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Abstract 
Geomorphic response to flood events is spatially and temporally variable and is influenced by many 
natural and anthropogenic processes. Research in recent times has shown the adverse geomorphic 
effects of rivers that have been managed by straightening, narrowing, and disconnecting them from 
their floodplain. This work attempts to evaluate the morphological response of small, rural gravel-
bed rivers to discrete flood events and to put this response into the context of decadal-scale channel 
adjustments and river management practices. The Tauanui and Turanganui Rivers in South 
Wairarapa, New Zealand, were monitored and analysed to identify sediment dynamics within them 
and how they respond to discrete flood events and river management practices. This was achieved 
by analysing existing historic aerial and satellite imagery, cross-sectional survey data, and 
geomorphic change analyses using Structure from Motion (SFM) photogrammetry datasets collected 
in this project. Historical aerial imagery revealed that both rivers have significantly changed over 
time, with the area of active gravels reducing 38% in the Tauanui and 48% in the Turanganui River 
from the 1940s to 2013. A narrowing and straightening of both rivers and a proliferation of heavily 
vegetated banks was observed. It is suggested that these changes are linked to river management 
strategies, which have helped to develop floodplains for agriculture and occupation by people. 
Following a storm event on the 20th of June 2021, flooding caused significant geomorphic change. 
Geomorphic change analysis before and after suggested net aggradation of 1,564 m³ in the Tauanui 
River and 3,430 m³ in the Turanganui River. Although geomorphic change was significant in both 
study reaches, it contrasted. This contrast has been interpreted as a result of differences in river 
resilience and geomorphic thresholds. Similar to other studies, it is suggested that river management 
interventions have reduced resilience and brought both rivers closer to geomorphic thresholds. This 
has resulted in geomorphic change that is disproportionate to the flood magnitude. River 
management that homogenises river corridors is also detrimental to habitat diversity and increases 
the exposure of the surrounding land to flood risk.  
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1.4 Justification 
�x There has been little study done on small gravel-bed rivers below short, steep catchments in 

rural environments such as these. This study will give unprecedented insight into the 
geomorphological patterns and scale of change. Utilising known and well-established 
methods. 

�x The use of SFM enables us to assess the reaches of rivers for geomorphic change accurately 
(Westoby et al., 2012). 

�x These rivers are short and steep, and the slopes in the higher elevations are highly 
connected to rivers, making potential erosion events such as mass movements highly 
available to the river. 
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Figure 2: Study site showing both catchments and specific study reaches. 

 
Figure 3: Closer view of both study reaches. 
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Figure 4: Elevation of the Turanganui and Tauanui catchments. 

2.1.1 Catchment land use & flood mitigation 
As illustrated in Figure 5, the headwaters of these catchments are primarily unmodified, with 
Indigenous forest and broadleaved indigenous hardwoods in the upper catchment, some exotic tree 
plantations, and primarily pastoral farming in the lower catchment. 
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Figure 5: Land use within Turanganui and Tauanui catchments. 

2.2 Tauanui River 
The total size of the Tauanui River catchment is 5494 hectares. The upper catchment is located in 
the Department of Conservation (DOC) managed Aorangi Forest Park, an unmodified indigenous 
forest. Most land has been anthropogenically modified through the middle of the catchment as it is 
classified as exotic tree plantations with smaller portions cleared for low-production farmland. 
Smaller portions are reverting manuka/kanuka and indigenous forests. The lower catchment has 
been heavily modified to become high-production grassland and is utilised for dry stock grazing and 
dairy runoff. To protect farm infrastructure and to prevent erosion (Figure 6), the Tauanui had a stop 
bank built in the lower catchment when agriculture intensification began and is now managed by 
GWRC, who actively plant exotic species such as poplars and willows and utilise earthworks to 
channelise the river and maintain stop banks. The river channel is confined using stopbanks when 
the river exits the ranges and encompasses the study reach. The bottom of the catchment is where 
the Tauanui enters the Lower Ruamahanga River diversion through a heavily modified delta system. 
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Figure 7: Wellington region median annual rainfall totals 1981-2010 (Chappell, 2014). 

2.5 Hydrology 
Both rivers have ephemeral characteristics during dry summers and respond quickly to heavy rainfall 
due to both catchments' steep, short nature (Carlin, 1980; Watts & Perrie, 2007). Little hydrological 
data was available in both rivers before 2017 when only sporadic monitoring occurred. Continuous 
monitoring has occurred since 2017 and shows the Tauanui River has a median flow of 0.349 m³/s, 
whereas the Turanganui River is 0.441 m³/s. Figure 8 shows both hydrographs' steep rise and fall in 
response to a flood event. This illustrates the steepness of the catchment and the quick response to 
rainfall due to proximity to the Ranges. Following frequency analysis of all available flow data of both 
rivers, the largest flood recorded in the Tauanui and Turanganui is 40m³/s and 42m³/s, respectively. 
Both of which were from the 20th of June 2021 flood event. 
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Figure 8: Hydrologic data for Tauanui and Turanganui Rivers overlaid over rainfall data from GWRC Ruakokopatuna 
monitoring sites. 

