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Abstract
High-resolution microscale modelling of
the response of the Waiho River to width
reduction by stopbanks reveals that, unless
the river is already aggrading in its prior
state, width reduction does not on its own
cause bed aggradation. This finding conflicts
with and corrects findings of earlier work,
due to improvements in data acquisition
technology, and has prompted a review of
the prehistoric and historical behaviour of
the Waiho River. The river has aggraded by
about 10 m at the State Highway 6 bridge
cross-section since records began in 1907,
and since 1980 it has aggraded by about 6 m
(an average rate of about 0.17 m/year). The
reason for this multi-decade aggradation is
presently not well understood; other major
rivers in the region are not behaving in this
way. At the start of the 20th century the
Waiho River was incised by about 8 m into its
fanhead, but by about 1970–80 aggradation
was causing overbank flows during floods,
affecting infrastructure, and stopbanks
were constructed to confine the river to its
previous bed area. The confinement caused
aggradation to continue at the previous rate,
whereas without stopbanks the river would
have aggraded across its entire fanhead (about

three times the current bed area) at about
one-third the rate, i.e. at about 0.06 m/year.
If stopbanks are maintained in their present
positions, about 17 m of further aggradation
can be anticipated over the next century; if,
by contrast, the river is allowed free access to
the whole of its natural bed the short-term
response would be about 2 m of degradation,
followed by 6 m of aggradation after 100 years
– that is, a bed-level rise of about 4 m over
the next century. During this time, however,
a severe aggradation episode, probably due
to an earthquake, is likely to alter the river
behaviour drastically. The response of the
river to climate change over the next century
is unclear at present.
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Introduction
The Waiho River, Westland, New Zealand, is
fed by a group of catchments in the actively
uplifting Southern Alps. It then crosses the
range-front plate-boundary Alpine Fault
and flows north across a 4 km long fanhead
(upstream of the Waiho Loop, where the fan
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surface elevation is steeper) and an 11.5 km
long valley train to the Tasman Sea (Figs. 1, 2).
Over the last century, the river has
been aggrading its bed and fan surface.
However, since c.1970–80 the rate of
aggradation has increased, and the river
has, on several occasions during high flows,
threatened to overflow onto its fanhead and
inundate the rapidly developing township

Figure 1 – Overview of Waiho catchment and
river system, looking towards the south-east
(modified Google Earth image). The valley
train is about 4.5 km wide downstream of the
Waiho Loop.

Figure 2 – Plan view of Waiho River fanhead.
SH6 shown by single-chain-dashed line, major
stopbanks by full white lines, edge of fanhead
by long dash line (note: fanhead downstream
boundary is the Waiho Loop), Alpine Fault
(approximate) by short dashed line. Doublechain-dashed line is extent of microscale
model. (Modified Google Earth image)
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of Franz Josef/Waiau, the vital lifeline of
State Highway 6 (SH6), and dairy farms
on the valley train. In response, multiple
longitudinal control banks (‘stopbanks’;
Figs. 2, 3) have been constructed to prevent
this inundation, but the river bed has
continued to aggrade between the stopbanks.
The banks have been raised several times to
maintain flood capacity.
Since 1983 a series of studies has attempted
to explain the ongoing aggradation in order
to provide a basis for a sustainable flood-risk
management strategy for the river (Mosley,
1983; Hoey, 1990; Thompson, 1991;
McSaveney and Davies, 1998; Hall, 2000,
2012; Davies and McSaveney, 2001; Davies
et al., 2003a, 2013). A microscale modelling
study (Davies et al., 2003a) concluded that
the main cause of the aggradation was the
reduction in the bed area of the natural river
resulting from its lateral confinement by
stopbanks on the fanhead. The finding was
based on the assumption that the fanhead was
in a state of long-term dynamic equilibrium
prior to confinement (inferred from a steady
base level and coast position and assumed
unchanging sediment and water inputs).
It was concluded that removal of the

Figure 3 – Stopbank on true left of Waiho River
immediately downstream of SH6 bridge,
showing river bed some metres higher than
fanhead surface on which motel units (since
removed) are built.

confining banks would result in the river
reverting to its natural dynamic equilibrium
state; the river would degrade to its pre-1980s
profile and remain in that state in the long
term, thus solving the aggradation problem
in perpetuity.
The present paper describes a new
microscale modelling campaign (Beagley,
2017) using modern data-acquisition
technology, whose outcomes differ from
those of the earlier studies (Davies et al.,
2003a, 2013). Using much denser and
therefore more accurate bed elevation data,
we demonstrate that lateral confinement of
a microscale braided fanhead that is in true
long-term equilibrium – that is, its bed
topography allows the prevailing water flow
to transport the supplied sediment to the fan
toe at the rate it is supplied – does not result
in any change in bed profile. We also show
that lateral confinement of a braided fanhead
that is aggrading results in an increase in the
rate of aggradation over the confined area
of the fan; and that removal of confinement
from an aggrading fanhead river results
initially in local degradation as the river
avulses onto the unaggraded surface, followed
by slower aggradation. We suggest that the
previous models (Davies et al., 2003a, 2013)
had not achieved true equilibrium when the
model stopbanks were inserted.
Further, the previous assumption that
the Waiho River fanhead is in long-term
dynamic equilibrium does not align with
our review of the historical bed levels.
Neither can it be reconciled with the study
of Davies and Korup (2007) of the long-term
behaviour of the Poerua River fanhead, about
50 km north of Franz Josef/Waiau, following
a major sediment input in 1999; nor is the
earlier assumption of dynamic equilibrium
compatible with their identification of buried
soils at metre-scale depths beneath several
Westland rivers, and of a dated layer of fine
sand 2-3 m beneath the Waiho fanhead
surface.

