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Recently uplifted, highly erodible rocks, and recurrent high intensity storms,
generate exceedingly high erosion and sedimentation rates in the East Coast
Region (Tairāwhiti) of Aotearoa New Zealand. Despite the recent nature of the
Anthropocene record in global terms (~650 years since Māori arrival, 250 years of
colonial impacts), human disturbance has profoundly altered evolutionary
trajectories of river systems across the region. Here we document catchment-
by-catchment variability in anthropogenic signature as geomorphic river stories
for five catchments (Waiapu, Hikuwai, Waimatā, Waipaoa, Mōtū). We show how
targeted, fit-for-purpose process-based rehabilitation programmes that manage
at source and at scale are required to facilitate river recovery in each of these
catchments. The largest rivers in the region, Waiapu andWaipaoa, comprise steep,
highly dissected terrains that are subject to recurrent hillslope failures, including
systemic shallow landslides, occasional deep-seated rotational slumps and
earthflows. Localised sediment input from large (>10 ha) gully mass movement
complexes overwhelms valley floors. Targeted revegetation programmes are
required to reduce extreme sediment inputs from these sources. Although
there are fewer gully complexes in the Hikuwai, multiple landslips supply vast
volumes of fine-grained sediment that aggrade and are recurrently reworked
along channel margins in lowland reaches. Waimatā has no gully complexes and a
smaller number of landslips, but large areas are subject to sediment input from
earthflows. The terrace-constrained flume-like nature of this system efficiently
flushes materials ‘from the mountains to the sea’, recurrently reworking materials
along channel banks in a similar manner to the lower Hikuwai. Systematic
reforestation in the middle-upper catchment and revegetation of riparian
corridors is required to reduce sedimentation rates in these catchments. In
contrast, terraces buffer sediment delivery from hillslopes in the upper Mōtū
catchment, where a bedrock gorge separates large sediment stores along upper
reaches from the lower catchment. As reworking of valley floor sediments in
response to bed incision and reworking (expansion) of channel margins is the
primary contemporary sediment source in this system, bed control structures and
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revegetation of riparian corridors are required as part of targeted sediment
management plans. We contend that geomorphic river stories provide a
coherent platform for Anthropocene rehabilitation strategies that work with the
character, behaviour and evolutionary trajectories of river systems. Although this
generic lens can be applied anywhere in the world, we highlight particular
meanings and implications in Aotearoa New Zealand where such thinking aligns
directly withMāori values that respect themana (authority), mauri (lifeforce) and ora
(wellbeing) of each and every river.

KEYWORDS

catchment transformation, catchment connectivity, river geomorphology, regime shift,
sediment flux, recovery, river futures

1 Introduction

River histories from centennial to millennial timescales
reveal human impact via enhanced sedimentation and
catchment sensitisation to climate (e.g., Knox, 1977; Brooks
and Brierley, 1997; Wasson et al., 1998; Macklin and Lewin,
2003; Richardson et al., 2014). These understandings are not new
(e.g., Marsh, 1864). Concepts of ‘Anthropocene rivers’ recognise
the profound extent and scale to which rivers have been
transformed by human activity beyond prior reference points
(Brown et al., 2013; Large et al., 2022). In many instances, regime
shift and state change engender persistent modification (cf.
Thoms et al., 2020), as anthropogenic landscape forcing
overwhelms the natural process regime (sensu Steffen et al.,
2007). In many parts of the world this shift of regime and state
reflects direct (planned, purposeful) anthropogenic modification
of river systems. In the East Coast Region (Tairāwhiti) of
Aotearoa New Zealand it reflects landscape response to
deforestation (Fuller et al., 2015), as recognised by Henderson
and Ongley (1920).

Global changes in land use play out in differing ways and with
differing implications and consequences in different parts of the
world, indeed, within any given region. Impacts upon flow/
sediment regimes and the balance of impelling and resisting
forces along river courses have profound implications for
rehabilitation prospects (e.g., Brierley and Fryirs, 2009; Wohl
et al., 2015; Brierley and Fryirs, 2016; Poeppl et al., 2020). Putting
aside contested meanings of the Anthropocene, especially in
socio-political and cultural terms (e.g., Castree, 2014; Malhi,
2017; Hayman et al., 2018), here we show how profound
catchment-by-catchment variability in responses to
anthropogenic disturbance presents differing prospects for
process-based approaches to river rehabilitation for five river
systems on the East Coast of Aotearoa New Zealand.
Rehabilitation prospects reflect catchment-specific expressions
of cumulative (layer upon layer) histories of landscape responses
to anthropogenic disturbance. We contend that geomorphic river
stories provide an insightful lens to unravel and communicate
marked variability in river responses to systematic, rapid
deforestation in an area that was already subject to
exceedingly high rates of erosion and sedimentation prior to
anthropogenic disturbance around 650 years ago (Wilmshurst
et al., 1999). We define a river “story” as a succinct account of
catchment-specific evolutionary trajectory, based on observed

changes over time (decades, at least). By linking together evident
causes (e.g., land-use change, altered hydrologic regime) with
progressive and persistent documented change in river character
(including responses such as floodplain sediment storage,
channel widening, progressive channel degradation), we trust
that river stories provide readers key insights into the active
mechanisms, feedbacks, and/or cumulative effects that lead to
this change. In turn, we hope such catchment-specific
understandings empower local communities to engage with
geomorphologically-informed remediation strategies that are
fit-for-purpose.

Initial impacts of Polynesian settlement on river systems in
Tairāwhiti did not result in regime shift or state change. At the time
of European arrival, streams were clear-flowing and armoured with
cobbles (Hamilton and Kelman, 1952). Deforestation following
European colonisation to create pastoral landscapes occurred
over a matter of decades from the late 1800s to early 1900s
(Fuller and Rutherfurd, 2021). Land clearance exposed highly
erodible terrains to a range of erosion processes, increasing
erosion rates by an order of magnitude relative to estimated rates
at the end of the Last Glacial Maximum (Marden et al., 2014). Here
we focus on historic trajectories of five major rivers in this region where
the anthropogenic signature is especially pronounced (Fuller et al.,
2015): Waiapu, Hikuwai, Waimatā, Waipaoa and Mōtū (Figure 1).

Anthropogenically-induced landscape transformation
following European settlement created new river structures,
functions, and trajectories in Tairāwhiti. Intriguingly,
although removal of indigenous forest was fairly uniform
across the region, contrasting channel responses reflect the
range and diversity of river types across this relatively small
region, often for rivers that share catchment boundaries and
land-use histories. Erosion processes such as gully mass
movement complexes or ‘badass’ gullies (Marden et al., 2018)
evident in some of the study catchments do not conform to any
existing gully model, generating profoundly disproportionate
inputs into sediment cascades (Phillips, 2015; Fuller et al., 2020).
Significant bed aggradation and pulsed sediment movement
have ensued in the Waiapu and Waipaoa catchments.
Although deforestation also profoundly altered adjacent
systems such as the Hikuwai (Uawa), Waimatā and (to a
lesser extent) the Mōtū Rivers, geomorphic response rates
and extents to the same driver of change were less
pronounced. Here we use long-standing principles in applied
fluvial geomorphology outlined in Table 1 to characterise these
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variable river responses to anthropogenic disturbance as
geomorphic river stories.

Some conceptualisations characterise Anthropocene rivers as
homogenous and lacking in geomorphic complexity (De Boer et al.,
2020). Such assertions typically reflect anthropogenically modified
rivers that have been directly managed for ‘control’. Rivers in
Tairāwhiti that we report upon in this study have been subjected
to limited direct management. However, transformed boundary
conditions following indirect responses to deforestation resulted
in rivers that are anything but under ‘control’. We show how
process-based understandings expressed as geomorphic river
stories can support the design and implementation of catchment-
specific river rehabilitation plans for a suite of dynamically adjusting
but geomorphologically diverse river systems across Tairāwhiti.

Proactive, precautionary and cost-effective approaches to
managing rivers in the Anthropocene ‘work with the river’,
applying nature-based solutions that appropriately incorporate
place-based understandings of the character, behaviour and
evolutionary traits of each river system (Fryirs and Brierley, 2021;
García et al., 2021; Brierley and Fryirs, 2022). Process-based
measures that manage at source and at scale are key to effective
rehabilitation (Beechie et al., 2010; Wheaton et al., 2019). Framed in
relation to Anthropocene rehabilitation prospects, geomorphic river
stories build upon meaningful description of catchment attributes to
guide reliable explanation of the character, behaviour and evolution

of the system (Brierley et al., 2021). Inevitably, the river itself is the
key character in a geomorphic river story–what it looks like and how
it adjusts in its journey from the mountains to the sea (Table 1).
Temporal considerations sit alongside these spatial concerns—how
the river evolves, its response to disturbance events, and associated
magnitude-frequency relations. Geomorphic river stories are seldom
linear (cause-and-effect) tales; rather, long periods of relative calm
are disrupted by short chaotic intervals, often with surprising
outcomes. Such is the inherent unpredictability and uncertainty
of innately emergent systems.

