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Abstract
Morphological change in gravelly river 
channels and active slope environments can 
be used to derive lowerbound estimates of 
sediment flux between successive dates on 
which the morphology of channels or slopes 
was measured. This paper provides examples 
of such morphological budgets derived from 
analysis of digital elevation models built from 
ground survey data acquired from three sites 
in the upper Motueka River, and the Tarndale 
Fan and Gully system in the upper Waipaoa 
catchment. We demonstrate the utility of 
such an approach in providing information 
on processes operating in channel and slope 
environments at the same time as estimating 
volumes of sediment flux.

Introduction
Effective channel management requires 
estimation of coarse sediment transfer in 
upland rivers (Raven et al., 2010). This 
is especially important where sediment 
delivery rates within a catchment are high, 
and contribute to increased flood risk and 
bank erosion (Lane et al., 2007; Raven et al., 
2009). However, sediment transfer in gravel
bed channels is intermittent and difficult 
to measure or predict (e.g., Hubbell, 1987; 
Gomez and Church, 1989; Gomez, 1991; 

Church, 2006). Morphological budgeting 
is based on the concept that alluvial river 
channel morphology is conditioned by 
sediment transport, erosion and deposition 
(Church, 2006). In gravelbed rivers, 
bedload is the major determinant of channel 
morphology (Leopold, 1992), thus changes 
in morphology reflect bedload flux, such 
that a direct link exists between coarse 
sediment transfer and channel morphology 
(Raven et al., 2010). Repeat measurement 
of channel morphology therefore becomes a 
tool to estimate sediment flux, avoiding the 
difficulties of direct bedload measurement by 
using information gained from monitoring 
threedimensional channel change to 
evaluate sediment transport (Ashmore and 
Church, 1998). This has traditionally relied 
on channel crosssection data, which typified 
morphological budgeting approaches in 
gravelly rivers, given the relative ease with 
which such data were collected (e.g., Popov, 
1962; Griffiths, 1979; Goff and Ashmore 
1994; Martin and Church, 1995; McLean  
and Church, 1999). This approach does 
not take into account changes in planform 
between crosssections (Carson and Griffiths, 
1987), nor temporal change between 
surveys (Fuller et al., 2002), but integration 
with planform data can greatly increase the 
accuracy of such sediment budgets (Brewer 
and Passmore, 2002). 
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However, the implicitly crossstream 
emphasis in these studies gives rise to a 
high degree of uncertainty in reachscale 
sediment budgets (Brasington et al., 2000). 
Technological developments have since 
led to threedimensional analysis using  
GISbased digital elevation models (DEMs) 
of river channel morphology, providing 
a more rigorous measure of channel 
morphology (Lane, 1998). Rumsby et al. 
(2008, p.41) suggest that, “The growing 
interest and attention given to three 
dimensional morphological analysis has been 
driven in part by developments in survey 
technology and data processing software, and 
by the increasing need for high resolution 
topographic data to better model fluvial 
systems.”

Brasington et al. (2000) used GPS surveys 
and DEMs to study the morphological 
dynamics of a divided reach of the gravel
bed River Feshie, Scotland. Despite very little 
macroscale morphological change within 
the reach, DEM differencing techniques 
highlighted local changes (e.g., channel 
scour). Elevation changes up to two clasts 
deep (D50 65 mm) may be reliably detected 
using GPSderived DEMs (Brasington  
et al. 2003). Similar results were found by 
Eaton and Lapointe (2001), illustrating 
that despite high sediment transport rates 
detected during an extreme event, the reach 
did not experience channel pattern alteration 
or extensive modification of morphological 
units at the macroscale. Therefore DEM 
differencing can be used to detect relatively 
subtle morphological changes and associated 
sediment transfers.

This paper provides two case studies using 
DEM differencing to quantify morphological 
adjustments from which sediment flux 
can be estimated. The first is in the upper 
Motueka River and involves investigation 
of morphological changes and associated 
sediment flux in three ~1 km long reaches of 
managed gravelbed river. The second is in 

the headwaters of the Waipaoa River, where 
morphological changes in an active alluvial 
fan are used to both quantify sediment inputs 
to the stream system and derive qualitative 
estimates of sediment delivery from a gully
mass movement complex at Tarndale. We 
report preliminary findings from terrestrial 
laser scanning at this site to quantify sediment 
delivered from the gully complex to the fan.

