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Gravel augmentation is a method for partially offsetting the deleterious impacts of dams on downstream 

salmonid spawning habitats.  Here, gravel was added to a steep (0.0236 slope), boulder-bedded reach of the 

River Avon (Devon, UK), downstream of a 33-m high dam which is implicated in lowering fish populations. 

Unlike augmentation in alluvial reaches where gravel dispersion is generally understood to intersect with riffle-

tail spawning habitats, the benefits of gravel dispersing through a hydraulically-chaotic reach is far from certain.  

Monitoring using seismic impact plates and RFID-tagged particles is aimed at establishing particle mobility 

rates, dispersal distances and settling locations in relation to high flows, and so assist in determining appropriate 

volumes, frequencies and locations for future augmentation.  150 tagged particles of augmented (median 42 mm) 

and native (55-58 mm) sediments were added as a pilot gravel augmentation in autumn 2014.  17 small floods 

mobilised a majority of the augmented load with possibly more than 58% of the material passing over an impact 

plate situated just downstream.  Tracer recovery is challenging but the 43% recovery rate after the second survey 

indicated that particle transport distances were related both to transport volume and to flow energy applied.  

Analyses indicate that many augmented particles had been transported beyond the augmentation reach, that 

continued augmentation could replenish sediment storage in the reach, that particles were starting to settle in 

depositional locations, that augmented particles are entrained easily from the augmentation mass, and that far 

more material is required to provide reach-scale impact. 

 

1 INTRODUCTION 

Large dams fragment catchment fluxes of water, sediment and nutrients with potentially significant impact on 

native flora and fauna [1, 2].  Of particular note, the disconnection of upstream coarse sediment supply often 

results in progressive sediment exhaustion downstream resulting in channel incision, habitat simplification and 

an imbalance between volumes of coarse and fine sediment on the channel bed.  Management approaches to 

offset this impact include the use of programmatic gravel augmentation, sometimes in combination with 

environmental flow releases (aka flushing flows), to both directly replenish spawning and rearing habitats 

downstream and to partially restore the sediment transport dynamics that are integral to the lifecycle 

requirements of sentinel species such as salmonids.  Achieving a balance between the volume of introduced 

material and the capacity of the regulated flows to transport the material to efficiently meet habitat goals has long 

been understood to be technically challenging, and such challenges are accentuated in boulder-bedded upland 

streams where both the dynamics of sediment transport and species habitat requirements are less well 

parameterized.  This research focuses on the dynamics of gravel augmented below the 33 m-high Avon Dam on 

the River Avon (Devon) in Southwest England during 2014-15.  Monitoring was achieved using a combination 

of RFID-tagged tracer gravels in combination with a seismic impact plate and flow stage recordings to provide a 

corroborated understanding of sediment dynamics and depositional preferences.  In addition to providing 

information about how to best augment gravels to benefit salmonid spawning habitat in bedrock-controlled, 

boulder-bedded fluvial environments like the upper River Avon, insights are achieved about the fundamental 

dynamics of sediment mobility in such reaches relative to the flows driving their dispersal. 

 

2 STUDY AREA 

The Devon River Avon rises 460 m above sea level in the southern half of the Dartmoor National Park in South 

West England and flows for approximately 40 km to the sea.  The 33-m high Avon Dam, built in 1957, 



impounds the 1,300 ML Avon reservoir and is situated on the edge of the Dartmoor massif.  The upper 

catchment is dominated by igneous granite producing naturally low rates of coarse sediment supply.  The 

primary study reach, situated 4 km below the dam is characterized by a patchy matrix of coarse gravel and 

cobble deposits interspersed by a framework of large boulders presumed to derive from relict periglacial 

conditions or possibly from glacial deposits, and significant areas of exposed bedrock.  Reach slope is locally 

variable but in the order of 0.0240 in the vicinity of the augmented gravels and the channel approximately 12 

metres wide.  By the mid-1970s, it was estimated that the dam had resulted in variable but significant channel 

capacity contraction that extended some distance below the confluence of the first unregulated tributary [3] and 

thus close to our study location.   

The Avon supports a number of valued fish species, such as brown trout, sea trout and Atlantic salmon, but 

their numbers are falling.  In our study area, salmonid habitat quality and quantity is suspected of being limited 

by the amount of available and suitable spawning habitats and this has compromised the river’s ecological status 

under the EU Water Framework Directive classification.  As such deficiencies are assumed to be linked at least 

partially to the existence of the dam, government funding was provided to the Westcountry Rivers Trust (WRT) 

to investigate the utility of periodic gravel augmentation for improving spawning habitat quality and quantity. 