Herein we assess the implications of new
model results (Beagley, 2017) in the context
of the prehistoric and recorded behaviour
of the Waiho River, including the known
major seismic, glacial, landslide and rainfall
events that have affected the river. In order
to inform decision-making and development
of a long-term flood risk management
strategy, we first outline the spatiotemporal
geomorphic setting of the Waiho River
and infer its prehistoric behaviour, before
presenting a timeline of its historic behaviour.
The timeline is interpreted in the light of
our microscale modelling results and is used
to project the future behaviour of the river
both with and without stopbanks in their
current positions.
We emphasise that we characterise the
state of the river by its active bed elevation.
In the context of this study, aggradation or
degradation refers to bed level rise or fall,
respectively, across the active bed width only.

Waiho River: geomorphic setting
The Waiho River system is fed by the Waiho
(77 km 2 ), Callery (92 km 2 ) and Tatare
(28 km 2) catchments, which lie adjacent
to each other within the western Southern
Alps of the South Island (Fig. 1). The northwestern range front of the Southern Alps is
defined by the 400 km long plate-boundary
Alpine Fault; transpressive plate motion on
this fault gives rise to about 8 m of right-lateral
offset and about 3 m of uplift in magnitude
8 earthquakes, which occur on average three
to four times every millennium (Bull, 1996;
Yetton, 1998; Goff and McFadgen, 2003;
Cochran et al., 2017). Average annual tectonic
uplift of about 5-10 mm in the ranges east
of the Alpine Fault is approximately equal
to the denudation rate there (Willett and
Brandon, 2002).
At present, average annual precipitation
in the mountains is up to about 14,000 mm
with 3-day totals of 750 mm every decade
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or so (Henderson and Thompson, 1999).
However, climate change projections predict
an increase in rainfall for the Westland
region over the next century (Ministry for
the Environment, n.d.), which will likely
be accompanied by increases in both storm
frequency and sediment supply. About 20%
of the Waiho and Callery catchment areas
comprise snow and ice (Kritikos, 2013).
The Waiho-Callery confluence lies just east
of the range front; the river then flows onto
and across the foreland plains of the West
Coast region to the Tasman Sea some 15 km
away. The Tatare River flows into the Waiho
River about 5 km north-west of the range
front, after passing through the Waiho Loop
terminal moraine, and currently presents no
flood risk to Franz Josef/Waiau township
(though it may be a landslide-dambreak
flood source; Davies et al., 2005).
On the foreland plain (a fluvially infilled
glacial trough) the Waiho River has built
up an elongated alluvial fan (or valley train)
between glacial moraines that are several
hundred metres high. This alluvial fan is the
result of glacial, flood, landslide, earthquake
and tectonic activities since deglaciation
c.18,000–11,000 years BP. The surface state
of the fan has continually readjusted – and
will continue to readjust – to variations in
both sediment supply and water supply. As
a result, it is a very dynamic system, and
attempts to impose a steady state for the
benefit of society are not easily sustained.

Prehistoric behaviour
Around 18,000 years ago, the glaciation
that had dominated the Southern Alps for
tens of thousands of years was starting to
decline, with sea level about 130 m lower
than at present (Dlabola et al., 2015). The
coalesced Franz Josef-Callery-Tatare glacier,
which had been advanced to a terminus
well west of the present coastline, began
an intermittent retreat, and proglacial
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sedimentation progressively infilled what
had been a several-hundred-metre-deep
glacial fiord to eventually form a valley train
across the coastal lowland, now known as
the Waiho Flats (McSaveney and Davies,
1998). About 11,000 years ago a rock
avalanche onto the Franz Josef Glacier
covered the glacier to its terminus, which
was at the present position of the prominent
Waiho Loop terminal moraine. The glacier
transported the rock avalanche debris to the
terminus and there built the Waiho Loop
(Alexander et al., 2014).
After the glacier terminus receded from the
Waiho Loop the glacially fed Tatare, Callery
and Waiho rivers began forming an alluvial
fan behind it, while flowing into the lower
Waiho valley around the western end of the
Loop. At this time, the Waiho Loop extended
farther west than at present. River bed level
would have been much lower than at present
and sea-level about 50 m lower (Dlabola
et al., 2015). Thus, the Loop would have
acted as an obstacle to the rivers and their
rapidly prograding fans. In addition, when
it was first formed the Loop was about 300
m farther south-west relative to the Waiho
valley than it is at present and has episodically
shifted northwards during the c.30–40
Alpine Fault ruptures in the last 10,000 years
due to right-lateral tectonic movements on
the Alpine Fault (Sutherland et al., 2006).
When sea level stabilized at about its
current level c.6,000 years ago, so too did the
Waiho River base level. Order-of-magnitude
sediment budget calculations (Davies
and McSaveney, 2001), and the presence
of shallowly buried old soils close to the
southern end of the Waiho Loop (McSaveney
and Davies, 1998), suggest that the valley
train soon reached an equilibrium profile.
However, the fanhead itself has quite possibly
never been in an equilibrium state during the
Holocene; Davies and Korup (2007) reported
buried soils beneath a number of fanheads in
Westland indicating that the whole fanhead

aggrades by perhaps 1 to 5 metres as a result
of each major sediment input. Between these
sediment inputs the whole fanhead surface
appears not to revert to its previous profile;
the river incises into the fanhead by some
metres and retains this profile until the next
major sediment input (Fig. 4). Thus, over
time the fanhead episodically aggrades and
extends down valley (Fig. 5).
The Tatare fan aggraded behind the
Waiho Loop until it reached the level of
the lowest part of the Waiho Loop about

1000 years ago (McSaveney and Davies,
1998); the Tatare River was then able to flow
across the Loop and cascade down its seaward
face. The Tatare River eroded a gorge through
the Loop, and knick-point recession created
the present-day 15 m deep, 500 m wide arroyo
in its own fan in which the Tatare flows from
the range front to the Loop (Fig. 2). There is
no evidence that the Waiho River was able to
spill north-eastwards into the Tatare arroyo
during high flows, until very recently.