Catchments
Motueka
The Motueka catchment drains 2076 km2  
in the northern South Island (Fig. 1). Catch
ment geology includes basement igneous, 
ultramafic and sedimentary rocks, and 
extensive claybound gravels (Basher, 2003). 
Rainfall ranges from c.950 mm in the east of 
the catchment to >3500 mm in the western 
ranges (Basher, 2003). Mean annual flow in 
the upper Motueka is 9.24 m3 sec1, based on 
combined flows recorded at the Motupiko 
River (2.17 m3 sec1) and Motueka Gorge 
(7.07  m3 sec1) flow gauges (Fig. 1). While 
these flow gauges are ~20 km upstream from 
the reaches studied, they probably accurately 
represent flood flows in the upper catchment, 
since they gauge the most significant 
tributaries. Nevertheless, the combined flows 
from these gauges will inevitably under
estimate total flows, due to contribution 
from smaller, ungauged tributaries, but 
this is deemed to be negligible for the most 
significant flood events generated in the 
upper catchment, which are responsible for 
bedload transport and channel change. Two 
~1 km reaches were mapped in the mainstem 
of the Motueka, up and downstream of its 
confluence with the Motupiko (Three Beaches 
and Norths Bridge, Fig. 1) and a third reach 
in the Motupiko (Quinney’s Bush, Fig. 1). 

Waipaoa
The 2200 km2 Waipaoa catchment in the 
East Coast Region (Fig. 2) is a highly coupled 
landscape (Fryirs et al., 2007). Here gully 
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Figure 1 – Location map of the Motueka catchment showing (a) catchment topography and (b) study 
reaches (i) Three Beaches, (ii) Norths Bridge, and (iii) Quinney’s Bush, Motupiko, with Tasman 
District Council (TDC) cross section locations. Flow gauges: (1) Motueka Gorge, (2) Motupiko  
at Christies.

erosion can contribute a significant propor
tion of sediment to fluvial systems (De Rose 
et al., 1998; Hicks et al., 2000; Kasai et al., 
2001; Marden et al., 2005; Page et al., 2008). 
The current sediment yield of the Waipaoa is  
15 million tonnes yr1, (6750 t  km2  yr1,  
Hicks et al., 2000); c. 3% of this figure is 
derived from the Tarndale Gully (Marden 
et al., 2008). The underlying geology 
predisposes the region to instability 
and mass movement. Acid sulphate 

weathering of crushed Cretaceous shales  
(Fig. 2), combined with major faulting, joint 
patterns and fold structures in the East Coast 
Allochthon, predispose rocks in the study 
area to mechanical disintegration under the 
influence of water (Marden, 2005), resulting 
in dramatically reduced rock strength 
(Pearce et al., 1981). Local topography also 
contributes to high rates of sediment supply 
to the stream network from the Tarndale 
complex: valley side slopes are c. 800 m  
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long, with an average slope angle of 25°, 
but the headwall scarp exceeds 60°. The 
catchment surrounding the Tarndale gully 
complex is 580 m at its highest elevation. 
Climate is humid temperate, but the area is 
subjected to periodic highintensity cyclonic 
storms. There is a 29% chance that an 
extreme rainfall event will occur every decade 
(Kelliher et al., 1995). The largest recorded 

Methods: GPS surveys  
and DEMs
Surveys
Ground surveys at each site deployed 
Real Time Kinematic differential Global 
Positioning System (RTKdGPS) and Total 
Station equipment. Two Trimble® R8 GPS 
receivers and two Leica® receiver units were 

cyclonic storm (Cyclone Bola) occurred in 
March 1988 and generated 500 to 700  mm 
of rain in a 5day period. Average annual 
rainfall reaches 2500  mm at elevations of 
800 m and averages 1800 mm in the upper 
Waipaoa (Pearce et al., 1981). Monthly flood 
occurrence, precipitation and rain days all 
show a pronounced latewinter maximum 
(Gage and Black, 1979). 

deployed. One R8 unit acted as a base station, 
whilst the second R8 and two Leica® units 
acted as rovers. Data points acquired using this 
setup provide x, y, z coordinates determined 
onthefly using a 14 s occupation time per 
point (Brasington et al., 2000; Fuller and 
Hutchinson, 2007). The use of RTKdGPS 
allows for rapid point topographic surveys 

Figure 2 – Location map of the Tarndale gully complex and fan within the upper Waipaoa catchment: 
(a) catchment topography; (b) upper Waipaoa catchment showing major lithologies and gullies (after 
Fuller and Marden, 2011). Tarndale Gully is labelled ‘T’.
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data, with original data points used as nodes 
for resulting triangulation (Surfer®, 2002). 
TLI therefore does not extrapolate z values 
past the data range, thus the resulting surface 
is closely related to original data and is a 
better representation of surface topography 
than other available interpolation methods 
such as kriging (Fuller and Hutchinson, 
2007; Schwendel et al. 2010). DEMs were 
based on a 1m grid interval. The use of finer 
intervals can potentially introduce spurious 
artefacts into DEM generation (Brasington 
and Richards, 1998).

