. Mean annual net sediment yield (t km-2 yr-') from shallow landslide erosion delivered to the
upper Waitomo stream network based on 2023 land cover from LCDB v6.0 and existing soil
conservation works, displayed over the underlying hillshade layer.

4.1.2 Surface erosion

Figure 6 shows the modelled mean annual net sediment yields from surface erosion (sheet and rill
erosion) delivered to the upper Waitomo stream network. The spatial pattern in surface erosion
reflects the spatial variations in the RUSLE factors. Higher rainfall erosivity tended to occur over
elevated terrain due to orographic effects that produce higher rainfall. Soil erodibility increases
where surface soils have lower organic matter and higher silt content. Steep and convergent
terrain concentrates surface run-off that may increase erosion, while vegetation cover has a critical
role in protecting the soil surface from raindrop impact and increasing surface roughness that
reduces overland flow velocities.

The highest surface erosion rates (>1,000 t km= yr~') tend to occur in hilly areas with higher rainfall
and steep, convergent terrain (Figure 6), notably in the north-western areas of the catchment.
Within these areas, those locations lacking vegetation cover or where soils tend to have higher silt
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content exhibited higher surface erosion rates. The mean annual net sediment load delivered to
the stream network from surface erosion amounted to 2.4 kt yr—' in the upper Waitomo catchment,
using the RUSLE sub-model with the LiDAR-derived DEM.
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Figure 6. Mean annual net sediment yield (t km=2 yr-') from surface erosion delivered to the upper
Waitomo stream network based on 2023 land cover from LCDB v6.0 and existing soil conservation
works, displayed over the underlying hillshade layer. The sediment yields account for sediment
trapping by riparian buffers, which is determined for each subwatershed and applied across all
pixels within the subwatershed.

4.1.3 Riverbank erosion

The modelled mean annual net sediment load from bank erosion equated to 0.26 kt yr for the
upper Waitomo. This total net load compares with 0.17 kt yr', based on the previous region wide
SedNetNZ estimates from Vale & Smith (2024). Most of this increase in sediment load contribution
from bank erosion was attributable to the increase in the length of the DSN (Figure 2). This
increase in network length largely reflects the improved representation of channel sinuosity based
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on the LiDAR-derived DEM as well as the difference in channel initiation threshold compared to the
REC2 digital network (Figure 2). The overall increase was less than that observed in the CEM
catchments (cf. Vale et al. 2025a,b), owing to numerous watersheds lacking defined surface
drainage due to the karst landscape. Figure 7 shows the spatial pattern in predicted reach-
averaged mean annual net suspended sediment yields from bank erosion for upper Waitomo
catchment.
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Figure 7. Predicted reach-averaged mean annual net bank sediment yield (t m~' yr-') per stream
segment length for each segment for the LIDAR DEM-derived digital stream network in the upper

Waitomo catchment.
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41.4 Catchment suspended sediment budgets

Contemporary baseline (C2024) and retrospective (Retro) scenarios

Table 8 summarises the modelled mean annual erosion loads, and net suspended sediment load
delivered to the catchment outlet, as well as the erosion process contributions to suspended
sediment loads in the LiDAR-based SedNetNZ sediment budgets for the upper Waitomo
catchment.

Figure 8 shows the mean annual net suspended sediment load per subwatershed, which is the
load that accumulates downstream while accounting for losses of sediment into long-term storage
in lakes and on floodplains. The net suspended sediment load delivered to the catchment outlet
amounted to 5.7 kt yr! for the upper Waitomo catchment. Over a multi-decadal timescale, shallow
landslides contribute an estimated 61% of the suspended sediment load. Surface erosion accounts
for 36% and riverbank erosion contributes 4%.

Figure 9 shows the spatial pattern in mean annual net sediment yields (t km= yr~') per
subwatershed for the upper Waitomo catchment. The sediment yield was calculated as the sum of
net sediment loads from each erosion process present within each subwatershed divided by the
subwatershed area. This does not account for downstream storage of sediment in lakes and on
floodplains. The largest sediment yields typically occurred in areas of pastoral hill country on
erodible, soft rock terrain as well as along sections of eroding river channel. Lower sediment yields
occurred in areas with woody vegetation cover or low slope. In a few cases, high yields (t km=2yr")
occurred in subwatersheds with relatively low total erosion loads (t yr-') due to the very small areas
of these subwatersheds (< 0.005 km?).

Under the retrospective (Retro) scenario where erosion mitigations (soil conservation works) were
removed, the net suspended sediment load delivered to the catchment outlet amounted to 8.5 kt
yr' for the upper Waitomo catchment. Over a multi-decadal timescale, the relative erosion process
contribution was similar to the contemporary estimates, with shallow landslides contributing an
estimated 63% of the suspended sediment load. Surface erosion accounted for 31% and riverbank
erosion contributed 6%.

Table 8. Summary of mean annual erosion load, mean annual net sediment load, and erosion process
load contribution estimated for the contemporary baseline (C2024) and retrospective (‘Retro’)
scenario for the upper Waitomo catchment using the LiDAR-based SedNetNZ model

Mean annual net | Erosion load delivered to the stream
Erosion load? sediment load network from each process 2 (kt yr-', %)
Catchment Scenario delivered to the delivered to the
stream network cattl:hment IShZIIT_\I; Surface Riverbank
(ktyr?) outlet andsfide erosion erosion
(kt yr—1) erosion
2024 6.8 57 4.1 2.4 0.26
Upper ' ' 61% 36% 4%
Waitomo Retro 08 65 6.2 3.0 0.56
' ' 63% 31% 6%

aErosion load refers to the mean annual sediment load delivered to a stream segment from the erosion processes
occurring in a subwatershed.
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Figure 8. Mean annual net suspended sediment load (t yr-') accumulated downstream for the
contemporary baseline (C2024) based on 2023 land cover from LCDB v6.0 and existing soil

conservation works displayed for subwatersheds over the underlying hillshade layer and showing
the digital stream network (white).
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Figure 9. Mean annual net sediment yield (t km=2 y~') per subwatershed and displayed by sediment-
yield class for the 2024 contemporary baseline (C2024) based on 2023 land cover from LCDB v6.0

and existing soil conservation works displayed over the underlying hillshade layer.

© New Zealand Institute for Bi

y L

ited (2026)

35



Future mitigation scenarios

Table 9 presents erosion loads for the future mitigation scenarios, while mean annual net sediment
yields (t km=2 yr-') are shown in Figure 10 for the full implementation of the M1 scenario. Figure 11

shows the reductions in mean annual net sediment yield for the future mitigation scenarios relative
to contemporary baseline.

Under the M1 scenario, total erosion load decreased by 24% relative to the contemporary baseline
—to 5.2 kt yr'. Larger reductions of 36% and 45% were observed under the M2 and M3 scenarios,
resulting in total erosion loads of 4.9 and 4.6 kt yr' (Table 9). The progressively larger reductions
reflect the increasing extent of mitigation applied under each scenario, particularly the expansion of
retirement and space-planted trees onto a greater area of erosion-prone hill country, with mitigation
primarily targeted to subwatersheds with the highest baseline erosion rates. The largest reductions
occurred in the western part of the catchment, where steep terrain, high baseline erosion rates,
and greater concentrations of mitigations resulted in larger decreases in sediment yield relative to
the contemporary baseline.