Catchment-specific insights expressed through geomorphic
river stories are key parts of coherent databases that are required
to support and prioritise fit-for-purpose, appropriately targeted,
strategic rehabilitation programmes (Table 1; cf., Fryirs et al.,
2021). At a regional scale, understandings of controls upon
within- and between-catchment variability in geomorphic
characteristics appraise the role of boundary conditions set by
geologic, climatic and anthropogenic factors, the imprint of past
events (landscape, memory, legacy effects) and prospects for
geomorphic river recovery (Fryirs and Brierley, 2016). This
entails determination of what recovery looks like, how readily
it can be achieved, and the sustainability of outcomes.
Recognising explicitly that all rivers are important, and it
often pays to work with the willing, these geomorphic insights
enable cross-regional prioritisation of locally owned and enacted

FIGURE 1
The Raukumara Ranges are the backbone of Tairāwhiti (East Coast Region of Aotearoa New Zealand). Although the five study catchments (Waiapu
(1758 km2), Hikuwai (560 km2), Waimatā (370 km2), Waipaoa (2,208 km2), Mōtū (1,373 km2)) have been subject to similar land use impacts associated with
rapid deforestation, marked variability in recovery and rehabilitation prospects reflect significant differences in geomorphic responses to anthropogenic
disturbance.
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interventions in ways that address things that matter and are
financially prudent.

Just as biophysical attributes of the landscapes and
ecosystems of Aotearoa New Zealand are globally
distinctive (see Gibbs, 2006), so too is the socio-cultural
and political history and associated management and
governance arrangements, especially attributes shaped by
the Treaty of Waitangi (Te Tiriti o Waitangi), signed in
1840 (see Hikuroa et al., 2021; Knight, 2016; Parsons et al.,
2021). These framings and the policy settings in which they are
embedded create opportunities for novel approaches to
rehabilitation in the Anthropocene in Aotearoa
New Zealand. Such practices can build upon alignment of
geomorphic understandings with principles of Mātauranga
Māori (indigenous knowledge construction; Wilkinson
et al., 2020). Rivers are conceptualized in Te Ao Māori (the
Māori worldview) as the lifeblood of the land, wherein the ora
(wellbeing) of the river—encapsulated by its mauri (life
force)—is intertwined with the wellbeing of its people
(Stewart-Harawira, 2020). For Māori, an awa (river) is not
just a resource to be used, it is an interconnected, living
system—a force to be lived with, reckoned with, and
respected (te awa tupua) (Salmond, 2014). Explicitly, moves
towards uptake and embedding of Te Mana o Te Wai in
Aotearoa New Zealand’s 2020 National Policy Statement for
Freshwater (Ministry for Environment, 2020) emphasise
concerns for knowledges-in-place, whereby best available
understandings support efforts to enhance the ora
(wellbeing) of every waterbody (Te Aho, 2019). We contend

that geomorphic river stories provide a helpful resource to
support such endeavours.

2 Regional setting

2.1 Tairāwhiti climate, physiography and
vegetation

The climate of Tairāwhiti is strongly maritime influenced
with warm moist summers and cool wet winters. Rainfall
gradients increase from the south to the north and from the
coast inland (Figure 2). Tropical cyclones can occur from
November to March (Austral summer December-February).
Gisborne is subject to both Tropical and Antarctic weather
systems with southeasterlies having the highest impact in the
city as the low topography is unable to shield the area (Figure 2;
Chappell, 2016). Short-duration, high-intensity rainfall events
associated with cyclones, ex-tropical cyclones and sub-tropical
depressions induce recurrent flooding and landslides, especially
between March and May (Cook et al., 2022). During a storm in
March 2022, 345 mm was recorded in 24 h at Te Puia, located
towards the coast between the Hikuwai and Waiapu catchments.
Cyclone Bola (March 1988) delivered 900 mm in 3 days in the
Hikuwai catchment. Tairāwhiti catchments are vulnerable to
geomorphic disturbance during these large storm events.
Erosion during such events can be severe even under
indigenous forest (e.g., Raparapaririki Stream in the Waiapu
catchment; Tunnicliffe et al., 2018; see Parkner et al., 2007).

TABLE 1 Key attributes of geomorphic river stories to support rehabilitation programmes that apply nature-based solutions that work with the river (based on
Truths of the Riverscape proposed by Brierley and Fryirs (2022)).

Respect Diversity: Know your catchment

• Drainage network configuration, tributary-trunk stream relations (geomorphologically (in)effective tributaries), landscape dissection, drainage density

• Longitudinal profile, downstream trends in valley confinement, total and unit stream power

• Downstream patterns of river reaches and their connectivity: Hillslope-valley floor relations in source, transfer and accumulation zones

• Channel planform, channel geometry, geomorphic units, bed material size (bedload, mixed load, suspended load river)

Process regime

• Flow/sediment regime, forms/rate of geomorphic adjustment (magnitude-frequency relations, capacity for adjustment, range of variability, sensitivity/resilience)

• Connectivity relations: Downstream patterns, tributary impacts and geomorphic hotspots

Evolutionary trajectory, dominant sediment sources and condition/recovery

• Disturbance regime and responses to altered boundary conditions

• Legacy effects (landscape memory)

• Dominant sediment sources - Where does the river get its sediments from?

• Trend in condition/recovery

Targeted process-based rehabilitation actions that manage at source and at scale

• Determine what is realistically achievable for the system as a whole, appraising reach scale adjustments, connectivity relations and legacy effects to determine recovery prospects

• Derive and apply sediment management plans to facilitate recovery (dominant sediment sources, formative processes, magnitude-frequency relations, regard for sediment
availability and residence times)

• Prioritise and balance active interventions and passive measures that leave the system alone as far as practicable
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Being located on the boundary of the converging Pacific and
Indo-Australian lithospheric plates, tectonic uplift and frequent
large magnitude earthquakes associated with the Hikurangi
Subduction fault are important geomorphic drivers in this
region (Mazengarb and Speden, 2000). River incision and
terrace formation via knickpoint retreat indicate regional
uplift of 0.5–1.1 mm yr-1, (Berryman et al., 2000; Crosby and
Whipple, 2006; Marden et al., 2008), with local uplift extending
up to 6 mm yr-1 (Litchfield et al., 2020). Two main geologic
terrains in the region are distinguished based on lithology, age,
and style of deformation (Figure 3). Variably indurated and
extensively sheared rocks of the “Cretaceous terrain” mainly
comprise mudstone and sandstone of late Cretaceous to
Palaeocene age (Mazengarb and Speden, 2000). The “Tertiary
terrain” is less tectonically deformed, comprising bedded to
massive sandstones and mudstones of early to middle
Miocene age (Mazengarb and Speden, 2000). The combined
impacts of climatic, tectonic, and lithologic factors make
landscapes of the East Coast Region highly erodible.

Prior to human settlement vegetation across the region
largely comprised tawa (Beilshmiedia tawa), titoki (Alectryon

excelus), kohekohe (Dysoxylum spectible) and podocarp forest
(Leathwick et al., 1995). Tall forests dominated by kahikatea
(Podocarpus dacrydioides) and canopy of totara (Podocarpus
totara) and matai (Podocarpus spicatus) characterised terrace
and low-lying swampy areas. Māori arrived in the 14th century
on two waka (traditional Māori canoes), Horouta and Takitimu
(Spedding, 2006). Low-lying fertile flatlands adjacent to river
mouths, notably in the vicinity of the Waimatā, have a long and
continuous history of Māori settlement and land use (Coombes,
2000; Salmond et al., 2022). Colonisation brought about
profound changes to forest cover and land use, as native
forest was cleared extensively for pastoral agriculture (Ewers
et al., 2006). Later government initiatives under the guise of
Land Clearance Grants or Stock Retention Schemes encouraged
further clearance of land that had reverted to shrubland in the
1930s Great Depression by providing subsidies for land,
developed fertiliser grants, reduced loans, and guaranteed
minimum livestock prices. Today, native podocarp forest

FIGURE 2
Average annual rainfall (mm yr-1) for Tairāwhiti (East Coast Region
of Aotearoa New Zealand) from 1981–2020. Note the pronounced
gradient from north to south, with much higher annual totals in the
Waiapu Catchment relative to the Waimatā Catchment.
However, these annual totals mask similarity in the prevalence of the
geomorphic role of high intensity storms across the entire region.

FIGURE 3
Geology of Tairāwhiti (East Coast Region of Aotearoa
New Zealand). Cretaceous terrain is in green, Tertiary terrain is in
orange, yellow denotes floodplains and alluvial terraces (note the
prominence of Poverty Bay Flats at the mouth of the Waipaoa
River). The East Coast Allochthon exerts a significant impact upon
sediment flux in this region as it hosts badass gullies (gully-mass
movement complexes that induce profound local input of sediment
that overwhelms the valley floor—see Marden et al., 2018).
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accounts for only 2.5% of land cover in the region (40% pasture;
19.3% exotic plantation forest; 9.1% regenerating mānuka
(Leptospermum scoparium)/kānuka (Kunzia ericoides) scrub).

Disturbance is the norm in the dynamic landscapes of
Aotearoa New Zealand (sometimes referred to as the Shaky
Isles). Uplift, volcanic activity, earthquakes and recurrent high
intensity storms result in steep dissected terrains that are subject
to profound rates of sediment generation, erosion and reworking.
The tectonically active, steepland relief of the region, coupled
with weak, erodible lithologies (Figure 3) and a humid climate
(Figure 2) primed these catchments for Anthropocene
transformation when indigenous forest cover was removed
(Figure 4). In turn, changes to river structure, function and
trajectories impact socio-cultural relations to rivers across the
region. For their size, these rivers deliver some of the highest
sediment yields to the ocean on the planet (Marden et al., 2018).
The region contributes 33% of New Zealand’s total suspended
sediment yield to the ocean (NZ total 209 Mt yr-1) from 2.5% of
the land area (Hicks et al., 2000; Page et al., 2007). The Waipaoa,
for example, delivers 15 Mt yr-1, with a specific sediment yield of
6,797 t km-2 yr-1, while the Waiapu delivers 35 Mt yr-1, equating
to 20,577 t km-2 yr-1 (Hicks et al., 2000). Although the region has
been subjected to near-uniform extents of deforestation
(Figure 4), marked variability is evident in catchment-specific
geomorphic signatures of the Anthropocene.

