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Executive summary

This report provides guidance and advice to West Coast Regional Council
(WCRC) on how to assess the impacts of river gravel extraction on West
Coast Rivers and beaches. The guidance is designed to inform WCRC about
how to robustly collect and analyse data from rivers and beaches, so that
informed management decisions can be made about rates of gravel
extraction. This is to ensure that gravel extraction does not contribute to
hazards such as coastal erosion.

Currently available river cross-sections and beach profiles were assessed for
their fitness for monitoring the impacts of gravel extraction, and analysed
to determine whether any such impacts could be elucidated. River cross-
section profiles collected from the Karamea, Buller, Grey, and Hokitika
Rivers were checked for survey anomalies and analysed to assess changes
in the river mean bed level (MBL). Beach profiles collected at Hokitika
Beach and Pororari Beach, Punakaiki, where also checked for survey
anomalies and analysed to assess changes in sediment volume and beach
width. In addition, for rivers where gravel extraction has been consented
but there is no monitoring of bed levels, Google Earth was used to assess
the degree of connectivity of these rivers to the coast. This work was
guided by research experience and relevant literature, and informed by a
field visit and discussions with WCRC engineers, natural hazards analysts,
and planners.

The river MBLs show waves of sediment moving down the Karamea, Buller,
Grey, and Hokitika Rivers. For rivers where there is no cross-profile data
Google Earth analysis indicates that both the Taramakau and Fox Rivers
likely deliver significant volumes of gravel to the coast. Gravel supply from
the Punakaiki, Waimangaroa and Mokihinui Rivers is much more limited,
and regular gravel delivery to the coast is unlikely from Little Wanganui
River and Granite Creek.

Beach profiles at Hokitika show the volume of sediment on the southern
half of the beach increasing between 2000 to 2006, but steadily declining
from 2006 to 2013. The northern half of the beach also experienced an
increase in volume between 2000 to 2004, and this increased volume was
sustained until 2009, after which volumes of beach sediment also began
declining. The period of erosion on the southern part of the beach coincides
with a period of bed degradation in Hokitika River recorded by MBLs.
However a later period of river aggradation between 2010 to 2014 is not
coincident with increased volumes of beach sediment. It is therefore
difficult to robustly infer connections between the river and beach given
currently available data. Pororari Beach also displays alongshore variations
in sediment volume. The southern part of Pororari Beach is decreasing in
volume and width, with an increase in the height of the ridge at the rear of
the beach, which indicates that the beach is likely rolling back under the
influence of sea-level rise. Conversely the spit at the northern end of
Pororari Beach is increasing in volume through time, and may be fed with
sediment eroded from the southern part of the beach and discharged from
the Pororari and Punakaiki Rivers.



While river MBLs show waves of sediment moving through the river
systems, the analysis does not suggest an over-abundance of gravel supply
but rather systems in equilibrium. The available records are too short to
make robust inferences about trends in sediment storage. Further work is
recommended to link gravel extraction returns to specific cross-sections
and time periods to understand links between MBLs and volumes of gravel
extracted. Guidance is also provided on how to more accurately gather
robust data on the sediment flux of priority rivers, with key advice on better
collection of river cross-sections and three-dimensional modelling of the
river bed.

Available beach profile records are also too short to infer trends in coastal
behaviour over the medium- to long-term. Guidance is provided on the best
practice for collecting and analysing beach profile data, as well as a range of
other measures of beach morphology. Recommendations are made to how,
where, and how frequently to monitor priority areas of the coast that are
currently not monitored. A range of remote sensing tools are identified that
could be leveraged to monitor large parts of the West Coast at a coarse
resolution, as well as priority areas at high resolution.



1 Introduction
1.1 Background

This study was initiated by West Coast Regional Council to provide a
geomorphological assessment of the effects of river gravel extraction, to
complement the report by Hicks (2017). The current study is focused on:

e Assessing the geomorphology of rivers considered to be vulnerable
and identifying rivers that are not able to deliver gravel to their
neighbouring coastal hazard areas.

e Guidance on managing priority areas including the Grey River,
Punakaiki, Fox River, Granity, Ngakawau, and Hector, and
Mokihinui.

e Guidance on gathering data to enable more accurate monitoring of
river and coastal behaviour to inform the management of river
gravel extraction.

In working towards the first two points this study has been heavily
grounded in available datasets currently collected by WCRC, so that the
assessments of river and coastal behaviour are objective and evidence-
based, and guidance can be provided for the third point on the quality of
existing datasets and areas for improvement.

This study was funded by an Envirolink medium advice grant (Contract
Number MAUX1905).

2 What impacts may gravel extraction from rivers have on the coast?

Rivers are an important source of sediment to the coast, and sediment
supply is a fundamental driver of coastal morphodynamics. Beaches with a
high sediment supply may be more geomorphically resilient to sea-level rise
and changes in wave climate and storm frequency, while beaches with a
sediment deficit will experience erosion. Where rivers are connected to the
coast gravel extraction may reduce sediment inputs to the coast. As many
West Coast beaches are experiencing erosion, concern has therefore arisen
that gravel extraction from rivers may be contributing to this trend in
coastal behaviour.

3 Methods
3.1 River bed levels and sediment volumes

Cross-profiles of the river bed topography are measured at locations along
the length of the channels of the Hokitika, Grey, Buller, and Karamea Rivers.
Cross profile measurements are collected at periodic intervals in order to
monitor changes in the river bed topography through time. Cross-profiles
are typically measured from a monumented benchmark. In some cases



systematic measurement errors have been recorded, for example where
the benchmark height has been recorded incorrectly. Where these
systematic errors could be positively identified, they have been corrected
for (Figure 1).

Hokitika X Section 1, 0-300 m subset
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Figure 1: Subset of the Hokitika River cross-section 1, showing the offset between
the 2013 survey and the preceding three surveys—between 0—275 m these lines

should be coincident. This difference was introduced into the data by the survey

benchmark being recorded incorrectly for the 2013 survey. This systematic error

was removed from the analysis undertaken for this report.

