Morphology and Origin of Alluvial Step-Pools: A Synthesis of Experimental and Field Data from Formative Flows.
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Abstract
An understanding of step-pool geometry has important practical applications in ecological restoration, erosion control and hazard assessment in mountain streams. However, published analysis is insufficient: (1) fully to identify the controls on step-pool geometry, and; (2) to allow inference to be made as to the origin of step-pools and the hydraulic conditions during step-pool formation. The choice of length scales used for normalisation in previous studies has often been ad hoc. In addition, formative discharge is likely to be an important morphological control variable, and field investigations are hampered by a lack of direct knowledge of it. This investigation therefore synthesises data from experimental studies of alluvial step-pools, where formative conditions are known, and uses rigorously identified dimensionless variables to identify: (1) the magnitude and mechanism of the stabilising effect of step-pools; (2) the controls on step-pool geometry; (3) the mechanism(s) responsible for step-pool formation and; (4) the formative flow regime(s) and hydraulic domain of step-pool formation.

Bed mobility is controlled by the quantity D100/hc, where D100 is the diameter of the largest grains in the sediment mixture and hc. is the formative critical flow depth, for which we introduce the term “formative roughness”. Formative flows are competent to move all grain sizes for D100/hc ≤ 1.3. There is a limiting channel slope that can be stabilised by step-pools, the central tendency of which is given by the Shields-type relationship Slim = 0.06(D100/hc). This limiting slope indicates that the stabilising effect of step-pools is comparable to that achieved by replacing the bulk sediment mixture with uniform grains of intermediate diameter D100/2. The stabilising effect appears to be due the grains being arranged in stable configurations rather than the energy dissipation (form roughness) of step-pools.

Step height H in experimental step-pools primarily is controlled by the size of the largest transported grains D100t, such that H ≈ D100t. Step spacing L appears to scale with hc. Dimensionless step spacing data L/hc are collapsed well by the formative flow final Froude number Fr.

The relationship between L/hc and Fr shows the existence of two regimes: L/hc is greater than minimum antidune spacing but decreases rapidly with increasing Fr for Fr < 0.9 (region 1), but is a weak function of Fr and close to the minimum antidune spacing for Fr > 0.9 (region 2). We argue that step formation via substrate-based mechanisms is consistent with step spacing in region 1, and therefore while substrate-based step formation mechanisms alone are active in the low Fr part of region 1, these mechanisms are progressively replaced by the antidune mechanism as Fr increases, with the antidune mechanism being dominant throughout region 2. Thus, we provide a unifying theory for substrate-based mechanisms and the antidune mechanism.

Dimensionless step spacing data do not support the jammed state hypothesis (Church & Zimmerman 2007), the simplified cascade model (Allen 1983), the upstream-forced cascade model (Marion et al. 2004, Comiti et al. 2005) or the maximum flow resistance model (Abrahams et al. 1995) of step formation.

There is an associated transition with increasing Fr in the dominant flow regime during step formation from tumbling flow to standing waves. However, the final flow regime over the stabilised bed depends on dimensionless step height H/hc: for H/hc > 1.1 tumbling flow develops from the standing waves, while for H/hc < 1.1 tumbling flow is drowned out and standing waves persist as the final flow regime. There is no lower formative discharge limit to step-pools; rather, step-pools grade into cascades as Fr decreases. The upper formative discharge limit for step-pools is in the range 0.7 < (D100/hc)lim < 1.0. We suggest that well developed step-pools are anchored and immobilised antidunes, while at formative roughness D100/hc < (D100/hc)lim, antidunes remain unanchored and mobile.
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Introduction
In alluvial mountain streams with gradients between approximately 2% and 20%, the channel bed often assumes a stepped longitudinal profile referred to as step-pools (Grant et al. 1990, Montgomery and Buffington 1997). Steps consist of relatively large grains lodged against a framework of “keystones”, which are amongst the largest grains available in the channel (Grant et al. 1990, Billi et al. 1998, Zimmerman & Church 2001, Wooldridge & Hickin 2002). Step-pools are restructured by infrequent flows, capable of entraining the step keystones, with return intervals estimated at 15 - 50 yr or more (Whittaker 1987, Grant et al. 1990, Lenzi 2001, Chin 2003, Turowski et al. 2009, Molnar et al. 2010, Recking et al. 2012), Finer material is stored in pools and transported as bedload over coarse, stable bed-forming material during moderate floods (Montgomery & Buffington 1997, Thomas et al. 2000). In forested catchments the steps can be composed wholly or partly of large woody debris (Heede 1972, 1981, Curran and Wohl 2003, Zimmerman and Church 2001). Step-pools are also known in bedrock channels (Duckson & Duckson 1995, Petrozzi 1998, Wohl 2000, Carling et al. 2006). In fact, it has been argued that step-pools are in general semi-alluvial because of the presence of immobile boulders and bedrock outcrops (Comiti & Mao 2012). Useful reviews of step-pools are provided by Chin & Wohl (2005), Church and Zimmerman (2007), Comiti & Mao (2012) and Zimmerman et al. (2020).