DEM reliability
Quantitative errors in the interpolation 
method were analysed using residuals. It 
is important to assess the accuracy with 
which the interpolated DEMs represent the 
topographic surface. Residuals were calculated 
by using survey data points as control points 
and comparing these with the interpolated 
surface (Equation 1). 

zres  =  zsurv  –  zinterp (1)
where zres is the residual value, zsurv is the 
survey value and zinterp is the value of the 
interpolated surface.

Root mean square error is the most 
common descriptor of error in DEM 
analysis. Statistical analysis of residuals, 
using the approach recommended by Fisher 
and Tate (2006), allows for the derivation 
of the standard deviation (S; Equation 2) 
and the estimation of bias using mean error  
(ME; Equation 3) associated with the 
interpolated surface for each DEM. 
Geostatistics produced in this error analysis 
for each DEM are shown in Tables 1 to 4.

 (2)

 (3)

to be conducted over a short period of time 
(Brasington et al., 2000). The accuracy and 
precision of points acquired using this system 
have been measured by Fuller and Hutchinson 
(2007). Average horizontal precision is  
0.006 m and average vertical precision is 
0.011 m. A Topcon GTS 500 Total Station  
(± (5 + 5 ppm × D) mm, angular resolution  
1 s) was used to acquire positions where 
satellite coverage was unavailable (e.g., beneath 
tree canopy or at the base of cliffs). This was 
fully integrated with the RTKdGPS survey. 
Each survey took five people approximately 
two c.10 hour days to complete under ideal 
operating conditions, i.e., low flows in the 
Motueka, and good satellite coverage enabling 
efficient function of the GPS at all sites.

Survey point distribution was based on 
quasisystematic point collection (Brasington 
et al., 2000), using morphological units as a 
guide. Areas with complex morphology (e.g., 
slope breaks) were surveyed at higher point 
densities than units where surface changes 
were minimal and regular (e.g., bar surfaces). 
Increased point density across areas of rapidly 
changing topography removed the need for 
artificial break lines to be placed in the data 
(Fuller and Hutchinson, 2007). This also 
increased the accuracy of detecting change 
between surveys of unstable areas of the active 
channel or fan (Brasington et al., 2000).

DEMs
Generation
Surfer® spatial analysis software (Surfer, 
2002) was used to generate DEMs from survey 
data. DEM interpolation used Triangulation 
with Linear Interpolation (TLI). TLI was 
based on a gridded version of the triangular 
irregular network, in which continuous 
triangular facets, irregularly sized and spaced, 
were created between data points (Fuller and 
Hutchinson, 2007). TLI connects original 
points so that a patchwork of triangular faces 
represents surface elevations. This method of 
interpolation works best for regularly spaced 



64

where zDEM is the measurement of elevation 
from the DEM, and zref is the higher accuracy 
measurement of elevation for a sample of n 
points.

Errors associated with volumetric estima
tions using TLIderived DEMs are of the 

order of ±5% (Fuller and Hutchinson, 
2007). The Mean Errors for these surveys are 
however an order of magnitude smaller than 
those described by Fuller and Hutchinson 
(2007), suggesting a better representation of 
surfaces by these DEMs.

Table 1 – Motueka: Three Beaches survey data statistics

Survey 
Area
(m2) 

Survey 
points 

Density
pts m-2 

S 
(m) 

ME 
(m)

March 2004 172746  4661 0.03 0.057 0.005 

May 2005 172642  8856 0.05 0.066 0.004 

May 2006 145143 10537 0.07 0.057 0.003 

March 2007 125087 10170 0.08 0.043 0.003 

March 2008 118123 11681 0.10 0.059 0.004

March 2009  89882  9424 0.11 0.059 0.003

March 2010  82169 11122 0.14 0.063 0.002

Table 2 – Motueka: Norths Bridge survey data statistics

Survey 
Area
(m2) 

Survey 
points 

Density
pts m-2 

S 
(m) 

ME 
(m)