3 Results: Geomorphic river stories for
the case study catchments

3.1 Waiapu Catchment

The Waiapu is the highest sediment yielding river in Aotearoa
New Zealand. Average annual rainfall is around 2,400 mm yr-1,
notably higher than 1,470 mm yr-1 in the Waipaoa (Page et al.,
2001; see Figure 2). However, average rainfall figures mask the
extremes to which theWaiapu has been subjected, as this system has
a higher recurrence interval of erosion-generating storms (Hicks,
1995). In 1938, the largest storm since deforestation delivered
762 mm of rainfall in 30 h, initiating extensive hillslope erosion
and river bed aggradation (Kasai et al., 2005; Kasai, 2006). Cyclone
Bola (March 1988) was the largest rainfall event on record, with
600 mm recorded at the coast and 900 mm in the headwaters over
4 days (Page et al., 2001).

Two major upstream catchments, the Mata (60% of total
catchment area) and the Tapuaeroa (19%), feed the lower
mainstem Waiapu and its tributaries (21%) (Figures 5A, B, D).
Sediment supply varies markedly in the two upstream catchments.
The Mata is dominated by Tertiary (mudstone, sandstone) and
Cretaceous (greywacke, argillite) terrains, while the Tapuaeroa is
underlain by the East Coast Allochthon, a series of moderately
dipping, displaced thrust sheets that are structurally much weaker
than the other more competent regional lithologies. Tunnicliffe et al.
(2018) document a detailed sediment history of this river system.

The topography of the Mata is more subdued, and the overall
gradient of the system is less than that of the Tapuaeroa. The
winding, single thread morphology (Figure 5D) stands in
contrast to other braided to wandering rivers in the catchment
(Figures 5A, B, F–H). Bedrock is commonly exposed along channel
margins, especially in confined canyons. In general, although the
Mata is a very active sedimentary system, the river is in a supply-
limited state. Delivery is episodic, and channels go through cycles of
high sediment supply from landslides/gully deliveries (Figure 5E),
followed by relatively quiescent episodes of subdued hillslope
activity. Although the spatial distribution of gullies is less than
the Tapuaeroa, at least two major gully systems contribute notable
amounts of fine-grained sediment to the system. Shallow landslides,
bank and cliff undercutting flanking incised channels, and minor
rotational slumping are the main sources of sediment.

By contrast, the much smaller Tapuaeroa features a broad
braided trunk channel (Figures 5A,B), reflecting prolific sediment
delivery from numerous (>30) large gullies and gully complexes in
the Allochthon terrain (Figure 5C; Betts et al., 2003; Leenman and
Tunnicliffe, 2020; Tunnicliffe et al., 2018). A number of homesteads
built on low floodplains have been buried in alluvium as the river has
built up and widened in the last century. The sedimentary character
of the river is strongly influenced by the weathered materials derived
from the gullies. These are ongoing, long-term sediment sources,
and the volumetric contribution of material greatly exceeds the
bedload transport in rivers. Delivery is moderated somewhat by
large buffering alluvial fans and rapidly aggrading riverbeds (Betts
et al., 2003; Tunnicliffe et al., 2018; Leenman and Tunnicliffe, 2020).
By far the greatest management problem in the catchment is abating
fine sediment delivery from these gully systems.

FIGURE 4
Contemporary vegetation cover and land use across Tairāwhiti
catchments. The region has been subjected to near-systematic
deforestation, with remnants of indigenous forest in northern and
western headwater tributaries of the Waiapu and the lower
course of the Mōtū. Urban development in the region is restricted to
Gisborne itself.
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Wandering-to-braided reaches along the lower course of the
Waiapu River reflect high sediment delivery from the Tapuaeroa
and Mangaoparo rivers (Figure 5G), and to a lesser extent, the
Poroporo and Maraehara rivers (Figures 5F, H). As with other East
Coast systems, the terraces along the river attest to a long-term
(millennial-scale) tectonically-driven trajectory of degradation and
incision. However, on the scale of the Anthropocene, the story has
been one of pronounced aggradation. This points to the
disequilibrium that has been introduced by human modification
of hillslope landcover, and geologically recent unbalancing of
sediment supply to the system.

From a river rehabilitation perspective, the geomorphic river
story for theWaiapu emphasises that 1) managing slopes is generally
a prerequisite to river rehabilitation efforts; 2) unsynchronised

disturbance leads to considerable spatial and temporal variation
in river bed-levels and behaviour; 3) every tributary exhibits notably
different sensitivities, largely owing to geologic and tectonic factors,
land-use and historic disturbance.

The response of the Raparapaririki River to Cyclone Bola is
indicative of the vulnerability of tributary subcatchments that drain
the highly erodible terrain. Here, an incising, wandering gravel-bed
river has been replaced by a rapidly aggrading braided channel
system, which has aggraded 20 m in 20 years (Tunnicliffe et al.,
2018). The headwaters of this tributary had not, however, been
cleared for pastoral agriculture and had remained under native
forest. The intensity of Cyclone Bola was such that relatively
pristine native forest was unable to protect slopes from intensive
mass wasting from short, steep slopes, which efficiently connected

FIGURE 5
Rapid sediment input from gully mass movement complexes following deforestation and subsequent forest management practices has induced
dramatic geomorphic adjustment (aggradation) along the Waiapu River. (A) View upstream on the Tapuaeroa River; (B) Oblique view of the Tapuaeroa;
the Mangapekeke (at left) and Mokoiwi (upper centre) have several gullies delivering a long-term supply of weathered material to the river network; (C) A
view of the ‘badlands’ topography within Barton’s Gully, one of the largest sediment sources in the catchment; (D) The winding, single-thread
morphology of the upper Mata River; (E)Gully stabilisation efforts in the upper Mata River, using Pinus radiata to slow the progression of a gully system; (F)
Braided morphology of the lowermost Waiapu River; (G) The fan at the outlet of the Mangaoparo River moderates delivery of material to the mainstem
Waiapu River; (H) A view looking upstream on theWaiapu River, showing large gravel bars with silty deposition on bar crests; the river has been subject to
industrial gravel extraction in recent years.
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eroded sediment to the channels. The Raparapaririki is typical of
adjacent north-bank tributaries of the Tapuaeroa, which all rise in
terrain underlain by crushed lithologies, subject to intense erosion
and the presence of large (‘badass’) gully complexes (Leenman and
Tunnicliffe, 2020). Total gully area in these catchments increased
from 2 to 11 km2 between 1957 and 1997 (Marden et al., 2012;
Leenman and Tunnicliffe, 2020). Over-supply of sediment to the
receiving stream network resulted in aggradation and widening of
alluvial fans at tributary confluences with the Tapuaeroa (Leenman
and Tunnicliffe, 2020). The Tapuaeroa in turn has trimmed these
fans, particularly driven by aggradation of the mainstem in response
to sediment supplied by the Raparapaririki (Tunnicliffe et al., 2018;
Leenman and Tunnicliffe, 2020). This scenario suggests that alluvial
fans exert limited buffering capacity upon the Waiapu sediment
cascade, unlike equivalent features in the headwaters of theWaipaoa
(discussed later). The immediate location and geomorphic context
of these features are important considerations when assessing how
sediment stores affect longer-term river trajectories.

A small tributary of the Mangaoparo within the highly erodible
terrain of the Waiapu does, however, provide some insight into
longer-term recovery and potential trajectory of the larger systems
in the Waiapu catchment. The Weraamaia was largely cleared of
indigenous forest and is underlain by crushed and weathered

sandstones and mudstones of the Whangai Formation
(Mazengarb and Speden, 2000). Significant channel aggradation
occurred in response to the 1938 storm, but formation of
tributary junction fans in the Weraamaia reduced the conveyance
of sediment through the system, allowing incision to occur prior to
Cyclone Bola (Kasai, 2006). Reforestation by pine plantations began
within the catchment in 1979, but this new forest cover provided
insufficient protection in Cyclone Bola in 1988, which caused
extensive landsliding, gullies and a debris flow in the catchment
(Kasai et al., 2005; Kasai, 2006). An initial phase of valley floor
aggradation was quickly followed by incision and evacuation of
sediments by an unstable channel which entrenched and narrowed
(Kasai, 2006). The lower reaches of theWeraamaia are now bedrock-
controlled, with the Bola sediment remaining as an adjacent terrace
(Kasai et al., 2005) (Figure 6). This trajectory has resulted from a
combination of channel instabilities and entrenchment together
with reforestation of the entire catchment, which has mitigated
the impacts of subsequent storms to date. This scenario highlights
the importance of contiguous forest cover in managing the
sediment-overloaded rivers of the Waiapu catchment.

3.2 Hikuwai Catchment
Mostly underlain by Tertiary terrain, the topography in the

Hikuwai catchment is steep (20°–40°, mean 32°, in places >40°) has
fairly long rectilinear slopes and occurs at an altitude of between
42 and 133 m above sea level (Walley et al., 2018). Lower slopes often
connect with very steep, incised bedrock gorges in the upper-middle
catchment, while the river course in lowland reaches has a low
width-depth ratio channel and a well-developed fine-grained
floodplain (Figure 7).

