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The maintenance of ecological health in rivers by flow management has been a focus of debate for many years. 

The role of bedload transport and stability of substrate has long been recognised as an integral part of that 

management. However, there are few effective methods that have been developed to successfully evaluate and 

quantify this link. Quantifying the relationship between benthic communities and substrate stability offers the 

potential to effectively manage benthic community composition to maintain ecological condition. Substrate 

stability is the result of a complex set of interactions operating over a range of spatial and temporal scales. Direct 

measurement of these processes can be difficult and time consuming. A number of indices and methodologies to 

assess this have been developed to provide a quick and accurate assessment of substrate stability, but have 

produced poor results to date. This paper will introduce some new bed stability measures that offer considerable 

promise to measure quickly and effectively at the scale necessary to truly reflect ecological conditions for 

benthic biota. 
 

1 INTRODUCTION 

The geomorphology of a river sets the template for the habitat in which aquatic communities exist [1]. The 

modified geomorphic state of our river systems has had a detrimental effect on in-stream biota [2]. It is therefore 

surprising, and alarming, that the geomorphology and hydrology of a river are often ignored in river 

management schemes. What is required for better management of rivers is an understanding of how to use the 

hydrological regime to control excess periphyton growths that develop as a result of altered hydrological and 

sediment regimes. Excess periphyton growths in turn alter the fish and invertebrate communities that live in 

affected rivers. Currently, resource managers use flushing flows to remove these unwanted periphyton growths, 

usually set at three times the median flow of the river. However, this is often not effective, as periphyton can 

return to pre-flushing flow biomass within 15 days [3]. Flows which are capable of scouring substrate have been 

shown to be effective at controlling periphyton growths [3]. The ability to set flushing flows at levels capable of 

entraining substrate therefore offers the potential to better manage periphyton growth. This requires the accurate 

prediction of substrate entrainment; a task which still eludes scientists due to the sporadic nature of bedload 

transport in natural channels making it notoriously difficult to measure accurately [4;5]. Whilst initiation 

thresholds have been identified in flume experiments [6], the complex interaction of grains in mixed-size 

substrates has resulted in poor predictions of bedload transport in natural channels using flume derived formulae. 



This paper presents the development of a novel means to identifying substrate entrainment thresholds as a means 

to facilitate better management of gravel-bed rivers.  

2 METHODS 

Previous research on substrate entrainment has lacked accurate quantification of substrate structure. This has 

largely been due to an absence of methodologies being available for quantifying structure at sufficient spatial 

resolutions. Recent advancements in topographic surveying may offer a solution, as Terrestrial Laser Scanning 

(TLS) and close-range Structure-from-Motion (SfM) photogrammetry techniques are now widely available and 

capable of producing sub-centimeter resolution topographic models. Such high resolution allows for point clouds 

to be generated which are capable of representing individual grains on a substrate surface (Figure 1). The high 

resolution point clouds can be used to derive a range of metrics which can be used to describe the substrate 

surface structure [7;8], at scales relevant to stream biota. This is performed using specially designed algorithms: 

in particular ToPCAT (Figure 2) [9]; and the M3C2 algorithm [8]. These algorithms are designed to analyse the 

point cloud itself, without the need for meshing or gridding. This offers a significant advantage as it removes 

errors caused by interpolation. ToPCAT derives a range of statistics from point cloud elevations to describe the 

substrate surface, in particular the standard deviation, skew, and kurtosis of the detrended elevation. These 

metrics can be used to describe the substrate surface prior to bedload transport events as a surrogate for clast 

size. Changes in these values for substrate surfaces prior to each transport event can then be related to changing 

discharge and velocity thresholds at the moment of transport initiation to facilitate the identification of 

entrainment thresholds. These can then be used to generate entrainment models. This study uses TLS and SfM 

surveys of the subaerial gravel surfaces to generate point clouds. The subaerial bars are surveyed as a proof of 

concept due to the accuracy limitations associated with subaqueous scanning. The skew of the detrended 

elevations is used to characterize the substrate structure. 