 

3 METHODS 

Contemporary baseline channel conditions in the upper Avon reaches were established using facies mapping, 

sediment characterization [4] and an investigation into factors affecting coarse sediment connectivity [5].  Bed 

sediments were characterized using ‘Wolman counts’ at multiple points on the Avon mainstem and Bala Brook 

tributary, including samples from upstream of the dam and from the augmentation mass shortly before 

introduction to the river.  This allowed the sub-division of tracer particles into those representing median grain 

sizes of the ‘native’ contemporary bed sediment, the ‘above dam’ sediment and the ‘augmented’ sediment.  The 

various sample populations were thus intended to enable comparisons between the mobility of the augmented 

particles in relation to the coarser native particles, with the above dam particles intended to simulate potential 

particle mobility in the absence of the Avon Dam.  The central 50 particles were tagged from each sample set (of 

100-200 particles), and thus represent the median character of each sample population. Each particle was 

measured for its a-, b- and c-axis dimensions, weighed and numbered. 

Fifteen-minute flow elevations were obtained from an Environment Agency-maintained stage gauge situated 

in the primary study reach.  Raw data was used to provide an indication of the forces driving the movement of 

tracer particles and the relative intensity of sediment transport, while flow data for the preceding 12 years 

provided a multi-year comparison of flow duration statistics as context for the experiment. 

3.1 RFID tags 

Radio Frequency IDentification (RFID) technology has become increasingly popular in bedload studies in the 

last decade due to reductions in manufacturing costs and continuing technological improvements that facilitate a 

combination of relatively high rates of tracer retrieval, relatively low costs for the tags, and the advantage of in 

situ detection.  Passive integrated transponder tags (PIT tags), consisting of a semiconductor chip, capacitor and 

an antenna to send and receive signals housed inside a glass cylinder of 3.8mm in diameter  do not require their 

own energy supply and are thus cheaper than ‘active’ tags.  Here, 23mm Half-Duplex (HDX) WMD PIT tags 

(TAG-H-234GL) were used in conjunction with a hand-held reader unit manufactured by Wyre Micro Design 

Ltd.  Conscious of the hardness of granite and following advice from an experienced user (A. Schwendel, pers. 

comm.) tags were not inserted into drilled holes in the sediment but instead attached to the outside of the rocks 

using dry curing epoxy-concrete.  Tags were aligned with natural grooves on the surface of the particle to 

minimize their protrusion and thus any potential impacts on the hydrodynamics of rock transport – this was aided 

by the angular and sub-angular shape of both the augmented and native particles.  

In fully alluvial rivers, tracer deployment is generally systematic, with particles placed according to a 

transect- or grid-based arrangement in order to represent a wide variety of flow conditions and geomorphic units 

present within the stream reach [6, 7]. Here, where the channel morphology consists of patchy gravel deposits 

occurring largely in the stoss and lee of an immobile boulder framework and in other quiescent locations, 

particles were instead placed evenly across a visual 3 x 3 grid framework of the channel surface, taking care to 

place particles in a variety of the hydraulic flow types.  Tracer particles were simply embedded into the 

augmented mass which was not fluvially-sorted in the first instance.   



Particles were detected during low flow conditions using a portable reader to provide information about the 

distribution of mobile particles.  For practical and safety considerations, a minimum of two field staff are 

required, with one person wading the river with the reader and antenna system, scanning the bed for tracer 

particles, and the other on the bank with a Trimble Geo 7X handheld computer system recording their locations 

using GNSS (Global Navigation Satellite System) and manually recording the unique PIT tag identifier using 

Terrasync software (v5.61).  Here, where canopy cover prevented an accurate instream positioning of the tagged 

particle, location was achieved from a relatively unshaded bank location using Trimble Flightwave™ 

rangefinder technology integrated into the Geo 7X.  Instream, particles are detected when the head of the reader 

passes within approximately 0.45 m of the tagged particle, although tags that are standing on end may only have 

a read range of 0.20 m [8].  When detected, tagged particles emit an audible ‘bleep’ in the headphones of the 

surveyor and the PIT tag’s unique identification code is displayed on the screen of the reader.   