The Mean Bed Level (MBL) is a measurement at a particular cross-section
location of the average topographic elevation of the ‘active channel’, which
includes the wetted channel and any actively reworked (non-vegetated)
alluvial surfaces such as point and mid-channel bars. Where cross-sections
have included measurements of the inactive margins of the river, these
inactive margins have been excluded from the MBL calculation (Figure 2).
The Mean Bed Level (MBL) was calculated for each cross section as the area
under a surveyed cross section down to a datum divided by the active
channel width.

Volume of bed material stored within the active channel was calculated by
change in MBL at adjacent cross sections and the distance between those
cross sections. Area is calculated by change in MBL multiplied by the ACW.
Add the two areas for the adjacent cross sections, and divide by two, then
multiply this by the distance between the cross sections. As with MBL,
volume change between consecutive surveys was calculated, along with
average change, and average rate of change. A standardised approach for
measuring MBL in the context of gravel extraction for monitoring purposes
following Environment Canterbury protocol is included in an Appendix.
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Figure 2: Hokitika River cross-section 1, showing the width of the active channel
delimited by the orange X’s. The parts of the cross-sections outside the active
channel width were omitted from the calculation of the mean bed levels.

3.2 Geomorphic assessment of fluvial connectivity to the coast

Consents have been issued for gravel extraction for several rivers for which
there is no monitoring of bed levels through the periodic surveying of cross-
profiles. The degree of connectivity of these systems to the coast was
qualitatively assessed using Google Earth.

3.3 Beach profiles

Cross-shore profiles of beach topography are routinely collected at Hokitika
and Pororari Beach, Punakaiki, to monitor trends in beach behaviour. As
with the river cross-profiles, in some instances systematic measurement
errors have been identified where benchmark heights have been recorded
incorrectly. Where these systematic errors could be positively identified,
they have been corrected.

Volumes of sediment at each beach profile location were calculated as the
area underneath each profile down to the lowest elevation common to all
profiles surveyed at each location. Volumes of beach sediment are
expressed as cubic metres of sediment per metre of longshore beach width
(m*m).

Beach width was calculated from the profiles as the horizontal distance
from a fixed landward position (e.g., the survey benchmark) to a lower
vertical level on the beach face. The lower vertical level used at a given
beach profile location was one that intersected all or the majority of
surveyed profiles at that location. In cases where profiles did not extend to
this level a higher contour level was used. Due to the variability in beach
morphology between locations it was not possible to use a universal lower
elevation for beach width calculations.



4 Results
4.1 River bed levels
4.1.4 Karamea River

MBL in the Karamea suggests initial modest gains in volume from 2002 to
2009, replaced by more variable, but mainly negative trends, indicating
channel bed degradation (Figure 3). Net flux at the mouth is negative.

Karamea River Volume of Bed Material Stored in Channel
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Figure 3: MBL-derived volume of bed material stored in Karamea River.

4.1.3 Buller River

MBL in the Buller appears to suggest translation of sediment waves
downstream, which means alternating aggradation/degradation of the bed
at discrete cross-sections (Figure 4). Net flux at the mouth is zero for both
2010-14 and 2014-17.
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Buller River Volume of Bed Material Stored in Channel
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Figure 4: MBL-derived volume of bed material stored in Buller River.

4.1.2 Grey River
The most recent MBL trend in the Grey River (2016-2019; Figure 5) suggests

an overall slight gain in volume stored in the channel. This gain is set against
the backdrop of more significant losses (2010-11, 2011-16).
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40 e
L ]

20
T
B —.—
E f 2007102010
E o0 f 1000.0 2000.0 30000 40000 5000.0 60000 —@—2010t02011
P
E 20 £ \ 2011t0 2016
2 2016102019

-40

-60

80 e

Distance Upstream (m)

Figure 5: MBL-derived volume of bed material stored in Grey River.

4.1.1 Hokitika River

MBL in the Hokitika fluctuates significantly (Figure 6), with gains in the
volume of sediment stored in the channel in the lowermost sections
recorded in 2002-07, losses 2007-10, and substantial gain 2010-14.
Alternating aggradation/degradation is indicative of the passage of
sediment waves down-river
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Hokitika River Volume of Bed Material Stored in Channel
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Figure 6: MBL-derived volume of bed material stored in Hokitika River.

4.2 Geomorphic assessment of fluvial connectivity to the coast
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Consents have been issued for gravel extraction for several rivers for which
there is no monitoring of bed levels through the periodic surveying of cross-

profiles. The degree of connectivity of these systems to the coast was
qualitatively assessed using Google Earth.

Table 1 indicates that the Taramakau and Fox Rivers likely convey
significant gravel volumes to the coast. Supply is more limited from the
Punakaiki, Waimangaroa and Mokihinui Rivers, with most gravel being
deposited upstream from the coast, likely reflecting bed slope and
consequent prevailing energy conditions in these rivers.

Regular delivery of gravel to the coast from the Little Wanganui River and

Granite Creek is unlikely, given the distance travelled across the coastal

plain, channel and coastal configuration: Granite Creek discharges into an

estuary, which represents a significant sediment sink, trapping coarse
sediment and preventing it from contributing to littoral drift.
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Table 1: Summary of the Google Earth assessment of connectivity of gravel to the
coast from rivers with consents for extraction but without bed level monitoring.

actively
wandering,
gravel delta,

River Nature of river | Gravel to coast River mouth
Granite Creek Unconfined None e
single thread-
wandering
Little Wanganui | Unconfined None
meandering
Mokihinui Partly confined, | Limited
single thread
Waimangaroa Unconfined, Limited
single thread
Fox Partly confined, | Significant
actively
wandering
Punakaiki Partly confined, | Limited
single thread
Taramakau Partly confined, | Significant
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4.3 Coastal cross-shore profiles
4.3.1 Hokitika beach

Cross-shore profiles have been measured at 12 locations along the beach
north of Hokitika River at nine intervals between July 2000—-June 2013
(Figure 7). Profiles between The Tambo and Hampden Street run from
south to north along the southern part of the beach, while profiles from
Park Street to Richards Drive line the northern part of the beach from south
to north. Plots of the beach profiles for all 12 locations are presented in an
Excel spreadsheet as an appendix to this report.