Nov 2006 119996 19619 0.16 0.006 0.0007

Nov2007  80953 15768 0.19 0.03 0.002

Nov 2008  79923  9669 0.12 0.02 0.003

Nov 2009  57307  8457 0.15 0.02 0.003

Table 3 – Motupiko: Quinney’s Bush survey data statistics

Survey 
Area
(m2) 

Survey 
points 

Density
pts m-2 

S 
(m) 

ME 
(m)

Nov 2006 70188 12436 0.17 0.0005 0.00003

Nov 2007 79022  9177 0.12 0.006 0.0009

Nov 2008 69458  7566 0.11 0.014 0.0012

Nov 2009 53658  7992 0.15 0.014 0.0014
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Table 4 – Tarndale survey data statistics

Survey 
Area
(m2) 

Survey 
points 

Density
pts m-2 

S 
(m) 

ME 
(m)

Dec 2004 49944  7483 0.15 0.116 0.0007

April 2005 47418  8438 0.18 0.155 0.0067

Aug 2005 49196  8954 0.18 0.121 0.0067

Dec 2005 50447 15926 0.32 0.087 0.0023

May 2006 53916 14773 0.27 0.116 0.0014

Aug 2006 54398  7920 0.15 0.102 0.0035

Nov 2006 53935 18427 0.34 0.108 0.0044

April 2007 56063 21352 0.38 0.111 0.0021

Aug 2007 54486 13800 0.25 0.099 0.0032

April 2008 54404 19215 0.35 0.131 0.0031

Note: point densities in Tables 14 are below the spatial density of 0.69 m2 and 1.10 m2 attained by 
Brasington et al. (2000) in a similar study, although their reach area was significantly smaller than 
these reaches. These data densities are however consistent with similar work on equivalentscale 
reaches (e.g. Fuller et al., 2003a; Fuller and Hutchison, 2007), with point densities of 0.06 m2 and 
0.1 m2 respectively. Ashmore and Church (1998) note that point densities of 3.5 m2 recommended 
by Lane et al. (1994) produce unimaginable field survey problems (such as the time taken for data 
collection), and that point density should be tailored to the scale of topography which is being 
measured. A point density of approximately 0.1 m2 is therefore considered acceptable due to the 
scale and topography of the sites measured. Furthermore, reach average point density masks the 
underlying distribution of points throughout the reach and densification of points at breaks in slope 
(Fuller et al., 2003b). 

Terrestrial Laser Scanning
Two terrestrial laser scan (TLS) surveys were 
carried out – the first in December 2007 and 
the second in December 2008. Field surveys 
were carried out using a Riegl LMSZ420i 
scanner and RTKdGPS equipment. Each 
survey took about three days with 26 setup 
locations per survey. 

The methods adopted to derive the DEMs 
for analysis comprised multiple stages.
1. Point cloud data from each setup was 

combined using RTKdGPS positional 
data and TLS targets; each laser scan target 
was surveyed using both the RTKdGPS 
and TLS.

2. An initial estimate of the point cloud error 
was calculated by comparing the difference 

between the position of the targets derived 
from the TLS and RTKdGPS surveys.

3. The point clouds were then filtered and 
ordered using an octree filter and then a 
2.5D raster (at various grid sizes 0.25, 0.5 
and 1.0 m) to derive a unique point for 
each pixel.

4. DEMs were generated for each filtered 
point cloud using the natural neighbor 
modeling function in ESRI ArcMap 
(2008).

5. The precision of the different resolution 
DEMs were quantified by calculating the 
difference (residuals) between the DEM 
and the original unfiltered point cloud for 
random samples of the DEM (Eqn. 1), 
and the RMS error calculated (Eqn. 2). 
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Results
Motueka
Figure 3 shows complex patterns of erosion 
and deposition within each reach and variable 
magnitudes of morphological change between 
dates; Tables 5 to 7 document the volumes 
of sediment transferred in association with 
these changes. Bed level changes of up to 
±2 m occurred within a single year. Erosion 
typically occurred within the wetted channel 
and notably at the outside of bends adjacent 
to hard banks (rip rap). Deposition took place 
within the channel as accommodation space 
was provided, with lateral migration of the 
channel or with the stalling of bedload sheets 
across low bar platforms within the active 
channel. The extent of activity and change 
was clearly related to the magnitude and 
frequency of flood events between successive 
surveys (Fig. 4), since Figure 5 shows a clear 

relationship between cumulative excess 
discharge (see Appendix for derivation) and 
sediment mobilised/volume of sediment 
eroded. The largest flood during the survey 
period at Three Beaches (Good Friday 
2005) mobilised the greatest amount of 
sediment and was the only event to result in 
morphological modification (deposition) on 
the higher bar platforms within the active 
channel (Fig. 3). Much of the substantial 
change in each of the reaches observed in 
March 2007–2008 at Three Beaches and 
November 2006–2007 at Norths Bridge and 
Quinney’s Bush is attributed to a relatively 
large flood of reasonable duration above Qcrit 
in October 2007. Space does not permit 
detailed discussion of these findings, which 
are provided by Fuller and Basher (2010) and 
Fuller et al. (2011). 