3.2 Impact plates 

Bedload sediment transport was recorded using three ‘Benson type’ seismic impact plates installed downstream 

of the three proposed augmentation sites in July 2014.  The devices, based on a 150 x 130 x 6 mm steel top plate 

mounted onto a paving slab (for stability), were mounted flush to the channel bed and record an impact 

whenever a particle greater than ~10 mm strikes the plate [9].  The plates were set to record at a maximum of 5 

Hz and feature an integrated datalogger allowing them to continuously monitoring sediment movement over 

64,000 pre-defined periods (maximum of 255 counts in each period) before the data logger requires downloading 

and re-setting.  The plates were set to record over 2.5 minute intervals.  Because the boulder-bedded upper Avon 

is typified by a chaotic pattern of flow hydraulics, the path of bedload movement far less predictable than in fully 

alluvial environments.  The impact plates were situated where field judgment suggested that a concentrated track 

of sediment might be observed, such as immediately downstream of flow forcing by bedrock into one or two 

primary flow chutes.  Clearly, errors in judgment would result in sediment counts being underestimated, for 

instance, if sediment passes preferentially along another path during high flow or if local turbulence causes 

particles to overshoot the plates. 

Impact plates provide a portable, non-intrusive and continuous indication of the start, end and relative 

intensity of bedload movement (see [9] for exploration).  The high resolution measurement enables the results to 

be compared directly to flow records to better understand the dynamics of sediment movement in comparison to 

received flows.  This is one of their two primary purposes here.  The second is that they provide a good 

indication of when the augmented gravels probably moved.  This is important because the frequent occurrence of 

both flashy and multi-peaked high flow events and safety requirement for tracing RFID tags only in very low 

flow conditions meant that event-scale PIT tag detection was not feasible.  Over extended time periods, it is 

anticipated that the combination of understanding the relative timing and distance of particle mobility will help 

in establishing how much and how frequently to augment gravels.  

 

4 RESULTS 

Pilot augmentation commenced in mid-October 2014 and was focused in the lowermost ‘Didworthy’ reach of the 

Avon, where ca.26 tonnes of gravel was added.  Research thus focused on the mobility of 150 RFID-tagged 

particles (50 each of the ‘native’ ‘above dam’ and ‘augmented’ grain sizes) seeded into the augmented material, 

and the near-continuous record of bedload transport indicated by the impact plate positioned slightly downstream 

of the augmented material. Impact plates positioned elsewhere in the network thus provide a partial control on 

the dynamics observed in the focal reach. 

4.1 Channel and bed material characteristics 

The focal section of the Didworthy reach has an average gradient of 0.0236 and is morphologically most similar 

to a ‘cascade’ reach type, despite having a lower gradient than commonly observed for this type [10].  Reaches 

with this gradient are more generally proposed to be of ‘plane bed’ or ‘step-pool’ type but the immobile boulder-

bed of the reach imparts creates a very variable relative roughness ratio to the reach, and a chaotic pattern of 

energy expenditure that visually distinguishes it from the relative uniformity of plane beds or the organization 

inherent to a step-pool channel, although some partial bed steps exist.  Gravels and sands congregate in the stoss 

and lee of boulders and in the channel margins where they are often deposited above low flow elevations.  

Patchy sediment storage and mild imbrication of gravels and cobbles suggests a supply-limited reach in which 



transport thresholds are characteristically bi-modal, with gravel and small cobbles mobilized during moderate 

recurrence interval events whereas coarser material requires far more infrequent floods for mobility.  Wolman 

sampling of ‘native’ river bed gravel deposits in the reach indicate a median (D50) b-axis grain size of 78 mm 

whereas ‘above dam’ sediments have a characteristic D50 of 55 mm (see Table 1).  Such results are suggestive of 

coarsening of the downstream channel bed following dam construction and imply loss of sediment storage.  By 

contrast, the ‘augmented’ material consisted of well-sorted, sub-angular gravel obtained from a local quarry with 

a sampled D50 of 43 mm, and sized to potentially benefit the spawning requirements of resident salmonids.  The 

RFID tagged samples replicate the D16 – D84 distribution of the above dam and augmented material faithfully 

(Table 1), but under-represent the coarser fraction of the contemporary Didworthy channel bed.  Functionally, 

the RFID tagged rocks thus represent hypothetical ‘pre-dam’ sediment mobility (‘above dam’ and ‘native’ 

sediments, n = 100) versus the mobility of the augmented material (n = 49).  