Bedrock in the Hikuwai consists of mudstone with intercalated
sandstone, conglomerate and tuff (Mazengarb and Speden, 2000),
overlain by varying thicknesses of volcanic tephra, and a thin
(15 cm) forest topsoil. Soils are well drained, typical of materials
reworked by active hillslope processes (Hewitt 2010). Geomorphic
mapping of 1997 imagery reveals 290 active gullies with a combined
area of 8.44 km2. An estimated annual sediment supply rate of
2.7 Mt yr-1 (4,847 t km-2 yr-1) was derived from these features,
equivalent to 54% of the average annual suspended sediment
yield (Marden et al., 2008). Despite significant further plantings
of exotic forest, 337 actively eroding gullies with a combined area of
769 ha remain in the catchment (Marden et al., 2020).

Mean annual rainfall in the Hikuwai catchment varies from
about 1,400 mm at the coast to 1700 mm at higher altitudes
(Figure 2). The proximity of steep terrain to the coast induces
high rainfall totals. For example, the catchment was subjected to the
highest storm total rainfall of 900 mm in the region during Cyclone
Bola in 1988. Localised storm cells triggered significant erosion of
unstable, steep hill country in 2005, 2009, 2014, 2015, 2017,
2018 and 2023. A storm on 3-4 June 2018 delivered 234 mm of
rain in 24 h to the headwaters of the Hikuwai, and a further 270 mm
fell on 11-12 June 2018. These storms triggered approximately
6,680 landslides (including shallow translational soil slides, debris
slides and debris flows). The total landslide area of 2.4 km2 is
estimated to have produced 4.2 M m3 of sediment, of which
approximately 2.1 M m3 or 2.6 M tonnes was delivered to the
Hikuwai River (Rosser et al., 2019). This is equivalent to nearly
50% of the total 5 M tonnes annual suspended sediment yield from

FIGURE 6
Bedrock exposed in the bed of the Weraamaia Stream, a north
bank tributary of Mangaoparo River in the Waiapu Catchment (see
Kasai et al., 2005; Kasai, 2006). Valley floor sedimentation during
Cyclone Bola (1988) created the terrace visible at the edge of the
tree canopy. A major storm in 1938 created similar features in
upstream reaches. Photo: ICF, 28 August 2012.
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the catchment (Hicks and Shankar, 2003). Between 25-50 mm of
fine-grained overbank sediments accumulated across a floodplain
area of 426 ha in the lower reaches of the catchment (Rosser et al.,
2019).

Delivery of slash (waste debris from forestry operations) to the
channel during significant storm events has become amajor concern
in the Hikuwai (Figure 7D). Collapse of landings where logs are
processed on steep slopes delivers large quantities of wood waste to
channels (Marden et al., 2023). Slash from former forest practices
adjacent to channel margins was readily mobilised during recent
(2018-2023) storm events, while landslides on recently harvested
(clear-felled) slopes also mobilise wood into the channel network
(Figures 7B, C) (Rosser et al., 2019). Connectivity of this wood waste
with channels in the Hikuwai resulted in log jams and exacerbated
flooding (Figure 7D). This anthropogenic modification of prevailing
processes adds a further dimension to the river story and associated
needs for rehabilitation. Ironically the measures used to mitigate
erosion and intended to reduce sediment connectivity and yields in
the Hikuwai (afforestation of steep slopes) have created new issues of
river degradation in this Anthropocene river. Rehabilitation requires
drastically modified forest harvesting practices which currently
clear-fell entire slopes. Particular attention to the management of
wood waste is required. Alongside this, native regeneration and
economic retirement of steep slopes adjacent to the Hikuwai channel
network is recommended as part of a whole-catchment approach

that recognizes the connectivity characteristics of the Hikuwai
riverscape (see Marden et al., 2023).

3.3 Waimatā Catchment
The 61 km long Waimatā River extends from dissected

headwaters (>300 m asl) in the Raukūmara ranges, draining an
area of 370 km2 as it flows through pastoral landscapes prior to
joining Taruheru Stream in Gisborne township. Beyond this
confluence, Aotearoa New Zealand’s shortest river—the 1.2 km
long Tūranganui River—supports the local port before flowing
into Poverty Bay (Figure 1). The catchment retains less than 17%
native forest cover, with less than 50% of the catchment being
forested (exotic or native). Many wetland areas have been drained
along low order watercourses (Harvey, 2021).

Waimatā Catchment primarily comprises weak, highly erodible
Paleogene sedimentary rocks (Figure 3), with mudstone the
dominant lithology and some intrusions of well bedded
alternating sandstone and mudstone with shelly muddy
sandstone (Mazengarb and Speden, 2000). Weak unconsolidated
soils in highly dissected landscapes of steep headwater areas are very
susceptible to landslips. Large volumes of tephra originating from
the Taupo Volcanic Zone and draped across much of the mid-upper
catchment have been reworked and redistributed along valley floors.
Pumiceous soils with low clay content, generally less than 10%,
result in high macro porosity and deep rooting depths but very low

FIGURE 7
Hillslope failures following deforestation and subsequent forest management practices have induced excessive flux of fine-grained sediment and
waste wood through the Hikuwai river system. Thesematerials are readily conveyed within a slot-like channel from the Mountains to the Sea. (A)Hikuwai
River and floodplain. Photo: 2 February, MM; (B) Wood waste generated from logging activities and delivered to a first-order stream channel by shallow
landslides, debris slides and debris flows, Tapaue Stream, Hikuwai catchment. Photo: 11 July 2018. Townsend, GNS Science; (C) Overbank
sedimentation and wood deposits, Tapaue Stream floodplain. Hikuwai River labelled (flow left to right). Photo: 11 July 2018 (D). Townsend, GNS Science
(with permission); (D) Forestry slash (wood waste) within and adjacent to the Mangatokerau River ~300 m upstream from its confluence with the Hikuwai
(looking upstream). Note the entrenched, narrow channel inset within a fine-grained floodplain. Photo: 29 August 2018, ICF.
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soil strength. Distinct hummocky terrain of moderately-sloped areas
downstream reflects shallow (~0.5 m deep) earthflow activity
induced by strata with smectite clay (Mazengarb and Speden,
2000; Marden et al., 2012). Mud volcanoes are present along
zones of fault shearing in this area (Leighton et al., 2022).

Hillslope/channel connectivity in Waimatā Catchment is
relatively low as alluvial fans, floodplains and wetlands/swamps
act as buffers that disconnect sediment conveyance to the trunk
stream (Fryirs et al., 2007). Once fine-grained sediments enter river
courses, limited accommodation space for sediment storage along
terrace-constrained reaches creates efficient sediment delivery
pathways. Significant log accumulations on beaches transferred
from areas of plantation forestry during major storms attest to
the high longitudinal connectivity of this river system. Although
terrace-constrained reaches flush significant volumes of fine-grained
sediment, analysis of channel outlines from 2000 to 2020 reveals
virtually no lateral channel adjustment in this river system (Harvey,
2021). Much of the catchment operates as “transfer” and
‘throughput” reaches (Figure 8), with localised bend adjustment
in the former and reworking and redeposition of channel-marginal
sediment stores in the latter (cf., Brierley and Fryirs, 2000). The
flume-like behaviour of the river promotes efficient biophysical
linkages from the mountains to the sea (Orpin et al., 2006;
Harvey, 2021). Marden et al. (2014) estimated that 2.6 km3 of
sediment has been produced in Waimatā Catchment since the
Last Glacial Maximum (LGM).

Most reaches in Waimatā Catchment are considered to be
relatively resilient and have significant capacity for recovery
(sensu Reid and Brierley, 2015). Trapping sediment at source,
before it enters watercourses, requires catchment-wide
management of forestry (reforestation) and pastoral practices that
include the planting and management of riparian vegetation,
perhaps considering prospects for re-instigation of instream
wood and wetland reconstruction to improve ecological habitat.
Reforestation using native timber species over longer rotation
lengths than exotics is another option (Marden et al., 2023), as is
abandonment of the most erosion prone areas to reversion either by
passive means (i.e., walk away and allow recolonization to occur) or
through planting of early colonising native species such as manuka/
kanuka with the view to the production of honey and other
associated medicinal products (Marden et al., 2020; Lambie et al.,
2021). Such interventions would have considerable benefits for flood
management in lowland reaches, reducing delivery of fine-grained
sediment and logs to the beach.