2.6 Geologic setting 
The North Island of New Zealand is situated on an active plate boundary, with the Hikurangi 
Subduction Zone (Figure 9) east of the North Island, where the Pacific Plate subducts beneath the 
Australian Plate (Ballance & Cotterall, 2017). The subduction zone transitions to a transform fault 
farther south, near Kaikoura. The rates of plate movement per year vary along the subduction zone. 
Still, as seen in Figures 9 and 10, the Pacific Plate subducts beneath the Australian Plate at a rate of 
approximately 40mm per year in the southeast of New Zealand (Ballance & Cotterall, 2017). The 
study area is in the southern East Coast Basin, an actively deforming forearc basin (Figure 10). A 
forearc basin is a sedimentary basin occurring due to the interaction between a subducting tectonic 
plate and an overriding tectonic plate, in this case, due to the tectonic activity occurring in the 
Hikurangi subduction zone (Hoda, 2016; Ballance & Cotterall, 2017).  
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Figure 9: Tectonic setting of the North Island of New Zealand (Ballance & Cotterall, 2017). 

 

 
Figure 10: Tectonic setting of the eastern North Island, New Zealand (Ballance & Cotterall, 2017). 
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As seen in Figure 11, several active faults cross the study area. These faults run perpendicular to the 
rivers, the two main ones being the Dry River and Ruakokopatuna fault lines (Cape et al., 1990). 
Rectangular drainage patterns seen in the Tauanui River (see Figure 2) indicate the jointing and 
folding occurring in the headwaters (Breirley & Fryirs, 2005). Dendritic drainage patterns with slight 
trellis patterns indicate there is low geologic control, with slight dipping and folded sedimentary 
strata. This is backed up by the geologic and tectonic maps (Figures 11 and 12). Most tectonic faults 
in the vicinity of the Aorangi range are thrust faults due to the deformation of the Aorangi Block, one 
of five basement blocks forming the forearc basin on the east coast of the North Island (Tamsin et 
al., 2018). The major fault lines in the Aorangi range run in a northeast-southwest direction, and a 
period of tectonic activity in the Tertiary Period have produced sharp ridges (Wardle, 1967). Active 
tectonics in the area have the potential to produce earthquakes, which can provide significant 
amounts of sediment to the river systems. Historic earthquakes along faults weaken rocks 
throughout the catchment, making sediment vulnerable to erosive processes. 

 

 
Figure 11: Faults and folds active now and/or were active in the late quaternary period (Cape et al., 1990). 

2.6.1 Lithology 
Figure 12 illustrates the geology of the study sites. The Tauanui and Turanganui catchments consist 
of undifferentiated Mesozoic rocks in the headwaters, changing to Neogene sediments in the middle 
of the catchment and Quaternary sediments in the lower end of the studied catchments (Bertaud-
Gandar et al., 2018). This provides a varied bedload of sediment types in the Tauanui and Turanganui 
Rivers. Each study reach consists entirely of Holocene river deposits due to them being located on 
the floodplain. 
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Figure 13: Geologic setting of the study site (Bertaud-Gandar et al., 2018). 

 

2.7 Matter and energy dimensional flux  
Rivers are divided into three distinct zones to simplify the explanation of sediment dynamics within a 
fluvial system (Figure 14). These are production, transport and storage zones (Schumm, 2005; 
Corenblit et al., 2015). These zones represent the dominant form of sediment flux occurring within 
them. The production zone is the upper catchment by which water and sediment provided to the 
river are derived. The transport zone is a high-energy zone, often in the centre of a catchment, 
where the channel is often more stable due to an equilibrium of erosion and deposition. The storage 
(or deposition) zone is where the river profile starts to level off, and net aggradations tend to occur 
and develop landforms such as deltas or alluvial fans. An understanding of where a specific reach is 
located is important as it will give an indication of the dominant sediment process occurring. As seen 
in Figure 2, both study reaches are in the centre of their catchments and possess wandering and 
multi-threaded planforms. These characteristics indicate sediment transfer zones (Coleman & Scott, 
2011). This means both study reaches are likely to be experiencing high sediment flux, comprising 
both erosion and deposition.  
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Figure 14: The Four-dimensional framework illustrating matter and energy fluxes in river systems (Corenblit et al., 2015). 
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braided channels having naturally low resistance to geomorphic change during flood events. 
Resistance can also be impacted by human modification of river systems, either increasing or 
decreasing resistance to geomorphic change (Gregory et al., 2008). For example, river engineering, 
such as channel straightening and bank armouring, increases a river's resistance to change, whereas 
vegetation clearance and removal of the riverbed armour layer reduces a river's resistance to change 
(Gregory et al., 2008; Warman & Friedrich, 2013; Fuller et al., 2019). 

