
 
 
 
 
 
Williams, R.D., Reid, H.E. and Brierley, G. (2019) Stuck at the bar: larger‐

than‐average grain lag deposits and the spectrum of particle mobility. 

Journal of Geophysical Research: Earth Surface, 

(doi:10.1029/2019JF005137). 

 

This is the author’s final accepted version. 
 

There may be differences between this version and the published version. 

You are advised to consult the publisher’s version if you wish to cite from 

it. 

 
http://eprints.gla.ac.uk/185743/    

                    
 
 
 
 
 

 
Deposited on: 12 December 2019 

 
 
 
 
 
 
 
 

Enlighten – Research publications by members of the University of Glasgow 

http://eprints.gla.ac.uk  
 

http://dx.doi.org/10.1029/2019JF005137
http://dx.doi.org/10.1029/2019JF005137
http://eprints.gla.ac.uk/185743/
http://eprints.gla.ac.uk/185743/
http://eprints.gla.ac.uk/
http://eprints.gla.ac.uk/


Journal of Geophysical Research (Earth Surface):  Commentary 1 

 2 

Stuck at the bar: larger-than-average grain lag deposits and the spectrum of particle mobility 3 

R.D. Williams1, H.E. Reid2 and G. Brierley3 4 

 5 

1 University of Glasgow, Glasgow, United Kingdom, richard.williams@glasgow.ac.uk. 6 

2 Scottish Environment Protection Agency, Stirling, United Kingdom. 7 

3 University of Auckland, Auckland, New Zealand. 8 

 9 

Abstract 10 

Larger-than-average grain deposits in gravel-bed rivers potentially exert a distinctive influence upon 11 

fluvial morphodynamics and flow resistance. They are products of historical contingency; sourced 12 

from rare events that supply atypically coarse material. Larger-than-average grain lag deposits are 13 

emblematic attributes of the Tongariro River, New Zealand. They are deposited on bar edges and 14 

heads. Derived from lahar valley floor deposits that subsequently became terraces, these materials 15 

are less likely to be reworked across a range of flows compared to other bar material. Conceptual 16 

models that consider channel configuration and incorporate distributions of particle mobility and 17 

flood flows are necessary to assess the role of larger-than-average grain deposits on river 18 

morphodynamics.  19 

 20 

Key points 21 

1. Larger-than-average grain deposits are products of historical contingency 22 

2. Larger-than-average grains exert an important influence upon the evolutionary trajectory of 23 

some gravel bed rivers 24 

3. Predictive morphodynamic models require feedbacks between channel configuration and 25 

distributions of both particle mobility and flood flows 26 

Key words 27 

Gravel-bed river, legacy sediment, sensitivity, sediment transport, grain size distribution, flood flow 28 

distribution. 29 



Larger-than-average grains matter 30 

Larger-than-average particles moderate rates of incision in bedrock rivers, thereby influence the 31 

evolution of longitudinal profiles (e.g., Hanks and Webb, 2006). Alongside their impact upon flow 32 

resistance (Monsalve et al., 2017; Recking, 2009), larger-than-average sediment grains also exert a 33 

distinctive control upon the morphological adjustment of rivers (MacKenzie et al., 2018). This 34 

observation has primarily been motivated by laboratory experiments (Mackenzie and Eaton, 2017) 35 

that investigated channel pattern evolution, channel mobility and active width using grain size 36 

distributions (GSD) that were characterised by similar median (D50) GSD but slightly different coarse 37 

tail GSD. These experiments showed that sediment mixtures with larger D84 grain size resulted in 38 

channels that were characterised by less morphological reworking and lateral erosion. These findings 39 

challenge the notion that a characteristic grain size (e.g. D50) and a single flow magnitude (e.g. bankfull; 40 

2.33 year flood) can adequately represent feedbacks between flow, sediment and morphology. 41 

Instead, insight into fluvial morphodynamics and thus evolutionary trajectories (Brierley and Fryirs, 42 