Figure 7: Locations of beach cross-profiles at Hokitika.

For the southern part of Hokitika Beach proximal to the mouth of the
Hokitika River (profiles from the Tambo north to Hampden Street), beach
volume shows considerable variability across the nine surveys between
2000 to 2013 (Figure 8). Through the first half of the survey period from
June 2000 to September 2006 beach volumes vary from survey to survey
but overall show a moderate increase in volume. Sediment volumes in the
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southern part of Hokitika Beach decline steadily after September 2006. The
beach profiles south of Hampden Street also show a high degree of
variability and overall moderate decline in beach widths across survey
period (Figure 9).

Over the survey period the northern part of the beach displays much less
survey-to-survey variability in both volume and width compared to the
southern portion of the beach proximal to the mouth of Hokitika River.
North of Hampden Street the beach at Hokitika experienced a increase in
volume through the initial part of the survey period between June 2000 to
August 2004 (Figure 8). This increased beach volume was sustained until
August 2009, when the volumes of sediment in the northern part of
Hokitika Beach began declining through to the end of the survey period in
June 2013. Beach width increased along the northern part of Hokitika Beach
between June 2000 to August 2004 (Figure 9). After 2004 beach widths on
the northern part of the beach show a minor decline, with the overall trend
from 2000 to 2013 being a minor increase in beach width (Figure 9).

Hokitika Beach Volume Change

-400

Jun-00 Nov-01 Mar-03 Aug-04 Dec-05 Apr-07 Sep-08 Jan-10 Jun-11

Figure 8: Changes in beach volume measured by cross-sections along Hokitika Beach
from 2000 to 2013. Volume increases and decreases are plotted relative to the
initial beach volume measured in the cross-section survey of June 2000.
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Hokitika Beach Width Change
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Figure 9: Changes in beach width measured by cross-sections along Hokitika Beach
from 2000 to 2013.

4.3.2 Pororari Beach, Punakaiki

Beach profiles have been measured at 13 locations along Pororari Beach at
Punakaiki annually from 2008-2016, and also in 2019. Profiles 1-10 run
from south to north along the beach in front of Punakaiki Village, while
Profiles 11-13 run from south to north along the southern part of the spit
that encloses Pororari Lagoon (Figure 10). Plots of the beach profiles for all
13 locations are presented in an appendix to this report.
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Figure 10: Locations of beach cross-profiles at Pororari Beach, Punakaiki.

The 2008-2016 trend in beach volume for the southern part of Pororari
Beach between Profiles 1-6 is one of moderate decline (Figure 11), with
some significant year-to-year variability. The most significant decrease in
beach volume occurred between the March 2011-February 2012 surveys.
Beach volume also decreased by moderate amounts across the southern
portion of the beach between the March 2015-February 2016 surveys.
Notably, both periods of erosion are attributed to wave action during king
tides, rather than being linked to particular storms. It is also notable that
Cyclone Ita (17 April 2014) does not appear to have had a significant lasting
impact on beach volumes, with the beach having recovered from any
impact by the time of the March 2015 survey.
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Punakaiki Beach Volume Change
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Figure 11: Change in beach volumes between January 2008 to January 2019 at
Pororari Beach, Punakaiki.

While the beach volumes on the southern part of Pororari Beach have only
moderately declined, beach widths have decreased noticeably (Figure 12).
This difference in the magnitude of the response between beach width and
beach volume is due to the building up of the crest of the beach ridge at the
back of the beach, which is most noticeable in the surveys from 2015-2019

(Figure 13).
Punakaiki Beach Widths
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Figure 12: Change in beach width between January 2008 to January 2019 at Pororari
Beach, Punakaiki.
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Punakaiki Beach Cross Section 2

Elevation
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Figure 13: Beach profiles for XS 2 at Punakaiki, 2008 to 2019. Note the accretion of
the beach ridge crest between 100-200 m chainage.

In contrast to the southern part of the beach, the northern part of Pororari
Beach between Profiles 7-13 has experienced a significant increase in
beach volume between 2008-2016 (Figure 11), with some year-to-year
variability. The northern end of the beach has also experienced a moderate
increase in beach width (Figure 12), and the height of the crest of the spit
(Figure 14). Beach volume and width at the northern end of Pororari Beach
appears to be out of phase with the southern end of the beach. The
northern end of the beach does not appear to have been significantly
affected by the erosion that took place in early 2012, or by the passage of
Cyclone Ita in April 2014.

Punakaiki Beach Crest Heights
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Figure 14: Change in the height of the crest of the spit at the northern end of
Pororari Beach, Punakaiki, from January 2008 to January 2019.
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5 Discussion and conclusions
5.1 Trends in river mean bed levels (MBLs)

MBLs in the four rivers for which river cross-sections are routinely surveyed
suggest substantial variability in location and volume of sediment stored in
the channel (Figures 3, 4, 5, and 6). This variability is to be expected where
sediment passes down-river as series of sediment waves or sheets, which
typifies large-scale bedload transport in gravel-bed rivers (e.g. Hoey, 1992;
Nicholas et al., 1995; Wathen & Hoey, 1998; Fuller & Basher 2013). Arrival
of a gravel sheet in a reach is generally accompanied by bed aggradation,
reflecting increased bed sediment flux. As this sheet passes through or is re-
worked out of a reach, bed levels drop. The scale of losses in sediment
stored in the channel may be enhanced by gravel extraction. The records
available are too short to make clearer inferences, and the periods for
which bed levels have been calculated have not been related to specific
volumes of consented gravel extracted in these periods.