Table 9. Erosion loads (kt yr') for the upper Waitomo catchment modelled under future erosion
mitigation scenarios M1-M3

Erosion load® Difference from contemporary baseline
d(r;l)i\sl:)r:dii Mean annual net (C2024) (kt yr', %)
Catchment Scenario  the stream sediment load delivered Mean annual net
(C2024: kt yr') network to the catchment outlet Egcl)iig’gcllotidthe sediment load
r— (kt yr™) delivered to end of
(ktyr™) stream network
catchment
-1.6 -1.3
M1 52 4.3 —249% —24%
Upper
Waitomo M2 4.9 41 1.9 -1.5
' ’ -36% -27%
(6.8)
-2.2 -1.8
M3 46 3.8 -45% -32%

aErosion load refers to the mean annual sediment load delivered to a stream segment from the erosion processes
occurring in a subwatershed.
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Figure 11. Reduction in mean annual net sediment yield (t km™2 yr-') for the upper Waitomo catchment relative to the 2024 contemporary baseline (C2024)
modelled for the M1, M2 and M3 erosion mitigation scenarios.
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4.2 Sediment load reductions required to meet NPS-FM visual clarity attribute
bands

We modelled suspended sediment load reductions required to meet the NPS-FM 2020 suspended
fine sediment attribute bands for the ‘Waitomo Stream at Tumutumu Road’ SOE site in the upper
Waitomo catchment. Our modelling assessed proportional reductions needed under both the
contemporary baseline (C2024) and future mitigation scenarios.

We determined the baseline attribute state for the Tumutumu SOE monitoring site using the
median measured visual clarity based on data provided by WRC (see Section 3.4). Table 10
shows the proportional reductions (%) in suspended sediment load required to achieve the NPS-
FM attribute bands and the NBL at the SOE site for the contemporary baseline and future
mitigation scenarios.

The Tumutumu SOE monitoring site currently has a D attribute band base state and requires a
36% reduction in sediment load to achieve the NBL for the contemporary baseline. Achieving the B
and A attribute bands would require load reductions of 47% and 56%, respectively (Table 10).

Under the mitigation scenarios, progressively smaller reductions in suspended sediment load are
required to achieve the NBL and attribute bands relative to the contemporary baseline. Under M1,
the reduction required to achieve the NBL decreases from 36% to 17%, with further mitigation
under M2 reducing this to 13%, and under M3 to 6%. A similar pattern is observed for the
reductions required to achieve the B and A attribute bands, which decrease from 47% and 56%
under the baseline to 22% and 35%, respectively, under M3. These improvements reflect the
increasing extent of erosion mitigation applied under the scenarios, particularly retirement,
afforestation, space-planted trees, and riparian management on erosion-prone land upstream of
the SOE site. However, none of the scenarios fully achieve the NBL or visual clarity attribute
targets, indicating that additional mitigation would still be required to meet the NPS-FM objectives.

Table 10. Proportional reductions (%) in suspended sediment load still required to achieve National
Policy Statement for Freshwater Management (NPS-FM 2020) attribute bands (C, B or A) and the NBL
at the ‘Waitomo Stream at Tumutumu Road’ SOE monitoring site for contemporary baseline and
mitigation scenarios (M1, M2 and M3)

Proportional reductions (%) in load
required
Site name Scenario c
B A
(NBL) % %
%
Contem([ngrgrzyAfl))asellne 36% 47% 56%
Mitigation
Waitomo Stm at Tumutumu Rd scenario 1 17% 31% 43%
Site ID: 1253 (M1)
Mitigation
Base scenario 2 13% 28% 40%
Attribute State: D (M2)
Mitigation
scenario 3 6% 22% 35%
(M3)
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4.3 Cost-effectiveness of erosion mitigations

4.3.1 Cost estimation of mitigation scenarios

Table 11 summarises the extent of mitigations and the resulting total implementation costs for each
scenario. Total costs increased substantially across scenarios, reflecting the greater area of
afforestation and riparian retirement. Scenario M1 had the lowest total cost, while M3 was the most
expensive primarily due to the large afforestation area. Because implementation costs are
assumed to occur over 20 years, discounted totals at 2% and 8% were lower than undiscounted
values. Overall, the scenarios spanned a wide cost range, providing a useful basis for comparison.

Table 11. Extent of mitigations and total establishment costs (NZ$) for each scenario; PV- Present
Value

Mitigations Total establishment costs
Scenario .
Riparian Riparian Space Afforestation To_tal cost, PV @2% PV @8%
Fencing (m) area (ha) planted (ha) undiscounted ($m) ($m)
9 trees (ha) ($m)
M1 7,646 2.0 255 77 25 2.0 1.6
M2 12,853 5.2 149 183 3.6 3.0 23
M3 12,840 5.2 - 379 5.6 4.6 3.5

4.3.2 Relationships between mitigations and policy-relevant outcomes

We developed models (Equation 22) and (Equation 23) using outputs from the LiDAR-based
version of SedNetNZ from three scenarios (M1, M2, and M3). Like Polyakov et al. 2024, our model
was estimated without an intercept to attribute all effects to the mitigations. Table 12 presents the
results of estimating the relationship between erosion mitigations and modelled changes in
sediment load (Equation 22). The coefficients are statistically significant and provide a basis for
comparing the relative effectiveness of mitigations.

Table 12. Regression results (and standard errors) of the relationship between the erosion
mitigations and changes in suspended sediment load at the subwatershed level

Variable Dependent variable: change in sediment load
0.024***

Area of afforestation (ha) x yield (0.000)
0.020***

Area of space-planted trees (ha) x yield (0.001)
0.048***

Area of riparian exclusion (ha) x yield (0.003)

Number of observations 969

R2 0.863

Significance levels: * p < 0.1, ** p < 0.05, *** p < 0.01.
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Table 13 presents the results of estimating the relationship between changes in the gross sediment
load and changes in the sediment load at the SOE site (Equation 23).

Table 13. Regression results (and standard errors) from the relationship between the changes in
gross and net sediment load at the SOE site at the catchment level

Variable Dependent variable: change in sediment load the SOE site
Change in gross sediment load 0.837***
(0.002)
Number of observations 3
R? 1.000

Notes: Significance levels: * p < 0.1, ** p < 0.05, *** p < 0.01. With only three observations, this regression should be
treated as calibration and not as a statistically estimated relationship. The R? of 1.000 is a mechanical consequence of
fitting a single slope through three points.

With only three observations, we treat the gross-to-net relationship as a scaling factor that converts
catchment-wide sediment reductions to the change at the SOE site, not as a statistically estimated
model, and we do not interpret its R? or standard error. The coefficient (y) enters the cost-
effectiveness calculation as the conversion from gross to net reduction at the site (Equation 26).