2016) of river systems requires consideration of distributions of bed material and flood events (Church 43 

and Ferguson, 2015), and their relations to channel configuration. The results from laboratory 44 

experiments also prompt the need for an examination of field data to appraise the presence, sources, 45 

distribution and role of large grain deposits in contemporary riverscapes. In this commentary, we 46 

underpin the experimental recognition of the role of large grains with a field perspective, illustrated 47 

by observations of the imprint of larger-than-average grain lag deposits along the Tongariro River in 48 

Aotearoa, New Zealand. We also consider the implications for investigating fluvial morphodynamics 49 

and associated management strategies. 50 

Sources of larger-than-average grains in nature 51 

The GSD of bars and channel beds in gravel-bed rivers is related to: existing in-situ sediment; the 52 

supply of sediment from the catchment upstream and erosion of upstream bars, floodplains, terraces 53 

and fans; the susceptibility of the deposited sediment to reworking by high flow events of differing 54 

magnitude and frequency; and feedbacks between vegetation growth and removal (Church, 2006; 55 

Gurnell, 2014; Reid et al., 2019). The entrainment, transport and deposition of grains that are larger 56 

than median is commonplace. For example, experiments have shown that coarse particles or bed load 57 

sheets can stall as they exit zones of high shear stress, resulting in the formation of medial or lateral 58 

bars (Lisle et al., 1991; Ashmore, 1993), and observations in natural mobile rivers have also shown 59 

that particles 3-4D50 can be transported considerable distances (e.g. Church and Hassan, 1992). 60 

However, less attention has been given to particles that are even coarser (>6-8D50; Figure 1) which are 61 

outside the realm of normal fluvial transport.  62 



Larger-than-average grain deposits commonly reflect legacy sediments, thereby providing a record of 63 

past sedimentological and rare hydraulic events (e.g. James, 2013).  As such, they exemplify how 64 

historical contingency (e.g. Beven, 2015; Brierley, 2010; Buffington, 2012; Davidson and Eaton, 2018; 65 

Brierley and Fryirs, 2016; Phillips, 2011) may exert an important influence on contemporary fluvial 66 

morphodynamics. We term these deposits lag since their effects are likely to persist through time. 67 

These  deposits, which represent end members on a distribution of bed mobility, are typically 68 

characterised by a distinct source, thereby warranting classification as lag deposits (Figure 1). Such 69 

deposits are evident in both transport- and supply-limited conditions (Montgomery and Buffington, 70 

1997). For example, Church and Slaymaker (1989) show how lag deposits may be associated with 71 

historic glacial, fluvial or paraglacial processes in supply-limited post-glacial landscapes. As greater 72 

energy is required to rework sediments than is available in the contemporary setting, large grains are 73 

stranded in channels or on outburst plains (e.g. Evans, 1991). In transport-limited bankfull conditions 74 

with abundant sediment supply, large grains supplied to the channel are likely to either remain in-situ 75 

due to selective transport (Brummer and Montgomery, 2006) or be deposited immediately 76 

downstream of a sediment source on gravel bar heads. Larger-than-average grains are only likely to 77 

become mobile during the largest floods when channel pattern becomes unstable (Eaton and Church, 78 

2004). In recently volcanically influenced settings, lag deposits typically arise from sediment that has 79 

been transported during lahars (Cronin et al., 1997). Lag deposits may also be generated as a result of 80 

anthropogenic legacy effects (James, 2013), including placer mining (James et al., 2009) and the 81 

construction and subsequent removal of temporary dams to create outburst floods to float timber 82 

downstream (Napier et al., 2009; Polvi et al., 2014). These activities mobilise finer grains and leave 83 

erosional scars and remnant large grain deposits. Rivers in urban areas can also retain a legacy of 84 

unnatural larger sediment such as concrete from construction, bricks or aggregate from roads 85 

(Gregory et al., 2008).  86 

Case study: Tongariro River and lag deposits 87 

The influence of past geological events upon contemporary fluvial morphodynamics is emblematic for 88 

many New Zealand rivers which are subjected to various forms of perturbation associated with 89 

tectonic, climatic and anthropogenic impacts. In response, large grains line valley floors as a result of 90 

volcanic, glacial, paraglacial, fluvial and anthropogenic processes. This is exemplified by the 47 km long 91 