It is very difficult to make reasonable inferences about trends to bed level
and sediment storage on the basis of a small number of cross-sections: the
most recent surveys in the Hokitika did not extend 5 km upstream from the
river mouth, but substantial changes have been inferred in this analysis that
cannot be spatially contextualised with reference to what might be
happening in the river upstream.

More work is needed to link the gravel extraction returns to specific cross-
sections and time periods to better understand the impact of extraction on
MBL and change in MBL, and ultimately changes to volumes of sediment
stored in the channel.

Within the constraints of this analysis, it would appear that MBL-derived
volumes of sediment stored in each of the Karamea, Buller, Grey and
Hokitika do not suggest an over-abundance of gravel supply. Rather, these
results indicate a gravel budget in approximate equilibrium. The role of
gravel extraction in maintaining this equilibrium, or potentially introducing
disequilibrium needs to be assessed using a rigorous monitoring approach
(see below).

5.2 Impacts of gravel abstraction on surveyed rivers

It is very difficult to state that any of the rivers show an impact of gravel
extraction without integration of extraction returns spatially and temporally
with the MBL analysis.

5.3 Hokitika River and Beach

There appears to be a naturalised gravel supply to the mouth of the
Hokitika River, with variability of aggradation/degradation in the lower
sections such as might be expected with the natural progression of
sediment sheets down-river. However, there is very limited data from this
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river, with recent cross-section surveys not having extended 5 km from the
river mouth. The impacts of gravel extraction cannot be determined
without integration of extraction returns spatially and temporally with the
MBL analysis.

There is also limited data from Hokitika Beach, with only nine beach profile
surveys undertaken over 13 years. The MBL analysis indicates that waves of
sediment are being delivered to the coast (Figure 6). Between 2002 to 2007
when the lower Hokitika River was experiencing aggradation (Figure 6)
beach profiles broadly show an increase in sediment volumes along
Hokitika Beach (Figure 8), with some degree of natural variability
particularly in the profiles close to the river mouth. The period of bed
degradation in the river between 2007-2010 is accompanied by a reduction
in sediment volumes on the southern part of Hokitika Beach south of
Hampden Street (Figure 8). One explanation for this reduction in beach
sediment volume is that the beach is responding to the end of the sediment
wave being discharged by the river. However, there are a range of other
environmental drivers of coastal behaviour that may also explain this
decline in beach sediment volume, including changes in wave climate, the
impact of storms, and sea-level rise. The northern part of Hokitika Beach
began eroding after August 2009. It is possible that between September
2006, when the southern part of the beach began experiencing erosion, and
August 2009, that the northern part of Hokitika Beach was sustained by
sediment eroded and transported alongshore from the south. Notably,
while the lower reaches of the Hokitika River show a significant gain in
sediment volume between 2010 to 2014, this sediment does not appear to
be being transferred directly to the beach, as beach profiles along the
entire length of Hokitika Beach show a decline in sediment volume through
this period.

The changes in beach volume and width are consistent with a recent report
on the efficacy of four groynes emplaced along the Hokitika foreshore
between Weld Lane to Richards Drive (Goss, 2020). The three southern
groynes at Weld Lane, Hampden Street and Tudor Street (approximately
coincident with the beach profiles at these locations) have not been
trapping sediment on the beach as intended. This is reflected in the beach
profiles which show a steady decline in beach volume at these locations
since at September 2006 (Figure 8). This is attributed to the outflow of the
Hokitika River, which may be disturbing longshore sediment delivery to the
beach proximal to the river. Goss (2020) suggests that the groyne at
Richards Drive is functioning as intended by showing consistent trapping of
sediment on the updrift side of the groyne. However, the beach profile
from Richards Drive south indicates that overall beach volume there has
been decreasing steadily since September 2006 (Figure 8). Goss (2020)
notes that a range of environmental variables may be influencing coastal
behaviour and the efficacy of the groynes, including river conditions,
sediment supply, and storminess, which is entirely consistent with the
coastal behaviour recorded by the beach profiles at Hokitika.

Despite the limited length of the dataset it is clear that there is considerable
inter-annual variability in the morphology of Hokitika Beach. But trends at
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shorter and longer time frames, such as seasonal, sub-decadal, up to
decadal to multi-decadal, are not possible to elucidate unless beach profile
surveys are undertaken more regularly and with a focus on establishing a
longitudinal dataset.

5.4 Pororari Beach and River, Punakaiki

The increase in beach volume at the northern end of Pororari Beach may be
the result of deposition of sediment eroded from the southern part of the
beach, and/or the input of sediment from the Punakaiki and Pororari Rivers.
The limited beach profile data for Pororari Beach make it possible to discern
only seasonal and inter-annual variations in beach morphology.
Longitudinal data collection is required before longer period sub-decadal
and decadal to multi-decadal variability may be robustly understood.
Recent accretion of the ridge at the rear of Pororari Beach is
geomorphically significant and indicates that the beach is rolling back in
response to wave energy and sea-level rise. Longitudinal monitoring of the
beach morphology is required to confirm this behaviour.

In the absence of river cross-sections from Punakaiki River it’s unclear
whether gravel extraction from the river may be contributing to an
influential decrease in sediment supply to the coast. Kirk (1988) previously
noted that the volume of sediment supplied to the beach by longshore drift
and river sediment discharge was largely capable of sustaining Pororari
Beach, though over the long-term there was a sediment deficit. Monitoring
of river cross-sections in the lower reaches of Punakaiki River would provide
valuable data to ensure that gravel extraction from the river does not
exceed rates that risk the sustainable supply of sediment to the beach.
River cross-section surveys should complement beach profile surveys, and
extraction returns should be integrated spatially and temporarily with MBL
analysis from the river cross-sections.