In order to identify thresholds for the initiation of bedload transport, it is critical to be able to measure 

bedload transport at high spatio-temporal resolutions. To achieve this, a novel impact sensor is being developed 

based on the swiss-plate geophone [10] which is suitable for deployment in New Zealand’s large, dynamic 

gravel-bed rivers. This sensor records impacts on a steel plate generated by moving grains. The sensor is capable 

of recording impacts every 1 sec, allowing the exact timing of transport initiation to be identified. Transport 

initiation can then be correlated with a range of flow metrics, particularly discharge, stage, and velocity, which 

can also be recorded at high temporal resolutions in order to identify entrainment thresholds. 

Resurveying of substrate surfaces before and after bedload transport events will allow for changes to 

substrate characteristics to be quantified and related to changing hydrological thresholds for bedload transport 

initiation. 

 

 

Figure 1. High spatial resolution point clouds generated using TLS (A) and SfM (B) which are capable of 

representing individual grains on a gravel-bed surface. 
 



 
Figure 2. The ToPCAT algorithm extracts topographic information directly from the point cloud with no need to 

mesh or grid the data. From [9]. 
 

3 RESULTS AND DISCUSSION 

Several surveys have been conducted to learn the limitations of TLS for substrate characterisation. The results to 

date are promising, producing topographic surveys at spatial resolutions high enough for substrate structure 

analysis. However, due to the nature of terrestrial laser scanning, the point clouds generated suffer from 

occlusion and introduction of outlier points. Whilst algorithms have been used to remove outliers and account for 

occlusion, these issues may limit the ability of TLS scans to accurately assess structure characteristics on some 

surfaces (i.e. particularly rough or complex gravel bars). SfM trials have also produced high resolution point 

clouds of the substrate surface, and contain minimal occlusion and outlier points. One of the advantages of SfM 

is the ability to generate orthophotos along with the point cloud which can then be used to assess outliers and 

errors visually. 

Following generation and cleaning of the point clouds, the point clouds were analysed with ToPCAT.. Using 

the standard deviation of elevation for point clouds has become a popular method for quantifying surface 

roughness, and offers a significant advantage over the traditional Wolman [11] count as it removes user bias 

errors associated with the traditional sampling process. The size of the sampling window can easily be adjusted 

to accommodate different lines of inquiry. This allows the same data set to be used by geomorphologists to look 

at reach-scale and catchment-scale dynamics, whilst ecologists can look at habitat patches, therefore facilitating 

collaboration on river management schemes. This method also allows for other metrics such as skew and 

kurtosis to be derived which may give insights into other aspects of substrate dynamics. Table 1 shows the skew 

for each survey, which are consistant with those reported in [12]. Positive skew suggests armouring of the bed, 

as the bed becomes coarser and interstitial spaces are filled [12]. The in-situ measurement of the grains accounts 

for grain burial, which is often not considered in traditional classification of surface roughness.  

The impact sensor has been tested during one high flow event and has shown promising results, with the 

sensor identifying the movement of clasts during high flows under mobile bed conditions, and recording few 

impacts during mean flows under static bed conditions (Figure 3). This suggests the sensor is not detecting noise 

produced by flow. Both the mean and peak values are recorded to compare with entrainment thresholds, as the 

mean value may be skewed by resonant vibrations in the plate from larger impacts. Issues with recording 

velocity have inhibited further analysis of entrainment thresholds to date. Future research will focus on 

measuring velocity thresholds for entrainment, and relating these to pre-event substrate structure. We expect to 

see high velocity thresholds with higher skewness of the detrended substrate elevations. 

 

Table 1. Skewness derived from the point clouds over four surveys. Note: positive skewness shows 

armouring of the substrate. 
 

Survey Date Skewness 

24/10/14 -0.58 

23/01/15 0.8 

24/06/15 -0.56 

30/10/15 3.14 



 
Figure 3. Graph showing the relationship between discharge and mean impacts per second. 
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