Tongariro River which drains the Volcanic Plateau of the Central North Island. Headwater areas include 92 

the active andesitic volcanic cones of Mounts Ruapehu (2797 m), Tongariro (1981 m) and Ngauruhoe 93 

(2287 m). The river flows into Lake Taupo, a rhyolitic caldera formed by a catastrophic eruption 1800 94 

years ago (Wilson and Walker, 1985). This eruption reset a lower base-level for the river, causing it to 95 

incise into the tephra and lahar deposits delivered from the upstream volcanic cones. We speculate 96 



that the buoyant pumice and finer sand material were rapidly flushed, leaving a lag of larger boulders 97 

which had been delivered by events which transported larger material than is generally moved by the 98 

contemporary river regime. These lag deposits influence the morphodynamics of this gravel-bed river. 99 

The Tongariro remains a conduit for lahar material, with earliest deposits dated back to 14.7 ka (Cronin 100 

et al., 1997) and most recently from the Mt Ruapehu eruption between 1995 to 1996, which delivered 101 

6900 kilotonnes, two-thirds of which was comprised of fine grained sediment (Collier, 2002; Manville 102 

et al., 1996). As a result, the bed of the river channel contains a boulder lag which acts as an armour 103 

layer, slowing the rate of adjustment, especially vertically, within the system. 104 

Figure 1 shows the distribution and size of larger-than-average grain lag deposits on four bars on the 105 

Tongariro River. These bars represent changes in overall grain size along the lower course of the 106 

Tongariro, downstream from a dam (see Reid and Brierley, 2015). The calibre of the thirty largest clasts 107 

is considerably greater than the sediment that makes up the majority of the bar surface (bmax/D50 range 108 

is 6-11). Larger-than-average grain lag deposits are predominantly located at bar heads and along the 109 

upstream river-edge. These findings in a natural setting corroborate recent experimental observations 110 

about deposition locations in aggradational settings (Booker and Eaton, 2019). Bar head clustering is 111 

far more distinct for Bain Bar compared with the other three upstream bars. Bain Bar is located 112 

downstream of terrace confined reaches, within a transport-limited setting. Once mobilised by large 113 

floods, particles are likely to have been transported considerable distances to be located at this bar. 114 

Two-dimensional flow modelling to calculate gravel-bar reworking for this bar indicated particles at 115 

the bar head, where the lag is deposited, were unlikely to be entrained during a 100 year flood (Reid 116 

et al., 2019). The other three bars are in supply-limited, terrace confined settings. Model predictions 117 

show a distribution of mobility for larger-than-average grains: units of Blue Bar with lag deposits are 118 

mobile during 50-100 year floods; the bar edge units with lag deposits at Red Hut Bar are largely 119 

immobile in a 100 year flood; and units with lag deposits at Breakfast Bar are mobile during 20-100 120 

year floods. These results indicate that consideration of grain size distribution, channel configuration, 121 

reach setting and flood flow distribution are necessary to evaluate the stability of larger-than-average 122 

grain lag deposits on bars. 123 

Larger-than-average particles may influence patterns and rates of channel adjustment. This can be 124 

conceptualized as the geomorphic sensitivity of channels (Reid and Brierley, 2015; Fryirs, 2017). The 125 

presence of lags at bar heads causes wake-shadow effects, providing persistent flow separation and 126 

subsequent downstream bar stability. As large floods are required to rework this coarse material (Reid 127 

et al., 2019), channel adjustment only occurs during larger flows in terrace-constrained reaches. For 128 

example, flood events with a c.20 year recurrence interval are required to remove vegetation and 129 

rework some parts of these bar surfaces, while downstream reaches near the delta experience more 130 



continuous rates of adjustment (Reid and Brierley, 2015). Overall, the lag acts as key stones that 131 

structure the contemporary bar morphology and sedimentology.  132 

Implications for fluvial morphodynamics 133 

Figure 2 presents a conceptual model of the geomorphic impacts of larger-than-average grains upon 134 

the morphodynamic evolution of the Tongariro River across various time and space scales. Given their 135 

persistence as fundamental sedimentological building blocks, larger-than-average grains influence 136 

flow hydraulics at smaller spatial scales through the steering of flow and influence on roughness 137 

through the effects of protrusion. This may impact upon channel geometry/planform (Eaton and 138 