3.4 Waipaoa Catchment
High rates of erosion are the defining catchment management

issue in the Waipaoa. Marden et al. (2014) estimate that this
2,208 km2 catchment has generated 14.08 ± 2.1 km3 sediment
since the last glacial maximum. Since the mid 20th century
human activity has accentuated the rate of sediment generation,
producing an annual suspended sediment yield of 15 M tonnes yr-1

FIGURE 8
The Waimatā River operates as a terrace-constrained flume-like chute that readily conveys fine-grained sediments (and forestry logs) from the
Mountains to the Sea. Throughput reaches dominate the mid-lower course of the river, with a flume (slot-like) channel inset within terraces subject to
recurrent reworking of the bed and banks (A, B). Longitudinal connectivity is high, and sediment and logs are readily conveyed through the system. It is
only in local transfer reaches that the channel has capacity (space) to laterally adjust (C, D).
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(Hicks and Shankar, 2003; see Marden, 2012). The primary sources
of sediment are hillslopes, especially gullies, which include classic
deep, unstable, incising linear channels along incipient drainage
lines, as well as much larger gully-mass movement complexes
(badass gullies developed in highly weathered and crushed
Cretaceous shales associated with the East Coast Allochthon;
Figures 9A–D; Fuller et al., 2020; Marden et al., 2018). Gullies
often overwhelm receiving streams, creating alluvial fans that
temporarily impound drainage, are repeatedly trimmed during
floods, and subsequently refill (Fuller and Marden, 2010, 2011;
Taylor et al., 2018). Short, steep slopes in the Waipaoa mean that
near-ubiquitous shallow landslides (Figure 9G), alongside materials
derived from sheet erosion and occasional deep-seated landslides
(Figure 9F; see Bilderback et al., 2015), couple effectively with the
channel network during large storm events (De Rose and Basher,
2011; Jones and Preston, 2012). Sediment is also fed continuously to
channels that intersect with earthflows (Figure 9E; Cerovski-Darriau
and Roering, 2016; Marden et al., 2014). The long-term (multi-
decadal) Waipaoa sediment yield is dominated by the cumulative
effects of low-magnitude events: 75% of sediment produced from
landslides occurs during storms with recurrence intervals of less
than 27 years (Reid and Page, 2003) and in the Mangatu sub-
catchment, half of the long-term average load is transported by
events with return periods of less than 1 year (Hicks et al., 2000).

This highlights the efficacy of sediment delivered from gully
systems in this part of the catchment (Marden et al., 2018).

In response to sediment overload, the Waipaoa has been
transformed from a single-thread, clear-flowing, cobble-bedded
river, to a multi-thread, sediment-laden, rapidly aggrading
channel with matrix-rich gravelly beds in the upper and mid-
catchment (Figure 9A, D, G; Hamilton and Kelman, 1952;
Gomez et al., 2001; Page et al., 2007; Gomez and Livingston,
2012). The upper river has aggraded by up to 20 m over the last
century (Marden, 2011). Beyond the partly-confined mid-
catchment reach (Figure 9I), the lower Waipaoa River, once
gravel-bedded and laterally active, has become fixed between
cohesive, silty banks and floodplain sedimentation is dominated
by rapid vertical accretion (Gomez et al., 1998). Marked increases in
the supply of fine-grained sediment have resulted in reduced
bankfull width and cross-section area, leading to channel
contraction (Figures 9J, K; Gomez et al., 2007, 2009). The direct
feed of fine sediment from gullies and rapid breakdown of gravel-
sized clasts of highly erodible shales and mudstones supplied from
hillslope erosion in the upper catchment contribute to high
suspended sediment loads (Hicks et al., 2000; Gomez et al.,
2001). The Waipaoa Flood Control Scheme, designed in
1949 and completed in 1969 to provide ‘100-year’ (1% AEP)
flood protection for over 10,000 ha of intensive horticulture on

FIGURE 9
The Waipaoa River is a globally significant example of an overloaded channel with exceedingly high sediment flux. Deforestation and subsequent
forest management has created an Anthropocene riverscape that is prone to profound, rapid and recurrent geomorphic adjustment. The river changes
downstream from a rapidly aggrading bedload to an aggrading suspended load dominated river. Gully mass movement complexes and landslips induce
rapid fan and valley floor aggradation. Despite the buffering effects of terraces and fans, sediment stores along channels are readily reworked in this
system that maintains high connectivity from the Mountains to the Sea. Dramatic landscapes of Waipaoa Catchment. (A) upper Tarndale fan, (B) Tarndale
gully, (C)Mangatu gully, (D)Mangatu fan, (E) earthflow, (F) deep seated landslide, (G) shallow landslide (courtesyMike Crozier), (H) overloaded stream bed
(Te Weraroa), (I) mid-Waipaoa, (J) Waipaoa at Kanakanaia, (K) Waipaoa at McPhails bend, Poverty Bay Flats.
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the Poverty Bay Flats, reduced channel capacity and floodplain
accretion in the lower Waipaoa. A ~$35 million upgrade of the
Scheme is underway to maintain ‘100 years’ protection accounting
for climate change impact to 2090 (GDC, 2023). The work, due for
completion in 2031, will upgrade 64 km of stopbank, increasing its
height by 1-2 m and crest width to 4 m (GDC, 2023).

Considering implications for geomorphologically-informed
approaches to river rehabilitation, first and foremost a reduction
in the incidence and impact of mass movement (gullies, landslides
and earthflows) as originators of sediment is required. Secondly, the
release of sediment stores associated with large, badass gully
complexes in the form of short, steep, fans must be modulated.
Thirdly, sediment needs to be retained on hillslopes while allowing
for agricultural production. Initial management approaches to
control erosion using traditional soil-conservation practices such
as space-planted poplar and willow on eroding hillslopes and
construction of in-channel debris dams in low-order tributaries
such as Tarndale (Figures 9B, C) were largely ineffective (Allsop,
1973; De Rose et al., 1998; Marden et al., 2014). The overwhelming
volume of sediment delivered from large gully complexes like
Tarndale and Mangatu simply buried in-channel structures
(Figures 9A, C; De Rose et al., 1998). In the 1950s the
New Zealand government purchased large tracts of the most
eroding land for reforestation and planting began in 1961
(Marden et al., 2014). By 1985 96% of the upper Waipaoa and
Mangatu catchment had been reforested, principally Pinus radiata
(Marden et al., 2014). A second phase of forest planting commenced
in the wider catchment and region following extensive damage
sustained to large tracts of pastoral hill country during successive
storms in the 1980s, most notably Cyclone Bola in 1988. By 1997 a
total of ~137,000 ha of eroding pastoral hill country had been
replanted in exotic forestry (Marden et al., 2012). Use of poplar
and willow plantings to stabilise hillslopes and reduce channel scour
successfully shut down some smaller gullies (Herzig et al., 2011;
Marden et al., 2011; Marden, 2012). However, attempts to mitigate
sediment production failed for larger amphitheatre fluvio-mass
movement gully complexes (>10 ha in area) or ‘badass’ gullies
like Tarndale (Figure 9B; Fuller et al., 2020; Marden et al., 2018)
and these features remain key sediment generators in the catchment
today.

Re-vegetating hillslopes in erosion-prone areas of the Waipaoa
with woody vegetation of a sufficient density of stems per hectare
(1,250) very effectively reduces off-hillslope sediment delivery from
this terrain (Marden et al., 2014, 2018) and disconnects slope-
channel coupling. Treatment of gullies using this approach
requires early intervention, since large, ‘badass’ gully complexes
are beyond remediation (Marden et al., 2018). Despite further efforts
to stabilise gullies, 385 remain actively eroding of which 50 are
badass gullies (Marden and Seymour, 2022). However, sediment
supply does appear to be diminishing from these systems over time,
as structural resistance increases with greater system complexity and
growth of buffering fans (Fuller and Marden, 2011; Fuller et al.,
2020). Targeted management of complex process interactions at the
junction between the fan and the channel is critical to the supply of
sediment to the channel network (Fuller and Marden, 2011; Taylor
et al., 2018; Fuller et al., 2020). Loading of the fan by sediment
supplied from the gully complex steepens the fan profile, enhancing
connectivity and sediment delivery (Fuller and Marden, 2011;

Leenman and Tunnicliffe, 2018; Leenman and Tunnicliffe, 2020).
During these phases, the distal fan grows because sediment delivery
exceeds transport capacity of the stream channel and this scenario
may impede mainstem flow, forming a lake. Sediment from the
distal fan is also actively eroded by flood events in the stream
channel—the fan in this case is passive since the process conveying
sediment to the channel is driven by stream processes. Trimming of
the distal fan by lateral stream erosion steepens the lower fan,
generating a headcut which recedes up-fan. This re-activates the
fan and evacuates sediment to the channel. Enhancing sediment
retention in buffers and lowering fan-channel connectivity will
reduce sediment delivery from these critical parts of the Waipaoa
sediment cascade.

Stabilisation of fans can be achieved by reforestation, which
restricts the width of the active channel (Gomez et al., 2003).
However, Taylor et al. (2018) suggest that residence times for
sediment in the now much smaller active part of the Tarndale
fan have likely reduced, enhancing sediment connectivity.
Perversely, reforestation of the Tarndale fan may have enhanced
sediment volume delivered to the stream channel by some
17,000 t yr-1 (Marden et al., 2005). Similarly, Leenman and
Tunnicliffe (2020) observed that the potential for fans in the
adjacent Waiapu catchment to act as buffers is dependent on the
relative speed of fan trenching (connectivity enhanced) and
mainstem incision (disconnecting fan). As gully contribution
decreases over time, it will be imperative to stabilise the lower
fans to minimize reworking of sediment stores. Gullies and their
associated fans are not in sync across the catchment. Considerable
year-to-year variability in the volume of sediment supplied from
badass gully complexes reflects intrinsic landform adjustment, as
well as extrinsic drivers (Fuller and Marden, 2011). The residence
time of material delivered from gully to fan may range from decades
to months (Taylor et al., 2018). Fuller et al. (2020) highlight the
individualistic behaviour of adjacent gully complexes at Tarndale
and Mangatu which have a decadal (2005-2019) sediment delivery
ratio of 0.65 and 0.78 respectively.