Figure 4 – Longitudinal profiles of West Coast rivers, showing river beds incised a few metres below
surface of steep fanhead (Davies et al., 2005). Fanhead reaches denoted by ‘FH’.

Figure 5 – Schematic diagram showing
episodic aggradation (and progradation) of
fanhead due to major sediment inputs, while
downstream the valley surface (floodplain/
valley train – solid line) is in long-term
equilibrium.

The Waiho River experiences significant
surface profile fluctuations as a result of
water and sediment supply fluctuations.
Earthquakes, in particular, trigger many
landslides in the mountains (from shallow
failures of weathered soil and rock to large
rock and debris avalanches; McSaveney and
Davies, 1998; Yetton, 1998; Korup, 2004;
Robinson et al., 2016). Thus, earthquakes
are capable of generating significant sediment
inputs resulting in river bed aggradation and
channel shifting (Yetton, 1998), between
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which the river bed (but not the whole
fanhead) degrades again. During ruptures
of the Alpine Fault (which the Waiho River
crosses close to the SH6 bridge), the river
bed upstream of the fault is uplifted by
2–3 metres relative to the downstream bed.
This is thought to occur several times per
millennium (Cochran et al., 2017); the
resulting knick-point will recede upstream
following every such uplift episode,
undercutting hillslopes and increasing
sediment delivery downstream as it does so.
Glacial activity has also contributed to
variations in sediment supply and thus to
periodic aggradation-degradation episodes.
For example, during the Little Ice Age
between ca. AD 1600 and 1800 the Franz
Josef Glacier advanced by several kilometres
(McKinzey et al., 2004; Purdie et al.,
2014). Advance of this glacier is associated
with aggradation of the forefield due to
exhumation of valley-floor sediments by
pressurised subglacial water flows and
Jökullhlaups (glacial outbursts) (Davies et al.,
2003b; Carrivick and Rushmer, 2009) that
result in massive forefield sediment deposits.
Given that the last Alpine Fault earthquake
occurred in 1717, and that the glacier was
then advanced during the Little Ice Age,
it is likely that the 17th and 18th centuries
would have been a period of high sediment
supply, from which relaxation time may have
been long, probably extending into the 19th
century.
As an example of metre-scale aggradation
of the Waiho fanhead, Davies et al. (2005)
reported a metre-thick layer of fine sand
buried under river gravels at a depth of
about 2–3 m, 1 km west of the Waiho River
upstream of Canavan’s Knob; this sand was
dated to the mid-1600s by 14C analysis
of a piece of wood in the sand layer. The
sand layer itself is similar to the landslidedambreak flood deposits of the Poerua River
in 1999 (Davies and Korup, 2007). The
unavoidable conclusion is that about 2 to
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3 m of river gravels have been deposited in
that location in the last few hundred years,
at least partly in response to a major event
in the 17th century (probably the c.1620
West Coast earthquake; Briggs et al., 2018).
It is also possible, however, that much of this
aggradation is the result of repeated fanhead
sediment deposition in relatively minor
events, rather than all occurring in a single
major event.

Historic behaviour of the
Waiho River
A more recent example of river bed-level
fluctuation is the so-called ‘1850s terrace’
(4–5 m above the 1980 river bed level)
that was prominent upstream of the SH6
bridge (Mosley, 1983) until buried by the
current aggradation episode in the early
21st century. This terrace was thought
to be a remnant of an early to mid-19th
century aggradation episode, possibly due to
landsliding associated with the 1826 ‘Sealers’
earthquake’ in Fiordland and/or to the Little
Ice Age advances of the Franz Josef Glacier
(McKinzey et al., 2004). The ‘1850s terrace’
surface was close to the elevation of the
present fanhead.
Mean bed levels at the SH6 bridge crosssection from 1907 to 2019 (which has
approximately doubled in width over this
time) have been collated (M. Healey, pers.
comm.) using data from New Zealand
Transport Agency and the National Institute
of Water and Atmospheric Research (Fig. 6).
These data show that about 10 m of
aggradation took place over that time,
giving an average rate of about 0.09 m/year.
However, the denser data post-1982 show
an aggradation rate averaging 0.17 m/year,
and though the data between 1924 and
1982 indicate that aggradation preceded the
post-1982 episode they are insufficient to
show when it began or to quantify its rate.
Furthermore, though sparse, the data indicate
that no significant aggradation occurred

Figure 6 – Mean bed levels at the SH6 cross-section, with significant events indicated by arrows. Dates
of LiDAR acquisition (by Land River Sea Consulting Ltd; Gardner, 2014, 2016) shown at right.
Chain-dashed line indicates inferred approximate trend from two data points; full line is based on
post-1980 data trends. Shaded area suggests envelope of possible historic mean bed level variations

between 1907 and 1924. Figure 6 also
indicates the occurrence of significant events
noted in the timeline (Table 1), together with
the level of the fanhead surface and the bed
level when floods first encroached onto the
fanhead sometime during 1970–1980.
Europeans first visited the area in the
mid-1800s, and when the first settlement
was established at the site of Franz Josef/
Waiau township in the 1880s it was known
as ‘Waiho Gorge’ because the river at that

time was incised some distance below its
terraces. The first visitors in 1860 noted very
large glacial lag boulders forming the river
bed (visible in Fig. 7); in 1984 a borehole
on the right bank just upstream of the SH6
bridge found large boulders at 4 m, 10 m and
24 m depth in gravels. The 4 m depth may
correspond with the ‘solid bottom’ identified
at 136.6 m above sea level (a.s.l.) by survey
at the SH6 bridge in 1927 (not shown in
Fig. 6).