Fuller (2007) highlights the importance of resistance in understanding flood response and tailoring 
effective management strategies following monitoring geomorphic change from a 150-year flood in 
the Kiwitea, Manawatu. Fuller (2007) argues that large flood events result in widely varied 
geomorphic responses due to varying thresholds, sensitivity, and local channel geometry and 
configuration differences. This is due to observations of variations in geomorphic change between 
reaches and catchments. Resistance is an important aspect of study in the Tauanui and Turanganui 
Rivers as it helps to identify the drivers behind the geomorphic response to flood events between 
the two rivers studied. 

 

 

 
Figure 17: Fuller et al. (2019) theory of river resilience combining resistance and recovery, with examples from natural and 
anthropogenic example (Fuller et al., 2019). 

River recovery is the inherent ability of a river system to return to its pre-disturbance state following 
a perturbing event such as a flood (Thoms et al., 2018). In natural river systems, some types of rivers, 
such as braided rivers, are more likely to recover to their pre-disturbance condition (fuller et al., 
2019). Meandering rivers, however, have a lower potential for recovering to their original state 
when disturbed through natural straightening (avulsion) of meanders (Fuller et al., 2019). These 
scenarios are shown in Figure 17. Fryirs and Brierley (2000) explored the relationship between river 
recovery and human modification of rivers, where it is discussed that human modification of rivers 
can significantly reduce the potential for the river to return to its modified state. In some cases, 
when boundary conditions are breached, a river cannot return to its original state. This is the 
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Figure 19: Geomorphic maps of the Bowderdale and Langdale following a flood in 1982 and state of recovery in 2002 
(Harvey, 2007). 

 

River resilience is defined by Fuller et al. (2019) as the ability of a river system to resist and recover 
from disruption or perturbation. It thus comprises both river resistance and recovery as a bivariate 
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theory. As illustrated in Figure 17, the resilience of a river system relies on the system having either 
high resistance and/or high recovery characteristics. 

Resilience is an important concept in this study as it helps to explain the natural and anthropogenic 
influences contributing to contrasting geomorphic responses to a singular flood event between 
different river reaches (Brunsden & Thornes, 1979). This is pertinent when comparing flood 
response between the Turanganui and Tauanui Rivers, as resilience helps to evaluate the 
effectiveness of river management for the two rivers. This is achieved by understanding what 
combination of resistance and recovery characteristics each river has and whether these 
characteristics stem from human actions or are inherent in the systems. Management can be 
assessed and tailored to reduce anthropogenic interference detrimental to river resilience and the 
bivariate characteristics it derives from. Natural traits that contribute towards higher river resilience 
can also be identified and utilised in management to reduce the adverse effects of flood events. 

An example that illustrates resilience being utilised to understand river response and inform future 
management is highlighted by Fuller (2008), where it was identified that due to human modification 
of river corridors (confining and straightening), catastrophic channel widening occurred following a 
flood event, which subsequently partially recovered by reducing, but not to its previous extent. This 
resulted in a wider river corridor that is more resilient due to resistance being improved by 
increasing flood capacity and improving the likelihood of recovery due to a more braided channel 
system (Figure 20). This applies to the Turanganui and Tauanui Rivers, as they have also been 
significantly narrowed through management. 

 

Figure 20: Channel changes on the Kiwitea 11 km north of Feilding, with cross-section profiles (Fuller, 2008). 

Fuller and Hutchinson (2007) showed the role of remediation works on sediment flux following 
willow planting and groyne construction. The effectiveness of willow planting and groyne 
construction in reducing bank erosion was illustrated but suggested this resulted in accelerated 
channel scour. This highlights that river management practices play a role in fluvial geomorphic 
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processes, both in reducing erosion and increasing it in some circumstances and need to be better 
understood. This will help to inform effective river management going forward. 

3.5 Morphological budgeting 
Morphological budgeting is a useful tool for detecting geomorphic change in fluvial environments. 
Morphological budgeting has often been used to quantify the impacts of floods on river channels 
and surrounding floodplains. Wheaton (2008) defines morphological budgeting as quantifying 
sediment fluxes and storage in a designated area over a specified period. Morphological budgeting 
has been established as an accurate means of establishing geomorphological trends and quantifying 
changes in sediment storage over time. Using sequential georeferenced aerial photographs, Fuller 
(2008) quantified the morphological impacts of a 100-year flood in the Kiwitea stream and 
discovered the spatially variable nature of geomorphic change from the event (figure 20). 