Retention of pastoral production in areas of less erodible
terrain will not accentuate problems so long as sediment
generated by sheet erosion and shallow landslides is regulated.
Slope-channel coupling from shallow landslides in small
catchments is dependent on catchment morphology, landslide
and triggering event characteristics (Jones and Preston, 2012).
Space-planting of poplars and willows and/or a sufficient stem
density of native mānuka or kānuka can be effective to reduce the
probability of hillslope failure, helping to retain soils on hillslopes
and prevent failures in the first place, buffering streams from
landslide debris (Ekanayake et al., 1997; Marden et al., 2020).
Riparian planting can mitigate remobilization of colluvium
stored at the toe of hillslopes into streams. Once materials
enter the channel network, it becomes much more difficult to
manage sediment accumulation. Hence, managing the problem
at source by reducing hillslope erosion is vital. To put Waipaoa
sediment sources into perspective, the contribution of sediment
from riverbanks and cliff collapse from lateral erosion was
estimated at <2% of the total Waipaoa load (De Rose and
Basher, 2011). Most of this lateral erosion is in widening
(110 mm yr-1) and aggrading (40 mm yr-1) channels upstream
of the Waipaoa gorge reach, while in the lower reaches
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the channel is narrowing (201 mm yr-1) and accreting (17 mm yr-
1) (De Rose and Basher, 2011).

Shutting down hillslope-erosion sources in the Waipaoa has
already affected the behaviour of the trunk stream, as the upper
Waipaoa River and some headwater tributaries are now incising
(Rosser and Jones, 2021). The corollary is that this process continues
to generate sediment, which is fed downstream. Management of
connectivity in this catchment is multi-centennial in scope.
Adopting erodible corridor concepts and managing adjacent land
tenure and land use is needed to accommodate the ongoing high
rates of sediment supply to the lower Waipaoa as the channel
continues to adjust to ongoing sediment influx in the coming
decades (Brierley et al., 2023). Although gravel extraction could
support management of aggrading reaches if carried out carefully
and managed in an adaptive manner, in this instance the poor
quality of the weak shales and sandstones comprising the bulk of the
Waipaoa bedload means this is unviable, and bedload yields are just
~1% of the suspended load (Gomez et al., 2001).

3.5 Motu catchment
The Mōtū Catchment drains an area of 1,373 km2 and is located

at the apex of the Raukūmara Ranges (Figure 1) comprising late
Jurassic to Early Cretaceous sandstone and mudstone (greywacke),
and localised conglomerate which forms the Mōtū Falls (Figure 10A;
Mazengarb and Speden, 2000). Downstream, the river flows through
a deeply-incised bedrock gorge before emerging at the coastline
within the Bay of Plenty region.

Accommodation space on the valley floor in the high-elevation,
low-relief upper catchment above Mōtū Falls (Figure 10A) has

facilitated sediment accumulation and the development of river
terraces during the Quaternary (Berryman et al., 2000). This has
developed in response to the creation of a local base level at theMōtū
Falls in combination with unevenly distributed regional uplift,
estimated to be 2 -3 mm yr-1 at Mōtū Falls and 1 mm yr-1

upstream at the headwaters (Litchfield and Berryman, 2006).
This allowed the river to carve out the space in which
Quaternary valley fill sediment has subsequently accumulated
(Berryman et al., 2000). The contemporary river is now
reworking the sediment on the valley floor, with the lateral
migration of the river restricted by the river terraces in the upper
reaches which rise up to 40 m above river level upstream
(Figure 10B), decreasing to 15 m downstream (Figure 10C).

Notable channel adjustments are restricted to meandering
reaches immediately above Mōtū Falls. Anthropogenic
disturbance associated with land use change and clearance of
riparian vegetation and wood likely brought about a shift in
sediment regime in this area, transforming the river from a
sediment storage and accumulation zone into a sediment source
(cf., Fryirs and Brierley, 2001). Incision and channel expansion
reflect acute adjustments of a geomorphologically sensitive river
(Figure 10E; sensu Reid and Brierley, 2015). Sediment fingerprinting
identifies stream bank erosion as the dominant contemporary
sediment source, contributing 95% of instream sediment, with
negligible input from hillslope failures (Vale et al., 2021).

Mature forest cover in the UpperMōtūwas progressively cleared
in the early 1900s (Twisleton, 2007). This changed the discharge
regime, and what was previously inferred to be a wide swampy valley
floor has now formed a defined channel which shows evidence of

FIGURE 10
High accommodation space has created opportunity to store large volumes of sediment on valley floors along upper reaches of Mōtū Catchment.
Mōtū Falls (A) acts as a local base level, separating this area from a gorge that extends to the coast. Terraces buffer hillslope sediment inputs to the channel
and restrict channel migration in upper reaches (B, C). The dominant contemporary sediment source is reworking of valley floor sediments by incision
(headcut erosion) and channel expansion of the laterally migrating meandering river (D, E).
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incision and widening (cf. Brooks et al., 2003). The variability in
channel entrenchment within the Upper Mōtū suggests that the
contemporary river is at different stages of channel evolution and
is still adjusting to the change in flow regime (Simon, 1989;
Simon and Rinaldi, 2006). Managing sediment flux at source and
at scale in this catchment entails rehabilitation of the channel bed
and banks as the influx of sediment from hillslopes is largely
buffered in this instance (Marden et al., 2014; Leenman &
Tunnicliffe, 2018).

4 Discussion

Regime shift induced by geomorphic responses to
deforestation on the highly erodible terrains of Tairāwhiti
over the last 150 years clearly validates conceptions of
Anthropocene rivers (Thoms et al., 2020; García et al., 2021;
Meybeck et al., 2023 . While profound anthropogenically-
induced landscape transformation has been ubiquitous across
this region, the geomorphic river stories for the five study
catchments highlight profound variability in river diversity,
process regimes (sediment sources, connectivity relations) and
evolutionary trajectories (Table 2). Unruly rivers on the East
Coast present significant management challenges as they
respond to massive sediment inputs from rapidly eroding
slopes. Other than stopbanks (aka flood-walls, artificial
levees) and local bank erosion control structures along lower
reaches, indirect, systematic and unintentional responses to
deforestation have been the key determinant of contemporary
river character and behaviour across the region. However, the
physical manifestation of anthropogenic disturbance, and
associated prospects for geo-ecological recovery through
appropriately targeted rehabilitation practices, vary markedly
from catchment to catchment. Managing at source, at scale and
in a timely manner are key to the success of proactive and
precautionary management plans that promote geomorphic
river recovery (Fryirs and Brierley, 2016).

Fit-for-purpose rehabilitation plans build upon catchment-
specific understandings of formative processes (sediment sources)
and connectivity relationships (Brierley and Fryirs, 2009, 2016, 2022;
Poeppl et al., 2020). Management programmes that ‘work with the
river’ strive to ensure that appropriate process-based actions are
applied at the right place at the right time/sequence (Marden and
Seymour, 2022). Rivers across the East Coast region get their
sediments from differing sources with variable residence times
and material properties. Alongside this, variable connectivity
relationships (drainage network configuration, tributary-trunk
stream relationships, geomorphic hotspots) drive the operation of
the ‘jerky conveyor belt’ in each system. A prescriptive, ‘one-size fits
all’ approach to rehabilitation will not address differing issues in
these degraded and diverse catchments.

Reaffirming long-held knowledge and foundation principles
is sometimes key to effective policies and planning, and outcomes
that ensue on-the-ground. For example, coordinated
management of land and water at a catchment scale
determines the effectiveness of rehabilitation programmes . . .

like the veins on a leaf, the catchment feeds the river (Davis,
1906). Geomorphic stories from the five study catchments

highlight differing meanings and implications of this simple
premise. Local management of primary sediment sources in
gully mass movement complexes is vital in Waiapu and
Waipaoa catchments, and together with systematic
reafforestation of all five case study rivers, will be required to
effectively rehabilitate these catchments. However, sediment flux
will not be reduced in the Mōtū system unless targeted measures
tackle the reworking of sediments on the valley floor (bed incision
and channel widening). In all instances, conservation of remnant
indigenous forest and reversion to a continuous native forest
cover is to be encouraged, both passively and actively. Region-
wide planting of fast growing exotic Pinus radiata to secure an
economic return and mitigate erosion at source has proven to be
effective in some parts of some catchments, but has failed to shut
down the largest gullies, which are beyond remediation by this
(and realistically, any) strategy (Marden, 2012; Marden et al.,
2014; Marden et al., 2018; Marden and Seymour, 2022). However,
re-afforestation of gully-prone Cretaceous terrain in the
headwaters of the Waipaoa and Waiapu successfully and
quickly stabilised small (1-2 ha) gullies, and gullies up to 10 ha
were fully stabilised under mature (~27 years) P. radiata
(Marden and Seymour, 2022). Unfortunately, the success of
afforestation in the region’s Cretaceous terrain was offset by
new gully development in remaining erosion-prone pastoral hill
country and the expansion of untreated gullies, especially those
induced by Cyclone Bola, with pronounced responses in the
Tertiary terrain of the Waiapu catchment (Tunnicliffe et al.,
2018; Marden and Seymour, 2022).

Singular emphasis upon afforestation with P. radiata and
conversion of swathes of catchment to production forestry is not
the panacea. Gully geomorphology influences the success/failure
rate of afforestation to remediate gullies (Marden et al., 2018;
Marden and Seymour, 2022). Rehabilitation practices must take
into account the geomorphic role of ‘badass’ gully complexes which
dominate the sediment flux in theWaipaoa andWaiapu catchments.
A staged planting programme, which first targets the higher, less
mobile slopes surrounding the gully with P. Nigra, and then once
established, the slopes immediately flanking the gully with P.
radiata, has been shown to be more effective than a blanket-
approach with one species (Marden et al., 2005). This staged
approach modulates the connectivity within the gully system and
between the gully and stream network (Marden and Seymour, 2022).
Catchment-specific insights and location contexts guide
determinations of what rehabilitation efforts are likely to work,
where, and under what circumstances.