Figure 7 – Upstream view of the Waiho River ca.1900 (left: note that this is the suspension footbridge
and not the later road suspension bridge) and in 2017 (right). The upper photo from Alexander
Turnbull Library shows very large boulders that are well buried in the 2017 photo. The 1900 bridge
deck is about 6 m above the river bed at the time of the photo, and is about 3 m below the present
bed level.
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Degradation to this level by 1860 must
therefore have occurred in, at most, a few
decades since the so-called ‘1850s terrace’
aggradation episode referred to above;
there is no indication as to the cause of this
degradation, which must have been of the
order of 7 m. When the first road bridge
across the river was built in the 1920s this
deeply incised, narrow section was the
obvious place to locate it; a small aeroplane
is said to have been flown beneath it soon
afterwards. However, in 1911 the first hotel
in the township was moved to a higher terrace
because of the flood threat caused by river
bed aggradation. The first minor stopbanks
were also constructed about then.
At some time between 1920 and midcentury the river began aggrading and
aggradation has been generally ongoing
since (Fig. 6). However, it only began to be
troublesome when the increasing river bed
level allowed floodwaters to spread onto the

occupied fanhead in the late 1970s and early
1980s. For example, a major flood in 1984
destroyed a new stopbank that had severely
narrowed the river, and buried the airstrip
with metres of gravel; in this same event the
river broke out to the west just upstream of
Canavan’s Knob, closing the highway, and
could not be returned to its prior bed for
some weeks. The 1984 flood may have been
exacerbated by a 2 × 106 m3 landslide into
the river just downstream of the glacier in
1982 that caused metre-scale aggradation.
Major stopbanks protecting the airstrip on
the east bank of the Waiho River date from
the 1970s, while on the west side of the river
stopbanks date from about 1980 and have
been raised or supplemented several times
since then. Aerial photos from 1997 show
an intensely braided bed occupying the full
available width (Fig. 8); photos from 1947
show the bed was much narrower and less
braided then.

Figure 8 – Waiho River bed in 1948 (upper; note airstrip immediately left of the
township) and in 1997 (lower).
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The increased rate of aggradation from the
late 1970s onwards was also contemporaneous
with the significant advance of the Franz
Josef Glacier between 1983 and 1999. Since
the Waiho valley immediately downstream
of the glacier terminus aggraded by up to
15 m during this advance, this seems a likely
contributor to the fanhead aggradation.
However, examination of the river behaviour
between the glacier and the Callery confluence
during this period (Gardner, 2016) shows that
two cross-sections midway along this reach
(XS5 and XS6) did not aggrade at all during
the glacier advance (Fig. 9). Upstream
sections (XS1-4) aggraded as soon as the

glacier advanced, while downstream sections
(XS7-10) began aggrading later; XS6 did
not change level at all during this period.
The SH6 section (XS13) only started
aggrading rapidly in about 1993, 10 years
after the glacier started advancing (Fig. 6).
This suggests that the behaviour of the
SH6 section appears not to correspond in
a direct way to glacier behaviour. Figure 10
corroborates this, by demonstrating that
although increases in glacier length appear to
be associated with increases in SH6 bed level,
the converse is not consistently true; there
is no simple relationship between SH6 bed
level and glacier length.

Figure 9 –Mean bed
levels at Waiho River
cross-sections
XS2, XS6 XS9 and
XS13 during Franz
Josef Glacier advance
(1983–2008) and
retreat (2008–2016;
data from Gardner,
2014, 2016). Note
the SH6 bridge
section is XS13.

Figure 10 – Franz
Josef Glacier length
1980–2018 (lower)
and Waiho River
mean bed level at
SH6 cross-section
(upper).
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Table 1 – Timeline of known Waiho River behaviour and significant events
1600:

Glacier terminus at most advanced position (Little Ice Age;
McKinzey et al., 2004)

1717:

Alpine Fault earthquake from Milford Sound to Ahaura; high
sediment availability

1800:

Final Little Ice Age advance (McKinzey et al., 2004)

1826:

‘Sealers’ earthquake’ in Fiordland

1830–60:

‘1850s terrace’ emplaced (Mosley, 1983)

1860s:

“The surface on which the earliest hotel [see 1911 below] (and later the earliest
airstrip) was built, was the active channel when the area was first visited in the
1860s.” (McSaveney and Davies, 1998 p. 19; but note that this ‘glacial lag’ or
moraine layer must date to c.10,000 BP so must have been uplifted by about
100 m over that time)

Mid-1800s
to mid-1890s:

“… the Waiho River below the Callery confluence was deeply incised” and
“…miners found the richest gold deposits in the Waiho Gorge at the contact
between recent river sediments and the underlying moraine material at the base
of the Waiho channel, indicating that the river then was incised to its maximum
depth since glaciers had passed through.” (McSaveney and Davies, 1998)

Mid-1890s:

“… Peter Graham reports that the bed rose in an “Old Man” flood and the
moraine interface was never again accessible to miners.” (McSaveney and Davies,
1998 p. 19)

1900:

Large boulders visible in riverbed (Fig. 7)

1911:

Hotel relocated to higher terrace; first minor stopbanks constructed

1923-50:

Lake at glacier terminus

1926:

Car fording river photo; large boulders present (Turnbull, 1998). Minor
stopbanks to protect lower terraces

1930–39:

Suspension road bridge open: bed ~ 8 m below bridge deck (bridge drawings)

1930:

Landslide dam in Callery blocked river for > 1 day (Turnbull, 1998)

1982:

Landslide at terminus: 2 × 106 m3. Substantial aggradation (1.2 m) upstream of
SH6 bridge buried hot pools (Mosley, 1983)

1984:

True right stopbank destroyed; breakout to southwest upstream of
Canavan’s Knob

1984–1999

Glacier advance ~ 1.3 km; approximately 10 m forefield aggradation

1995:

Jökullhlaup; 15 m lateral erosion at bridge section (Davies et al., 2003b)

2011:

Minor landside dam in Callery; Callery aggraded several metres at footbridge
(Davies et al., 2013)

2010-2016:

Glacier retreating (followed by 80 m advance 2016-2019)

2019:

Major flood, SH6 bridge and Milton’s stopbank washed out, substantial
aggradation
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Most recently, Gardner and Brasington
(2019) carried out a change analysis of two
sets of LiDAR data acquired in 2016 and
2019. They found that significant volumes
of aggradation occurred in the upper Waiho
valley, and bed levels at XS5 to XS6, having
been consistently stable since 1983, both
sharply increased for the first time since
1983 with the mean bed level increasing by
over 2 m at XS5. However, bed levels at SH6
(XS13) remained approximately constant.
For all of the historical period the Waiho
River has remained in, or close to, the bed area
it occupied when first reported. Following
the first major use of stopbanks in ca.1980 to
counter the river’s tendency to avulse to other
parts of its fanhead, aggradation of the Waiho
River has continued and amounts to about
4 m in total (Fig. 6). As a result, the bed of
the Waiho River is now at an all-time high
level; this is demonstrated by there being no
geomorphic evidence of flood waters spilling
from the Waiho River into the Tatare River
since the Tatare fan was incised at least 1000
years ago (McSaveney and Davies, 1998).
In recent years, however, such spillages have
become increasingly common, excavating
characteristic headcut channels (Fig. 11)
which increase the potential for future
spillages and possible avulsion of the Waiho
into the Tatare River.
In summary, the long-term perspective
of the Waiho River is that of a system
experiencing multi-millennia-scale major
(> tens of metres) bed-level fluctuations due
to glacial episodes; moderate fluctuations
(several metres) due to multi-century-scale
uplift and coseismic landsliding episodes; and
frequent (year-to-decade-scale) metre-scale
fluctuations due to sediment inputs from
the catchment. The last major degradation
episode appears to have occurred between
about 1850 and 1880. When formal records
began in 1907 the river bed appeared to be
stable, perhaps due to the large glacial lag
boulders at the bed (but this is by no means

Figure 11 – Top left: Headcut channel (centre,
arrowed) resulting from flow from the
Waiho River (out of sight immediately below
helicopter) into the Tatare River (upper right)
in a flood in late 2002. Photo by Bob Hall.
Top right: Flow in headcut channel in 2010
(West Coast Regional Council, 2011).
Bottom: Between early 2002 and 2020 the
area of inflow to the Tatare River increased
considerably.

certain); since some time prior to 1980 the
time-averaged aggradation rate has been
about 0.17 m/year.

Comparison of behaviour with
other rivers
We note that the long-term aggradational
behaviour of the Waiho River has not been
replicated by any of the other major rivers on
the West Coast (e.g. Whataroa, Wanganui,
Fox). These rivers lie in similar geomorphic
environments to that described for the Waiho,
except that they have no equivalent of (i) the
Waiho Loop and Canavan’s Knob, nor of (ii)
the Callery River, which exits the Callery
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Gorge and flows into the Waiho immediately
upstream of its fanhead. These other river
beds have historically been, and are presently,
incised by some metres into their fanheads at
the range front, whereas the Waiho River was
starting to flood its fanhead by about 1980,
inferring that it has for some reason behaved
differently from the other rivers.
The difference in behaviour could be
related to the much greater proportion of the
Waiho/Callery catchment presently glaciated
(20%) compared to the Whataroa (10%)
and the Wanganui (9%), suggesting that the
degree of deglaciation in some way affects
fanhead aggradation. By this argument, the
Fox River, whose catchment has a similar
glaciated proportion to the Waiho (21%;
Kritikos, 2013), should also be aggrading.
However, up until very recently, when a
major sediment input from its tributary Mills
Creek began, it has not been aggrading.
Since the late 1800s a large volume of
debris-covered ice has been present at the
terminus of the Fox Glacier, much of it below
river bed level. Retreat of the glacier between
1935 and 1965 led to the lower part of the ice
being buried beneath the river bed (Appleby,
2012). This buried ice has continued slowly
melting to the present day, thus continuously
creating accommodation space for sediment
storage. There is no evidence of such buried
ice in the Waiho valley. If this buried ice were
not present in the Fox valley, more sediment
may have been delivered to the Fox River
fanhead, in which case it might have aggraded
similarly to the Waiho River.
A further factor in the behaviour of the
Waiho River at the SH6 bridge site in the
early to mid-20th century was the presence
of a proglacial lake at the Franz Josef Glacier
terminus from 1923 to 1950 (Fig. 6). The
lake would have had the effect of trapping
most, if not all, of the sediment delivered
from the glacier and preventing it from
moving downriver. The sediment supply to
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the SH6 bridge would have been reduced by
about 55% (assuming that sediment supply
scales with catchment area) during that
period, because only the Callery catchment
would have been supplying sediment. Once
the lake was infilled, supply of sediment down
the Waiho River would have recommenced,
but it would have been some time (perhaps
several years to a decade or more) before the
full supply was resumed at the bridge. Thus,
the bed level of about 140 m a.s.l. recorded
up to 1927 may have persisted until perhaps
the 1960s, when the current aggradation
rate seems likely to have become established
(Fig. 6).
Thus, the relative behaviours of the major
West Coast rivers appear to correspond to the
following trends:
(i) a catchment with a high proportion of
ice cover, which is deglaciating, is likely
to exhibit fanhead aggradation; and
(ii) while there is a significant sediment sink
(buried ice or lake) in the proglacial area
this aggradation is suppressed.
However, this suggestion is speculative;
the cause of the long-term aggradation of the
Waiho is not well understood. Nonetheless, it
is an empirical fact: aggradation of the Waiho
River is taking place in the fanhead reach,
and the fundamental cause of the aggradation
is that the fanhead reach cannot transport
bedload sediment downstream through the
reach at the same rate that it is being supplied
from upstream.