4.3.3 Cost-effectiveness

We report both the overall cost-effectiveness of the modelled mitigation scenarios and the cost-
effectiveness of individual mitigations. Scenario-level metrics provide a direct comparison of the
overall performance of the mitigation packages (M1-M3), while mitigation-level cost-effectiveness
informs the prioritisation and combination of individual mitigation measures. The regression
analysis uses spatial variation in the mitigation extents and locations across scenarios M1-M3 to
estimate the marginal effects of individual mitigation measures.

The two sets of metrics are constructed differently and answer different questions, so they are not
expected to reconcile arithmetically. The scenario-level metric is an average: the total
establishment cost of a package divided by its total net reduction in mean annual suspended
sediment load at the SOE site, taken directly from the SedNetNZ output. The mitigation-level
metric is marginal: a regression-derived, area-weighted cost per tonne for each measure,
estimated from spatial variation across subwatersheds. The scenario metric answers what a given
package costs per tonne delivered; the mitigation metric answers which measure reduces the most
sediment per dollar. We use the scenario-level results as the primary basis for comparing
packages, and the mitigation-level results as an indicative ranking of the relative cost-effectiveness
of the individual measures within them.

Scenario-level cost-effectiveness

Table 14 summarises the overall cost-effectiveness of the three modelled mitigation scenarios,
calculated by relating total establishment costs to the corresponding reduction in mean annual
suspended sediment load at the SOE site. These scenario-level metrics provide a direct
comparison of the overall performance of the mitigation packages and complement the regression-
derived mitigation-level results presented below.
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Table 14. Overall cost-effectiveness of the modelled mitigation scenarios based on reductions in
mean annual net suspended sediment load (from Table 9) and total establishment costs (from Table
11)

. Net sediment-load Undiscounted cost per unit PV@2% ($ t PV@8% ($t
Scenario reduction (t yr™) reduction ($ t™" yr) yr) yr)

M1 1,300 1,920 1,540 1,230

M2 1,500 2,400 2,000 1,530

M3 1,800 3,110 2,560 1,940

At the scenario level, M1 provided the lowest cost per unit reduction in suspended sediment load,
followed by M2 and then M3 (Table 14). This ranking is consistent with the composition of each
package and with the mitigation-level results presented below. M1 is dominated by space-planted
trees, which the regression analysis identifies as the most cost-effective measure per tonne of
sediment reduced. M3, by contrast, consists almost entirely of afforestation and contains no space
planting, and afforestation carries a higher marginal cost per tonne. The scenario-level cost for M1,
$1,540t" yr* (PV @ 2%), falls between the mean marginal cost of space-planted trees (about
$1,190 t* yr") and that of afforestation (about $2,690 t™ yr™"), reflecting its mix of the two
measures. The two analyses therefore point in the same direction: the directly modelled scenario
metric and the regression-derived component metric each rank the cheaper packages and the
cheaper measures consistently, which provides mutual support for both sets of estimates.

Mitigation-level cost-effectiveness

The regression-derived mitigation-level effectiveness and cost-effectiveness metrics are presented
in Table 15. The marginal cost of reducing suspended sediment loads and improving visual clarity
at the SOE site depends on the cost per unit area of mitigations, the effectiveness of those works,
and sediment yields within stream segment subwatersheds. These factors vary considerably
across the catchment. To illustrate the spatial variation in effectiveness and cost-effectiveness, the
analysis focuses on mitigable areas of the catchment. All effectiveness and cost-effectiveness
statistics in Table 15 are computed across the subwatersheds in which each mitigation occurs,
separately within each scenario, and weighted by the area of that mitigation. A range quoted
across scenarios is the spread of the per-scenario means, whereas percentiles (for example, under
M2) describe the distribution across subwatersheds within that scenario.

Costs represent annualised establishment and fencing costs, assuming mitigations are
implemented gradually between 2024 and 2045 (see Section 3.5.2). A 2% discount rate was used
as the base rate, with an 8% rate used for sensitivity analysis (New Zealand Treasury, 2024). The
analysis includes only subwatersheds where mitigations occur under scenarios M1, M2, and M3
(Table 2). The area of mitigation in each subwatershed was used as a weighting factor when
calculating distributions. Here we report mean values and distributions (standard deviation,
quartiles, medians, and 5" and 95" percentiles) for mitigation effectiveness (t yr' ha™') and cost-
effectiveness metrics, including the marginal cost of reducing sediment load ($ t' yr™') and the
marginal cost of improving visual clarity ($ million m=") at both discount rates (Table 15).

Panel A (Table 15) summarises the effectiveness of mitigations across scenarios and mitigation
types. Effectiveness is defined as the average reduction in annual suspended sediment load
achieved per hectare of mitigation.

e Riparian retirement delivers the highest average effectiveness, reducing sediment loads by
approximately 6.1-7.5 t yr' ha-'across scenarios, although variability is substantial (CV =
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0.59-0.61), reflecting heterogeneous site conditions. Afforestation achieves moderate
reductions of 4.6—4.9 t yr' ha™" with lower relative variation (CV = 0.41). Space-planted trees
produce the lowest average reductions (3.8 t yr' ha') with similar variability to afforestation.
The statistics indicate considerable spatial variability within mitigation types. For example,
under M2, riparian retirement ranges from 3.5 t yr' ha™" at the 5th percentile to 17.6 t yr' ha™
at the 95th percentile. This variability primarily reflects differences in baseline sediment yields,
erosion processes, and the location of mitigations within the catchment, with mitigation applied
in higher-yielding areas producing greater sediment reductions per unit area.

The regression-derived mitigation-level cost-effectiveness, expressed as the marginal cost of
reducing sediment load ($ t' yr'), is presented in Panels B (2% discount rate) and C (8% discount
rate).

o At a 2% discount rate, space-planted trees appeared the most cost-effective option, with
average marginal costs of $1,190-1,210 t~' yr'. Afforestation followed, with mean marginal
costs of $2,690-2,870 t~! yr~'. Riparian retirement was substantially more expensive despite
its higher effectiveness per hectare, with marginal costs ranging from $12,460 to $14,150 t
yr-'. Considerable within-type variation is evident, particularly for riparian retirement (e.g.
under M1 the 5"-95™ percentile range spans $7,000 to $23,610 t™' yr~"). Although riparian
retirement produced the largest sediment reductions per hectare, its higher implementation
costs, including fencing and planting requirements, resulted in substantially higher marginal
costs than afforestation or space-planted trees.

e Atan 8% discount rate (Panel C), marginal costs decreased because future costs were more
heavily discounted. Space-planted trees declined to $720-730 t™' yr', afforestation to $1,620—
1,720 t' yr', and riparian retirement to $7,480-8,490 t~! yr-'. Although absolute costs
decreased, the relative ranking of mitigation types remains unchanged. This occurs because
discounting affects all mitigations in a similar manner and therefore does not substantially alter
their relative cost-effectiveness.