Church, 2004; Eaton et al., 2010), thereby influencing the operation of sediment conveyor belts 139 

(Ferguson, 1981). Larger-than-average particles also influence physical habitat for living organisms 140 

(Jowett and Richardson, 1990; Quinn and Hickey, 1990). At the scale of individual particles, seminal 141 

work on equal mobility (Andrews, 1983; Parker and Klingeman, 1982) showed that the largest 142 

individual clasts in a gravel mixture were not entrained at the same threshold as all the other particle 143 

sizes. Thus, to analyse their influence on turbulence, particle entrainment and transport thresholds, 144 

larger-than-average particles should be considered in context of their particle cluster setting and 145 

relation to nearby particles (Brayshaw et al., 1983; MacKenzie and Eaton, 2017; Masteller and 146 

Finnegan, 2017; Papanicolaou and Tsakiris, 2017). Beyond the contemporary riverscape, it remains to 147 

be seen how the sedimentological signature of lag deposits is represented in the rock record, 148 

extending assertions of selective deposition from extreme events (Ager, 1973). 149 

The identification of larger-than-average particle deposits draws into question the applicability of 150 

equilibrium or regime models in explaining contemporary channel form and morphodynamics. It also 151 

focuses attention on how alluvial rivers are defined (Eaton and Millar, 2017), leading to the unresolved 152 

question of “how much lag do you need to not have a fully alluvial river?”  Historical contingency may 153 

exert an important influence upon how contemporary rivers work, through both sediment supply and 154 

the geomorphic responses to a given sequence of flood events (cf., Beven, 1981). In addition to 155 

laboratory experiments, numerical simulations also offer opportunities to explore how the supply and 156 

presence of large grains impact upon feedbacks between flow, sediment transport and form, thereby 157 

contributing to analyses of the influence of historic events upon contemporary sediment flux, 158 

geomorphic unit assemblages and the evolution of riverscapes. Contemporary models that 159 

incorporate multiple grain sizes and unsteady flow (e.g., Williams et al., 2016) can be used to 160 

investigate bed surface stability as proposed by MacKenzie et al. (2018). 161 

Larger-than-average particle deposits may be located on a river’s bed, subaerially exposed on its bars 162 

or line bank toes. They may also be vertically or horizontally buried. As these materials may have a 163 



significant impact upon geomorphic adjustment in a particular river reach, it is important to examine 164 

both surface sediment and a river’s below ground sedimentology. Maps of the former may be feasible 165 

using remote sensing to map spatially distributed grain size (e.g. Carbonneau et al., 2005; Pearson et 166 

al., 2017; Woodget and Austrumns, 2017) but the latter will continue to require traditional field 167 

analyses (cf., Hoyle et al., 2008). If a source of lag deposits is identified, then assessment of a river’s 168 

connectivity to the source and the timescale for the legacy sediment to be exhausted is also required, 169 

as this may influence the rate of sediment conveyance through the system and the resulting sediment 170 

budget. For example, coarse lag materials may affect the sediment delivery ratio from a particular 171 

reach (Fryirs et al., 2007). As they influence the geomorphic sensitivity of a river (Fryirs, 2017; Reid 172 

and Brierley, 2015), thresholds of particle mobility induced by lag materials may influence the 173 

evolutionary trajectory of a river, thereby presenting key insights to support river rehabilitation 174 

planning and design (Cluer and Thorne, 2014).  175 

Conclusion 176 

Larger-than-average grain deposits arise from a variety of origins. Their influence upon the 177 

morphodynamics of gravel-bed rivers is an open question. Although laboratory experiments have 178 

demonstrated the capacity for large grains to dampen morphological adjustment, few studies have 179 