Laboratory microscale modelling
of the Waiho fanhead
No formally-scaled physical laboratory model
of the Waiho has been constructed, because
of the large spatial scale of the fanhead, the
model linear scale that would be needed to
assure dynamic similarity (about 1:50; Young
and Warburton, 1996) and the corresponding
cost, as well as the lack of prototype flow

and sediment input data (Beagley, 2017).
Instead, three ‘microscale’ model studies
have been carried out (Davies et al., 2003a,
2013; Beagley, 2017). Microscale models
(e.g. Gaines and Mainord, 2001; Gaines
and Smith, 2002; Malverti et al., 2008) use
very small linear scales (< 1:1000), so are
relatively inexpensive to carry out; they also
use arbitrary and (usually) steady water and
sediment inputs. While microscale models
lack the theoretical underpinning of formallyscaled models, they are capable of realistically
representing the spatial distribution of
relative rates of aggradation in the Waiho
River (Davies et al., 2003a).
The Waiho River microscale models
represent the fanhead area from approximately
the Callery confluence to the Waiho Loop.
Each model was fed with water and sediment
at steady rates via a mixing arrangement at
the upstream end, and each terminated at a
free overfall downstream of the model Loop;
the model extent is shown on Figure 2. The
geometrical plan-view boundaries of the
fanhead were formed from painted and sandroughened expanded polystyrene. In each test
the sediment and water feed rates were chosen
and allowed to form a bed upstream of the
overfall without any constraint other than
the natural boundaries. When bed elevation
data indicated that the bed topography was
no longer changing with time, artificial
boundaries corresponding to stopbanks
were introduced in chosen locations and the
response of the bed (aggradation, degradation
or no change) determined from subsequent
monitoring of bed levels. Once the bed
response was established, the confinement
was (in some tests) removed and the response
to stopbank removal assessed. In some
tests time-varying water flows were used,
comprising alternating periods of higher
and lower steady flows, to study what, if any,
difference flow variability made to the river’s
response to altered confinement. During

these experiments the sediment feed rate
remained steady.
Davies et al. (2003a) demonstrated that
reducing the width of the active river bed
of the microscale-modelled Waiho River
fanhead, by installing stopbanks in the
locations corresponding to those in the
field, resulted in aggradation with spatial
distribution that closely matched that in the
Waiho River itself. Based on the assumption
by Davies and McSaveney (2001) that the
Waiho river bed in its natural state was in
long-term dynamic equilibrium, Davies
et al. (2003a) concluded that the stopbanks
were the fundamental cause of the poststopbank aggradation. This assumption was,
however, shown to be incorrect by Davies
and Korup (2007); likewise, Figure 6 suggests
aggradationmay have begun well before
major stopbanks were constructed.
The microscale model work of Beagley
(2017) was designed to improve the precision
of the earlier modelling by using a hand-held
laser scanner to monitor model bed elevations
at high spatial density and to high accuracy;
the earlier studies had used point-gauge data
that were inevitably much sparser and less
accurate. The scanner created dense point
clouds for Digital Elevation Models (DEMs),
from which DEMs of Difference (DoD)
were generated to show how the model was
changing over time. In all other respects
Beagley (2017) followed the techniques of
the earlier studies, but the main objective
was now to investigate the progress of the
degradation that would result from relocation
of the existing stopbanks to allow the river to
attain a greater width.
During initial testing, however, it was
found that reducing the model river width,
after its fanhead had attained a topography
in dynamic equilibrium with the water and
sediment inputs, did not result in aggradation
(Fig. 12). This departure from the previously
reported behaviour was attributed to the
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Figure 12 – Final 54 hours of the steady input experiment 3. Change of bed elevation
per hour averaged over the active bed area is plotted against time since the start of the
run. Active area is the entire unconfined fanhead for the first 46 hours, and from then
on only the confined fan surface (33%). Equilibrium was established at hours 44–46
(no change of bed level for 2 hours) and then confinement was applied. After initial
degradation no net aggradation or degradation was apparent for a further 8 hours
(mean change was zero).

much greater spatial density of the elevation
data (one point every 4 mm 2) available
with the AML Hand-Held Laser Scanner,
compared to the point-gauge data used
by Davies et al. (2003a, 2013; one point
every 2500 mm2), resulting in much higher
accuracy of sediment volume calculations.
This allowed achievement of dynamic
equilibrium to be assessed much more
accurately, and comparison of the different
times required to achieve equilibrium in the
Davies et al. (2003a) tests (about 10 hours)
with the present work (50 to 130 hours)
suggests that dynamic equilibrium was not
achieved in the former.
This unexpected outcome prompted a
second set of experiments that tested the
response of an already aggrading fan to
changes in the degree of confinement (33%,
67% or 100% of total fanhead area). For
each stage of these experiments, bed elevation
was repeatedly measured across the entire
confined surface, with DoD generated to
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show the average rate of change for each level
of confinement. In the Waiho River context,
33% corresponds to the present situation and
100% to the ‘natural’ situation, while 67%
is an intermediate situation to indicate the
behaviour trend. Figure 13 shows that when
the model river was confined as at present,
with a river bed area of about one-third of
the natural fanhead area, the aggradation rate
was about three times that of the unconfined
fanhead, under the same conditions of
water and sediment input; thus aggradation
rate appears to be approximately inversely
proportional to bed area.
During the experiments it was also
observed that upon release of confinement,
the response of the model river was to
shift into the newly accessible (lower) area
(Fig. 14). Once there it began to incise into
the previously aggraded surface. Then, when
general aggradation resumed, it did so at
much slower rate.

Figure 13 – Microscale model data showing aggradation rate (cm/hr) when fully
confined (one-third natural fan area; hours 1–10), partly confined (two-thirds
natural fan area; hours 10–20) and unconfined (full natural fan area; hours
20–30). Dashed lines are mean values; aggradation rate is approximately inversely
proportional to bed area.