5.5 Guidance on gathering data to enable more accurate management of
gravel extractions

5.5.1 Collecting robust river cross-section data

The presence of errors in cross-section data does suggest a more rigorous
protocol is required for cross-section survey if cross-sections are to be used
to calculate Mean Bed Levels and volumes of sediment stored in the
channel. It is imperative that section data are reliably reduced to a
consistent datum, surveyed from common points or including common
points so that reliable reduction can be achieved and comparison between
surveys be made. In the Karamea dataset, for example, cross sections
appeared to have some error/discrepancy between the 2012 data and
other years. In this analysis, we adjusted the starting elevation for 2012 to
bring it into line with the other years.
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Accurate management of gravel extraction must be informed by robust
datasets of the resource. Surveying of river cross-sections must therefore
follow a rigorous protocol, otherwise genuine differences between surveys
cannot be distinguished from error and MBLs derived from cross-sections
are meaningless.

Labelling of river cross section data points would avoid ambiguity and
enable a clearer identification of points surveyed in the active channel, as
differentiated from floodplain. It is the points between the river banks,
surveyed from the wetted channel and dry gravel bars that are of most
importance to inform the gravel resource. Points surveyed adjacent to the
active channel remain valuable to capture in order to quantify lateral
changes and sediment inputs to the river from channel reworking. It is
important to capture the margins of the channel carefully to ensure the
active channel is properly identified. Key breaks in slope across the channel,
also noting where the water is, will help produce an accurate cross-section,
which can then be used with confidence in MBL analysis.

Spacing between channel cross-sections should reflect channel morphology
and be scaled to reflect channel size. When planning to site monumented
cross-sections on rivers yet to be monitored (such as the Fox River), careful
attention should be given to cross-section spacing. The fundamental
morphological unit within single-thread or wandering river channels is the
pool-riffle unit. Spacing between successive pools is approximately 5-7 x
channel width (Knighton, 1998). The intervening riffle and adjacent bar(s)
represent local and transient stores of gravel in the active river channel. In
order to capture potential changes in these stores, which reflect change in
the gravel resource, ideally cross-sections should aim to bisect the channel
at an equivalent interval, capturing information from each key bar/riffle.
River channels are not static features and inevitably bar migration will
occur, but a sufficiently dense network of sections will ensure adequate
data capture, which reflects the dynamics of the channel and is fit for
purpose in detecting changes in the gravel budget and resource as gravel is
moved as bedload down through the river system.

The frequency of channel cross-section surveys is inevitably a trade-off
between information required and cost. Standard practice elsewhere in
New Zealand is to repeat channel cross section surveys at 5 yearly intervals.
In addition to these regular surveys, it is also important to capture changes
to channels following significant flood events (suggest a 10 year ARI), or a
series of flood events (e.g. ‘back-to-back’ Q, 33 events). Floods may
significantly impact the gravel resource in two ways:

1. Introduce significant volumes of gravel from
a. Tributaries
b. Bank erosion
c. Slopes (slips)

d. Upstream main stem
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2. Evacuate gravel from a reach, either to an adjacent reach
downstream, or if near the coast and sufficiently competent, out of
the system.

Floods may also reconfigure channel morphology, but cross-sections should
continue to be monitored from the same monumented locations to enable
comparison with previous years. Additional sections may need to be
installed and surveyed to account for large-scale river metamorphosis.

Surveying channel cross-sections at a frequency of at least 5 years will
ensure gravel flux into and through the reaches where gravel is being
managed is monitored effectively. Gravel movement only occurs when flow
entrainment thresholds are exceeded. This necessarily means that unlike
suspended load, it is not moving continuously and may be stored for
indefinite periods of time. When gravel moves, it may have a morphological
expression, because channel morphology reflects the deposition and
erosion of bedload in gravel bed rivers (e.g. Ashmore and Church, 1998).
Changes in channel morphology thus reflect gravel flux. A measurement
frequency that captures this flux and any potential morphological change
expressing variability in flux is therefore intended.

The way gravel moves through a river is often as a series of ‘bedwaves’ or
gravel sheets. Arrival of a gravel sheet in a reach is generally accompanied
by bed aggradation, reflecting increased bed sediment flux. As this sheet
passes through or is re-worked out of a reach, bed levels drop. A 5-yearly
monitoring programme, augmented by additional post-10 yr ARI flood
surveys, across the management reaches of the Buller, Grey, Hokitika and
Karamea Rivers, and any additional rivers monitored, should ensure a
succession of gravel sheets as part of ‘normal’, i.e. background gravel flux is
detected within the river, as well as giving early warning of any changes in
inputs from upstream (positive or negative).

In concert with cross-section surveys, aerial photography of the river
corridor should be flown, as this will enable a more holistic assessment of
river behaviour than can be achieved through cross-sections alone.

5.5.2 Alternatives to river cross-sections?

The most reliable way of monitoring gravel budgets is arguably via three-
dimensional mapping and modelling of the river bed, because this captures
the holistic behaviour of the river bed as it responds to bedload flux (see
Fuller & Basher, 2013). Channel cross-sections are by definition two-
dimensional, and large areas of the river bed and active channel are left
unmonitored. However the expense involved in a three-dimensional
approach is prohibitive and probably unrealistic at present. Monitoring of
river bed levels using river channel cross-sections can nevertheless provide
an effective assessment of gravel flux if data acquisition is sufficiently
accurate and frequent.

Nevertheless, with advances in remote sensing technology, particularly
structure from motion photogrammetry acquired using unmanned aerial
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vehicles (UAVs) (drones), it may become feasible to more rapidly and
economically acquire the topographic information required to inform gravel
budgets and more accurately manage the gravel resource. To advance this
monitoring the following should be recognised:

1. Any aerial imagery must have adequate ground control to ensure
aerial images are accurately reduced to a consistent datum. In the
interests of reducing survey cost and workload, recent research has
highlighted that in some instances ground control may not be
necessary for geomorphic change detection (e.g. Cook and Dietze,
2019). In such instances photos from successive SfM surveys need
to be processed together to produce common tie points. These tie
points then serve to reference the surveys together to enable
changes to be detected. In theory, if one set of imagery had ground
control then all other imagery sets with tie points to this
georeferenced set would also be able to be reduced to the same
datum.