identified the imprint of larger-than-average grain deposits upon evolutionary trajectories in field 180 

situations. Investigation of the role of larger-than-average grain deposits on fluvial morphodynamics, 181 

whether through fieldwork, laboratory experiments or numerical modelling applications requires 182 

conceptual models that incorporate insights into: (i) particle mobility distribution; (ii) flood flow 183 

distribution; and (iii) channel configuration. Together, this more complete treatment of interactions 184 

between sediment, flow and morphodynamics will enable the quantification of the role of larger-than-185 

average grains and the feedbacks they induce. 186 
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 193 

Figure 1 Distribution and size of the 30 largest grains on four river bars on the Tongariro River, New 194 

Zealand. Minimum and maximum grain size statistics are for the 30 largest grains. Spatially distributed 195 

grain size maps are based on a relationship between b-axis grain size and detrended standard 196 

deviation elevation from terrestrial laser scanning (Reid et al., 2019). The D50 grain size for each bar is 197 

the median grain size mapped from this relationship.  198 



 199 

Figure 2 Conceptual model showing the time-space scales across which larger-than-average grain lag  200 

deposits are supplied to a river system and their subsequent influence upon fluvial morphodynamics. 201 

This conceptualization assumes that the lithological hardness of larger-than-average particles 202 

supports their preservation and persistence.   203 



References 204 

Ager, D.D. (1973). The Nature of the Stratigraphic Record, Chichester, Wiley. 205 

Andrews, E. D. (1983). Entrainment of gravel from naturally sorted riverbed material. GSA Bulletin, 206 

94(10), 1225-1231. https://doi: 10.1130/0016-7606(1983)94<1225:EOGFNS>2.0.CO;2 207 

Ashmore, P. (1993). Anabranch confluence kinetics and sedimentation processes in gravel braided 208 

streams. Geological Society London, Special Publications, 75(1), 129-146. 209 

Beven, K. (1981). The effect of ordering on the geomorphic effectiveness of hydrologic events. IAHS 210 

Publication, 132, 510-526. 211 

Beven, K. (2015). What we see now: Event-persistence and the predictability of hydro-eco-212 

geomorphological systems. Ecological Modelling, 298, 4-15. 213 

https://doi:10.1016/j.ecolmodel.2014.07.019.Beven 2015 214 

Blöthe, J. H., & O. Korup (2013). Millennial lag times in the Himalayan sediment routing system. Earth 215 

and Planetary Science Letters, 382, 38-46. https://doi: 10.1016/j.epsl.2013.08.044 216 

Booker, W. H. & Eaton, B. C. (2019). Stabilising Large Grains in Aggrading Steep Channels. Earth Surface 217 

Dynamics Discussions. https://doi:10.5194/esurf-2019-23. 218 

Brayshaw, A. C., Frostick, L. E. & Reid, I, (1983). The hydrodynamics of particle clusters and sediment 219 

entrapment in coarse alluvial channels. Sedimentology, 30(1), 137-143. https://doi: 10.1111/j.1365-220 

3091.1983.tb00656.x 221 

Brierley, G. J. (2010). Landscape memory: the imprint of the past on contemporary landscape forms 222 

and processes. Area, 42(1), 76-85. https://doi: 10.1111/j.1475-4762.2009.00900.x 223 

Brierley, G. J., & Fryirs, K. A. (2016). The Use of Evolutionary Trajectories to Guide ‘Moving Targets’ in 224 

the Management of River Futures. River Research and Applications, 32(5), 823-835. https://doi: 225 

10.1002/rra.2930 226 

Brummer, C. J., & D. R. Montgomery (2006). Influence of coarse lag formation on the mechanics of 227 

sediment pulse dispersion in a mountain stream, Squire Creek, North Cascades, Washington, United 228 

States. Water Resources Research, 42(7), W07412. https://doi: 10.1029/2005wr004776 229 

Buffington, J. M. (2012). Changes in channel morphology over human time scales. In M. Church, P.M. 230 