Step-pools have long been considered to play an important role in stabilising steep channels (Heede 1972, 1981, Marston 1982, Whittaker 1987, Rosport & Dittrich 1995). Channel stability is typically assessed in terms of Shields parameter (dimensionless spatially averaged critical shear stress), which is poorly understood in very rough flows (e.g. Mueller et al. 2005, Lenzi et al. 2006, Lamb et al. 2008, Thompson & Croke 2008). Shields parameter can be assessed through either a sediment entrainment threshold or flow competence approach (Thompson & Croke 2008). Sediment persists in high gradient channels where a Shields parameter of 0.045, typical of loose sediment in low relative roughness flows, indicates that all sediment would be transported by moderate floods, and therefore some mechanism must act to retain sediment in mountain channels (Zimmerman & Church 2001, Church & Zimmerman 2007). Two such mechanisms have been suggested for step-pools. Firstly, step-pools exhibit tumbling flow (frequent alternations between the subcritical and supercritical states separated in rough flows; Peterson and Mohanty, 1960) in which hydraulic jumps in pools dissipate a significant amount of energy that would otherwise be available to erode the bed (Heede 1972, 1981, Hayward 1980, Marston 1982, Chin 2003, Wang et al. 2004, Wilcox et al. 2011). Lenzi et al. (2006) and Turowski et al. (2009) suggested that this form resistance increases the total boundary shear stress necessary to initiate bedload transport by reducing the proportion of that shear stress expended on grains. Secondly, steps appear to be structurally stable arrangements of grains, either through imbrication (Whittaker 1987, Zimmerman & Church 2001), interlocking (Grant et al. 1990, Wooldridge & Hickin 2002), particle jamming (Church & Zimmerman 2007, Zimmerman et al. 2010), or incorporation of logs (Faustini & Jones 2003), that increase the shear stress necessary to disrupt the armour layer. The critical shear stress for step failure is highly stochastic, although it is a function of the ratio of channel width to maximum grain size (jamming ratio) W/D100 (Zimmerman et al. 2010). However, Shields parameter increases with slope (Mueller et al. 2005, Lamb et al. 2008), possibly due to the change in turbulence structure caused by increasing relative grain roughness (Lamb et al. 2008). The stabilising effect of step-pools is therefore likely to be overestimated by assuming a Shields’ parameter reference value of 0.045. 
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Figure 1. Step-pool geometry definition diagram. The stones at each end of the line labelled “L” are keystones.
Step-pool geometrical relationships (Figure 1) have been the subject of much field research, but only a limited consensus has been obtained. Herein, all variables refer to reach-average values unless indicated otherwise. In this paragraph, to aid clarity, numbers in parentheses refer to citations listed in Table 1. An inverse relationship between step spacing L and channel slope S has been widely reported (1). However, there is considerable scatter in the relationship and the parameters of the relationship vary greatly between studies and reaches. This inverse relationship is also not universal (2). Step spacing has been found to scale with channel width or drainage area (3), and therefore with discharge, but this relationship also is not universal (4). Step height H usually increases with the size of particles forming the step, and many studies have found that step height is of the order of step keystone size, typically equated to D84 of step material D84step (5), although Grant et al. (1990) found that step height was considerably less than the size of the keystones, and Zimmerman & Church (2001) found that steps were higher than the keystone size, and consisted of stacked keystones. Again, however, there are exceptions. Wohl & Grodek (1994) and Gomi et al. (2003) found no relationship between step height and grain size, and Nickolotsky & Pavlowski (2007) and Billi et al. (2014) found only a weak relationship. Beyond this, little consistency has been found. For example, step height has been found to increase with increasing step spacing (6), but the correlation is sometimes weak (7), absent (Grant et al. 1990, Wohl & Wilcox 2005) or inverse (Chin 1999a). A strong positive correlation between step height and channel slope has been found by some authors (8), whereas other authors found no such correlation (9). Some studies (10) have found no relationship between step spacing and step particle size, whereas Chartrand & Whiting (2000) found a strong correlation.

Table 1. Citations for numbered references in text.
	Text Reference
	Citations

	(1)
	Wertz 1966, Heede 1972, Hayward 1980, Whittaker 1987, Grant et al., 1990,

	
	Grodek et al. 1994, Wohl & Grodek 1994, Wohl et al. 1997, Chin 1999a,

	
	Wohl 2000, Jackson & Sturm 2002, Wooldridge & Hickin 2002,

	
	Gomi et al. 2003, Wohl & Wilcox 2005

	(2)
	Abrahams et al. 1995, Billi et al. 1995, Chartrand & Whiting 2000, Madej 2001,

	
	Gomi et al. 2003, Milzow et al. 2006, Nickolotsky & Pavlowski 2007,

	
	Billi et al. 2014

	(3)
	Billi et al. 1995, Wohl et al. 1997, Chin 1999a, Chartrand & Whiting 2000,

	
	Nickolotsky & Pavlowski 2007

	(4)
	Wohl & Grodek 1994, Gomi et al. 2003, Wohl & Wilcox 2005

	(5)
	Curran & Wohl 2003, Wohl et al. 1997, Chin 1999a, Chartrand & Whiting 2000

	
	Thomas et al. 2000, Lenzi 2001, Wooldridge & Hickin 2002

	
	MacFarlane & Wohl 2003, Recking et al. (2012)

	(6)
	Chartrand & Whiting 2000, Milzow et al. 2006, Molnar et al. 2010,

	
	Billi et al. 2014

	(7)
	Wohl et al. 1997, Gomi et al. 2003, Nickolotsky & Pavlowski 2007

	(8)
	Billi et al. 1995, Chin 1999a, Gomi et al. 2003, MacFarlane & Wohl 2003,

	
	Wohl & Wilcox 2005, Nickolotsky & Pavlowski 2007

	(9)
	Whittaker 1987, Grant et al. 1990, Wohl et al. 1997,

	
	Chartrand & Whiting 2000, Milzow et al. 2006

	(10)
	Wohl & Grodek (1994), Chin (1999a) and Wooldridge & Hickin (2002)


Abrahams et al. (1995) measured flow resistance in step-pools simulated by weirs of various heights at a range of spacings and channel slopes and found that maximum flow resistance occurred when 1 < (
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)/S < 2, where the subscript i denotes a value for an individual bedform. They proposed that step-pools evolve towards this state because steps that exist at other spacings have lower flow resistance and higher flow velocities and tend to be destroyed. It is widely assumed in practice that (
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) = H/L (e.g. Chartrand & Whiting 2000, Lenzi 2001, Wooldridge & Hickin 2002, Comiti et al. 2005, 2009, Church & Zimmerman 2007, Recking et al. 2012). Although the spacing condition 1 < H/LS < 2 has generally been found to be satisfied (Abrahams et al. 1995, Wohl et al. 1997, Lenzi 2001, MacFarlane & Wohl 2003, Wohl & Wilcox 2005, Chin & Phillips 2007, Comiti et al. 2009b, Recking et al. 2012, Billi et al. 2014), values outside this range are common (Heede 1972, Wohl et al. 1997, Chartrand & Whiting 2000, Zimmerman & Church 2001, Jackson & Sturm 2002, Wooldridge & Hickin 2002, Gomi et al. 2003, Comiti et al. 2005, Milzow et al. 2006, Molnar et al. 2010, Golly et al. 2019). Moreover, H/LS appears to be a function of slope and therefore is not a universal constant (Wohl et al. 1997, Chartrand & Whiting 2000, Zimmerman & Church 2001, Comiti et al. 2005, Milzow et al. 2006, Church & Zimmerman 2007, Recking et al. 2012). H/LS also has little power as a predictor of flow resistance and velocity (MacFarlane & Wohl 2003, Comiti et al. 2007, David et al. 2010). However, despite these limitations the maximum flow resistance model has gained wide acceptance (e.g. Grant 1997, Montgomery & Buffington 1997, Wohl et al. 1997, Chartrand & Whiting 2000, Lenzi 2001, Maxwell & Papanicolaou 2001, Zimmerman & Church 2001, Jackson & Sturm 2002, Wooldridge & Hickin 2002, Lenzi & Comiti 2003, MacFarlane & Wohl 2003, Comiti et al. 2005, 2009, Curran & Wilcock 2005, Church & Zimmerman 2007, Wilcox & Wohl 2007, Canovaro & Solari 2007, Weichert et al. 2008, Wang et al. 2009, David et al. 2010, Billi et al. 2014).