Ashmore and Church (1998) observed changes in channel morphology and displayed the connection 
between hydraulic processes and river geomorphology. Ashmore and Church (1998) observe 
sediment storage changes throughout river channels over several spatial and temporal scales and 
are used to inform river engineering practices. Sediment budgets were calculated in three Canadian 
rivers utilising cross-section surveys, bedload transport monitoring stations and observational 
morphologic methods to understand sediment movement patterns and volumes. Ashmore and 
Church (1998) found cross-section surveys effective at establishing large-scale trends in sediment 
flux but lacked the resolution to identify smaller-scale changes between survey sections. 
Morphological observations were useful in identifying areas of change but lacked quantitative 
calculations as too many variables were involved in erosional and depositional processes. This shows 
that the use of SFM is an important monitoring technique to utilise in the Tauanui and Turanganui 
Rivers, as the existing cross-section surveys may not capture smaller reach-scale sediment storage 
changes. 

Geomorphologists and others, such as government agencies, have utilised cross-sectional surveys to 
monitor sediment flux in river channels. Cross-section surveys have been used since the 1920s in 
New Zealand (Griffiths, 1979) and have helped to identify sediment movement patterns in rivers and 
the source location of sediment influx into a river. This practice is still used today by organisations 
such as regional councils to track sediment changes in rivers and help inform flow model 
development (Griffiths, 1979; GWRC, 2021). The Tauanui and Turanganui Rivers have a cross-section 
survey program to monitor sediment changes (seen in Chapter 3.4). However, as Ashmore and 
Church (1998) identified, cross-section surveys lack the resolution to track sediment changes 
between surveys and are prone to user errors. Fuller et al. (2003) outlined these errors, where it was 
found that cross-sectional survey-derived morphological budgeting consistently underestimates 
sediment flux compared to DEM-based approaches (Figure 21). This is due to the fixed nature of 
cross-section surveys, where they do not identify areas where scour/deposition has been newly 
initiated and cannot measure areas between cross-sections as DEM-based methods can. 
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Figure 21: Comparison of subreach sediment transfers calculated using cross-section survey and DEM differencing (Fuller et 
al., 2003). 

Technological advances have allowed for large-scale monitoring of sediment flux and provide much 
finer detail than previously available methods. GPS survey methods allowed many elevation points 
to be gathered in short amounts of time, and the development of digital elevation models (DEMs) 
allowed 3D visualisation of river morphology. Calculations of sediment change over time were made 
more accurate using DEMs of difference (DoDs). These allow high-resolution quantification of 
geomorphic changes at higher accuracy than cross-section surveys (Brasington et al., 2000; Fuller & 
Basher, 2012). This is highlighted by Brasington et al. (2000), where upwards of 2000 survey points 
were gathered per day in a 13Ha reach of the River Feshie in Scotland. A point density of 1.1 per 
square meter was achieved, which resulted in the development of two digital elevation models 
(DEM) and a digital elevation model of difference (DOD) with an accuracy of 0.1m (Figure 23). 

 This method enabled accurate analysis of three-dimensional channel dynamics within the survey 
reach. Creating a DEM using GPS surveys is time and labour-intensive and would be impractical for 
large-scale surveys or when surveys need to be made in quick succession. As shown in Figure 23, 
survey point density varies due to surveying being focused on areas of topographic variability or 
gynomorphically dynamic areas such as bars, riffles, and pools. Areas with sparse survey points are 
topographically uniform or perceived to be more stable landforms. This could reduce the accuracy of 
the DoD if significant geomorphic change were to occur in areas of sparse survey points such as 
avulsion. The manual nature of surveying data points also enables the potential for user error. 
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Fuller and Hutchinson (2007) utilised GPS surveys to develop DEMs to show the role of remediation 
works on sediment flux in the Kiwitea River. The average survey point density of 0.1 points per 
square meter showed the effectiveness of willow planting and groyne construction in reducing bank 
erosion but suggested this resulted in accelerated channel scour. Fuller and Hutchinson (2007) were 
able to identify reach-scale trends in sediment movement but could not accurately quantify 
sediment movement or monitor sediment below the resolution surveyed. Fuller and Basher (2012) 
utilised DEMs built using GPS surveys to link morphological patterns to river management. Channel 
straightening, bank protection and gravel extraction were linked to bed degradation and a net loss in 
sediment in the Motueka River in Nelson, New Zealand. Fuller and Basher (2012) identified scour-fill 
compensation between surveys as a potential cause for underestimating sediment flux. 