Table 5. Sediment transfers: Three Beaches

Date
Erosion  

(m3)
Deposition  

(m3)
Net  
(m3)

March 04 – May 05 27765 16418 -11347   

May 2005 – 2006  9832  9043   -789 

May 06 – March 07  7063  5573  -1490

March 2007 – 2008 14331 21945  +7614

March 2008 – 2009 10940  7721  -3219

March 2009 – 2010  7640  6800   -840

March 2004 – 2010 30377 20052 -10325

Table 6 – Sediment transfers: Norths Bridge

Date
Erosion  

(m3)
Deposition  

(m3)
Net  
(m3)

Nov 2006 – 2007 8104 4836 -3268

Nov 2007 – 2008 4836 2901 -1935

Nov 2008 – 2009 3822 4245  +423

Nov 2006 – 2009 9677 5281 -4396
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Figure 3 – (a) DEMs of difference with TDC cross section positions overlaid: Three Beaches, upper 
Motueka River 2004–2010; (b) Norths Bridge, upper Motueka River 2006–2009; (c) Quinney’s 
Bush, Motupiko River 2006–2009. 

Table 7– Sediment transfers: Motupiko

Date
Erosion  

(m3)
Deposition  

(m3)
Net  
(m3)

Nov 2006 – 2007 16427 23084 +6657

Nov 2007 – 2008  7564  6361 -1203

Nov 2008 – 2009  5796  6986 +1190

Nov 2006 – 2009  9631 11958 +2327
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Figure 4 – Motueka daily mean flow at (a) Three Beaches (Motueka Gorge and Christies gauges 
combined), (b) Norths Bridge (Motueka Gorge) and Motupiko (Christies) for the survey 
periods at each reach.

Waipaoa: Tarndale Fan
Patterns of erosion and deposition in the 
fan (Fig. 6) indicate landscape connectivity 
processes between landscape units in this 
gullyfanstream system. When sufficient 
sediment was delivered from the gully to 
the fan, the fan, or the portion of fan that 
was fed, aggraded. Reduced sediment supply 

permitted fan incision. Patterns of erosion 
and deposition in the upper fan may be 
used to identify, qualitatively, episodes of 
activity in the gully complex and sediment 
delivery from the gully. Table 8 summarises 
volumes and quantities of sediment flux 
between successive fan surveys. However, 
these volumes do not represent the sum of 
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Figure 5 – Relationship between cumulative excess discharge and sediment mobilised (erosion 
volume) for each site in the upper Motueka catchment.

material being transferred since there is no 
accounting for throughput or yield of fines 
in suspension, which forms the majority of 
sediment generated from the Tarndale gully 
complex (De Rose et al., 1998; Gomez et 
al., 2003). The suspended sediment yield 
from the Tarndale gully complex exceeds 
10000 t ha a1 (Phillips and Gomez, 2007). 
Volumes presented here are therefore a lower
bound estimation of total sediment transfers, 
limited to the coarse fraction, which largely 
determines surface morphology. Whether 
the eroded coarsefraction sediment shown 
in Table 2 was part of the sediment yield 
depends on the location of the erosion; for 
example it is unlikely that eroded material 
in the upper fan would become part of the 
sediment yield from the system and more 
likely that this material was transferred 
and stored downfan (see Fig. 6g, where 
substantial mid fan deposition was detected 
downstream from an area of scour). Hence, 

while net change may be positive, suggesting 
accumulation and minimum yield, if erosion 
took place in the lower fan, that material may 
be considered as a yield from the fan to the Te 
Weraroa Stream, since there is no opportunity 
for subsequent deposition and storage in the 
fan. A detailed discussion of processes and 
drivers of these changes is given by Fuller and 
Marden (2008, 2010, 2011). 