Theories of step-pool origin can be divided into three main groups: (1) those that involve a hydraulic control on the location and/or spacing of steps; (2) those that propose a substrate control, and; (3) the jammed state hypothesis which proposes a joint bedload and channel width control. A hydraulic theory of step-pool origin implies a degree of regularity in step spacing (Chin 2002, Carling et al. 2006, Golly et al. 2019), while other theories emphasise the importance of random effects on step formation and the resulting irregularity in spacing. Below, hydraulic theories are reviewed first, followed by substrate-based theories and the jammed state hypothesis. Step-pool formation mechanisms are also reviewed by Chin & Wohl (2005), Curran (2007), Church & Zimmerman (2007), Comiti & Mao (2012) and Golly et al. (2019). The latter authors used a similar classification system for step formation mechanisms to the present one. However, their “hydraulic control” class, which was strictly a hydraulic influence class, was broader than ours and included some mechanisms classed herein as substrate-based. We use hydraulic control to mean that the substrate essentially responds passively to structures imposed by the flow.

Several studies have directly observed experimental step-pools evolving from antidunes (Whittaker & Jaeggi 1982, Ashida et al. 1984, Grant & Mizuyama 1992, Rosport & Dittrich 1995, Hasegawa & Kanyabashi 1996, Parker 1996). After initially high sediment transport rates and antidune development, large grains stall under the crests of standing waves, anchoring the antidunes. These stalled grains become step keystones, against which further large grains are deposited. Grant & Mizuyama (1992) found that the clusters of stones at the antidune crests created a hydraulic jump immediately downstream, resulting in scour which enhanced step height. During this process sediment transport slows and eventually ceases, and the bed becomes armoured. A comparison of step-pool spacings with predicted antidune wavelengths has been used as evidence to support the antidune theory both in flume studies (Whittaker & Jaeggi 1982, Ashida et al. 1984, Hasegawa et al. 1990, Grant & Mizuyama 1992, Rosport & Dittrich 1995) and in the field (Chin 1999b, Chartrand & Whiting 2000, Lenzi 2001).

The upstream-forced cascade model (Comiti et al. 2005) views step-pools as being analogous to artificial drop structures with associated scour holes (e.g. Lenzi & Comiti 2003, Marion et al. 2004). In this theory, scour holes (pools) develop passively in response to impinging jets (Wu & Rajaratnam 1998) imposed on the bed by steps. Step height is determined by the sum of the scour depth and the vertical drop between step crests, and step spacing is equivalent to the distance to the berm at the end of the scour pool in the case of artificial drop structures. Both step height and spacing are determined by the formative virtual energy of the jet (E = 1.5hc + z, where hc is formative critical flow depth and z is the vertical drop between step crests). It is also suggested that step spacing is adjusted to reduce scour depth (for a given virtual jet energy) by inducing interference between steps, increasing step stability by preventing the undermining of steps (Marion et al. 2004, Comiti et al. 2005).

Curran & Wilcock (2005) and Curran (2007) directly observed step formation in flume experiments and found that 16% of steps were formed from structures the authors called “dunes”, but which were symmetrical, had no avalanche slip face and were in phase with standing waves formed downstream of a pre-existing step. These structures were therefore closer to antidunes than dunes. Comiti et al. (2009b) observed step formation through this mechanism downstream of “random obstacles”. Standing waves with in-phase bed undulations thought to be a potential analogue for step-pools can be induced in near-critical flows by drops with low drop ratios z/hs, where hs is the flow depth at the crest of the drop (Comiti & Lenzi 2006). The wavelength of such standing waves is close to the minimum antidune spacing of Kennedy (1963). We refer herein to this step formation mechanism as the upstream-forced standing wave mechanism.

The simplified cascade theory (Allen 1983) suggests that step spacing is governed by the distance required for flow to re-accelerate to a critical state after the hydraulic jump associated with the step upstream.

In contrast, substrate-based mechanisms emphasise the active role of the substrate in step formation. To account for observed high variability in step spacing, Zimmerman & Church (2001) proposed that steps form by the deposition of large grains against randomly located immobile keystones. Crabbe (1998), Wang et al. (2004), Weichert et al. (2008) and Saletti & Hassan (2020a) observed experimentally that steps formed by deposition against immobile or barely mobile large grains, and Lenzi (2001) observed steps forming around immobile clasts in the field during a c.50 year flood (Lenzi et al. 2004). In two step-forming mechanisms, which together accounted for the remaining 84% of steps observed by Curran & Wilcock (2005) and Curran (2007), random substrate effects determined the location of the step. In one mechanism, the deposition of keystones was forced at rough areas of the bed or at obstacles, and in the other mechanism, large clasts were deposited and buried, and subsequently became keystones upon being exhumed.

Wertz (1966) described steps in ephemeral streams forming due to the deposition of the largest clasts in the waning stages of floods, causing a “congestion” of particles. This process has been formalised as the jammed state hypothesis (Church & Zimmerman 2007, Zimmerman 2009, Zimmerman et al. 2010), which proposes an analogy between boulder transport in floods in mountain streams and the physics of granular flows. Steps are considered to be boulder jams composed of structurally arranged grains forming oriented “force chains” that are set up when grains moving down the channel are trapped in an opening too narrow for their joint passage. In this hypothesis, the jamming ratio W/D100 controls the tendency for jamming to occur and the stability imparted to the channel by the presence of the steps. In channels of varying width, jamming becomes more likely in narrowing sections where W/D100 decreases (Golly et al. 2019, Saletti & Hassan 2020a, b). 

The flow regime present at formative discharge and the hydraulic domain of step-pool formation are not known, partly because of the practical difficulties of observing very high flows in the field, but also because these issues are necessarily related to the problem of step-pool formation mechanism. It is possible that tumbling flow persists under formative flows (e.g. Grant & Mizuyama 1992, Weichert et al. 2008), is drowned out (Chin 2003), or is replaced by skimming flow (Comiti et al. 2009b) or standing waves (e.g. Whittaker & Jaeggi 1982, Comiti & Lenzi 2006, Richardson 2010). Skimming flow occurs when water flows down a stepped surface as a coherent stream that skims over the steps rather than as a series of nappes and hydraulic jumps (Chanson 1994). Hydraulic conditions necessary for step-pool formation were proposed by Grant & Mizuyama (1992) based on observations of step formation from antidunes, and included near-critical to supercritical flow. However, Curran & Wilcock (2005) observed the majority of steps forming through substrate-based mechanisms and found that this condition was not necessary. Based on the jamming step formation mechanism, Church & Zimmerman (2007) proposed that step-pool formation requires conditions of low jamming ratio, low transport stage (the ratio of shear stress to critical shear stress for bedload transport) and low sediment supply. Wang et al. (2004) and Saletti & Hassan (2020a) have also proposed conditions necessary for step-pool development.
In the past 25 years there has been a shift in consensus away from the antidune model initially towards the maximum resistance model, and more recently towards the jammed state hypothesis (e.g. Turowski et al. 2009, Chartrand et al. 2011, Curran 2012, Comiti & Mao 2012, Golly et al. 2019, Saletti & Hassan 2020, Smith et al. 2020, Wang et al. 2021). However, it is likely that multiple step-pool formation mechanisms are active under different conditions (e.g. Golly et al. 2019, Saletti & Hassan 2020a, b) and possibly simultaneously under the same conditions. What is needed is a unified theory of step-pools that can bring together and explain all observations of step-pool geometry, hydraulics and formation mechanisms. Such an approach seeks a theory that potentially combines hydraulic, substrate and jamming controls on step formation, and can explain both the observed randomness and irregularity of step spacing in some cases (Wertz 1966, Madej 2001, Zimmerman & Church 2001, Curran & Wilcock 2005, Zimmerman et al. 2010, Molnar et al. 2010) and their observed periodicity in others (Hasegawa et al. 1990, Chin 2002,  Wooldridge & Hickin 2002, Curran & Wohl 2003, Carling et al. 2006, Milzow et al. 2006, Chin & Phillips 2007, Chartrand et al. 2011, Gao & Chen 2012).