DEMs are useful for determining a detailed quantification of geomorphic change in Fluvial systems 
that other methods, such as cross-sections, cannot provide. The use of DEMs to estimate sediment 
flux and understand sediment movement patterns has highlighted the influence river management 
practices play in fluvial geomorphic processes (Fuller & Hutchinson, 2007; Fuller & Basher,2012). 
However, using DEMs can often underestimate sediment flux due to surveys not capturing sediment 
movement between surveys. DEMs often do not have the resolution to quantify clast-scale 
morphological patterns in rivers. Using DoDs in the Tauanui and Turanganui study reaches will help 
achieve the objectives outlined in this study.   

Figure 22: Survey points and DEM derived from it (Brasington et al., 2000). 
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Figure 24: Accounting for vegetation in LIDAR-derived DEMs by grouping and reducing DEM height using a digital canopy 
model (Lallias-Tacon et al., 2014). 

More recent developments in LIDAR surveying involve UAV-based LIDAR surveying, as Backes et al. 
(2020) demonstrated. With a combined error of 6cm, this method produces high-quality DEMs 
capable of detecting geomorphic change on a significantly smaller scale than previously (Figure 25). 
Cost is reduced due to the LIDAR sensor being mounted on a UAV (Figure 26), enabling more surveys 
to be completed, reducing scour-fill compensation between surveys. Backes et al. (2020) outlined a 
drawback: the LIDAR point cloud had voids in snow-covered areas and standing water surfaces. A 
commercial drone with LIDAR sensors equipped, such as the one used by Backes et al. (2020) (Figure 
26), costs significant amounts of money, which can be a limiting factor for utilisation.  
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 Akay et al. (2020) quantified flood-induced morphological changes in the Büyük Menderes River in 
Turkey utilising UAV and SFM surveying techniques. This resulted in three SFM-derived DEMs of six 
study reaches. The DEMs produced had a resolution between 5-10cm depending on flight and 
camera characteristics that could detect significant geomorphic changes following a significant flood 
event (Figure 27).  

 

 

Figure 27: Geomorphic Change detection in the Buyuk Menderes River using Structure from motion (Akay et al., 2020). 

 

Root mean square error (RMSE) is variable, as seen in Table 1 and is deemed by Akay et al. (2020) to 
be suitable for detecting geomorphic change. RMSE is a standard method used to measure DEM 
quality (Fisher & Tate, 2006; Chai & Draxler, 2014; Carrivick et al., 2016). Calculating RMSE (Figure 
28) involves combining the first (mean) and second (dispersion) moment of the distribution of error 
(Fisher & Tate, 2006 in Strohmaier, 2020). In recent times, the suitability of the RMSE method has 
been discussed, as it does not represent the spatial variability of error in DEMs, and other error 
calculations can be used that better represent the statistical distribution of error in a model 
(Willmott & Matsuura, 2005; Strohmaier, 2020). Using RMSE as the measure for reporting DEM 
quality can misrepresent errors in a model. Due to the error throughout the model being averaged, 
RMSE represents model accuracy from bias and precision (from variance or standard error) 
(Strohmaier, 2020). Because of the spatial variability of error in models, RMSE is therefore impacted 
by outliers and overall bias in models (Strohmaier, 2020).  

Other methods of calculating error in DEMs, such as mean absolute error (MAE), are promoted as 
the sole measure of precision in models (Willmott & Matsuura, 2005) due to it summarising the total 
error in the model (Figure 29). MAE is favoured due to its accounting for the variability of error 
distribution. 
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Table 1: Structure from motion flight specifications of the Buyuk Menderes River study (Akay et al., 2020). 

 

 

 

 
Figure 28: The formula for calculating root mean square error. N is the number of GCP pairs, and X and Y are the 
transformed (predicted) object space coordinates of each GCP. Xi and Yi are its observed (sampled, assumed true) object 
space positions (Vericat et al., 2009) 

 
Figure 29: The formula for calculating mean absolute error (MAE). Calculation of MAE involves summing the magnitudes 
�~�����•�}�o�µ�š�����À���o�µ���•�•���}�(���š�Z�������Œ�Œ�}�Œ�•���š�}���}���š���]�v���š�Z�����Z�š�}�š���o�����Œ�Œ�}�Œ�[�����v�����š�Z���v�����]�À�]���]�v�P���š�Z�����š�}�š���o�����Œ�Œ�}�Œ�����Ç���v��(Chai & Draxler, 2014). 

Vegetation cover is also an important limitation when using SFM surveying methods. As with other 
air-to-air-to-surface survey methods, vegetation cover masks the true topographical surface being 
studied, which overestimates the quantity of sediment present. This bias can be seen in Westoby et 
al. (2012) and Holdsworth (2018) (Figure 30). Vegetation cover is accounted for by Fuller et al. (2020) 
and Strohmaier (2020) by creating masks when processing the SFM data to exclude areas of dense 
vegetation and to add higher levels of uncertainty to areas with lower levels of vegetation. This is 
illustrated in Figure 31. It is important to consider vegetation when considering the Tauanui and 
Turanganui Rivers, as much of the banks and stable bars are densely vegetated in places. 
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Figure 33: Difference between reference DSM and SFM DSM (Rosnell & Honkavaara, 2012). 