Panels D and E report the cost-effectiveness of improving visual clarity, expressed as the cost per
metre increase in clarity at the SOE site ($ million m™). These values were derived by linking
predicted sediment load reductions to clarity improvements using the established nonlinear
sediment—clarity relationship. Consequently, the relative ranking of mitigation measures for
improving visual clarity closely reflects their ranking for reducing suspended sediment loads.

e Ata 2% discount rate (Panel D), space-planted trees provided the lowest cost per unit of
clarity improvement, averaging $7.2—7.4 million m~". Afforestation produced slightly higher
costs of $16.0—16.6 million m~'. Riparian retirement was substantially more expensive, with
costs ranging from $69.2 — $87.4 million m~", reflecting higher implementation costs relative to
clarity improvements.

e At an 8% discount rate (Panel E), costs declined proportionally: space-planted trees decrease
to $4.3—4.4 million m™', afforestation to $9.6—10.0 million m~", and riparian retirement to $41.6—
52.5 million m~". As with sediment reduction, discounting reduced absolute costs but does not
change the relative ranking of mitigation options.
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Table 15. Distribution of mitigation effectiveness and cost-effectiveness for future mitigation scenarios M1-M3, assuming mitigations were implemented

during 2024-2045. Panels show (A) effectiveness of works (t yr-' ha™'), (B—C) marginal cost of sediment load reduction ($ t-' yr-') at 2% and 8% discount

rates, and (D-E) marginal cost of improving visual clarity ($ million m™") at 2% and 8% discount rates

Scenario  Mitigation type Mean STD cv P05 Q1 Median Q3 P95
(A) Effectiveness of M1 Afforestation 4.9 20 0.41 23 3.1 4.8 6.0 8.8
mitigations L .
1 —1 - - - . - - - -
(tyr' ha-) Riparian retirement 6.1 3.6 0.59 3.4 3.8 5.1 7.8 11.2
Space-planted trees 3.8 1.6 0.41 1.7 2.7 3.7 4.7 6.5
M2 Afforestation 4.8 2.0 0.41 2.2 3.1 4.7 5.8 8.0
Riparian retirement 7.5 4.6 0.61 3.5 4.2 5.8 8.5 17.6
Space-planted trees 3.8 1.5 0.41 1.7 2.6 3.6 4.6 6.4
M3 Afforestation 4.6 1.9 0.41 21 3.1 4.5 5.7 7.8
Riparian retirement 7.5 4.6 0.61 3.5 4.2 5.8 8.5 17.6
(B) Marginal cost of M1 Afforestation 2,690 1,240 0.46 1,340 1,910 2,370 3,540 5,080
reducing sediment load Riparian retirement 14,150 5,970 0.42 7,000 9,010 13,670 18,160 23,610
(St yr)
2% discount rate Space-planted trees 1,190 530 0.45 600 830 1,050 1,460 2,240
M2 Afforestation 2,770 1,240 0.45 1,430 1,930 2,410 3,540 5,360
Riparian retirement 12,460 6,240 0.50 4,080 8,280 13,100 16,700 20,590
Space-planted trees 1,210 540 0.45 600 840 1,090 1,490 2,260
M3 Afforestation 2,870 1,290 0.45 1,450 2,000 2,490 3,550 5,410
Riparian retirement 12,470 6,240 0.50 4,080 8,280 13,100 16,700 20,590
(C) Marginal cost of M1 Afforestation 1,620 750 0.46 800 1,150 1,420 2,130 3,050
[g(iﬂc'y”r%)sed'me”t load Riparian retirement 8,490 3,580 0.42 4,200 5,410 8,210 10,910 14,180
8% discount rate Space-planted trees 720 320 0.45 360 500 630 870 1,350
M2 Afforestation 1,660 750 0.45 860 1,160 1,450 2,130 3,220
Riparian retirement 7,480 3,750 0.50 2,450 4,970 7,870 10,030 12,360
Space-planted trees 730 330 0.45 360 500 650 890 1,360
M3 Afforestation 1,720 780 0.45 870 1,200 1,490 2,130 3,250
Riparian retirement 7,490 3,750 0.50 2,450 4,970 7,870 10,030 12,360
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Scenario  Mitigation type Mean STD cv P05 Q1 Median Q3 P95

(D) Marginal costs of M1 Afforestation 16.6 7.7 0.46 8.3 11.8 14.7 21.9 31.4
I(r;Fr)l:iI\ll(I):gn\:?;er clerty Riparian retirement 87.4 36.9 0.42 43.2 55.7 84.5 112.3 146.0
2% discount rate Space-planted trees 7.4 3.3 0.45 3.7 51 6.5 9.0 13.9
M2 Afforestation 16.4 7.4 0.45 8.5 11.4 14.3 21.0 31.6
Riparian retirement 73.8 37.0 0.50 24.2 49.0 77.6 98.9 121.9

Space-planted trees 7.2 3.2 0.45 3.6 5.0 6.4 8.8 134

M3 Afforestation 16.0 7.2 0.45 8.1 11.1 13.8 19.7 30.1
Riparian retirement 69.2 34.7 0.50 22.6 46.0 72.7 92.7 114.3

(E) Marginal costs of M1 Afforestation 10.0 4.6 0.46 5.0 71 8.8 13.2 18.9
I(?r:i:;:g:?;er clarity Riparian retirement 52.5 559 0.42 26.0 335 50.7 67.4 876
8% discount rate Space-planted trees 44 2.0 0.45 2.2 3.1 3.9 5.4 8.3
M2 Afforestation 9.6 44 0.45 5.1 6.9 8.6 12.6 19.1

Riparian retirement 443 22.2 0.50 145 294 46.6 594 73.2

Space-planted trees 4.3 1.9 0.45 2.1 3.0 3.9 5.3 8.0

M3 Afforestation 9.6 4.3 0.45 4.8 6.7 8.3 11.8 18.1

Riparian retirement 41.6 20.8 0.50 13.6 27.6 43.7 55.7 68.6

Notes: STD is the standard deviation, CV is the coefficient of variation, P05 and P95 are the 5th and 95th percentiles, and Q1 and Q3 are the 1st and 3rd quartiles. All statistics
calculated across subwatersheds where each mitigation occurs within each scenario, using weights based on the areas of mitigation. All values are NZ$. Scenario M3 does not include
space-planted trees.
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4.4 Model evaluation and limitations

441 SedNetNZ model evaluation

SedNetNZ is designed to predict spatial patterns in erosion and suspended sediment load on a
mean annual basis for periods spanning several decades. Evaluating model performance is difficult
over such time scales other than comparison with measurements of suspended sediment loads,
which has been the main form of SedNetNZ model evaluation (Basher et al. 2018).

In the upper Waitomo catchment, suspended sediment concentration (SSC) and discharge (Q)
have been monitored for several decades at the Aranui Caves Bridge site near the catchment
outlet, providing a long-term data set suitable for comparison with SedNetNZ predictions. Mean
annual suspended sediment loads have been estimated from these data using SSC—Q rating curve
methods, with a 36-year monitoring record available (Table 16).