Step-pool geometry, like formative flow regime and the hydraulic domain of step-pool formation, is intrinsically linked to the origin of step-pools because theories of step-pool formation make predictions about geometrical relationships; in this way, identification of the controls on geometry will allow inferences to be made about step-pool formation mechanisms, and therefore formative flow regime and the range of hydraulic conditions under which step-pools form. An understanding of step-pool geometry also has important practical applications in ecological restoration (Chartrand & Whiting, 2000, Thomas et al. 2000, Purcell et al. 2002, Chin et al. 2009, Comiti et al. 2009a, Yu et al. 2010, Chartrand et al. 2011) and erosion control and hazard assessment (Hasegawa & Kanyabashi 1996, Lenzi & Comiti 2003, Weichert et al. 2009) in mountain streams. However, no complete explanation of step-pool geometrical relationships exists, and published empirical geometrical relationships are highly variable. Published analysis is insufficient: (1) fully to identify the controls on step-pool geometry, and; (2) to allow inference to be made as to the origin of step-pools and the hydraulic conditions during step-pool formation.

Where dimensionless variables have been used in step-pool studies, the normalisation has often been ad hoc; that is to say, it has not always had a rational basis, or been rigorously justified. The choice of length scales used for normalisation must be guided by theory and empirical evidence. In addition, formative discharge is likely to be an important morphological control variable and field investigations are generally hampered by the lack of direct knowledge of formative conditions, although notable exceptions are provided by Lenzi (2001), Turowski et al. (2009), Molnar et al. (2010) and Billi et al. (2014). A further problem in field investigations is covariation amongst potential control variables, such as grain size, slope, discharge and channel dimensions. This phenomenon provides correlations between many variables and makes causal relationships difficult to identify (Chin 1999a, Chin & Wohl 2005).

The objectives of this investigation are therefore to synthesise data from experimental studies of alluvial step-pools, where formative conditions are known, and where potential controls can be varied independently, to identify: (1) the magnitude and mechanism of the stabilising effect of step-pools; (2) the controls on step-pool geometry; (3) the mechanism(s) responsible for step-pool formation and; (4) the formative flow regime(s) and hydraulic domain of step-pool formation. This study will use dimensionless variables to identify generalised scale-free relationships, and will explicitly justify the choice of system length scales used for normalisation through theory and empirical evidence. 
Data Sources, Filtering and Pre-Processing
Ten published flume studies exist (Table 2) that provide hydraulic, sedimentological and morphological data for self-formed step-pools at formative discharges. A further study (Koll & Dittrich 2001) provides hydraulic and sedimentological data only. Of these, only Curran & Wilcock (2005) are known to have supplied sediment to the channel during step-pool formation. Zimmerman (2009) supplied sediment during some runs, but because the sediment feed was intermittent, it is not clear whether steps formed during periods when sediment was fed to the channel. Parker (1996) supplied sediment to the channel but found that step-pool formation only occurred when the sediment supply was cut off. In all studies, the slope was adjusted during runs forming step-pools, and herein S refers to the final slope in experimental data. In all studies except Crabbe (1998) and Lee & Ferguson (2002) the flume was run until the channel stabilised. Where no sediment was fed to the channel, “stabilisation” means that sediment transport ceased, but in the case of Curran & Wilcock (2005) it means that sediment yield matched the feed rate for all grain sizes. Whittaker & Jaeggi (1982) used a relatively large range of formative discharges, but their discharge values were clustered into three discrete ranges, identified herein as low, intermediate and high formative discharges. In each study, either velocity or depth was measured directly, and the other variable was calculated via continuity (Table 2). Two field studies also exist (Lenzi 2001, Billi et al. 2014) that provide hydraulic, sedimentological and morphological data for the formative events of natural step-pools.
Several recent experimental studies have examined step-pool dynamics, either with no sediment feed (Saletti & Hassan 2020a) or with continuous (Saletti & Hassan 2020b) or pulsed sediment feed (Wang et al. 2021). These studies are not considered herein because they were conducted in non-uniform flow which represents an additional complexity that is outside the scope of the present study. Furthermore, details of the experimental procedures make the results difficult to compare with the studies in Table 2.
Rosport & Dittrich (1995), Weichert et al. (2008), Comiti et al. (2009b) and Zimmerman (2009) used an experimental procedure in which the step-pool formative discharge was sequentially increased without mixing the bed material. A step-pool configuration was generated and stabilised at one discharge, and subsequently the discharge was increased, destroying the previous configuration either partially or completely, and a new configuration generated at the new discharge. Comiti et al. (2009b) referred to such a sequence of step-pool forming runs as a “series”, while Zimmerman (2009) referred to it as an “experiment”. Herein, the terminology of Comiti et al. (2009b) is adopted. The published experimental step spacing data of Rosport & Dittrich (1995: Fig. 6 therein) are scaled up for comparison with field data according to grain size. Herein, the data of these authors are rescaled to the raw flume measurements.

Considerable pre-processing and filtering was necessary with respect to the data of Whittaker & Jaeggi (1982). Firstly, the data point with published final slope S = 0.0163 (Figure 2 herein: Run 7, arrowed) plots well away from the trend of slope as a function of formative unit discharge q; however, replacing the published value with S = 0.163 results in the point plotting close to the trend (Figure 2: open circle). The value S = 0.0163 is considered to be a transcription error, and S = 0.163 is used herein instead.
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Figure 2. Slope and Froude number (final conditions) in formative flows of Whittaker & Jaeggi (1982). The arrowed point is assumed to be a transcription error and is corrected herein (see text). The intermediate discharge Froude number values (circled) plot below the overall trend and are also assumed to be in error, although they are not corrected herein.
Table 2. Details of available experimental studies of flows forming step-pools. a (D84/D16)1/2. b Sediment feed rate during step formation. c Flow depth measured and steps detected by the present authors from a photograph in the publication.
	Study
	Max S
	Min S
	Max q
	Min q
	D50
	D100
	D100/D50
	Sorting

	 
	(m/m)
	(m/m)
	(m2s-1)
	(m2s-1)
	(m)
	(m)
	 