 

Table 1. Channel bed material size distribution (mm) from above the dam and in the Didworthy test reach 

(Wolman sampling method) and size distribution of RFID tagged samples. 

 

 Above dam Didworthy reach Augmentation material 

 
Channel 

bed 

RFID 

sample 

Channel 

bed 

RFID 

sample 
Sample 

RFID 

sample 

D16 40 41 47 48 37 36 

D50 55 55 78 58 43 42 

D84 68 70 106 70 47 46 

4.2 Hydrology and Impacts 

Gravel augmentation is a method of ‘prompted recovery’ that works within existing river management 

constraints (i.e., the continued existence of a large dam, in this case) but whose effectiveness is dependent on a 

series of driving flow events sufficient to generate sufficient shear stress to entrain and subsequently deposit the 

gravel in ‘natural’ locations for the channel type.  As such, the re-distribution potential of augmented gravels will 

depend on the frequency and duration of high flows received during any one year.  An agency-maintained stage 

recorder in the Didworthy reach (correlated to a reliable flow gaging station downstream) confirmed that 2015 

was a relatively dry and ‘flood poor’ water year with, marginally, the lowest maximum daily flow stage of the 

last 12 years of records.  Data from the Didworthy impact plate from mid-October 2014 – September 2015 

clearly indicated a flow-synchronized response (Figure 1), with several orders of magnitude more impacts at the 

Didworthy site (168,000 counts) than at the other two sites (18,000 further upstream at Woolholes; 2,200 on the 

Bala Brook tributary).  Caution must be applied in translating the results because impact counts reflect both the 

upstream site conditions but also the positioning of the plate in the channel (see Methods), but the results are 

interpreted as tentatively logical.  Not only is the Didworthy plate the furthest downstream and the greatest 

distance from a dam or weir, but it also immediately downstream of the primary augmentation site and, during a 

largely dry test period ahead of augmentation, the impact counts recorded at the two main river sites were 

comparable (432 at Woolholes versus 484 at Didworthy).  Further, with a mean mass of 90 g, there are around 

11,000 particles per tonne of augmented gravel at Didworthy, or roughly 290,000 particles in 26 t of material.  

The total impacts in the study period thus potentially represent ~58% of the augmented material which is 

considered reasonable considering the evident mobility of the tracers (even during a relatively low flow year) 

and the location of the Didworthy plate in the dominant chute for flow in its cross-section. 

4.3 Particle mobility 

Tracing of tagged particles at all locations took place in late January 2015 with a second survey, focused on the 

Didworthy reach, in early September 2015.  Rates of particle recovery during the first survey were inversely 

related to reach size, complexity and potential for particle entrainment, with far lower overall rates of recovery at 

Didworthy (54%) than at Woolholes (84%) and Bala Brook (100%).  Several sections of the Didworthy reach 

were unwadeable due to high flow velocities which may have suppressed recovery rates.  Overall particle 

recovery fell further at Didworthy during the second survey (43%), even though a greater reach length was 

surveyed (180 m vs. 100 m).  Only 25% of particles were recovered during both surveys. A greater proportion of 

augmented particles were located during the first survey but in the second survey rates of recovery were similar 

across each of three particle cohorts. 



 

 
 

Figure 1. Records of sediment impact counts at the Didworthy impact plate (particles in excess of ~10 mm) 

versus flow elevation at the Didworthy stage recorder.   

 

Even with a lack of significant or sustained high flows during Water Year 2015, sufficient tractive forces were 

generated by the received flows to mobilise at least 50% of the tracer particles at Didworthy including particles 

from each tracer type.  Unrecovered particles may include those residing in areas of the channel that could not be 

accessed, those that have travelled beyond the survey area, and those that were missed during survey (due either 

to operator error, loss of the RFID tag, burial, or by proximity to another tagged particle).  However, the 

reduction in particles recovered in the second survey, the low number of particles found in both surveys and the 

position of some of the particles in the channel thalweg at the downstream extent of the first survey (see Figure 

2) suggests that many of the unrecovered particles have been transported downstream beyond the survey area.  

As such, the transport distances outlined below should be considered minimums.  

 

   
 

Figure 2. Distribution of recovered tracer particles below the Didworthy augmentation site (red box).  (a) particle 

recovery in late January 2015, (b) particles recovery in early September 2015.   Particles shown out of channel 

are in channel margins not well represented by the base map. 