Table 16. Comparison of published suspended sediment concentration—discharge (SSC-Q) rating
curve estimates of mean annual suspended sediment load from the ‘Waitomo at Aranui Caves Br’
site versus LiDAR-based SedNetNZ model predictions

SedNetNZ modelled mean annual
SSC-Q rating curve estimates net sediment load estimates
-1
River (ktyr™)
monitoring site Regionwide
name eaiow  sediment  SSC-Q | non.LiDAR LiDAR-based
Source . sampling SedNetNZ SedNetNZ
period - loads? .
period (year) 1 (Vale & Smith, (present report)
(year) (kt yr)
2024)
Kotze (2007) 86 - 07 90 - 06 54
Waitomo at Hicks (2011) 80 - 96 91-97 6.9
Aranui Caves Br
(1253) Hoyle (2012) 86 - 11 90-10 5.9 5.8 5.4
Area: 30.8 km2 Hoyle (2014) 86-13 90 -13 5.9
WRC gauge  gg 55 90 - 20 6.1
data

a SSC—Q rating curve estimates incorporate TSS-SSC corrections to refine sediment load estimates.
b SSC-Q rating curve estimates directly from WRC sediment data analysis gauging software.

While caution is required when comparing SSC-Q rating curve estimates with model predictions
across different timescales and periods, our results showed general agreement between modelled
loads and observed estimates (Table 16). However, this comparison is indicative only, as it was
based on a single site and subject to the inherent limitations of rating curve methods (Asselman
2000; Vercruysse et al. 2017).

Suspended sediment and flow data in the upper Waitomo catchment extend back to 1990. Over
this period, land cover and erosion control mitigations (e.g. tree planting and riparian fencing) have
probably changed relative to the contemporary baseline represented in the model. This may have
resulted in lower modelled loads compared with historical monitoring estimates. However, rating
curve estimates derived from multi-decadal records tend to average variability over time, which is
important when comparing them with SedNetNZ load predictions.
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Comparison with previous modelling

The LiDAR-based SedNetNZ load estimate at the river monitoring site was broadly consistent with
previous region-wide modelling (Vale & Smith 2024), although slightly lower (Table 16). These
differences partly reflect changes in the representation and extent of soil conservation measures,
such as riparian fencing, as well as differences in how erosion processes are represented within
the LIDAR DEM—-based sub-models.

Evaluating modelled erosion process contributions is challenging because long-term monitoring
data cannot be readily partitioned into individual erosion processes. Nevertheless, the LiDAR-
based modelling indicated some shifts in the relative contribution of erosion processes compared
with the previous region-wide assessment. In general, the relative contribution of shallow
landslides decreased, while surface and riverbank erosion increased slightly (Table 17). These
shifts in proportional contribution do not necessarily correspond to large changes in absolute
sediment loads.

Table 17 shows that shallow landslides remained the dominant sediment source in the Waitomo
catchment. Their contribution decreases from 72% in the previous modelling (Table 17) to 61% in
the LiDAR-based assessment, although the absolute loads were similar (4.1 vs 4.9 kt yr™'), Surface
erosion increased from 25% to 36% of total load, with estimated loads increasing from 1.7 to 2.4 kt
yr'. Riverbank erosion also increased slightly in proportional contribution (3% to 4%), largely
reflecting the improved representation and increased length of the DSN derived from LiDAR terrain
data (Table 2). This resulted in an approximate 1.5-fold increase in riverbank-erosion load
estimates, from 0.17 to 0.26 kt yr—' (Table 17).

Table 17. Comparison of erosion process loads between the LiDAR-based SedNetNZ and the
previous region-wide non-LiDAR SedNetNZ results for the upper Waitomo catchment. Total erosion
load delivered to the upper Waitomo stream network from each process is shown first as kt yr', and
then as percentage of the total erosion (%)

Total erosion load delivered to the stream network from each process

LiDAR-based SedNetNZ Previous regionwide non-LiDAR SedNetNZ
(present report) (Vale & Smith 2024)
Shallow . Shallow .
Catchment landslide Surf?ce Rlverl?ank landslide Surf?ce Rlverl?ank
. erosion erosion . erosion erosion
erosion erosion
Upper Waitomo 41 2.4 0.26 4.9 1.7 0.17
PP 61% 36% 4% 72% 25% 3%

Overall, the LiDAR-based SedNetNZ modelling provided a more refined representation of erosion
processes. Higher-resolution terrain data improved the representation of topographic controls on
erosion, while updated sub-models incorporated expanded data sets for calibration. These
improvements better captured spatial variability within catchments, which is difficult to represent
using lower-resolution terrain data in region-wide modelling.

At the subwatershed scale, erosion processes show greater variability, particularly in lowland areas
where riverbank erosion can be locally important. The LiDAR-based approach better represented
these finer-scale variations, improving the ability to distinguish between erosion processes that
may be underestimated or overgeneralised in region-wide assessments. This improved spatial
resolution strengthened the model’s ability to represent contemporary sediment budgets and
supported its application for targeting erosion mitigation.
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4.4.2 Model limitations

In Section 4.4.2 we outline some specific limitations in terms of each modelling component below.
Model outputs should be interpreted in the context of these limitations.

Limited empirical data remains a key challenge for modelling erosion processes across New
Zealand’s diverse erosion terrains. As a result, model parameterisation must combine available
data with expert judgement when representing erosion processes and mitigation effectiveness.
Although the LiDAR-based SedNetNZ model improves the representation of erosion processes,
some limitations remain due to data constraints and inherent modelling assumptions.

Erosion process representation

In this project, we updated the surface erosion component of the LiDAR-based model to better
represent slope length and steepness, improving the representation of topographic controls on
convergent upslope contributing areas, following Smith, Herzig et al. (2019). However, key
limitations remain in the calculation of the € and K factors in RUSLE, and the availability of high-
resolution input data. Improved soils data sets for the Waikato region, such as S-map, may
enhance surface erosion estimates in future.

A stocking density—adjusted K factor was introduced in the surface erosion sub-model (Vale et al.
2025a,b) to account for the effects of livestock treading and grazing on erosion. This approach
requires several parameters, including grazing intensity, stock type, soil moisture, clay content, soil
susceptibility, and grazing history and duration (Donovan & Monaghan 2021). Many of these
parameters vary both annually and over longer timescales as farming practices change. However,
due to the absence of suitable spatial or long-term data sets, we had to make assumptions for
application in a multi-decadal sediment budget model. The result of this is that these sub-model
does not represent inter-annual variability explicitly.

Donovan & Monaghan (2021) reported good agreement between modelled and measured soil loss
at catchment and farm scales, providing confidence in the general sensitivity of the adjustment.
Their analysis indicated that soil damage was most sensitive to stock type, grazing intensity, and
clay content (see Figure 2 of Donovan & Monaghan [2021]). Stock unit densities derived from
AgriBase® data provided by WRC were used to represent stock type and grazing density.
Although these data are temporally static, they provide the best available spatial representation at
the catchment scale. In contrast, soil moisture, grazing history, and grazing duration were
unavailable and were approximated using values from Donovan & Monaghan (2021), although
model sensitivity to these parameters was relatively low.