Waipaoa: Tarndale Gully
DEMs of difference for the combined gully 
complex and fan (Fig. 7) derived from the 
terrestrial laser scanning and LiDAR surveys 
identify the main source areas and dominant 
processes contributing sediment to the 
fan (Fig. 7), based on field appraisal of the 
dominant slope processes operating within 
the complex. Morphological change in each 
of these zones within the gully demonstrates 
the significance of rilling and gullying 
processes per se as sediment sources. However, 
this classification is an oversimplification. 
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Table 8 – Sediment volumes and tonnes produced by cutting and filling of the Tarndale Fan between 
successive survey periods (coarse fraction only).

Period Volume (m3) Tonnes1

Erosion Deposition Net Net Yield

(a) December 2004 – April 2005 11 997  6 424  –5 573 –10 254 ~10 000

(b) April 2005 – August 2005  6 174 24 452 +18 278 +33 632 –

(c)  August 2005 – December 2005 11 162 31 528 +20 366 +37 473 ~20 000

(d) December 2005 – May 2006 21 075  8 078 –12 997 –23 915 ~24 000

(e) May 2006 – August 2006 13 936 25 689 +11 753 +21 626 ~25 000

(f )  August 2006 – November 2006  3 100  6 912  +3 812  +7 014  ~5 000

(g) November 2006 – April 2007  4 247 14 935 +10 688 +19 666 –

(h) April 2007 – August 2007 10 125 11 270  +1 144  +2 105 –

(i)   August 2007 – April 2008  5 121 12 662  +7 541 +13 875  ~4 000

1Tonnage based on dry bulk density of 1840 kg m3 (DeRose et al., 1998)

Smallscale debris slides from the top of the 
head scarp often delivered loose material into 
these rills, which when wetted during rainfall 
generated smallerscale debris flows within 
the confined gullies, which then delivered 
sediment to the fan surface. These processes 
are the subject of ongoing investigation and 
a further scan at the end of 2010 is being 
analysed. 

Discussion and conclusions: 
Issues & future directions
Advantages of a morphological approach
Application of morphological budgeting 
using DEMs overcomes the difficulties 
involved in interpolation of change between 
cross sections, which has traditionally been 
the means of acquiring data on topographic 
changes in river channels (e.g., Popov, 
1962; Griffiths, 1979; Goff and Ashmore, 
1994; Martin and Church, 1995; McLean 
and Church, 1999; Fuller et al., 2002). 
Interpolation of data points to derive DEMs 
is usually of the order of a few metres or less, 
rather than the tens or hundreds of metres 
required using crosssections. Besides accuracy 

in representing morphology, which also 
changes as much along a reach as across it, the 
results presented in this paper demonstrate a 
clear advantage of DEMderived budgeting 
over crosssections, which is the linkage 
made between the processes responsible for 
erosion and deposition with the elevation 
changes measured. Thus, using DEMs to 
quantify morphological adjustment and 
associated sediment flux provides important 
information to better understand why erosion 
or deposition is taking place. This approach 
provides a more rigorous linkage between 
channel topography and sediment transport 
processes (Lane, 1998). Direct comparison 
between the use of crosssections and DEMs 
in appraising sediment flux is discussed in 
detail by Fuller et al. (2003).

DEMderived budgeting is applicable 
beyond gravelbed rivers and, where the 
means are available to acquire data, the 
approach works well in a complex gullyfan 
system. This means that it is now possible to 
more precisely quantify delivery of sediment 
from key slope sources and better understand 
the processes generating sediment and their 
connectivity with the channel system. 
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Limitations of a morphological approach
An important consideration in using a 
morphological sediment budgeting approach 
to estimating sediment flux is that sediment 
may move through a fluvial system without 
altering the channel morphology (Fuller et 
al., 2003). Sediment budgeting methods will 
tend to underestimate sediment transport 
rates, as calculations are limited to the net 
sediment gain or loss between surveys (Brewer 
and Passmore, 2002). Local compensation 
of scour and fill between surveys will also 
negatively bias any estimations of sediment 
volume changes (Ashmore and Church, 
1998; Lindsay and Ashmore, 2002). Between 
surveys, scourfill compensation can occur 
at a point as a result of a change between 
localised erosion (scour) and deposition (fill) 
and may occur during a single flood or over 
more than one event (Goff and Ashmore, 
1994; Ashmore and Church, 1998; Lindsay 
and Ashmore, 2002). The more time elapsed 
between surveys and the greater the number of 
competent flows occurring between surveys, 
the greater the likelihood of compensating 
scour and fill occurring – this is a major 
limitation of the infrequent (4–5 years) cross
sectionbased approach to calculating gravel 
volume changes in many of New Zealand’s 
active gravelbed rivers. Ideally morphological 
budgeting would proceed on an event basis, 
however, this is not normally feasible due to 
logistical and financial constraints. To address 
this issue, gross DEM differencing over a 
6year period (March 2004–March 2010) at 
Three Beaches was compared with the sum of 
annual changes within this period. The gross 
2004–2010 erosion volume of 30,377 m3 and 
deposition volume of 20,052 m3, (net loss of 
10,325 m3), was remarkably similar to the 
value if the net erosion figures in Table 5 are 
summed (10,071 m3). However, this masks 
the complexity of the intervening years of 
sediment transfers, which included a period 
of net gain.