The Hikuwai example demonstrates what can go wrong with
production forest in the wrong place and with poor practice.
Although exotic forest has reduced sediment supply to the
channels, it is clearly not without significant problems. Clear-
felling on short-steep slopes adjacent to incised channels
heightens the risk of sediment generation and delivery to the
river, including any slash (Marden et al., 2023). High volumes of
wood waste generated from these forests reflect the poor quality of
timber established on unstable slopes (Marden and Seymour, 2022).
Selective forestry rather than clear-felling, and retention of riparian
strips adjacent to channels, would help mitigate erosion risk and
modulate connectivity between slopes and channels in these
situations. Alternatives to exotic afforestation to mitigate slope
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TABLE 2 Application of geomorphic principles (Table 1) to generate river stories that support rehabilitation of Tairāwhiti catchments.

River Respect diversity Process Regime Evolutionary trajectory Management actions Geomorphic river
story

Waiapu Gravel-bed braided river
with complex physical
habitat mosaic

Sensitive, rapidly-aggrading
(overloaded) rivers with high
hillslope-valley floor,
tributary-trunk stream and
upstream-downstream
connectivity

Indication that bed levels are
stabilising or slightly
degrading in upstream
reaches, but aggradation will
continue for centuries in
downstream reaches. Gully
mass movement complexes are
dominant sediment source.
Poor condition rivers with
limited recovery prospects
over next 50-100 years

Revegetation of areas prone to
gully-mass movement activity.
Catchment-wide reafforestation
Protect high value sites (e.g., key
infrastructure), but otherwise
leave channel alone to use its
own energy as far as practicable

Wild river prone to rapid
sediment input from gully
mass movement complexes. A
globally significant example of
a river subject to significant
sediment flux and dramatic
geomorphic adjustment
(aggradation)

Hikuwai Relatively homogeneous
fine-grained suspended-
load channel

Highly connected from the
Mountains to the Sea. High
hillslope-valley floor
connectivity in headwaters,
but significant buffering by
terraces and broad floodplain
downstream. Slot-like
channels in lower reaches
have limited channel-
floodplain connectivity and
are not prone to lateral
adjustment, but large
volumes of fine-grained
sediment are stored and
reworked along channel
banks

Dynamic river with significant
sediment flux but limited
indication of notable change in
geomorphic structure and
function in recent decades.
Active hillslope failures feed
the river, with significant re-
storage and reworking of fine-
grained sediments along banks
in mid-lower course reaches.
Poor condition rivers with
limited recovery prospects
over next 50-100 years

Reafforestation in headwaters
and prioritised revegetation of
riparian margins. Retire areas of
production forest on highly
connected slopes to allow
reversion of indigenous
vegetation to mitigate slash
mobilisation

Excessive fine-grained
sediment flux (and forestry
logs) readily conveyed within
a slot-like channel from the
Mountains to the Sea

Waimatā Relatively homogeneous
channel dominated by fine-
grained sediments

Terrace-constrained flume-
like channel with high
longitudinal connectivity but
limited channel-floodplain
connectivity. Large volumes
of fine-grained sediment are
stored and reworked along
channel banks

High sediment flux (fine-
grained sediments, logs), but
limited and localised changes
to geomorphic structure and
function in recent decades
(transfer reaches). Shallow
landslides, incremental inputs
from earthflows and
occasional mud volcanoes are
primary sediment inputs, but
large volumes of fine-grained
sediments are temporarily
trapped and recurrently
reworked along channel banks.
Poor condition rivers with
moderate recovery prospects
over next 50-100 years
(sediment inputs and forms/
rates of geomorphic
adjustment are less
pronounced than other rivers
in the region)

Reafforestation in headwaters
and prioritised revegetation of
riparian margins. Native
reversion where production
forestry marginal or risk of slash

Terrace-constrained flume-
like chute that readily conveys
fine-grained sediments (and
forestry logs) from the
Mountains to the Sea

Waipaoa Gravel-bed braided river
with complex physical
habitat mosaic in upper-
middle reaches
transitioning to single
channel, which is initially
sinuous before becoming a
straightened low sinuosity
and suspended load river
with reduced habitat
diversity in lower reaches
(constrained by stopbanks)

Sensitive, dynamically-
adjusting rivers. Pronounced
hillslope-valley floor
connectivity creates
overloaded, aggrading rivers
in headwaters. High
longitudinal connectivity
promotes rapid floodplain
aggradation in lower reaches,
where stopbanks now limit
capacity for lateral
adjustment

Dynamically adjusting rivers
are subject to rapid rates and
high volumes of sediment
input (sometimes extreme).
Significant, recurrent
reworking of fans and bed
materials. Decadal aggradation
rates may have diminished, but
sediment flux remains
exceedingly high. Gully mass
movement complexes and
pervasive landslips generate
extreme sediment loads. Poor
condition rivers with limited
recovery potential over next
50-100 years

Revegetation of areas prone to
gullying and surface erosion
(earthflows and landslides).
Continued use of targeted
reafforestation and native
regeneration of erosion-prone
land. Protect high value sites
(e.g., key infrastructure), but
otherwise leave channel alone to
use its own energy as far as
practicable

Globally significant example
of an overloaded channel with
exceedingly high sediment
flux that is prone to profound,
rapid and recurrent
geomorphic adjustment,
reflected in marked transition
from rapidly aggrading
bedload to aggrading
suspended load dominated
river along its length. Gully
mass movement complexes
and landslips induce rapid fan
and valley floor aggradation.
Sediment stores are readily
reworked. High connectivity
from the Mountains to the Sea

(Continued on following page)
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erosion and sediment delivery to these rivers include shrubland
reversion, both passive and managed, where fully stocked stands of
mānuka and kānuka offer protection equivalent to closed-canopy P.
radiata (Marden and Seymour, 2022), and consideration of
alternative exotic species with longer rotations including
Douglas-fir (Psudotsuga menziesii) and/or coppicing species
including coastal redwood (Sequoia sempervirens D.Don)
(Marden et al., 2023). Elsewhere, especially in Hikuwai and
Waimatā catchments, wetland rehabilitation along low order
streams may be helpful in trapping and storing sediment.

Building on past experiences, a commitment to experimentation
and adaptive management is recommended. For example, the first
attempts at using fascines and check dams for on-site erosion
control in gullies were only successful for smaller and linear-
shaped gullies but not for controlling larger gullies and especially
gully-complexes (Marden et al., 2008). It was failure of these poorly-
conceived approaches that led to subsequent broad-scale
afforestation. Approaches need to be targeted, staged, and
enforced if they are to be effective (Marden and Seymour, 2022).
They must also be conducive to the Anthropocene landscape within
which they are set.

On the assumption that erosion sources can be treated, or better,
prevented, in Tairāwhiti’s catchments, the form and timescale of
channel adjustment in these systems must be understood. River bed
aggradation will continue for some time, even if all erosion sources
could be shut down immediately, because the channel beds
themselves comprise such a large sediment store that is being
actively reworked, mobilised and delivered downstream
(Tunnicliffe et al., 2018). Fine-grained, highly erodible materials
stored along valley floors are readily entrained by Tairāwhiti’s rivers
during periods of increased stream flow. In addition, sediment
stored in fans adjacent to these actively migrating rivers will
continue to be actively reworked, and badass gullies will continue
to supply sediment to these temporary sediment stores (Fuller and
Marden, 2011; Leenman and Tunnicliffe, 2020). The result is
multiple decades (if not centuries) of ongoing river aggradation,
especially in lower reaches (Gomez et al., 2009). Herzig et al. (2011)
estimated that if all present and newly initiating gullies were
successfully treated, the annual sediment yield from the region

would halve by 2050; but if not treated, sediment yields would
double by 2050 in gully dominated catchments such as the Waiapu.
The legacy of over a century of intensive and widespread catchment
erosion has overloaded these river courses. Although there are signs
of sediment exhaustion in the upper parts of some tributaries, where
channels have incised, whole-system recovery is a very long-term
prospect (e.g., Tunnicliffe et al., 2018). Such understandings help to
determine what is realistically achievable in terms of river
rehabilitation (Brierley and Fryirs, 2022). Realistic short-medium
term targets (50-100 years) cannot be conceived in terms of well-
behaved, clear-flowing cobble-armoured rivers. In resilience terms,
these rivers have moved into a new basin of attraction, and a return
to pre-Anthropocene conditions is simply not achievable (cf., Piégay
et al., 2020). Over time, however, the capacity for adjustment is likely
to reduce, as re-working and incision of channel beds creates more
stable, armoured conditions, reduces bed gradients, and evacuates
fine-grained sediments. This will not happen uniformly and discrete
reaches will adjust at different times reflecting their position in a
catchment, proximity to sediment sources and adjustment of
connectivity relationships therein. Accordingly, flexible, open-
ended and dynamic rehabilitation goals need to be set (Brierley
and Fryirs, 2016). Geomorphic river stories present an appropriately
contextualised overview of place-based understandings that
document how responses to disturbance and historical impacts
(legacy effects) are manifested and communicated through the
system. Analyses of evolutionary trajectory framed in relation to
understandings of catchment connectivity inform interpretations of
what can be expected in the future (Wohl et al., 2019). Collectively,
these knowledges-in-place can support scientifically-informed
transfer of insights and management applications from one
situation/locality to another.