Shallow landslides are triggered by storm events exceeding rainfall thresholds, resulting in large
inter-annual variability in landslide occurrence and sediment yield. SedNetNZ does not simulate
this variability directly. Instead, storm-triggered landslide contributions are averaged over a multi-
decadal period, as described in Section 3.2.1. Landslide depth was approximated to a constant
1 m; however, actual depths can vary significantly. For example, Phillips et al. (2021) reported
typical depths of up to 2 m, while Page et al. (1994) observed scar depths ranging from 0.13—
3.9 m, with an average of 0.89 m. Betts et al. (2017) reported depths in various materials, including
weakly indurated sandstone (0.2—1.6 m; mean 0.69 + 0.05 m), moderately indurated sandstone
(0.3-1.4 m; mean 0.74 £ 0.05 m), and mudstone (0.3-3.0 m; mean 1.01 £ 0.07 m). Although
informative, these data are limited, and we currently lack sufficient data to represent this spatial
variation in landslide depths adequately within the model.
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We improved riverbank erosion modelling by using a larger data set on bank migration rates for
model calibration and LiDAR-derived estimates of bank height, which replaced the earlier reliance
on a regional discharge-bank height relationship. Accurate representation of riparian woody
vegetation remains important for modelling bank erosion. In this study, riparian vegetation was
derived directly from LIiDAR data at 1 m resolution, replacing the lower-resolution (15 m) EcoSat
Woody layer (Dymond & Shepherd 2004). The LCDB v6 is unsuitable for representing narrow
riparian vegetation strips due to its 1 ha minimum mapping unit. The bank migration, bank height,
and net bank erosion relationships were developed and evaluated using datasets from the
Hawke's Bay and Greater Wellington regions (Smith et al. 2024) and have not been specifically
calibrated for the upper Waitomo catchment. Consequently, their application assumes these
relationships are transferable to the study area, which introduces additional uncertainty into the
riverbank erosion estimates. However, these relationships are based on substantially larger
datasets and improved model parameterisation compared with previous SedNetNZ
implementations, providing the best available basis for estimating riverbank erosion within the
LiDAR-based framework.

Erosion mitigation effectiveness

Reductions in sediment load from hillslope erosion processes are determined by changes in land
cover associated with each mitigation type within each scenario. Effectiveness represents the
capacity of a mitigation to reduce sediment loads once fully established and is specific to each
mitigation type. The effectiveness values used in this modelling are based on simplified
interpretations of published data and assume that mitigations achieve full effectiveness once fully
mature. However, reported effectiveness varies widely in the literature, and actual performance
can differ depending on site conditions and implementation. A comprehensive review of erosion
mitigation effectiveness is provided by Phillips et al. (2020).

For conversion from pasture to permanent woody vegetation, we assumed a 90% reduction in
mass movement erosion. This value is consistent with reductions typically reported in New Zealand
studies (Phillips et al. 2020). Published reductions estimates range from 35% to 91%, with most
studies reporting reductions of 70% to 90% in landsliding under closed-canopy vegetation (e.g.
indigenous forest, mature pine forest, or scrub) relative to pasture (Hicks 1989, 1990, 1991; Pain &
Stephens 1990; Phillips et al. 1990; Marden et al. 1991; Bergin et al. 1993, 1995; Marden & Rowan
1993; Fransen & Brownlie 1995; Hancox & Wright 2005; Smith et al. 2023).

For space-planted trees, an effectiveness value of 70% was adopted based on Hawley and
Dymond (1988) and supported by subsequent studies. Empirical evidence for space planting is
often derived from individual or small groups of trees rather than hillslope-scale assessments.
Reported reductions in erosion range widely (2% to 95%) across New Zealand studies (Phillips et
al. 2020), reflecting strong dependence on successful establishment and maintenance (Marden &
Phillips 2013). When trees are appropriately spaced (e.g. at c. 10 m) and well maintained,
reductions in shallow landsliding of 70% to 95% have been reported (Hawley & Dymond 1988;
Douglas et al. 2009, 2013; Mclvor et al. 2015).

Estimating the effectiveness of riparian fencing and stock exclusion for reducing riverbank erosion
is more uncertain due to limited empirical studies, and stream bank erosion remains one of the
least well understood erosion processes in New Zealand (Basher 2013). Bank erosion varies with
stream order, channel position, and dominant processes, including mass failure, stock trampling,
and fluvial entrainment (Hughes 2016). As a result, the effects of riparian management can be
highly variable. Furthermore, the model applies riparian mitigation at the stream-segment scale
using a mean buffer width and therefore does not explicitly distinguish between treatment on one
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or both stream banks, or account for variation in effectiveness along individual stream banks. The
effectiveness values applied here fall within the 30% to 90% range reported in published and
unpublished studies (Owens et al. 1996; Williamson et al. 1996; Line et al. 2000; Meals & Hopkins
2002; McKergow et al. 2003, 2007, 2022; Monaghan & Quinn 2010; Phillips et al. 2020).

Riparian fencing estimate

We estimated riparian fencing in the upper Waitomo catchment using spatial data on riparian
retirement and fencing provided by WRC. Although these layers represent the best available
information, several limitations arose when mapping them onto the DSN to estimate fencing
proportions.

A key challenge was the difference in spatial precision between the riparian layers and the mapped
stream network. Riparian polygons represent fenced or retired areas, but their boundaries do not
always align with the channel position. As a result, direct intersection between the data sets can
miss fencing that is functionally adjacent to streams. To address this, we applied a 10 m buffer to
the riparian polygons to improve their intersection with the correct stream segments. This buffer
width was selected through testing to balance two issues: narrow buffers may underestimate
fencing by missing genuine intersections, while wider buffers risk intersecting neighbouring stream
segments and inflating estimated fenced length.

Additional limitations arose from reliance on the WRC spatial data sets. Riparian fencing
undertaken independently of WRC programmes might not be represented in their database and
therefore would not be captured in the modelling. In some cases, older riparian retirement areas
have since matured into woody vegetation and are more appropriately represented as woody cover
rather than fenced pasture margins.

Accurate estimation of fencing proportions was also influenced by the precision of the DSN.
Stream networks are sensitive to the drainage-area threshold used to initiate first-order streams,
meaning some first-order streams in the digital network may be perennial, ephemeral, or absent on
the ground. To improve representation, we generated a new DSN from the 5 m LiDAR DEM using
a 5 ha initiation threshold. Although some over- and under-estimation of channel extent remained,
the updated network provided a substantial improvement over the previous REC2 network in
representing stream extent and planform.

Riparian buffers were represented using a mean buffer width for each stream segment and
therefore do not explicitly account for variation in buffer width, fencing, or vegetation between
individual stream banks or along the length of a stream segment. Consequently, local differences
in riparian management, and their influence on sediment trapping and bank protection, are
simplified within the catchment-scale modelling framework.