2. Aerial imagery can be used to produce very accurate and precise
surface models from dry ground, but it does not accurately survey
subaqueous topography, due to issues of reflection and refraction.

3. Aerial surveys of dry surfaces in the active channel should be
accompanied by simultaneous bathymetric survey of the wetted
channel to generate the required channel bed data.

4. Water depths can be estimated from colour intensities in aerial
imagery if calibrated by ground truth survey data.

5. Note that vegetation in aerial photos should be masked out of any
analysis, because SfM photogrammetry produces a digital surface
model (DSM), and the priority is to assess changes to the elevation
of the active channel bed.

If an integrated approach such as described above were to be considered, |
would recommend that it run alongside a routine channel cross-section
survey campaign to ensure changes in gravel budget could properly be
normalised for change in methodology.

Airborne LiDAR provides an alternative to SfM as a means of acquiring
three-dimensional data from river channels. However, unless using
calibrated Green Light LiDAR (bathymetric LiDAR), the same limitations
apply to measuring the wetted channel, because conventional LiDAR does
not produce reliable returns from water. However, the advantage of LiDAR
over SfM is the ability to utilise ground strikes, which penetrate vegetation
canopies and provide the possibility of generating a digital elevation model
(DEM). Regular acquisition of LiDAR from the river corridor as a whole
would yield additional valuable information relating to floodplain
sedimentation and flood capacity between stopbanks in managed reaches.
Given the expense, a 10 year interval between LiDAR acquisition of the river
corridor would be reasonable, and if subject to rigorous protocols (e.g.
suitable point density, ground control) should be able to produce reliable
detection of change from dry and vegetated surfaces. Repeat region-wide
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LiDAR would enable whole-catchment assessment of discrete sediment
sources that would inform understanding of the gravel flux in managed
reaches of the region’s rivers.

5.5.3 Collecting robust beach profiles

As with the river cross-sections, errors have been identified in some beach
profile surveys. This suggests that a more rigorous methodology is needed
for beach profile surveys if profiles are to be used to calculate changes in
the landward position of the beach, changes in the elevation of the crest of
the ridge at the rear of the beach, changes in the volume of beach
sediment, changes in beach width, and the overall envelope within which
the beach changes. Benchmarks must be used to tie repeat surveys to a
common datum so that robust comparisons between surveys can be made.
For example, the profiles that cross the spit on the northern part of Pororari
Beach (XS 11 to XS 13) appear to have been measured relative to different
benchmark elevations in different years.

The spacing of beach profiles reflects the need to balance financial
constraints, survey workload, the type of beach, and reason for monitoring.
Beach profiles should be spaced more closely at spits and adjacent to river
mouths, on the order of a few hundred metres or less between
benchmarks. Profiles may be spaced more broadly along the open coast, up
to 1,000 metres between profile locations.

The frequency of beach profile surveys also represents a balance between
workload, cost, and the underlying reason for monitoring. Given the
dynamic nature of West Coast beaches, beach profiles should be measured
at least annually in priority areas, and biannually in high priority areas of
greatest concern. In addition, profiles could be remeasured after king tides
and significant storm events. It is essential that beach profile surveys are
not seen as an intermittent and/or short-term activity—the value of beach
profiles for monitoring comes from having a longitudinal dataset of
regularly collected profiles. Shorter datasets (c. 10 years) of the length
currently available for Hokitika and Pororari Beach are of insufficient length
to determine trends in beach behaviour over the medium to long-term.

As West Coastal beaches are highly dynamic landforms, their beach profiles
show a high degree of variability and noise (e.g. Figure 13), and graphs of
beach profiles do not necessarily make good outputs for directly informing
coastal management (Kench, 2008). For this reason it is recommended that
the beach profiles be regularly analysed to produce derivative indicators of
the health and status of the beaches:

e Changes in the landward position of the beach—retreat of the base
of the dune or ridge at the rear of the beach being an indicator or
erosion and suggesting that increased monitoring or management
intervention may be needed.

e Changes in the elevation of the crest at the rear of the beach—
sand-gravel beaches such as those on the West Coast feature a
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gravel ridge formed at the rear of the beach as a consequence of
the asymmetry of wave swash and backwash. Accretion of the ridge
may indicate that the beach as a whole is ‘rolling backwards’ under
the influence of sea-level rise.

e Changes in the volume of sand and gravel stored in the beach—
calculating sediment volume provides an indication of the sediment
balance of the beach, and whether it is accreting or eroding. Beach
volume is calculated by measuring the area under each profile
down to a common datum or the lowest elevation common to all
profiles surveyed at each location. Volumes of beach sediment are
expressed as cubic metres of sediment per metre of longshore
beach width (m® m?).

e Changes in the width of the beach—analysing the width of the
beach through time indicates whether the beach is widening or
narrowing. Beach width is calculated by measuring from a
benchmark horizontally to a vertical level on the beach.

e Determination of the ‘envelope’ within which the beach changes—
the envelope is the cross-sectional area within which all beach
profiles are contained, and this provides an indication of the range
within which the beach morphology typically changes. As individual
beach profiles are collected they can be assessed relative to the
envelope to determine whether the beach profile is falling outside
of this range, which may require management decisions, or
whether changes are within the typical bounds of the beach’s
geomorphology.

The digitisation of historical beach profile data that is archived by the West
Coast Regional Council on paper should be considered. Digitisation can be
accomplished using open source tools such as WebPlotDigitizer
(https://apps.automeris.io/wpd/). Digitising historic beach profiles would
lengthen records, and enable more robust findings to be made about beach
behaviour of the medium- to long-term.