Biron & A.G. Roy (Eds.), Gravel bed rivers: Processes, tools, environments (vol. 32, pp. 436–463), chap. 231 

32. Oxford: Wiley‐Blackwell. 232 



Carbonneau, P. E., Bergeron, N. & Lane S. N. (2005). Automated grain size measurements from 233 

airborne remote sensing for long profile measurements of fluvial grain sizes. Water Resources 234 

Research, 41(11), W11426. https://doi: 10.1029/2005wr003994 235 

Chappell, J. (1983). Thresholds and lags in geomorphologic changes. Australian Geographer, 15(6), 357 236 

– 366. https://doi.org/10.1080/00049188308702839 237 

Church, M. (2006). Bed material transport and the morphology of alluvial river channels. Annual 238 

Review of Earth and Planetary Sciences, 34, 325-354. 239 

https://doi:10.1146/annurev.earth.33.092203.122721 240 

Church, M. & Hassan, M.A. (1992). Size and distance of travel of unconstrained clasts on a streambed. 241 

Water Resources Research, 28(1), 299-303. 242 

Church, M., & Ferguson, R. I. (2015). Morphodynamics: Rivers beyond steady state. Water Resources 243 

Research, 51(4), 1883-1897. https://doi:10.1002/2014WR016862 244 

Church, M., & Slaymaker, O. (1989). Disequilibrium of Holocene sediment yield in glaciated British 245 

Columbia. Nature, 337(6206), 452-454. 246 

Cluer, B., & Thorne, C. (2014). A stream evolution model integrating habitat and ecosystem benefits. 247 

River Research and Applications, 30(2), 135-154. https://doi: 10.1002/rra.2631 248 

Collier K. J. (2002). Effects of flow regulation and sediment flushing on instream habitat and benthic 249 

invertebrates in a New Zealand river influenced by a volcanic eruption. River Research and 250 

Applications, 18(3), 213-226. 251 

Cronin, S. J., Neall, V. E. & Palmer, A. S. (1997). Lahar history and hazard of the Tongariro River, 252 

northeastern Tongariro Volcanic Centre, New Zealand. New Zealand Journal of Geology and 253 

Geophysics, 40(3), 383-393. https://doi: 10.1080/00288306.1997.9514769 254 

Davidson, S. L., & Eaton, B. C. ( 2018). Beyond regime: A stochastic model of floods, bank erosion, and 255 

channel migration. Water Resources Research, 54, 6282– 6298. https://doi:10.1029/2017WR022059 256 

Eaton, B. C., & Church, M. (2004). A graded stream response relation for bed load–dominated streams. 257 

Journal of Geophysical Research: Earth Surface, 109, F03011. https://doi:10.1029/2003JF000062 258 

Eaton, B., and Millar, R. (2017). Predicting gravel bed river response to environmental change: the 259 

strengths and limitations of a regime-based approach. Earth Surface Processes and Landforms, 42(6), 260 

994-1008. https://doi: 10.1002/esp.4058 261 

https://doi:10.1146/annurev.earth.33.092203.122721
https://doi:10.1146/annurev.earth.33.092203.122721
https://doi:10.1029/2017WR022059
https://doi:10.1029/2017WR022059


Evans, D. J. A. (1991). A gravel/diamicton lag on the south Albertan prairies, Canada: Evidence of bed 262 

armoring in early deglacial sheet-flood/spillway courses. GSA Bulletin, 103(8), 975-982. https://doi: 263 

10.1130/0016-7606(1991)103<0975:AGDLOT>2.3.CO;2 264 

Ferguson, R. I., (1981). Channel forms and channel changes. In J. Lewin (Ed.), British Rivers, (pp. 90-265 

125). London: Allen and Unwin. 266 

Fryirs, K. A. (2017). River sensitivity: a lost foundation concept in fluvial geomorphology. Earth Surface 267 

Processes and Landforms, 42(1), 55-70. https://doi: 10.1002/esp.3940 268 

Fryirs, K. A., Brierley, G. J., Preston, N. J., & Kasai M. (2007). Buffers, barriers and blankets: The 269 