Errors in estimating current riparian fencing will influence the modelled effectiveness of future
mitigations. Overestimation of existing fencing will reduce the remaining stream length available for
additional fencing, thereby limiting modelled reductions in sediment loads and associated
improvements in visual clarity and achievement of NPS-FM 2020 attribute bands. Conversely,
underestimation of existing fencing may lead to overestimation of the benefits achievable through
future fencing.

Karst landscape and sediment routing

Developing a DSN for a catchment underlain by karst geology introduces uncertainties beyond
those encountered in conventional surface-water drainage systems. In karst terrain, surface
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channels often disappear into sinkholes (tomo), dolines, and other dissolution features, transferring
flow underground before re-emerging downstream. This behaviour complicates the representation
of hydrological connectivity and creates challenges for accurately modelling sediment routing.

We used a LiDAR-derived DEM to generate the DSN, based on surface topography. However,
because the DEM cannot resolve subsurface flow pathways, it may depict continuous surface flow
where no channel exists, particularly where streams sink into sinkholes. These artefacts required
substantial manual editing to remove or adjust in our models. The true hydrological pathways in
karst catchments are often discontinuous, complex, and only partially mapped. As a result, digital
flow paths may not function in reality if water is captured by underground conduits, while
downstream reconnection points may not appear in the DEM at all. This leads to uncertainty in
determining where surface flow is genuinely routed and where it transitions into subterranean flow
before resurfacing elsewhere in the catchment.

It can also be difficult to establish whether a surface channel that terminates abruptly reconnects
further downstream, links to a neighbouring subwatershed, or is confined to a closed karst
depression. These uncertainties directly affect sediment routing in the model. If surface flow is
assumed to continue downslope along a DEM-derived pathway, sediment loads may be routed to
the wrong sub-catchment. Conversely, if flow is assumed to terminate within a karst feature when it
actually resurfaces downstream, sediment delivery may be underestimated.

To reduce these limitations, we incorporated available geological and cave-system mapping and
drew on the expert knowledge of members of the New Zealand Speleological Society, who
provided insight into known subterranean connections in the catchment. Their input helped refine
the likely linkages between subwatersheds and identify where surface drainage deviated from
DEM-derived pathways. Despite these improvements, some uncertainty remains unavoidable due
to the inherently complex and partially unmapped nature of the subsurface karst system.

Reductions required to meet visual clarity attribute bands

We estimated mean annual suspended sediment load reductions to achieve visual clarity and
suspended fine sediment objectives using equations developed by Hicks et al. (2019) from
simplifications in the relationships reported by Dymond et al. (2017). A key assumption for
calculating required load reductions to meet objectives is that the relationship between suspended
sediment load and the flow frequency distribution remain constant at a site. In reality, this
relationship may change due to changes in catchment hydrology, leading to changes in the
relationship between a given flow and suspended sediment load (Hicks et al. 2019).

Because data are not presently available to predict these changes, we have assumed that the
associated relationships remain constant. This assumption was particularly important when
modelling changes in visual clarity under different scenarios. Because these scenarios may
significantly change the land cover and catchment hydrology, the relationship between visual
clarity and sediment load may differ at an SOE site compared with the contemporary baseline
(C2024).

We estimated the required load reductions using empirical models fitted to a national data set. This
should result in the models being fitted to a wide range of catchment variables and therefore
representing the variability found in the upper Waitomo catchment. Although sites from Waikato
were used in the national data set (see Hicks et al. 2019), this approach may lead to under- or
overestimation of required reductions at any one location.
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Cost-effectiveness

A key limitation of our cost-effectiveness analysis is the uncertainty associated with sediment yield
estimates, which vary spatially and temporally. Baseline sediment loads and the effectiveness of
mitigations depend on factors such as topography, land use, and hydrological processes. Although
these factors are incorporated to some extent, modelling assumptions and data limitations
introduce inherent uncertainty into the results.

The cost-effectiveness analysis also relies on a regression framework to estimate the average
contribution of individual mitigations to reductions in sediment load. This approach was used to
decompose the combined effects of the modelled mitigation scenarios and estimate the relative
effectiveness of different types of mitigation. However, some mitigations are implemented together
and are therefore not fully independent, particularly riparian planting and fencing. Consequently,
the resulting effectiveness and cost-effectiveness estimates should be interpreted as average
marginal effects derived from the suite of modelled scenarios rather than precise estimates of the
independent effect of each type of mitigation. Alternative scenario configurations or mitigation
combinations may produce different estimates.

The choice of discount rate is another important consideration. The (New Zealand) Treasury
recommends a 2% discount rate for environmental projects and an 8% rate for sensitivity analysis
(New Zealand Treasury 2024). Higher discount rates substantially reduce the present value of
long-term costs and therefore influence the relative cost-effectiveness of mitigations.

We assumed that mitigations were implemented gradually over the study period; however, in
practice they are likely to occur sequentially. A sequential implementation creates opportunities for
prioritisation, allowing decision makers to allocate resources based on emerging information,
funding availability, and landowner participation. These dynamic decision-making processes were
not explicitly represented in our analysis and may influence the realised effectiveness and cost-
effectiveness of interventions.

Finally, our analysis focused on direct financial costs and sediment reduction benefits. It did not
account for opportunity costs or broader co-benefits such as biodiversity enhancement, water
quality improvements, carbon sequestration, or cultural values. These factors could substantially
influence the overall value of mitigations for landowners and policymakers considering wider
environmental and social outcomes.

This report describes the application of the LiDAR-based SedNetNZ model to estimate erosion and
suspended sediment loads in the upper Waitomo catchment, extending earlier implementation in
four Waikato CEM catchments. The model estimates a contemporary suspended sediment load of
5.7 kt yr-' delivered to the catchment outlet. Shallow landslides are the dominant sediment source,
contributing ~61% of the load, followed by surface erosion (~36%) and riverbank erosion (~4%).
Under a retrospective scenario where erosion mitigations are removed, the modelled load
increases to 8.5 kt yr-', highlighting the importance of existing erosion control mitigations.

Scenario modelling (M1-M3), shows that mitigations including afforestation/bush retirement,
space-planted trees, and riparian fencing could reduce sediment loads by 24—-45% across the
catchment. However, at the Tumutumu monitoring SOE site a 36% reduction from contemporary
loads is required to meet the NPS-FM national bottom line for visual clarity, and none of the
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mitigation scenarios achieved this threshold, further reductions of 17% (M1), 13% (M2), and 6%
(M3) would still be required. This indicates that additional or more extensive mitigation would be
required to meet the NPS-FM objective.

The cost-effectiveness analysis shows substantial variation in both overall performance of the
mitigation scenarios and the effectiveness of individual mitigation types across the catchment.
Among the modelled scenarios, M1 provided the lowest cost per unit reduction in suspended
sediment load, while M2 and M3 achieved progressively greater sediment reductions but at
increasing overall cost. Space-planted trees provided the most cost-effective option for reducing
suspended sediment loads and improving visual clarity, while afforestation offered moderate cost-
effectiveness. Riparian retirement achieved the highest sediment reductions per hectare but
remained the least cost-effective option due to its higher implementation costs and limited total
reductions from this mitigation. Although changes in the discount rate affected absolute marginal
costs, they do not alter the relative ranking of mitigation types. These cost-effectiveness estimates
should be interpreted as indicative average marginal values derived from the modelled mitigation
scenarios rather than precise estimates of the independent effects of individual mitigations.
Overall, the results highlight the importance of spatially targeted mitigation to improve the efficiency
of erosion control investments.