Beach profile surveys could be accompanied by the collection of
photographs taken at each profile location. Photos could be taken at a set
point along each profile (which may differ between profiles, but for a given
profile photos would be repeatedly taken at this point) such as the dune
crest or MHW mark, looking perpendicular left and right of the profile line.

The beach profiles could also be supplemented with alongshore GPS
surveys of key parts of the beach morphology such as the high water mark
during a high spring tide, the base and top of any scarps that have been cut
into the dune or berm at the rear of the beach, and the vegetation line.

Aerial photography should also be flown periodically to for large-scale
monitoring of the coastal strip. Aerial surveys could be supplemented on a
more frequent basis by UAV surveys of critical coastal areas (discussed in
more detail below).

27



5.5.4 Alternatives to beach cross-shore profiles?

Three-dimensional mapping of the coast provides both cross-shore and
alongshore information about changes in beach morphology through time.
LiDAR is one option for three-dimensional coastal surveys. However, LiDAR
is costly and therefore surveys are infrequent, and LiDAR surveys often do
not provide information about the lower part of the beachface and
foreshore as these areas are obscured by wave action.

Plane, helicopter, or UAV-based structure from motion (SfM)
photogrammetry is another option. As discussed above, this involves
collecting overlapping photographs of the coastal zone that are used to
construct a 3D surface model by software such as Agisoft Metashape. For
SfM surveys of the coast the same principles generally apply as discussed
above for fluvial environments. At the coast surveys should be flown at low
tide, with multiple sets of images collected along the lower shoreface to
ensure that enough wave-free images can be collected to reliably
reconstruct the lower beach morphology.

As noted above, recent work by Cook and Dietze (2019) has shown that it
may not be necessary to survey ground control points to georeferenced
photogrammetry. If photos from two different dates are processed
together then tie points common to both sets of photography can be used
to link the resulting three-dimensional models to enable change detection
without ground control. Alternatively, ground control could be acquired for
an initial survey, with tie points in common then being used to
georeference later surveys.

Historical aerial photos recently made available via the RetroLens website
may also be a means of producing three-dimensional models of beach
morphology for dates in the past. Historical aerial photos have recently
been used in Australia to reconstruct changes in beach sediment volumes at
the decadal-scale (e.g., Carvalho et al., 2020). The methodology is as is
outlined above for SfM photogrammetry. Historical aerial photos are well
suited for this as they were typically acquired in sets with large overlaps to
facilitate stereoscopic viewing of terrain features to determine elevations.

Recent advances in satellite remote sensing now provide the means to
monitor shoreline position across large areas such as the West Coast where
field measurements would be impractical. CoastSat is an open-source
Google Earth Engine toolkit for monitoring shoreline changes using satellite
remote sensing (Vos et al., 2019a, b, 2020). A detailed introduction to using
CoastSat is provided on GitHub
(https://github.com/kvos/CoastSat). CoastSat has the tradeoff
that while large areas of the coast can be monitored through the past 30
years of satellite data, the accuracy of the position of the shoreline mapped
this way is on the order of ~10 m. CoastSat therefore is not an alternative to
annual or biannual beach profile measurements and SfM/LiDAR surveys for
priority areas. But CoastSat does provide the means to potentially monitor
low priority areas without requiring field measurements. Any areas of
significant change identified using CoastSat that represent a potential
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coastal management priority could then be assessed for higher-resolution
monitoring using beach profiles and SfM/LiDAR surveys.

5.5.5 Other coastal environmental variables to monitor

It is worth noting that while this report and the report by Hicks (2017)
consider the specific issue of gravel extraction from rivers on the sediment
supply to the coast and the flow-on potential impact on coastal behaviour,
there are a range of drivers of coastal change beyond potential human
impacts on sediment supply. These include changes in wave climate,
natural changes in sediment supply, sea-level rise, and the impact of
engineering works and shoreline modifications. The most important and
comparatively easily monitored are wave climate and sea-level rise. Strong
consideration should be given to monitoring these key environmental
variables to inform the monitoring of coastal changes discussed above.

5.6 Guidance on priority rivers and coastal areas to monitor

Priority areas have been identified by the West Coast Regional Council as
the Grey River, Punakaiki, Fox River, Granity, Ngakawau, Hector, and
Mokihinui.

The Grey River gravel budget appears to be in approximate equilibrium. The
most recent MBL results suggest a small gain, reversing a small loss, in
sediment stored in the channel. Prior to this (2010-11) more significant
variability was apparent. Gravel extraction should be monitored and
assessed in conjunction with monitoring of the gravel resource using a
rigorous protocol suggested below.

In addition to those rivers for which mean bed level data exist (Karamea,
Buller, Grey, Hokitika) monitoring should begin at the earliest opportunity
on the Fox River, which is assessed as a partly confined, actively wandering
river delivering a potentially large (but as yet unquantified) volume of
bedload to the coast (Table 1). Similarly, it would be of significant value to
begin monitoring the Taramakau River, as it appears to be contributing
potentially large volumes of bedload to the coast (Table 1).

For the other rivers listed in Table 1, there would be value in establishing
routine bed level monitoring at a frequency of at least every 5 years, from a
perspective of flood / erosion management and managing the sustainability
of the gravel resource. Gravel extraction from these rivers is unlikely to be
detrimental to the coastal sediment budget because that calibre of material
does not appear to be supplied in significant quantities to the coast.

River cross-profiles should begin to be collected from Pororari River, and
beach profiles continue to be collected from Pororari Beach. As Pororari
Beach is an identified priority area beach profile collection should be
undertaken at least annually. If concern increases, then repeat beach
profile surveys should be seriously considered every six months.
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For the other identified coastal priority areas of Granity, Ngakawau, Hector,
and Mokihinui, as there is currently no longitudinal coastal monitoring
programme beach profile benchmarks should be established approximately
every 500-1,000 m along the open coast, and more closely (~100-300 m
spacing) proximal to communities and infrastructure, and rivers and inlets.
Beach profile measurements should be undertaken on an annual or
biannual basis. Annual, for routine monitoring of these priority locations,
and biannual if concern increases—for example because of significant
episodes of erosion.