	Index a

	Whittaker & Jaeggi (1982):low
	0.238
	0.163
	0.0091
	0.0030
	0.015
	0.050
	3.3
	1.8

	Whittaker & Jaeggi (1982): intermediate
	0.0977
	0.0847
	0.047
	0.030
	0.015
	0.050
	3.3
	1.8

	Whittaker & Jaeggi (1982): high
	0.042
	0.022
	0.138
	0.082
	0.015
	0.050
	3.3
	1.8

	Ashida et al. (1984)
	Not known
	Not known
	0.065
	0.0039
	0.005 - 0.007
	0.025 - 0.038
	4.8-5.4
	Not known

	Rosport & Dittrich (1995): material 1
	0.085
	0.074
	0.027
	0.024
	0.010
	0.064
	6.4
	2.2

	Rosport & Dittrich (1995): material 2
	0.086
	0.073
	0.015
	0.0096
	0.0095
	0.032
	3.4
	1.8

	Parker (1996)
	0.10
	0.10
	0.0036
	0.0036
	0.002
	0.015
	7.5
	Not known

	Crabbe (1998)
	0.066
	0.049
	0.040
	0.030
	0.016
	0.063
	3.9
	2.0

	Koll & Dittrich (2001)
	0.087
	0.087
	0.016
	0.016
	0.0109
	0.064
	5.9
	3.4

	Lee & Ferguson (2002)
	0.06
	0.06
	0.040
	0.033
	0.016
	0.064
	4.0
	2.0

	Curran & Wilcock (2005)
	0.083
	0.050
	0.043
	0.031
	0.014
	0.064
	4.6
	3.3

	Weichert et al. (2008)
	0.17
	0.02
	0.050
	0.0033
	0.006
	0.045
	7.5
	3.1

	Comiti et al. (2009b): series A
	N/A
	N/A
	0.198
	0.017
	0.023
	0.203
	9.0
	3.3

	Comiti et al. (2009b): series B
	0.129
	0.084
	0.091
	0.020
	0.022
	0.127
	5.9
	3.1

	Zimmerman (2009)
	0.202
	0.033
	0.33
	0.0053
	0.0098, 0.0228
	0.088, 0.170
	9.0, 7.5
	2.7, 3.2


Table 2 (continued).

	Qsb
	Final Fr
	W/D100
	Morphological
	Hydraulic variable
	Step detection technique

	(kgm-1s-1)
	 
	 
	Data Available
	measured directly
	 

	0
	0.40 - 0.75
	2.6
	H/L, L, S
	U (salt tracer)
	Z & V (photographs of water surface at low flow)

	0
	0.37 - 0.42
	2.6
	H/L, L, S
	U (salt tracer)
	Z & V (photographs of water surface at low flow)

	0
	0.77 - 1.42
	2.6
	H/L, L, S
	U (salt tracer)
	Z & V (photographs of water surface at low flow)

	0
	0.94 - 1.51
	5.3 - 7.9
	L/hc
	Not known
	Not known

	0
	1.02 - 1.06
	3.1
	L, S
	U (salt tracer)
	V (long profile of water surface at low flow)

	0
	0.91 - 1.06
	6.3
	L, S
	U (salt tracer)
	V (long profile of water surface at low flow)

	 0
	0.91
	3.3
	Lc, S
	hc (from photograph)
	Vc (from photograph)

	0
	0.73 - 0.94
	4.8
	L, S
	h (marks on flume wall)
	V (inspection of bed at end of run)

	0
	0.94
	3.1
	S
	U (salt tracer)
	N/A

	0
	0.79 - 0.91
	4.7
	L, S
	h (point gauge)
	V (inspection of bed during run)

	0.110 - 1.25
	0.56 - 0.81
	2.3
	H, L, S
	h (from video)
	V (from video taken during run)

	0
	0.82 - 1.70
	3.3 - 13
	L/hc
	h (ultrasonic sensor + laser sensor)
	V (inspection of water surface at low flow)

	0
	0.48 - 0.97
	2.3
	H, L, S, D100t
	U (salt tracer: peak)
	V (inspection of water surface at low flow)

	0
	0.62 - 1.19
	3.6
	H, L, S, D100t
	U (salt tracer: peak)
	V (inspection of water surface at low flow)

	Not known
	0.33 - 0.91
	1.4 - 5.8
	L, S
	U (salt tracer: harmonic)
	Scale-free Rule-based Algorithm


Secondly, the published formative flow final Froude number Fr values of Whittaker & Jaeggi (1982) are not consistent with their published velocity U and depth h values, although the latter are consistent with each other assuming continuity (q = Uh). Consequently, the Fr values used herein are calculated values. Fr values for the intermediate formative discharges of Whittaker & Jaeggi (1982) plot below the general trend (Figure 2), and are probably in error. These data are used herein, but the likely error is noted where relevant.
Thirdly, Whittaker & Jaeggi (1982) used a zero-crossing analysis (Richards 1976) for step detection (Table 2). This method identifies bedforms from successive positive residuals in a detrended longitudinal profile. If the profile is adequately detrended, zero-crossing analysis identifies more step-pool units than visual identification because isolated large grains are of the same order of magnitude as step height, and both features therefore cause positive residuals (Whittaker & Jaeggi 1982, Rosport & Dittrich 1995, Wooldridge & Hickin 2002, Zimmerman et al. 2008). Zero-crossing analysis therefore biases step spacing low compared with visual step identification. However, Whittaker & Jaeggi (1982) also measured step spacing values visually in some runs. The average zero-crossing step spacing values were therefore adjusted to correct for the bias relative to visual step identification using a correction factor calculated as the mean ratio, in runs in which both techniques were used, of average step spacing measured visually to average step spacing measured using zero-crossing analysis.

Fourthly, Whittaker & Jaeggi (1982) do not give values of H but do provide values of step steepness 
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, estimated from zero-crossing analysis, in which Hi is the maximum difference in elevation between successive positive residuals. An estimate of mean step height H was obtained herein using H ≈ L 
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, where L is mean step spacing from zero-crossing (i.e. not adjusted to correct for bias). Because of this approximation and the method used to estimate L, the values of L and H from the data of Whittaker & Jaeggi (1982) presented herein should be regarded as indicative only.