The doming effect can be accounted for and effectively reduced using image processing methods or 
modifying the survey workflow when gathering field data. Magria and Toldo (2017) developed a 
modified bundle adjustment that uses a ground detection method to capture parts of a model that is 
flawed through the doming effect and correct it to the appropriate geometry (Figure 34). Lee and 
Han (2020) utilised the least-squares height-difference (LHD) DEM matching method with a 
polynomial model using a reference DEM to rectify the doming effect on an SFM DEM.  
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Figure 34: Point cloud data before and after bundle adjustment to correct the doming effect (Magria & Toldo, 2017). 

The collection of oblique imagery and a suitably distributed network of GCPs has significantly 
reduced the doming effect on SFM models. When multiple images of the same target are taken at 
different angles (in the form of oblique images), James and Robson (2014) showed that these 
convergent images effectively reduce the radial distortion and thus reduce the doming effect on 
produced DEMs (Figure 35). James and Robson (2014) also suggested that collecting both nadir and 
oblique images will further reduce the doming effect. Another method known to reduce the doming 
effect and to increase the overall accuracy of the DEM produced is to have an evenly distributed 
network of GCPs (Smith & Vericat, 2015; Eltner et al., 2016). This is because GCPs represent ground 
truth data throughout the area being studied that is external to the set of images captured that 
needs to be satisfied in the adjustment process when producing the DEM, and thus reduces the 
need for the SFM software to interpolate images to create the DEM which produces the doming 
effect (James & Robson, 2014). 
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Figure 36: Equation for stream power and specific stream power (Brierley & Fryirs, 2005). 

The relationship between stream power and erosion is well established, with clear correlations 
between stream power and bank erosion (Larsen et al., 2006). This is illustrated in Figure 37. Stream 
power is also established to be a driving factor in bed scour and deposition (Bizzi & Lerner, 2015). 

 

 

 
Figure 37: Correlation between erosion and cumulative stream power (Larsen et al., 2006). 
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4.0 Methodology  
To analyse the fluvial response to the 20th of June flood event, the surfaces of fluvial sediment 
before and after the flood at both study reaches need to be captured. This was completed by 
surveying using photogrammetry techniques, and surface changes were assessed. Historical imagery 
was utilised to conduct a geomorphic audit of the study reaches to facilitate analysis of decadal 
geomorphic changes within the rivers. Historic cross-section survey data was also analysed to 
capture decadal changes in bed level. In addition to this, environmental monitoring data, including 
rainfall and river flows, were provided by Greater Wellington Regional Council. Land Information 
New Zealand provided spatial data showing land use, geology, and elevation. 

 

4.1 Photogrammetry surveys 
The SFM Technique is well established and has been utilised to detect and quantify geomorphic 
change (Westoby et al., 2012., James et al., 2019). Using spray paint, ground control points (GCPs) 
were established (see Figure 38). 30-40 GCPs were planned to be used per survey; however, due to 
vegetation, accessibility, and survey errors, 27-35 GCPs were used per survey. Then, a drone is flown 
over the area of interest (AOI) using multiple nadir and oblique camera angles. Images are then 
processed using software to form a 3D image. GCPs are then used to georeference the resulting 
image to form a Digital Elevation Model (DEM). This was to identify active regions of the rivers and 
patterns of sediment movement and to quantify geomorphic changes occurring between surveys by 
creating a DoD from concurrent SFM surveys. 

4.2 Survey control 
To provide georeferencing and to measure the accuracy of the photogrammetry surveys, a 
combination of temporary benchmarks (TBMs) and ground control points (GCPs) were established at 
each site. GCPs provide a reference to the topography being studied and were drawn onto the 
ground using fluorescent spray paint (Figure 38). GCPs were measured using real-time Kinematic 
global positioning systems (RTK-GPS) equipment. RTK-GPS surveys are a well-established method of 
georeferencing and checking the quality of DEMs (Backes et al., 2020; Fuller et al., 2020). The survey 
equipment used was a Trimble R10 base station and rover unit (Figure 39). Three benchmarks were 
established at each study site using one wooden peg and two lengths of reinforcing bars hammered 
into the ground. This can be seen in Figure 40. These were installed to establish fixed positions 
throughout the study, which provided consistent and common reference between surveys and 
provided a way of assessing the error in the GPS data. Some GCPs were withheld from the 
Photogrammetry process to provide a way of evaluating errors in the photogrammetry model. 
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Figure 38: Painted ground control point (GCP). 

 

 

 Figure 39: RTK GPS base and river set-up prior to the first survey on the Turanganui study reach. 
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Figure 40: The permanent benchmark installed at the Turanganui study reach. 