Annual beach profile surveys should also be resumed at Hokitika, and
annual beach profile surveys begun as a matter of routine at Westport and
Greymouth, with the frequency of surveys increasing to biannual if concern
about the behaviour of these beach increases.

6 Recommendations
6.1 Rivers

Systematic cleaning of cross-section datasets, to screen out errors and
ensure all datasets from a cross-section are comparable (reduced to same
level).

Regular (at least once every 5 years) surveys of river cross-sections to be
able to monitor changes in river bed levels and track changes in gravel
budgets using a mean bed level approach described in the Appendix. In
addition, surveys should be implemented following any significant (equal to
or exceeding 10 year ARI) intervening flood events in order to capture bed
level and geomorphic change following major channel-altering events.

Monitoring of all gravel takes from rivers to ensure that extraction is
sustainable.

Linking gravel extraction data with cross-section data in space and time to
build up a more complete understanding of the relationship between
extraction and MBL changes derived from cross-section change (see
Appendix on available volume calculation).

Extend regular monitoring of all rivers for at least 10-15 km upstream from
the river mouth to capture the passage of bedwaves and contextualise
significant changes in MBL and sediment storage. This will require extension
to the Grey (currently 6 km) and Buller (9.5 km), as well as ensuring capture
of the full 10 km of the Karamea and 34 km of the Hokitika. An extended
reach of the Hokitika is justified, given its significant dynamics and high
transport-capacity.

As gravel returns may not be accurate, begin monitoring select cross
sections in the lower reaches of rivers on which gravel extraction is taking
place to track bed levels through time — site these cross-sections in the
lower reaches, but not so close to the mouth that the profiles are affected
by the natural dynamics of the river mouth.
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6.2 Beaches

Establish a longitudinal programme for the annual or biannual surveying of
beach profiles at Hokitika, Greymouth, Punakaiki, Westport, Granity,
Ngakawau, Hector, and Mokihinui.

Regularly analyse beach profiles to produce derivative indicators of the
health and status of the beaches, including: the landward position of the
beach; the elevation of the crest at the rear of the beach; the volume of
sand and gravel stored in the beach; the width of the beach; and whether
the most recent profile falls within the ‘envelope’ within which the beach
changes.

Use LiDAR or UAV surveys to build three-dimensional models of the
morphology of priority beaches every five to ten years.

Regularly survey other aspects of beach morphology that vary alongshore,
such as the high water mark during a high spring tide, the base and top of
any scarps that have been cut into the dune or berm at the rear of the
beach, and the vegetation line.

Leverage remote sensing toolsets such as CoastSat to monitor changes the
rest of the West Coast coastline outside of the identified priority areas.

Investigate the longitudinal monitoring of changes in wave climate and sea
level.
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9 Data appendices

All river and beach data referred to herein is included in Excel spreadsheets
in a Zip archive:

e Karamea River cross-sections 1-10

e Karamea River MBLs

e Buller River cross-sections 1-26

e Buller River MBLs

e Grey River cross-sections 1-20

e Grey River MBLs

e Hokitika River cross-sections 1-33

e Hokitika River MBLs

e Hokitika Beach—profiles, and volume and width calculations.

e Pororari Beach—profiles, and volume and width calculations.
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10 Appendix: Environment Canterbury available volume calculation

This approach is modified from methods used by Environment Canterbury’s
survey section, to focus in the active channel.

The mean bed level is the average level of the bed across the active channel
(including parts underwater); such that if a line is drawn at the mean bed
level, then the cross-section would show equal areas above and below that
line. The active channel is defined as the channel between the banks of the
river, including wetted channel and areas of bar, both devoid and covered
with vegetation to a varying degree. The active channel does not include
the area of floodplain or berm adjacent to and outside of the active
channel. To measure the MBL it is recommended that the base of each
bank be used, to truly represent the mean bed level.

The area under the surveyed cross-section (to a datum) is the same as the
area under the mean bed level (to the same datum) over the full width of
the active channel. This can be calculated using a weighted average
approach (where the horizontal distance between points determines the
weighting). Alternatively, the MBL may be calculated for each cross section
as:

MBL = area under a surveyed cross section to a datum / width

Where the area under a surveyed cross section to a datum may be
calculated as:

Area = Z(n) + Z(n+1) / 2(X(n+1) = X(n))

where

Z = elevation relative to datum

X = distance from bank

Width is the distance between right bank and left bank
To calculate the available volume between two cross-sections:
Volume available = Vy-Vmin-Vex

where:

Vi = (D2-D1) x (V(A1 x A) + Ar+Az)/3

Ay = Lo x Wy

Dy = river distance of cross-section x

A, = end area of cross-section x

L« = surveyed mean bed level at cross-section x

Wy = fairway width at cross-section x

Vmin= volume between datum and minimum mean bed levels (using
Lmin in place of Ly in formula above)
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Vex = volume known to have been excavated and removed since the
survey (including reported returns and material yet to be
reported)

In words:
1. Calculate the surveyed mean bed level at each cross-section.

2. Multiply the surveyed mean bed level by the width at each cross-section.
This is the end area of the cross-section.

3. Work out the distance between the cross-sections (interpolated along
the active channel centreline).

4. Calculate the surveyed volume between the cross-sections using the
following formula:

Volume = Distance between sections multiplied by (square root of (End
areal multiplied by End area2) + End areal + End area2) divided by 3

5. To calculate the volume between the datum and minimum mean bed
levels repeat the calculations in steps 2, 3 and 4 using the minimum mean
bed levels in place of the surveyed levels.

6. Subtract the volume calculated in step 5 from the volume calculated in
step 4.

7. Subtract any known excavation volume that has been removed since the
survey (including reported returns and material yet to be reported) from
the volume calculated in Step 6. This is the available volume.
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