 

In general, particles travelled an average of 43 m from October 2014 to late January 2015, and those found in 

both surveys travelled another 15 m between January and September 2015.  Cumulative travel distance of all 

recovered particles was 54 m.  The minimum, mean and maximum particles travel distance were greater during 

the first period than the second, irrespective on particle type, and some minor ‘upstream movement’ recorded in 

particles recovered during both surveys indicates suggest that our surveys were accurate to ±1-2 m.  Average 

transport distances after the first survey were somewhat related to particle size and mass with the smaller and 

lighter ‘augmented’ particles travelling farther than the larger ‘native’ and ‘above dam’ particles.  Such size-

related characteristics appeared to disappear during the second survey but with the prospect that a proportion of 

the augmented particles, in particular, had travelled further downstream than was practicable to survey. 

 

(a) (b) 



5 DISCUSSION 

5.1 Dispersal characteristics  

Particle travel distances are not well discerned by particle size (or mass).  While smaller, lighter particles moved 

somewhat further than larger, heavier particles, the variance explained by the relationship is very weak and 

reduces from 10% after the first survey to 3% in the second (Figure 3).  After the first survey, there was greater 

‘size selectively’ in the distances travelled by smaller tracers characteristic of the augmented material (R
2
 = 0.16) 

than with either of the larger tracers associated with the native and ‘above dam’ particles (R
2
 = 0.03, 0.02, 

respectively).  We tentatively translate this finding as indicting that the few larger flow events were capable of 

conveying all tracer particles under conditions close to ‘equal mobility’, whereas some of the smaller augmented 

particles were additionally mobilised by several smaller flow events.  By the time of the second survey, such size 

selectivity in the augmented particles had been significantly reduced with the particle size explaining less than 

2% of the distance travelled.  It is also evident in Figure 3b that the second survey results are influenced by a 

cluster of particles deposited on a downstream point bar (see Figure 2b) which is interpreted as evidence for the 

role of river morphology in influencing travel distance, specifically, the influence of river curvature downstream, 

rather than the more ‘random’ deposition in the upstream cascading reach.     

 

 
 

Figure 3. Distribution of recovered tracer particles below the Didworthy augmentation site (red box).  (a) particle 

recovery in late January 2015, (b) particles recovery in early September 2015.   Particles shown out of channel 

are in channel margins not well represented by the base map. 

5.2 Event-based mobility 

Augmented gravels are unlikely to be transported the same distance in flood-poor years as they are in flood-rich 

years, with evidence suggesting that the mobility of augmented gravels will be proportional to the energy applied 

to bedload transport [e.g., 11, 12).  Here, preliminary indications for such a deterministic relationship are focused 

on cumulative impact of 17 ‘high flow events’ within the (relatively dry) study period.  Response variables 

include cumulative counts recorded by the seismic impact plates, as a surrogate for the total volume of gravel 

transport, and metrics related to tagged rock recovery as an indication of gravel transport distances.  The 17 high 

flow events encompass 9.9% of the monitoring period but comprise 77.7% of the total number of impacts 

recorded, confirming the highly disproportionate transport of gravel during high flow events.  Figure 4 indicates 

a strong and highly non-linear relationship of impacts recorded in individual events and ‘peak stage over 

baseflow’ as a surrogate for a volumetric estimate of flow energy (constrained here by the lack of discharge 

measurement, cf. [13, 9]).  Eleven of the high flows occurred in the first monitoring period, and six in the 

second.  This would suggest that more sediment transport should have occurred in the first period and, indeed, 

the event–based impact counts confirm that 80% of the total impacts occurred in the first period that contains 

67% of the applied energy.  

We might also assume that in the supply-limited Didworthy reach, the effect of gravel augmentation will be 

to accentuate the volume of material available for transport in the period immediately after augmentation, but 

that this effect will wear off as the store of augmented material is exhausted.  Examination of eight greatest 

outliers in Figure 4 indicated that all four of the greatest ‘under-predicted’ data points (i.e., more impacts were 

counted than expected from the relationship) occurred in the first period, and three of the four over-predictions 

occurred in the second.  Deriving separate best-fit relationships for the two periods confirmed that a ‘peak flow 

(a) (b) 



over baseflow’ of 1 m would be predicted to have transported ≈45,000 particles in the first period, but only 