 

Before conducting fieldwork, the study reaches were assessed using aerial imagery, and a network of 
GCPs was mapped in both study reaches to ensure an even network of survey points at an adequate 
density was established in the field (Figures 41 and 42). 

 

Figure 41: Programmed flight path and planned GCPs for the Tauanui study reach. 
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Figure 43: Track while surveying the Tauanui on the 7th of May 2021. 

Two surveys were completed on each survey reach for both rivers on the 7th of May 2021, while both 
rivers were in drought conditions and were not flowing. This ensured higher accuracy of the survey, 
as GCPs could be established anywhere on the channel as there was no wetted channel, as well as 
eliminating influence from water in the SFM survey. A major flood event occurred on the 20th of June 
2021 after the first survey. Following The flood in the Turanganui River on the 20th of June 2021, 
significant erosion occurred, resulting in all three of the original benchmarks being lost Figure (45). 
Therefore, previous GCPs had to be used instead of benchmarks. Bad weather and turbid flow 
conditions postponed several attempts to capture sequential surveys in both rivers as weather was 
not conducive to drone flights, and turbid water will produce bias in the DEMs produced. When 
conditions allowed, the second survey for the Turanganui was completed on the 15th of September 
2021 and the 11th of November 2021 on the Tauanui. 
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Figure 44: GPS surveying using the R10 rover unit. 
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Figure 45: Bank erosion that wiped out benchmarks on the Turanganui River following the 20th of June 2021 flood event. 

4.3 Aerial surveys 
A DJI Phantom 3 UAV (Figure 46) was used to collect vertical (Nadir) and 30-degree off-vertical 
(oblique) imagery of the Tauanui and Turanganui study sites on two separate occasions for both 
rivers. The Turanganui were surveyed on the 7th of May 2021 and 15th September 2021, and the 
Tauanui was surveyed on the 7th May 2021 and 11th November 2021. Flight paths were designed 
with appropriate photograph overlap (80%) for the photos to tie together accurately. Figures 48 and 
49 depict the programmed flight paths for both study reaches. 
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Figure 46: DJI Phantom 3 in use for the first survey on the Turanganui River. 

 

Flight paths were planned using the flight planning tool on www.mapsmadeeasy.com to plan the 
approximate flight location, altitude, and appropriate forward and side image overlap (Figure 47). In 
this case, prior site visits confirmed an altitude of 40m above the take-off zone provided a safe 
distance above trees and topographical obstacles for both sites and was low enough to produce 
high-quality imagery of the study reach. Eighty per cent forward overlap and seventy-five per cent 
side overlap was recommended as suitable. Flight speed and photo interval are set to ensure 
adequate images were taken and overlapped sufficiently. This was set to one photo every 2 seconds 
and a 15km/h flight speed. This data is then exported as a KML file and imported into Excel to check 
that the longitudinal values are correct, as the flight planner tool exports values suitable for the 
northern hemisphere and needs 360 degrees added to them for the southern hemisphere. The 
coordinates are then adjusted for importing into the Litchi flight programmer for DJI Drones (Figures 
48 and 49).  
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Figure 47: Mapsmadeeasy flight planning tool used for the Turanganui River. 

 

Figure 48: Programmed drone flight path of the Tauanui River. 
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Figure 49: Programmed drone flight path of the Turanganui River. 

 

On the day of the flights, weather forecasts were checked to ensure winds were calm enough for the 
UAV to fly, and hydrographic data was checked to ensure there was no flooding, as this would 
distort the SFM surface, as explained in David et al. (2021). Flight zones were checked, and all Civil 
Aviation (CAA) rules were complied with. The UAV was connected to the Litchi app on an iPad, and 
each flight was loaded onto the drone and set to fly the programmed grid, taking photos every 2 
seconds, with the camera set at a nadir angle. The UAV then did two more flights with oblique angles 
on the camera with a 180-degree heading change between flights. After each flight, the imagery was 
downloaded to a PC and annotated for date, time and location. This process was completed two 
times for each river, totalling four surveys overall. 

4.4 Photogrammetry processing 
The software used to process photos taken into a 3-D model was Agisoft Metashape Professional, 
using structure from motion (SfM). The workflow utilised involved pre-processing the imagery 
collected in preparation for forming a dense cloud (dense 3-D point cloud of tied image portions, 
which forms the foundation of the 3-D model). Pre-processing imagery involved loading all images 
from a survey flight and assessing for quality; inadequate images were masked or deleted. Images 
were then referenced to the New Zealand Transverse Mercator coordinate system (NZTM) and 
aligned using key and tie point processing. Photo alignment accuracy was set to the highest, the key 
point limit used was 40,000, and the tie point limit was 16,000. 