(dis)connectivity of catchment-scale sediment cascades. Catena, 70(1), 49-67. https://doi: 270 

10.1016/j.catena.2006.07.007 271 

Gregory, C. E., Reid, H. E., & Brierley, G. J. (2008). River Recovery in An Urban Catchment: Twin Streams 272 

Catchment, Auckland, New Zealand. Physical Geography, 29(3), 222-246. https://doi: 10.2747/0272-273 

3646.29.3.222 274 

Gurnell, A. M. (2014). Plants as river system engineers. Earth Surface Processes and Landforms, 39(1), 275 

4-25. https://doi: 10.1002/esp.3397 276 

Hanks, T. C., & R. H. Webb (2006). Effects of tributary debris on the longitudinal profile of the Colorado 277 

River in Grand Canyon. Journal of Geophysical Research: Earth Surface, 111(F2). https://doi: 278 

10.1029/2004JF000257 279 

Hoyle, J., Brooks, A., Brierley, G., Fryirs, K., & Lander, J. (2008). Spatial variability in the timing, nature 280 

and extent of channel response to typical human disturbance along the Upper Hunter River, New 281 

South Wales, Australia. Earth Surface Processes and Landforms, 33(6), 868-889. https://doi: 282 

10.1002/esp.1580 283 

James, L. A. (2013). Legacy sediment: Definitions and processes of episodically produced 284 

anthropogenic sediment. Anthropocene, 2, 16-26. https://doi: 10.1016/j.ancene.2013.04.001 285 

James, L. A., Singer, M. B., Ghoshal, S., & Megison, M. (2009). Historical channel changes in the lower 286 

Yuba and Feather Rivers, California: Long-term effects of contrasting river-management strategies. In 287 

L. A. James, S. L. Rathburn, G. R. Whittecar (Eds.), Management and Restoration of Fluvial Systems 288 

with Broad Historical Changes and Human Impacts (pp. 57-81). Boulder, USA: Geological Society of 289 

America. 290 



Jowett I. G. & Richardson J. (1990). Microhabitat preferences of benthic invertebrates in a New 291 

Zealand river and the development of in-stream flow-habitat models for Deleatidium spp. New 292 

Zealand Journal of Marine and Freshwater Research, 24, 19–30. 293 

Lisle, T.E., Ikeda, H. and Iseya, F. (1991). Formation of stationary alternate bars in a steep channel with 294 

mixed‐size sediment: A flume experiment. Earth Surface Processes and Landforms, 16(5), 463-469. 295 

MacKenzie, L. G., & Eaton, B. C. (2017). Large grains matter: contrasting bed stability and 296 

morphodynamics during two nearly identical experiments. Earth Surface Processes and Landforms, 297 

42: 1287– 1295. https://doi: 10.1002/esp.4122 298 

MacKenzie, L. G., Eaton, B. C., & Church, M. (2018). Breaking from the average: Why large grains 299 

matter in gravel‐bed streams. Earth Surface Processes and Landforms, 43: 3190–3196. 300 

https://doi:10.1002/esp.4465 301 

Manville, V., Hodgsen, K., Rosenberg, M., & Scott, B. (1996). Tongariro Power Scheme - Ruapehu 1995 302 

Tephra Effects. Wellington, New Zealand: Institute for Nuclear Sciences report 715260.10. 303 

Masteller, C. C., & Finnegan, N. J. (2017). Interplay between grain protrusion and sediment 304 

entrainment in an experimental flume. Journal of Geophysical Research: Earth Surface, 122(1), 274-305 

289, https://doi: 10.1002/2016JF003943 306 

Monsalve A., Yager, E. M., Schmeeckle, M. W. (2017). Effects of bedforms and large protruding grains 307 

on near‐bed flow hydraulics in low relative submergence conditions. Journal of Geophysical Research: 308 

Earth Surface, 122: 1–22. 309 

Montgomery, D. R., & Buffington, J. M. (1997). Channel-reach morphology in mountain drainage 310 

basins. Geological Society of America Bulletin, 109(5), 596-611. 311 

Napier, A., Boswijk, G., & Brierley, G. (2009). Spatial history of kauri driving dam placement in the 312 