Results

The stabilising effect of step-pools will be considered first, through examining flow competence and final channel slope in flows forming step-pools in order to assess Shields parameter for step-pool channels. Subsequently, controls on step-pool geometry will be investigated.
Flow Competence
Comiti et al. (2009b) provide a dataset of the diameter of the largest grains transported (D100t), as passing mesh size, for a range of discharges forming step-pools. These authors used two sediment mixtures (series A and B: Table 3). The formative flows in both series were in general not competent to move the largest grains (Figure 3A). Series B flow competence data are relatively noisy, but are broadly comparable to series A data. Shields criterion for sediment entrainment is:

 = cr/g(s - w)D,







[1]

where  is the Shields parameter,  is shear stress and the subscript cr refers to critical conditions for sediment transport, g is acceleration due to gravity, s is the density of sediment grains and w is the density of water. This equation is appropriate for uniform grains of intermediate diameter D; for sediment mixtures, equation [1] must be modified by including a scaling factor that relates the dimensionless critical shear stress for the grain size of interest to that of the median grain size (Komar 1987):

 = cr/g(s - w)D50-bDi(1+b),






[2]
where D50 is the median grain size, Di is the grain size of interest and b is a hiding factor whose value is 0 for pure selective entrainment and -1 for equal mobility. Komar (1987) suggested a value of  b = -0.6. From [2], and substituting cr = w g(hS)cr:

Di = (wD50b(hS)cr /(s - w)1/(1+b)





[3]
In [3], h and S represent generic flow depth and channel slope but elsewhere herein they represent final values in formative flows. D50 is very similar for series A and B (Table 3) and  

Table 3. Experimental details of Comiti et al. (2009b).
	Series
	Run
	D50 (m)
	D100 (m)
	D100t (m)
	q (m2s-1)
	hc (m)
	D100/hc
	D100t/hc
	S0 (m/m)
	S (m/m)
	S/(D100/hc)

	A
	1
	0.0226
	0.203
	0.045
	0.017
	0.031
	6.47
	1.44
	0.140
	0.140
	0.022

	A
	2
	0.0226
	0.203
	0.045
	0.024
	0.039
	5.24
	1.16
	0.140
	0.140
	0.027

	A
	3
	0.0226
	0.203
	0.063
	0.030
	0.046
	4.46
	1.38
	0.140
	0.140
	0.031

	A
	4
	0.0226
	0.203
	0.063
	0.035
	0.050
	4.08
	1.27
	0.140
	0.140
	0.034

	A
	5
	0.0226
	0.203
	0.063
	0.043
	0.058
	3.51
	1.09
	0.140
	0.140
	0.040

	A
	6
	0.0226
	0.203
	0.126
	0.074
	0.082
	2.47
	1.53
	0.140
	0.140
	0.057

	A
	7
	0.0226
	0.203
	0.126
	0.109
	0.106
	1.91
	1.18
	0.140
	0.133
	0.070

	A
	8
	0.0226
	0.203
	0.203
	0.198
	0.159
	1.28
	1.28
	0.133
	0.131
	0.102

	B
	1
	0.0215
	0.127
	0.045
	0.020
	0.034
	3.74
	1.33
	0.140
	0.132
	0.035

	B
	2
	0.0215
	0.127
	0.063
	0.030
	0.046
	2.79
	1.38
	0.132
	0.131
	0.047

	B
	3
	0.0215
	0.127
	0.126
	0.043
	0.058
	2.20
	2.18
	0.131
	0.129
	0.059

	B
	4
	0.0215
	0.127
	0.063
	0.050
	0.063
	2.00
	0.99
	0.129
	0.122
	0.061

	B
	5
	0.0215
	0.127
	0.045
	0.054
	0.067
	1.89
	0.67
	0.122
	0.121
	0.064

	B
	6
	0.0215
	0.127
	0.126
	0.072
	0.081
	1.57
	1.56
	0.121
	0.098
	0.062

	B
	7
	0.0215
	0.127
	0.063
	0.076
	0.084
	1.51
	0.75
	0.098
	0.098
	0.065

	B
	8
	0.0215
	0.127
	0.126
	0.091
	0.095
	1.34
	1.33
	0.098
	0.084
	0.063


Table 4. Available competence data from experimental flows forming step-pools. a Estimated value. These authors found that the slope aggraded to an equilibrium value under sediment feed. This value is the minimum final slope and is therefore likely to be an overestimate of initial slope.

	Study
	Authors' qualitative description of flow competence
	S0 (m/m)
	D100 (m)
	Estimated
	D100/hc

	
	Present authors' comments in italics
	
	
	D100t (m)
	

	Rosport & Dittrich (1995)
	Largest grains only move if supporting material is eroded
	0.08 - 0.10
	0.064
	0.048
	1.54 - 1.63

	material 1
	but Figure 3 therein shows grains in 32-64mm fraction 
	
	
	
	

	
	were transported
	
	
	
	

	Rosport & Dittrich (1995)
	All size fractions mobile
	0.08 - 0.10
	0.032
	0.032
	1.15 - 1.52

	material 2
	
	
	
	
	

	Crabbe (1998)
	Grains in the range D95 – D100 are mobile
	0.056 - 0.067
	0.063
	0.063
	1.15 - 1.39

	Lee & Ferguson (2002)
	Discharge just sufficient to mobilise entire bed
	0.0667
	0.064
	0.064
	1.32

	Curran & Wilcock (2005)
	Active transport of all sediment sizes
	0.05a
	0.064
	0.064
	1.11 - 1.40
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Figure 3. Formative flow competence data in the experiments of Comiti et al. (2009b): A) Flow competence as a function of unit discharge; B) The explanatory variable is for final conditions; C) the explanatory variable is an approximation to initial conditions, assuming critical initial flow; D) The line is a linear regression passing through the origin fitted to Series A data of Comiti et al. (2009b); see Equation [4]. C and D also show approximate formative flow competence data from other studies (see text).
therefore from [3], one would expect D100t to be a similar power law function of hS for both series. However, hS for final conditions (Figure 3B) does not collapse data for the two series. Initial flow depth data are not available for the experiments of Comiti et al. (2009b); however, assuming initial flow to be approximately critical (following Grant, 1997), and approximating initial conditions as S0hc where S0 is initial slope (Figure 3C), shows an improved collapse of series A and B data. This collapse indicates that initial conditions are better able to explain flow competence than final conditions, as would be expected. Also, Series A data are close to a straight line, indicating a tendency towards pure selective entrainment (b = 0).

However, in series A, initial slope S0 is virtually constant (Table 3), and therefore initial conditions for series A under this approximation are effectively described by hc. In fact, the latter provides a slightly better collapse of the competence data for the two series (Figure 3D) than S0hc, raising the possibility that flow competence is described by hc alone. In order to test this supposition, available formative flow competence data from other studies (Table 4) are also included in Figures 3C and 3D. These additional data are approximate because competence was not directly measured in these studies, and the data are based on qualitative observations. The assumption b = 0 was made and the data in Figure 3C have not been adjusted for D50 [equation 3]. Overall, hc provides a substantially better collapse of the data than does S0hc. This result suggests that competence in flows forming step-pools is controlled  primarily by critical flow depth alone and is independent of slope. A theoretical justification of this result, and a discussion of its relationship with Shields criterion, are provided in the Supplement to this paper. A linear regression through the origin (Figure 3D) fitted to series A data (Comiti et al. 2009b) gives the result:


D100t/hc = 1.3








[4]

Introducing D100 into [4] and rearranging gives:


D100t/D100 = 1.3(D100/hc)-1






[5]

Thus, the fraction of the bed that is mobile during formative flows is a function of the dimensionless maximum grain size based on critical flow depth D100/hc.  We introduce the term “formative roughness” for D100/hc. but this variable is equivalently an inverse dimensionless measure of formative unit discharge based on maximum grain size (NB: hc = (q2/g)1/3). Given that D100t ≤ D100, equations [4] and [5] apply only to formative flows that are partially competent (D100t < D100) or just fully competent (D100t = D100), which are characterised by D100/hc  1.3 and D100/hc  1.3 respectively. Equations [4] and [5] do not apply to fully competent formative flows in general (D100/hc < 1.3). However, by reference to the threshold value of 1.3, D100/hc is an inverse measure of the extent to which the threshold of full competence is exceeded in fully competent formative flows.