Key points are points in the image collection that are distinct and allow individual images to be 
identified, whereas tie points are identifiable features that have been identified to link photos 
together. This creates a network of points throughout the image collection that links them together. 
Alignment also involves estimating camera pose and utilising key points to extract a sparse cloud, 
where overlaps in imagery create a 3D image (Westoby et al., 2012). The sparse point cloud was 
then assessed for any outlying misrepresentations of the ground. Any points located below ground 
or in the air were deleted. This was completed using the gradual selection tool. Reconstruction 
uncertainty was set to 10, highlighting all points detected to be in the wrong position, which were 
then deleted. Reprojection error was then calculated, which was set to 1.1 Pixels. This highlighted all 
points with reprojection errors that exceeded this value, which were then deleted. The sparse cloud 
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4.5 Producing the DoD map 
Digital elevation models of difference (DoD) have been widely used in geomorphological studies, 
including those by Schwendel et al. (2011), Fuller et al. (2011) and Fuller and Basher (2012). DoDs 
have been concluded as an effective means of quantifying sediment movement and establishing 
morphological patterns. Geomorphic change detection software (GCD 7) was used to create the DoD 
maps for both study reaches, of which the development methodology is explained in Wheaton et al. 
(2010). After creating separate projects for the different study reaches, the DEMs were added into 
GCD and aligned with the same extent coordinates so the DEMs overlap correctly. An area of 
interest (AOI) was created in ArcMap as a polygon vector layer to refine the river channel and 
surrounding banks in both study reaches (Figure 51) and to ensure the same extent of DEMs is 
analysed between surveys. This was added as a mask layer in GCD software. Vegetation is noted as a 
source of inaccuracy when comparing DEMs produced using SFM methods (Westoby et al., 2012), as 
vegetation does not represent the true topography of the area being studied and produces artefacts 
in the imagery. To mitigate this, another AOI was further refined to the bare gravels in the first 
survey of both reaches using the orthophoto produced in Agisoft Metashape (Figure 52).  

 

Figure 51: Area of interest (AOI) generated for the Turanganui River. 
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at Iria (see Figure 53). They were chosen because they are the closest rainfall monitoring sites to the 
study sites, one of which is in one of the studied catchments. 

 The Ruakokopatuna site is also near both study reaches and represents rainfall in the headwaters of 
both catchments as it is in the Aorangi Range, which both rivers flow out of. Both monitoring 
stations have an extremely high measurement resolution (0.2mm) and, due to rainfall data being 
instantaneous, provide an accurate representation of rainfall event timing. Bar graphs were 
produced in Hilltop Manager software to recognise rainfall events that cause a hydraulic response. 

 
Figure 53: Location of rainfall monitoring sites in relation to study reaches (Google Earth, 2021). 

 

4.7 Flow data and analysis 
Monitoring hydraulic data is important to quantify water flowing down the studied rivers and 
capture the scale of flood events occurring in the rivers. This enables analysis of the flood events 
that occur so a return period can be calculated, and connections can be made with regard to the 
geomorphic impacts of floods. 

There is one river level and flow monitoring site on each river, both installed and maintained by 
GWRC. The two sites are the Tauanui River at the gorge and the Turanganui River at the 
Whakatomotomo Road end, highlighted in Figure 54. Both river monitoring sites are representative 
of the study reaches, as they are at the top end of the catchments above the study reaches, and no 
major tributaries enter the rivers below the monitoring sites. Therefore, the inflow through the 
study can be quantified and compared against the fluvial geomorphic change observed. The only 
consideration to be made considering the hydrology of the study reaches is that flood magnitude 
may be higher at the study reaches as they are located downstream of the monitoring sites and will 
have received more input from runoff, groundwater, and minor tributaries. Frequency analysis of 
the hydrographic data throughout the study period was calculated to create a cumulative 
percentage of discharge over the study period. Hydrographs from both rivers were produced during 
the study period using Hilltop Manager software. Flow data is overlaid with rainfall monitoring data 
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sectional benchmarks from the mouth of the river up to where the regional council decides 
sediment changes are historically negligible or are not putting people or infrastructure at risk. 
Relevant Survey data was taken from the GWRC cross-section database and input into an Excel 
spreadsheet in order of cross-section and date so bed level changes could be analysed. As the data 
was being analysed, GWRC completed another survey in late 2021 on the Turanganui River. Some of 
the data received was given with high error margins as there was a possibility for human errors in 
the surveys when viewed by a data analyst from GWRC. Data for cross sections 20 and 21 on either 
side of the study reach was accepted as accurate by GWRC, which was added to the analysis. All 
cross-section surveys were graphed according to their cross-section so changes in bed level could be 
visually compared. 

 
Figure 57: GWRC Turanganui cross-section locations in the lower catchment. 




































































































