Within-region variability in anthropogenic impacts upon rivers
in Tairāwhiti is considered to reflect:

• Dominant sediment sources and associated formative
processes that determine the type, form and rate of input

• Sensitivity—capacity for adjustment and range of variability
• Catchment connectivity (hillslope-valley floor and upstream-
downstream relations)

TABLE 2 (Continued) Application of geomorphic principles (Table 1) to generate river stories that support rehabilitation of Tairāwhiti catchments.

River Respect diversity Process Regime Evolutionary trajectory Management actions Geomorphic river
story

Mōtū High sediment storage in
wide upland valley, with
falls demarcating transition
to gorge and narrow valley
to the coast. Upper
catchment has active mixed
load meandering sand-bed
river with pool-riffle
sequences and oxbow lakes

Upper catchment is a
moderately sensitive river
subject to incision and lateral
channel expansion (high
channel-floodplain
connectivity). Terraces buffer
sediment input. High
longitudinal connectivity,
with limited accommodation
space downstream of the
gorge

Incision and lateral channel
expansion have increased
sediment inputs and flux in
meandering reaches in recent
decades. Moderate to poor
condition rivers with moderate
recovery potential over next
50-100 years

Bed control structures,
increased wood loading and
riparian vegetation
management is the key priority
to increase channel roughness
and dissipate stream powers,
reducing potential for bed
degradation and channel
expansion. Although
warranted, reafforestation will
reduce flow inputs but have
limited impacts on the sediment
regime

High accommodation space
has created opportunity to
store large volumes of
sediment on valley floors in
the upper catchment,
separated from the coast by a
gorge. Terraces buffer
hillslope sediment inputs to
the channel in the upper
catchment. Reworking of
valley floor sediments by
incision (headcut erosion)
and channel expansion of the
laterally migrating river is the
dominant sediment source
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Variability in the river stories presented (Table 2) reflects, to a
large extent, the location, nature and extent of erosion processes
across the Tairāwhiti catchments, coupled with the success, or
otherwise of erosion mitigation efforts and approaches. The
flume-like nature of the Waimatā reflects the fact that there are
no large gully systems in this catchment, the river is not over-
supplied with sediment and it efficiently conveys material from
slopes to sea as the river has incised deeply into soft mudstone
terrain. Similarly, the Mōtū has the largest proportion of
comparatively coherent greywacke and no gullies, despite
forest clearance from its headwaters (although forest is intact
in the lower catchment). Clearance here has affected more of a
hydrological change, altering (increasing) runoff, promoting
channel incision and reworking of adjacent floodplain
sediment stores. As noted, the contrast between the Waipaoa
and Waiapu is marked, reflecting the position of the most
erodible terrain in each respective catchment. Channels are
braided in the upper Waipaoa, but become single-thread and
meandering as the over-supply of crushed-bedload material from
gullies in the headwaters disintegrates into constituent fine-
grained materials. In contrast, the Waiapu River only becomes
braided downstream of its confluence with the overloaded (and
braided) Tapuaeroa tributary. More coherent lithologies within
the Waiapu compared with the Waipaoa also mean the gravel
load is coarser. Short, steep slopes in the Hikuwai adjacent to
narrow floodplains and incised channels mean that landslides
and debris flows effectively convey shallow regolith materials to
the valley floor, resulting in rapidly accreting channels choked by
fine-grained sediments.

We contend that derivation and use of catchment-specific
geomorphic river stories provides a compelling platform to
relate scientific understandings of river systems to local and
traditional knowledges to co-craft shared approaches to river
management. Working with Mātauranga Māori, a living river
ethos seeks to protect and enhance the mana (authority), mauri
(lifeforce) and ora (wellbeing) of each and every river
(Hikuroa et al., 2021). Viewed in this way, river stories can
be conceptualised as ‘data with a soul’—a mechanism to relate
geomorphologically-informed understandings of rivers to local
and traditional knowledges (Brierley et al., 2021). Such
conceptualisations recognize contested understandings and
meanings of Anthropocene riverscapes, and decisions made
regarding their rehabilitation. Abstracting humans from rivers
whether by command-and-control ethos or attempted
protection practices reduces the mana, mauri and ora of a
river (Salmond et al., 2019).

5 Conclusion

In many parts of the world direct human impacts have
transformed the geomorphic character and behaviour of rivers.
Such actions and responses are not very pronounced for rivers
that make up the East Coast Region (Tairāwhiti) of Aotearoa
New Zealand. However, deforestation has induced a profound
indirect impact upon these rivers—rivers that already had some
of the highest rates of sediment flux per unit area in the world.
Massive increases in sediment inputs have induced tens of metres of

channel bed aggradation over just a few decades in some instances.
However, forms and extents of geomorphic transformation, and
associated prospects for rehabilitation, vary markedly from
catchment to catchment across the region.

This paper proposes a new conceptual framework which we
term geomorphic river stories to synthesize process-based insights
into catchment-specific evolutionary trajectories. We show how
proactive and precautionary river conservation and rehabilitation
plans for five river systems in Tairāwhiti apply understandings of
what is realistically achievable in management of a given system to
develop fit-for-purpose rehabilitation strategies that work at source
and at scale, targeting primary contemporary sediment sources in
each instance.

Although a singular focus on geomorphology will not engender
sustainable outcomes, conservation planning will NOT be effective
unless geomorphic considerations are integrated into management
plans (e.g., Brierley and Fryirs, 2022). Within the Waiapu
Catchment, the Mata subcatchment is in sediment deficit and
incising, while the Tapuaeroa subcatchment is unruly and
unpredictable, reflecting rapid overload of sediment from gully
mass movement complexes. As a whole, this is a globally
significant example of a river subject to significant sediment
flux and dramatic geomorphic adjustment (aggradation). The
Hikuwai and Waimatā Rivers convey excessive fine-grained
sediment (flux), together with forestry slash within a slot-like
channel from the mountains to the sea. The Waipaoa is another
globally significant example of an overloaded channel with
exceedingly high sediment flux that is prone to profound, rapid
and recurrent geomorphic adjustment, reflected in marked
downstream transition from a rapidly aggrading bedload to an
aggrading, suspended load dominated river. High connectivity
from the mountains to the sea characterise this system where
sediments derived from gully mass movement complexes and
landslides readily accumulate as fans and valley floor bedload,
yet remain readily and recurrently reworked. In contrast, while
alluvial terraces within the upper reaches of the Mōtū River
afford considerable accommodation space for the storage of
large volumes of sediment, they also buffer hillslope sediment
inputs to the channel. The dominant sediment source is
therefore derived by incision (headcut erosion), reworking of
valley floor sediments, and by channel expansion through bank
erosion within a laterally migrating river. Among Tairāwhiti’s
rivers, the Mōtū is uniquely different.

In each of the eastward-draining systems the key priority for
catchment management is re-vegetation of slopes, which are the key
sediment contributor in each catchment. A singular focus on the
channels of these Anthropocene rivers cannot result in successful
rehabilitation outcomes. Whole-of-catchment approaches are
urgently required if rehabilitation is ever to be achieved. The
timescale to restore these catchments is multi-generational, if not
multi-centennial (Table 1). Rehabilitation started 60 years ago with
the establishment of exotic forests, but unfortunately without due
consideration given to what species to plant and where to gain
maximum effectiveness. The last 60 years’ effort while having
success in some parts of the landscape (particularly Cretaceous
terrain) have also seen spectacular failures, notably the
establishment of production forestry on steep slopes in Tertiary
terrain, where vulnerability to shallow landslides increases
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dramatically during storms and where other vegetative solutions
need to be found (see Marden et al., 2023). Cyclones Hale and
Gabrielle in 2023 brought problems associated with increasing
landslide occurrence and slash mobilisation following production
forestry harvesting on Tertiary terrain (in particular) to a head,
especially in Hikuwai and Waimatā catchments. Furthermore, these
recent storms triggered initiation of new large gully complexes in
untreated gully-prone land in the Tapuaeroa (Waiapu), as a
consequence of complex land ownership issues and inability of
local government to enforce revegetation strategies.

In these endeavours, it pays to listen to the river and learn
from it. Geomorphic river stories express catchment-specific
understandings that help efforts to work with the river and its
connectivity relationships, applying process-based insights that
manage at source and at scale, and in a timely manner. Moves
towards enhanced catchment management programmes require
strong leadership at national government and local levels to
support implementation of geomorphologically-informed
remediation strategies. To date, piecemeal efforts with
insufficient resources have failed to achieve stipulated targets/
goals. Accordingly, current practices are barely keeping pace with
the rate at which the erosion problem is expanding (the net area
affected by gully erosion has only been reduced by 5% in 60-years,
Marden and Seymour, 2022). Meanwhile, irrespective of future
land use decisions, soil loss from increasing instances of
landsliding will result in reduced productivity. Attitudinal
shift and improved funding mechanisms are required to
facilitate land use change on a large scale and at a greater rate
than has been possible in the past, but this time taking into
account learnings from past mistakes. Such principles relate
geomorphic understandings to issues of social and
environmental justice in the Anthropocene, striving to ensure
that efforts to minimise harm and maximise geo-ecological,
socio-economic and cultural benefits through strategic, cost-
effective measures avoid negative off-site impacts and legacy

effects, rather than simply transferring problems elsewhere (in
space or time).
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