Available experimental competence data (Table 4) are consistent with formative flows becoming fully competent at D100/hc ( 1.3, independent of S0. The limited field results available from flows forming step-pools (Table 5) are also broadly consistent with equation [4]. Although the D100t/hc values from Billi et al. (2014) are substantially higher than 1.3, the discharge and maximum transported grain size data of these authors are highly approximate, and so the D100t/hc values from Billi et al. (2014) are indicative only.

Final Channel Slope
Slope adjustment during runs forming step-pools was usually via rotational degradation (reduction in slope due to erosion), but where sediment was fed to the channel adjustment via rotational aggradation (increase in slope due to deposition) was possible. Rotational aggradation occurred in all runs of Curran & Wilcock (2005), and in some runs of Zimmerman (2009) despite an increase in formative discharge over the previous run in the series. Slope adjustment and the cessation of sediment transport where there was no sediment feed, coupled with the widespread view that step-pools stabilise channels that would otherwise incise, suggest that the final channel slope in experimental data: (1) is a dependent variable of the step-pool configuration in the same way that geometrical variables are, and; (2) represents the threshold of sediment transport at formative discharge in the absence of upstream sediment supply. The magnitude of the stabilising effect of step-pools therefore was investigated by examining the controls on final slope, and comparing the resulting relationship with Shields criterion. 
Channel slope is shown as a function of formative roughness D100/hc for the data of Zimmerman (2009) and Comiti et al. (2009b), who conducted runs in series of sequentially increasing formative discharge, in Figures 4A and 4B respectively. Inspection of data in individual series reveals a pattern of two regions: (1) a region at high D100/hc in which slope is 
Table 5. Available competence data from field studies of flows forming step-pools. a Based on Qmax. b Range of values from different reaches.

c hc calculated using estimated flow width based on reported flow width and discharge for a higher reach.

	Study
	River
	Qmax (m3s-1)
	D100t (m)
	(D100t/hc) a
	Mean (D100t/hc) a
	S (m/m) b

	Lenzi (2001, 2004)
	Rio Cordon, Italy
	10.4
	0.75
	0.94 - 1.35 b
	1.14
	0.15 - 0.22

	Turowski et al. (2009)
	Erlenbach, Switzerland
	8
	1.0
	1.46
	
	0.10 - 0.15

	Turowski et al. (2009)
	Erlenbach, Switzerland
	14.6
	1.35
	1.82 c
	
	0.10 - 0.15

	Billi et al. (2014)
	Rio Aneva, Italy
	2
	0.6
	1.8 - 2.2 b
	2.0
	0.03 - 0.14
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Figure 4. Analysis of final channel slope: A) All final slope data of Zimmerman (2009). The lines connect runs within series in order of increasing formative discharge; B) All final slope data of Comiti et al. (2009b); C) and D) Available experimental limiting slope data; E) available field slope data; F) Available experimental limiting slope data normalised by formative roughness as a function of jamming ratio. The line is a power law regression fitted to the data of Zimmerman (2009); G) Available experimental limiting slope data as a function of an explanatory variable that includes the jamming ratio; H) Limiting slope normalised by formative roughness in the data of Curran & Wilcock (2005).

approximately constant, and; (2) a region at low D100/hc in which slope is approximately proportional to D100/hc, although some series exhibit only a region of the first type. 
Thus in each series there is a threshold value of D100/hc above which slope is approximately constant (region 1) and below which slope adjusts to the imposed formative roughness D100/hc (region 2). This outcome suggests that the slope in region 2 is a limiting slope: at each value of D100/hc the slope is the maximum slope at which the channel can be stabilised by armouring and step-pool development at that formative discharge. Each increase in formative discharge (decrease in D100/hc) in region 2 causes the channel slope inherited from the previous formative discharge to be higher than the maximum slope at which the channel can be stabilised by armouring and step-pool development, and therefore the slope is reduced by erosion. We infer that armouring and step-pool formation only occur and stabilise the channel once the slope has reached its new limiting value. In contrast, in region 1, the channel slope is below the maximum slope at which the channel can be stabilised by armouring and step-pool development, and therefore the channel is stabilised without a reduction in slope. Indeed region 1 is where an increase in slope can occur in the series of Zimmerman (2009) despite an increase in formative discharge. Series exhibiting only a region 1 behaviour are interpreted as having relatively low maximum formative discharges such that the final formative roughness is above the threshold value of D100/hc for slope adjustment.

The above analysis was used to select by inspection runs in the series of Zimmerman (2009) and Comiti et al. (2009b) exhibiting region 2 behaviour such that the final slope was the limiting slope, Slim. In all other experimental studies from which data are used herein, it is apparent that adjustment of channel slope occurred during step-pool formation, and therefore final slope values of all runs in these studies are assumed to be the limiting slope. Channel slope Slim is shown for available experimental data as a function of D100/hc and D50/hc in Figures 4C and 4D respectively. Also included in Figures 4C and 4D are the data of Breakspear (2008), who produced antidunes (but not step-pools) in fine gravel. These data are included to test for continuity between step-pools and antidunes in the properties of formative flows. D100/hc collapses slope values in region 2 better than D50/hc, indicating that limiting slope is primarily controlled by formative roughness, and therefore by relative flow competence [Equation 5] and the size of the maximum grains in the channel rather than bulk sediment characteristics. The central tendency (solid line) in Figure 4C, which was assessed by inspection giving approximately equal weight to each study regardless of its number of data points, is given by:

Slim = 0.06(D100/hc).








[6]

The approximate upper and lower bounds (dashed lines, Figure 4C), also assessed by inspection, and which are asymmetrical about the central tendency, are given by:

0.045(D100/hc) < Slim < 0.095(D100/hc).





[7]

Combining the central tendency of the limiting slope relationship [6] with the condition for full competence D100/hc ≤ 1.3 indicates that step-pool channels with limiting slopes greater than 0.078 m/m will have formative flows that are partially competent. Zimmerman (2009) observed that, after deposition, step keystones were undermined by erosion around them, and settled into new positions. Rosport & Dittrich (1995) observed that in their material 1, the largest grains only moved when supporting material was eroded. Similar undermining is probably responsible for rotational degradation to limiting slope in partially competent formative flows.