An additional limitation of morphological 
budgeting is the difficulty in detecting 
topographic change associated with shallow, 
but extensive, gravel deposition. Brasington 
et al. (2003) indicate that erosion tends to 
be localised and deep whereas deposition 
will often be only one or two clasts deep 
and spatially more extensive. Differential 
behaviour between erosion and deposition 
is problematic, as failure to detect shallow 
deposition within a reach may mean that the 
deposition volume may be underestimated in 
budget calculations. It is therefore possible 
that the net losses (erosion) reported in 
Tables 5 to 7 are overstated and net gains 
(deposition) underestimated.

Future needs: data acquisition
Advanced ground survey equipment used in 
these case studies has increased the potential 
for rapid acquisition of data to build detailed 
DEMs of river morphology at a reach scale. 
This provides opportunities to link change in 
form with processes over timescales measured 
in months. Data acquisition should be 
terrain sensitive, i.e., the survey should be 
designed to generate data that will model 
reach morphology as accurately as possible, 
increasing survey point densities at breaks 
in slope. However, one drawback with 
ground survey is the field time required for 
mapping. Many manhours are required to 
complete a detailed ground survey. As an 
alternative, groundbased photogrammetry 
has been used alongside tacheometric survey 
to generate detailed DEMs of channel form, 
permitting assessment of daytoday changes 
(e.g., Lane et al., 1996; Heritage et al., 1998). 
More recently, and identified in this paper, 
is the availability of groundbased terrestrial 
laser scanning (TLS) which allows assessment 
of daily changes in channel form at a 
resolution of 1600 points per m2 (Heritage 
and Hetherington, 2007; Milan et al., 2007). 
TLS can produce very accurate DEMs of 
river reaches and slopechannel junctions. 
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From this, DEMs of differences between 
surveys can measure daily change in dynamic 
channels at an extremely high resolution.  
One problem with TLS is limited laser 
pen etra tion of water. Its utility to date has 
therefore been best demonstrated in shallow 
gravelly streams (Milan et al., 2007; Brasington  
et al., 2007) and in an environment such as 
Tarndale, where any flowing water is very 
shallow. Each TLS survey generates millions 
of data points, which require considerable 
postprocessing time and computer power. 
Helpful advice in setting up a TLS survey of 
a river channel is provided by Heritage and 
Hetherington (2007). Field survey positions 
should maximise scan angle across a surface. 
Care should be made to provide scan overlap 
to best capture the threedimensional form 
of the surface. The manhours in the field 
are fewer, and the scanner can be operated 
by a single person, although a team of two 
probably improves efficiency. 

Highresolution aerial remote sensing 
and photogrammetry, as well as airborne 
LiDAR surveys, have increased the spatial 
coverage available for acquiring detailed 
topographic information in river channels 
(e.g., Winterbottom and Gilvear, 1997; 
Lane et al., 2003; Carbonneau et al., 2005; 
Leckie et al., 2005). Deeper water continues 
to present a problem to data acquisition, 
as does vegetation (Charlton et al., 2003). 
However, multispectral image analysis (e.g., 
Winterbottom and Gilvear, 1997; Whited et 
al., 2002) or image analysis of water colour 
(Westaway et al., 2003) or illumination 
variation corrected by featurebased image 
processing (Carbonneau et al., 2005), has 
made subaqueous, high resolution data 
generation feasible from largescale aerial 
photography. Accordingly, the dynamics of 
extended reaches of channel can be assessed 
(e.g., Westaway et al., 2003). The latest 
generation of airborne LiDAR, which emits 
red and green light, overcomes the difficulties 
posed by first generation (red only) LiDAR, 

since while the red is absorbed by water, the 
green penetrates to the bed, generating a 
return from subaqueous surfaces. This has 
been used successfully in extended channel 
mapping (Hilldale and Raff, 2008), but 
its application to date has been restricted 
by expense and availability. Bathymetric 
LiDAR, like conventional LiDAR, is not 
yet a highprecision survey tool, but the 
advantage of LiDAR is in acquiring data 
at a spatial resolution of c.1–2 m across 
large tracts of river corridor, with elevation 
accuracies within about 0.2 m. This permits 
generation of DEMs that are not as accurate 
as terrestrially derived data, but nevertheless 
allow detection of gross changes between 
surveys, as has been demonstrated recently 
in New Zealand by Procter et al. (2010). 
When using LiDAR data, the second return 
should be used, since the first return pulse 
will reflect vegetation where present. Aerial 
survey companies should be asked to supply 
postprocessed ground return data, as these 
data are required to build DEMs, and thence 
DEMs of difference, from which sediment 
flux can be appraised.