Kauaeranga Valley, Coromandel Peninsula. New Zealand Geographer, 65(3), 171-186. https://doi: 313 

10.1111/j.1745-7939.2009.01161.x 314 

Papanicolaou, A. T., & Tsakiris, A. G. (2017). Boulder Effects on Turbulence and Bedload Transport. In 315 

D. Tsutsumi, J. Laronne (Eds.), Gravel‐Bed Rivers (pp. 33-72). Chichester: Wiley. https://doi: 316 

10.1002/9781118971437.ch2. 317 

Parker, G., & Klingeman, P. C. (1982). On why gravel bed streams are paved. Water Resources 318 

Research, 18(5), 1409-1423. https://doi: 10.1029/WR018i005p01409 319 



Pearson, E., Smith, M. W., Klaar, M. J., & Brown, L. E. (2017). Can high resolution 3D topographic 320 

surveys provide reliable grain size estimates in gravel bed rivers? Geomorphology, 293, 143-155. 321 

https://doi: 10.1016/j.geomorph.2017.05.015 322 

Phillips, J. D. (2011). Emergence and pseudo‐equilibrium in geomorphology. Geomorphology, 132(3‐323 

4), 319–326. https://doi:10.1016/j.geomorph.2011.05.017 324 

Polvi, L. E., Nilsson, C., & Hasselquist, E. M. (2014). Potential and actual geomorphic complexity of 325 

restored headwater streams in northern Sweden. Geomorphology, 210, 98-118. https://doi: 326 

10.1016/j.geomorph.2013.12.025 327 

Quinn J. M. & Hickey C. W. (1990). Magnitude of effects of substrate particle size, recent flooding, and 328 

catchment development on benthic invertebrates in 88 New Zealand rivers. New Zealand Journal of 329 

Marine and Freshwater Research, 24, 411–427.   330 

Recking A. (2009). Theoretical development on the effects of changing flow hydraulics on incipient 331 

bed load motion. Water Resources Research, 45(4): W04401. https://doi:10.1029/2008WR006826 332 

Reid, H. E., & Brierley, G. J. (2015). Assessing geomorphic sensitivity in relation to river capacity for 333 

adjustment. Geomorphology, 251, 108-121. https://doi: 334 

http://dx.doi.org/10.1016/j.geomorph.2015.09.009 335 

Reid, H. E., Williams, R. D.,  Brierley, G. J., Coleman, S. E., Lamb, R., Rennie, C. D., & Tancock M. J. 336 

(2019). Geomorphological effectiveness of floods to rework gravel bars: Insight from hyperscale 337 

topography and hydraulic modelling. Earth Surface Processes and Landforms, 44(2), 595-613. 338 

https://doi:10.1002/esp.4521 339 

Tunnicliffe, J., Brierley, G., Fuller, I. C., Leenman, A., Marden, M., & Peacock, D. (2018). Reaction and 340 

relaxation in a coarse-grained fluvial system following catchment-wide disturbance. Geomorphology, 341 

307, 50-64. https://doi: 10.1016/j.geomorph.2017.11.006.  342 

Williams, R. D., Measures, R., Hicks, D. M., & Brasington, J. (2016). Assessment of a numerical model 343 

to reproduce event-scale erosion and deposition distributions in a braided river. Water Resources 344 

Research, 52(8), 6621-6642. https.//doi:10.1002/2015WR018491. 345 

Wilson C. J. N., & Walker, G. P. L. (1985). The Taupo Eruption, New Zealand I. General Aspects. 346 

Philosophical Transactions of the Royal Society of London: Series A, Mathematical and Physical 347 

Sciences, 314(1529): 199-228. 348 



Woodget, A. S., & Austrums, R. (2017). Subaerial gravel size measurement using topographic data 349 

derived from a UAV-SfM approach. Earth Surface Processes and Landforms, 42(9), 1434-1443. 350 

https://doi: 10.1002/esp.4139. 351 