These results show that:
(i) Width reduction does not cause
aggradation in a microscale braided
river that is in genuine long-term
equilibrium.
(ii) Width reduction causes an increase in
the rate of aggradation in a microscale
braided river that is in a state of longterm aggradation; the aggradation rates
are approximately in inverse proportion
to the bed area.
(iii) Removal of lateral constraints from a
confined, aggrading microscale river
results in short-term degradation,
but this is eventually followed by
resumption of aggradation at a slower
rate. Davies et al. (2013) suggested that
the ‘short-term’ timeframe might be
about a decade.
These results cast doubt on previous
applications of microscale model results to the
Waiho River but confirm that the presence
of stopbanks can exacerbate aggradation of
the river. Crucially, the results also point to

stopbank removal as likely to cause shortterm, but not long-term, degradation of the
river bed.

Figure 14 – Immediate response of microscale
model to removal of stopbanks (yellow)
after aggradation had occurred; river avulsed
sharply to the west onto the lower fanhead
surface.
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Discussion: implications
for future behaviour and
management of the Waiho River
Figure 6 shows two distinct Waiho River bed
level behaviours at the SH6 bridge crosssection: prior to about the middle of the 20th
century the bed was more or less constant
at about 140 m a.s.l., and since then it has
aggraded by about 0.17 m/year. Prior to
about 1970–80 the river was incised into its
fanhead surface and flood discharges were
accommodated within this incised channel;
however, since the 1980s aggradation has
caused flood flows to increasingly overtop the
natural banks, affecting fanhead assets, and
subsequently constructed stopbanks have
prevented the aggrading river from spreading
across its fanhead.
The modelling results show that width
reduction increases the aggradation rate
approximately in proportion to the reduction
in bed area; in the context of the Waiho,
the interpretation is that stopbanks have
prevented access of the river onto the whole
area of the fanhead since about 1980 and
have thus caused the previous aggradation
rate to be sustained. Without stopbanks the
river would have been free to occupy any part
of its fan and the aggradation rate would have
reduced accordingly.
The Waiho River road bridge was opened
in 1927, but the existing road through
to Fox Glacier was opened earlier on its
current alignment, with cars fording the
Waiho River. It follows that since that
time the Waiho River has been confined
to its present bed east of SH6 in order to
prevent damage to the road. The recorded
aggradation since the middle of the 20th
century (Table 1, Fig. 6) occurred initially
while the river was confined laterally by its
incision several metres below the level of its
fanhead; once the bed elevation increased
sufficiently that flood flows began to
encroach onto the fanhead in the 1970s, the
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first major stopbanks were built to prevent
this encroachment. Had the river been
allowed to flow across its fanhead from that
time on, the bed level increase at the bridge
would have been slower; the restricted bed
area presently available to the Waiho River
is about one-third of its total fanhead area,
hence the aggradation rate over the whole
fanhead would have been about one-third
of the observed (confined) rate, or about
0.06 m/year. There is no doubt that lateral
confinement of the Waiho River has been
a factor in its aggradation because the
river has aggraded when and where it has
been confined by stopbanks (Davies and
McSaveney, 2001).
This perspective allows us to infer the
future behaviour of the river under two
management scenarios: continued confine
ment and removal of confinement.
Outcome of continued confinement

If the Waiho River remains confined by
stopbanks in their current positions, there is
no known reason to expect it not to continue
aggrading at the long-term average rate of
about 0.17 m/year. Figure 15 suggests that
in this case the bed at the SH6 bridge would
reach a level of about 167 ± 2 m a.s.l. in 100
years (full lines), which is about 14–18 m
higher than the present bed level and 11–15
m higher than the highest ground level in
Franz Josef/Waiau township adjacent to the
river. The scenario of continued confinement
assumes that it is technically feasible to
maintain the present confinement by
increasing the crest elevation of the present
stopbanks; an additional stopbank along the
east side of the river would also be required
to prevent the river from avulsing into the
15 m lower bed of the Tatare River. Such
an avulsion would induce an episode of
headward erosion and degradation, which
Davies et al. (2013) suggest is likely to be
temporary (perhaps decade-scale). Recent
imagery (Fig. 11) shows the result of a

substantial increase in such overflows into the
Tatare River over the last decade or so.
Outcome of confinement removal

Were the confinement to be removed in the
near future, and the river allowed to utilise
the whole of its fanhead area by accessing
the area outside of the western stopbank
from the SH6 bridge to Canavan’s Knob,
then the river bed at the SH6 bridge would
immediately degrade by about 2 m (Fig. 15,
white arrow) to the general fanhead level.
The channel would then move to the lower,
previously protected fanhead (Fig. 14) and
aggrade this at about half the recent rate
until it reached the level of the previously
confined bed; thereafter, the whole fanhead
would subsequently aggrade slowly at about
one-third the recent rate. After a century the
bed level at the SH6 bridge would be about
154 ± 2 m a.s.l. (chain dashed lines), a range
of about 2–6 m higher than at present.