≈20,000 in the second.  The may occur either because of a reducing stock of available gravel, or because the 

augmentation pile allowed very easy sediment entrainment in the period shortly after augmentation.  Either 

explanation indicates that the volume of augmented material was far less than required for the sustained 

‘saturated’ transport capacity of the river, even during the dry year of 2015. Particle travel distances illustrate a 

similar trend between the January and September surveys with the mean overall travel distance for particles 

recovered in both surveys (15.3 m) being 35% of the mean travel distance of particles recovered in period one 

(43.4 m) from 48% as much energy, indicating that transport distance as well as transport volume was ‘less 

efficient’ in period two.  Like sediment volume, transport distances were also proportional (and linearly related) 

to energy applied with a high percentage variance explained (83-100% for three Wentworth size classes of 

sediment), although the two surveys to date restrict this relationship to three data points.  Consequent to these 

results, there is a strong relationship between transport volume and transport distance: the exponent of the 

relationship is less than one in all cases indicating that mean transport distance does not increase as quickly as 

transport volume.  This is both consistent with the notion that gravel transport is dominated by the progressive 

dispersal of sediment from the point of origin [14], and may indicate the potential for continued gravel 

accumulation to replenish sediment storage in the reach. 

         

 
 

Figure 4. Event-scale bedload transport, expressed as total impacts, as a function of applied energy for sediment 

transport per event, expressed as peak stage over baseflow for the entire monitoring period. 

 

6 CONCLUSIONS AND LESSONS FOR AUGMENTATION 

Monitoring augmented gravel over a sufficiently representative period has the potential for deriving a predictive 

relationship regarding the likelihood and distance of particle movement, allowing better specification of sizes 

and volumes of gravel to augment per year to meet specified habitat or channel morphology objectives.  Such 

information can also contribute fundamental knowledge regarding bedload transport.  Here, one year of 

monitoring does hint at the proposed ‘bi-modality’ of transport thresholds in a cascading river reach 

(Montgomery and Buffington 1997), and resulting in a weak size selectivity to transport.  There was a strong 

relationship between the flow energy received, the volume of sediment transport and sediment transport distance.  

Measured over 17 individual events, the sediment transport rate increases rapidly with flow energy (exponent = 

3.95) and, in a similar way, particles were transported greater distances as greater flow energy was applied.  

Smaller particles are predicted to move somewhat further than larger particles although the extent of this 

difference may be masked by an apparent suppression of the total travel distance of the finest size class (32-45 

mm) which related to particles moving beyond the downstream survey distance.  The possibility is that further 

monitoring might indicate a power law relationship between travel distance and peak stage over baseflow rather 

than a linear association.   

Regarding augmentation, our monitoring indicated that the majority of gravels augmented at the Didworthy 

site in October 2014 had dispersed from their placement position by the time of the second survey in September 

2015, despite the ‘flood poor’ flow year.  Much of this movement was achieved during the higher peak flows 

during the first survey period (two-thirds of the flow energy received) with average travel distances of 43 m for 

all particles and 51 m for augmented particles.  On average, the particles recovered during both surveys (n=37) 

had been transported 54 m and the finer augmented particles had moved an average of 60 m overall.  The latter 



figure is likely to be an underestimate as the rapid fall in recovery rates for finer particles in the second period 

suggests that some of the augmented material had been transported out of the augmentation reach.  One 

implication is that augmented gravels (D50 = 43 mm) may have only limited temporal benefits to habitat, with 

coarser material required to provide the framework for stable habitats, even if it exceeds ideal spawning sizes for 

native salmonids.  However, the exponent of <1 for the relationship between particle transport volume and 

transport distance provisionally indicates the potential for continued gravel accumulation to replenish sediment 

storage in the reach.  By the second survey, particle clustering in a point bar at the downstream end of the 

surveyed reach may indicate the capacity for augmentation to enhance natural depositional sites with subsequent 

benefit for native salmonids.  Reductions in the volume of particle transport between the two monitoring periods 

despite equivalent rates of increase with flow energy may point to the ease of entraining of sediments from the 

augmentation ‘pile’ during the first period as the cause of this difference, and thus emphasize the highly mobile 

nature of recent augmented sediments.  The estimate of sediment transport volumes obtained from impact plate 

data confirms that far higher annual rates of augmentation will be required to provide reach scale impact, and 

that multiple augmentation sites are likely to be required at least until the reach is ‘saturated’ with added gravel 

and benefits accrue further downstream. 
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