Modelled sediment loads were broadly consistent with estimates derived from SSC—Q rating
curves and previous region-wide modelling, supporting confidence in the overall magnitude of
predicted loads. The use of high-resolution LIDAR DEMs improved representation of terrain and
erosion processes; however, in this karst-dominated catchment, subsurface drainage through
sinkholes and cave systems introduces inherent uncertainty in hydrological connectivity and
sediment routing.
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Table A1.1. Summary of layers, and attribute fields, associated with the LiDAR-based version of SedNetNZ supplied with the present report

Folder name Layer name Description and attribute fields

Watershed_layers Waitomo_streamlines_v1.0.shp Digital streamlines representing the drainage network with a 5-ha upstream area threshold for

channel initiation.
e CATCHMENT - catchment name
e  HydrolD — unique identifier of each subwatershed
e NextDownID — HydrolD of the next downstream subwatershed
e LengthKM — streamline length in km
e  StrOrd — Stream order (1 — 8)

Watershed_layers Waitomo_subwatershed_v1.0.shp Subwatersheds draining to segments within the digital stream network.
e CATCHMENT - catchment name
e HydrolD — unique identifier of each subwatershed
e NextDownlID — HydrolD of the next downstream subwatershed
e AreaKM2 — subwatershed area in km?

© New Zealand Institute for Bi y Sci Limited (2026)



Folder name Layer name

Description and attribute fields

Modelled_layers Waitomo_C2024_LiDAR_SedNetNZ_v1.0.shp

LiDAR-based SedNetNZ suspended sediment budget for each subwatershed in the upper
Waitomo catchment based on 2023/24 land cover from LCDB v6.0 and existing soil
conservation works (C2024).

The shapefile contains the following fields:

HydrolD — unique identifier of each subwatershed
NextDownID — HydrolD of the next downstream subwatershed
AreaKM2 — subwatershed area in km?

LandslYld — mean annual suspended sediment yield (t km=2 yr-') from shallow
landslides delivered to the stream segment within a subwatershed

SurfaceYld — mean annual suspended sediment yield (t km=2 yr-') from surface
erosion delivered to the stream segment within a subwatershed

EarthflYld — mean annual suspended sediment yield (t km=2 yr-') from earthflow
erosion delivered to the stream segment within a subwatershed

GullyYld — mean annual suspended sediment yield (t km=2 yr-') from gully erosion
delivered to the stream segment within a subwatershed

RivBankYIld — mean annual suspended sediment yield (t km= yr~') from net riverbank
erosion delivered to the stream segment within a subwatershed

TotalSedYld — total mean annual suspended sediment yield (t km=2 yr-') delivered to
the stream segment from all erosion processes present within a subwatershed
AccNetLoad — net suspended sediment load that accumulates downstream while
accounting for losses of sediment into long-term storage in lakes and on floodplains
(tyr")

Modelled_layers Waitomo_MitScenarios_SedYIld_LIiDAR_SedNetNZ_v1.0.s

hp

LiDAR-based SedNetNZ total mean annual suspended sediment yield (t km=2 yr~') for each
subwatershed in the upper Waitomo catchment based on the erosion mitigation scenarios (M1,
M2 and M3).

The shapefile contains the following fields:

HydrolD — unique identifier of each subwatershed
AreaKM2 — subwatershed area in km?

XX_XX_XXX — total mean annual suspended sediment yield (t km=2 yr) delivered to
the stream segment from all erosion processes present within a subwatershed for the
respective scenario

o C2024_yld, M1_yld, M2_yld, M3_yld, retro_yld
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Folder name Layer name

Description and attribute fields

Modelled_layers Waitomo_
MitScenarios_NetLd_LIiDAR_SedNetNZ_v1.0.shp

LiDAR-based SedNetNZ mean annual net suspended sediment load (t yr-') that accumulates
downstream for each subwatershed in the upper Waitomo catchment based on the erosion
mitigation scenarios (M1, M2 and M3).

The shapefile contains the following fields:
e HydrolD — unique identifier of each subwatershed
e AreaKM2 — subwatershed area in km?

o XX _XX_ XXX - mean annual net suspended sediment load that accumulates
downstream while accounting for losses of sediment into long-term storage in lakes
and on floodplains for each respective scenario (t yr-')

o €2024_nid, M1_nld, M2_nld, M3_nld, retro_nld

Shallow_landslide Waitomo_XXX_ShallowLandslideErosion_v1.0.tif

XXX =
° C2024, M1, M2, M3

Raster layer (5 m grid) of mean annual suspended sediment yield (t km=2 yr-') from rainfall-
induced shallow landslide erosion delivered to the stream network for contemporary baseline
(C2024) and full implementation of each erosion mitigation scenario (M1, M2 and M3).

For sediment budgeting, the sediment yield from shallow landslide erosion is derived by
averaging across all pixels within a subwatershed.

Surface_erosion Waitomo_XXX_SurfaceErosion_v1.0.tif

XXX =
o (C2024, M1, M2, M3

Raster layer (5 m grid) of mean annual suspended sediment yield (t km=2 yr-') from surface
erosion delivered to the stream for contemporary baseline (C2024) and full implementation of
each erosion mitigation scenario (M1, M2 and M3).

At the pixel scale, very high sediment yields from surface erosion occur when expressed

per km? in some cases due to the combination of high erosion rates and the small pixel size (1
pixel = 25 m?). For sediment budgeting, the sediment yield from surficial erosion is derived by
averaging across all pixels within a subwatershed.

The sediment yields account for sediment trapping by riparian buffers, which is determined for
each subwatershed and applied across all pixels within the subwatershed.
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Folder name Layer name

Description and attribute fields

Visual_clarity SOE_C2024_proportional_reductions_v1.0.shp
SOE_MitScenarios_proportional_reductions_v1.0.shp

SOE_C2024_sediment_load_reductions_v1.0.shp
SOE_MitScenarios_sediment_load_reductions_v1.0.shp

Modelled reductions in suspended sediment loads for contemporary baseline and erosion
mitigation scenarios required to achieve each NPSFM (2020) attribute band and NBL for
suspended fine sediment. Provided as proportional reductions and load reductions (t yr™).

Site_name — Name of SOE monitoring site
Site_ID — Site ID of SOE monitoring site
HydrolD — unique identifier of each subwatershed

SedClass — Suspended sediment class (1-4) based on REC segments (Hicks &
Shankar (2020))

CLAR - Estimated baseline visual clarity for each SOE site (based on data
provided)

base_stat — Estimated base state (based on data provided)

NBL_XX, B_XX, A_XX - Proportional reductions to achieve NPS-FM (2020) for
band A, B and NBL (C). Suffixes refer to respective scenarios.

o C2024, M1, M2, M3
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