Outcome of partial retreat

There are intermediate options, between
those of maintaining the present stopbanks
and complete retreat, which involve
relocating the present true left stopbank
downstream from the SH6 bridge to an
intermediate position that retains protection
of part of the fanhead. The subsequent effect
on aggradation is expected to be proportional
to the area of the natural fanhead to which the
river has access, so the aggradation trajectory
would be between those shown in Figure 15.
Major event impacts

All of these future scenarios assume that
there will be no major sediment input to the
Waiho River in the next 100 years. However,
given that the probability of a major West
Coast earthquake in this period is about
60% (Cochran et al., 2017), and that major
earthquakes on the West Coast typically
cause major aggradation episodes (Robinson
et al., 2016; Briggs et al., 2018), it is more

Figure 15 – Waiho River bed level data at SH6 cross-section extrapolated
to ca.2120 if present confinement is maintained (‘maintain present
stopbanks’) and if confinement is relaxed in 2020 (‘Remove stopbanks’).
White arrow indicates short-term bed level fall if stopbanks are removed.
Grey shaded areas represent short-term variation in bed elevation.
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likely than not that the behaviour of the
Waiho River will be punctuated by a major,
probably seismically triggered, aggradation
episode within this time frame. For example,
Robinson et al. (2016) estimated that a
magnitude 8 Alpine Fault earthquake would
instantly generate 4–30 × 106 m3 of landslide
debris in the Waiho-Callery catchment,
equivalent to perhaps 10 years of aseismic
landsliding, and Robinson (2014) estimated
that close to the range front – i.e. on the
fanhead – average aggradation depths would
be substantially greater than metre-scale.
Briggs et al. (2018) estimated that a magnitude
7.6 earthquake on a different fault within
the Southern Alps would generate greater
aggradation on the Waiho-Callery fanhead
than would an Alpine Fault event. Either of
these events would be likely to cause metrescale or greater bed level rise within a few
months or years of the earthquake. An Alpine
Fault earthquake would, in addition, be very
likely to cause severe damage to all Waiho
River stopbanks. Further, the last several
large landslides (~107 m3) in the Southern
Alps have not been seismically triggered so,
as with the 1999 Poerua landslide dambreak,
a severe aggradation episode may occur
independently of an earthquake. While any
such episode will pose its own management
challenges, it is clear that a highly aggraded
river in which flood risk is managed by
progressively raising stopbanks will be much
more seriously affected by a major event than
will a much less aggraded river with fewer
lateral constraints.
These forecasts are all evidently some
what uncertain, but are based on the best
information currently available about the
past behaviour of the Waiho River and
on updated modelling of that river’s likely
response both to confinement by stopbanks
and to the removal of that confinement.
Under the assumption that the aggradation
from 1950 to 2018 continues into the future,
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removal of the confinement in the near future
reduces the bed level increase expected at the
SH6 bridge over the next 100 years from
14–18 m (under continued confinement) to
0–4 m (release of confinement and long-term
slow aggradation).
Climate change impacts

While, as mentioned earlier, rainfall
(particularly winter rainfall; Ministry for the
Environment, n.d.) is anticipated to increase
somewhat over the West Coast by 2090, the
projected 1-3° increase in temperatures is also
likely to affect river behaviour by reducing
both the proportion of precipitation falling
as snow and glacier volumes. The former is
likely to increase runoff from high-altitude
rainfall that would previously have fallen
as snow, while the latter is likely to increase
the speed of runoff through valleys that were
previously under ice. The accompanying
reduction in the permafrost area is likely to
result in accelerated denudation from slopes
previously ice-bound. Thus, the rate of fluvial
activity in rivers, which is driven by both
water supply and sediment supply, is likely
to increase. What is critical, however, is the
ratio of water supply to sediment supply,
which controls the river behaviour (as it
also controls microscale model behaviour),
and there is no information available on this
ratio. We are, therefore, unsure how climate
change will affect the future behaviour of
the Waiho River, except to suggest that its
response to both natural and anthropogenic
perturbations is likely to be faster in the
future than it has been in the past.

Conclusions
1. The Waiho River is presently (and has
since the mid-1800s been) responding to
minor fluctuations of sediment supply.
There have been no major sediment inputs
since the establishment of the ‘1850s
terrace’ at the Callery confluence.

2. There is solid evidence for a major
aggradation episode (2–3 metres) on the
Waiho fanhead since the early to mid1600s. This episode may have been due
to the c.1620 West Coast earthquake and
possibly exacerbated by the major Little
Ice Age advance of the Franz Josef Glacier
(1600s to 1750) and the 1717 Alpine Fault
earthquake, and/or it may reflect multiple
more minor episodes.
3. Bed level surveys at the SH6 bridge site
since 1907 show unequivocally that the
mean bed level has risen about 10 m since
that time. Until about the middle of the
20th century the bed level was more or
less stable, probably due to the presence
of a proglacial lake in the Waiho valley
reducing sediment delivery downstream.
4. Since about the middle of the 20th century
the bed level of the Waiho River at the
SH6 bridge cross-section has been rising
at about 0.17 m/year. The cause of this
behaviour is not well known but may relate
to the large (but reducing) proportion of
the catchment covered by glacier ice.
5. Careful work using modern technology
with microscale modelling has indicated
that removal of the western stopbank
would result in degradation of the river
on the fanhead. This would not be longterm, however, and aggradation would
subsequently recommence at about onethird the current rate – that is, at about
0.06 m/year.
6. The microscale modelling results, together
with records of the Waiho River bed levels
at the SH6 bridge since 1907, suggest
that if the river remained confined, and
behaved as it is currently behaving, bed
level at the bridge would continue to
aggrade at 0.17 m/year and reach an
elevation of about 165–169 m a.s.l. (14–
18 m higher than at present) by 2120.
This would require stopbanks to continue
to be raised and avulsion to the Tatare

River to be prevented by a new stopbank
to the east of the river from the township
to the Waiho Loop.
7. If the current confinement were to be
removed in the near future, the data
indicate that the river bed would initially
degrade about 2 m towards the level of its
present floodplain. It would subsequently
aggrade over the whole of its fanhead at
about 0.06 m/year, with the bed level at
the SH6 bridge reaching a level of about
151–155 m a.s.l. (1–4 m higher than at
present) by about 2120. Partial retreat (i.e.
rebuilding the true left stopbank farther to
the west) would lead to an intermediate
rate of aggradation.
8. It is more likely than not that sometime
within the next century a major aggradation
episode (likely seismically triggered) will
affect the Waiho fanhead, increasing river
bed levels by some metres within years or
decades. This will drastically affect any
flood risk management strategy dependent
on structural measures.
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