We need to improve our understanding 
of the dynamics of river channels and active 
slope environments in New Zealand, and 
their associated sediment flux. Technological 
advances improve the likelihood of extensive 
highquality data acquisition and the 
possibility of building detailed terrain 
models from which sediment flux can be 
derived via surface differencing. There is 
also a need to use a range of techniques to 
improve our understanding of thresholds 
of sediment transfers and discrete sediment 
sources. For example, Raven et al. (2010) 
have used sediment impact sensors to refine  
a morphological sediment budget approach  
to estimate bedload. Such a combined 
approach is the next step in a better under
standing of sediment flux in association with 
morphological change. However, for the time 
being, processes and patterns of sediment flux 
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would be better understood by augmenting 
river crosssection surveys using strategically 
targeted monitoring of the whole riverbed by 
detailed ground survey. The intensive nature 
of this approach limits its application to 
smaller reaches, but careful selection of those 
reaches would yield valuable information on 
sediment transport processes in the system.
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The shear stress threshold for initiation of 
sediment motion can be calculated using an 
approach outlined by Fuller et al. (2002), 
which defines Qcrit using a procedure which 
incorporates grain size, flow depth, frictional 
characteristics of the channel and channel 
cross section: 

The Shields entrainment function (τ) ex
pressed in equation 1

τ   =   0.045 (ρs – ρw) gDg (1)
where Dg  =  median grain size, an entrainment 
function of 0.045 is an approximation for 
hydrodynamically rough beds, ρs  =  bed sedi
ment density (2700 kg m3), ρw  =  density of 

water (1000 kg m3) and g  =  gravitational 
acceleration (9.81 m s1). 

The value of τ can be used in a rearranged 
DuBoys equation (equation 2) to calculate 
the average critical flow depth required to 
initiate motion. 

 (2)

where R  =  hydraulic radius, which is approxi
mately equivalent to the average flow depth, 
and S  =  energy slope for the entire reach 
calculated using the difference in elevation 
between the top and the bottom of the 
reach. 
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To estimate the discharge needed to attain 
the flow depth required to initiate motion, 
the DarcyWeisbach equation (5) is used, 
but first the channel roughness (f) must be 
approximated using the ColebrookWhite 
equation (equation 3).

 (3)

where a is derived from equation 4. 

 (4)

where dmax  =  maximum flow depth obtained 
from a suitable channel crosssection in the 
reach.

The DarcyWeisbach equation (5) is 
used to estimate velocity (V   ) at critical flow 
depth:

 (5)

Table A1 – Hydraulic parameters and Qcrit

Reach
τ

(N m-2)
S

(m m -1)
R

(m)
d max
(m)

a
(m)

f V
(m s-1)

A
(m)

Qcrit
(m3s-1)

Three Beaches 36.02 0.0071 0.52 2.50 18.21 0.125 1.51 8.79 13.30

Norths Bridge 42.02 0.0076 0.56 1.62 15.46 0.136 1.57 9.52 14.97

Quinney’s Bush 28.52 0.0072 0.40 1.38 16.32 0.134 1.30 4.00  5.22

Critical discharge is then a function of the 
continuity equation (6):

Q crit  =  VA (6)
where A  =  channel flow area defined by the 
critical flow depth in the study reach. 

Values of Qcrit are given in Table A1. Qcrit 
is inevitably a coarse approximation, since it 
is based on the D50 and takes no account of 
channel armouring or the effects of hiding 
and protrusion on grain entrainment. 
Nevertheless, it does provide an approximation 
of the magnitude and timing of flood events 
capable of entraining sediment and thus 
responsible for morphological change (Fuller 
et al. 2002). The value of Qcrit derived in 
this approach is strongly conditioned by 
channel size and shape. The value derived 
is thus dependent upon discrete channel 
characteristics at a given crosssection and 
will vary according to crosssection selected.
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