Channel slope in available field data (Figure 4E) does not generally fall within relationship [7], indicating that natural step-pool channels in general have S  Slim (herein, the D84 of step material D84step in field data is pragmatically assumed equivalent to D100 in experimental data). However, this result does not negate the validity of the limiting slope concept because a reach can only adjust to Slim in a formative event if: (1) sufficient time is available; (2) the entry and/or exit sections of the reach are free to adjust their bed levels, and; (3) sufficient sediment supply from upstream is available (in the case of rotational aggradation when S  Slim). For example, the peak discharge during the formative event described by Lenzi (2001), which was used in calculating D84step/hc (Figure 4E), lasted for just a few minutes, and was probably of insufficient duration to allow for channel slope adjustment to Slim. This flashiness in natural formative events is in contrast to most experimental procedures, in which formative discharge was maintained until the channel had stabilised.

According to the jammed state hypothesis (Church & Zimmerman 2007, Zimmerman 2009, Zimmerman et al. 2010), W/D100 controls the stability imparted to the channel by step-pools, and consequently one would expect a decrease in W/D100 to result in an increase in Slim for a given formative roughness. The ratio of Slim to D100/hc generally increases as the jamming ratio decreases in the data of Zimmerman (2009), but there is no clear trend in all other available experimental data (Figure 4F), which therefore do not support the jammed state hypothesis. A power law fitted to the data of Zimmerman (2009) in Figure 4F has a power of approximately -1/2; consequently, Slim was re-plotted as a function of (D100/hc)/(W/D100)1/2 for available experimental data (excluding that of Breakspear, 2008, whose W/D100 values are outside the range of those on which the regression in Figure 4F is based; Figure 4G). As would be expected, the data of Zimmerman (2009) show an improved collapse over that in Figure 4C, but there is no clear improvement in the collapse of all other available experimental data. The effect of W/D100 in the slope data of Zimmerman (2009) is discussed below. The central tendency (solid line) in Figure 4G, assessed visually, is given by:

Slim = 0.115(D100/hc)/(W/D100)1/2.






[8]

The approximate upper and lower bounds (dashed lines), which are now symmetrical about the central tendency, and which differ by a factor of two, are given by:

0.0767(D100/hc)/(W/D100)1/2 < Slim < 0.153(D100/hc)/(W/D100)1/2.


[9]

These relationships [8, 9] are valid for 1.4 < W/D100 < 5.8, the range of values used by Zimmerman (2009).

Substituting cr = wghS in the Shields equation [1], using suitable values for s and w, setting  = 0.068, a value estimated for shallow, rough upland streams (Thompson & Croke 2008), and rearranging gives:


S = 0.11(D/h)








[10]

Comparison of [10] with [6] shows that the step-pool channel slope stability threshold defined herein is a Shields-type criterion for step-pools with Fr = 1, and therefore h = hc; it will be shown below (see Step Spacing) that this is a reasonable approximation for step-pools with relatively low formative roughness values. From [6],


Slim ≈ 0.11(D100/2hc)







[11]

It can therefore be seen from equations [10] and [11] that the stabilising effect imparted to a channel slope by the presence of step-pools is comparable to that achieved by replacing the bulk sediment mixture in that channel with uniform grains of intermediate diameter D100/2.

Thus, Equations [6] and [8] can be interpreted as dimensionless limiting force balance equations, in which Slim, the maximum tractional force due to the weight of overlying water that can be resisted by the bed is balanced by friction due to the bed material’s own weight (D100/hc) and, in the data of Zimmerman (2009), by the resistance to transport expressed by variation in (W/D100)1/2. This interpretation implies that, in terms of the effect on Slim, a decrease in the jamming ratio is equivalent to an increase in formative roughness and vice versa in the latter dataset. Consequently, variation in W/D100 in equation [8] can be interpreted as expressing variation in the frictional force resisting the transport of bed material, in this case the friction between large transported grains and the flume sidewalls (most of Zimmerman’s, 2009 runs had rough sidewalls), rather than the effect of jamming.
Sediment feed might be expected to increase the final channel gradient. However, Curran & Wilcock (2005) used sediment supply rates varying by an order of magnitude and their final slope values, obtained when sediment transport and feed were in equilibrium, are consistent  with final slope values obtained in experiments without sediment feed (Figures 4C & 4G). Final slope also shows no significant correlation with sediment supply rate (Figure 4H) in the data of Curran & Wilcock (2005). Thus, although final slope values in the data of Curran & Wilcock (2009) do not represent the threshold of sediment motion (given that sediment transport did not cease), they are indistinguishable from final slope values that do represent this threshold (i.e. indistinguishable from limiting slope). This consistency between final slope values with and without sediment feed indicates that formative discharges at limiting slope values are capable of transporting all grain sizes present in the bed but do not do so after step-pool development unless sediment is fed to the channel. This conclusion suggests that the stabilising effect of step-pools is not due to the energy dissipation (and therefore form roughness) of steep-pools, which is present with and without sediment feed, but rather is due to the grains being arranged in stable configurations within step-pools. Thus, grains fed to the channel, which are not in stable configurations, can be transported, but grains within the step-pool structure, which are in stable configurations, cannot.

Step Height
It is assumed herein that each step-pool dimension, such as step height and step spacing, has a system length scale (e.g. channel width, formative flow depth or some measure of grain size) with which it scales, and which exerts a primary control on that dimension. For example, ripple, dune and bar dimensions in sand-bed rivers scale with grain size, flow depth and channel width respectively (Best 1996). Herein, those system length scales (primary controls) are identified through empirical and theoretical considerations and used to normalise relevant step-pool dimensions, providing a rational basis for normalisation. Examination of dimensionless plots then allows scale-free relationships, secondary controls and complex behaviour such as regimes and thresholds to be identified.

The conclusion of many previous studies regarding the control of step height by the maximum grain size available is tested using available experimental data in Figure 5A. Correlation between these variables is poor. However, a good correlation is produced when D100 is replaced by D100t (Figure 5B). The competence of the formative flows of Whittaker & Jaeggi (1982) is not known, the authors stating only that formative flows were “sediment moving discharges”, and therefore the results of these authors are not included in Figure 5B. These results (Figure 5B) suggest that step height is primarily controlled by the size of the largest transported grains, such that H ≈ D100t; this is the largest grain size available only in fully competent formative flows (D100/hc < 1.3). This conclusion is supported by the observation of Weichert et al. (2008) that steps became larger and more distinct when formative flows were fully competent.

Given that D100t is the system length scale that primarily controls step height, we can normalise by this length scale and examine variation in H/D100t to determine secondary controls on step height. Dimensionless step height can be modelled as:

H/hc = (D100t/hc) (H/D100t)







[12]
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Figure 5. Step height analysis in available experimental data: A) and B) Dimensional step height; C) Step height normalised by the diameter of the largest transported grains as a function of formative roughness. The line is a power law regression fitted to the Series A data of Comiti et al. (2009b); D) Step height normalised by critical flow depth as a function of formative roughness, showing equations modelling dimensionless step height in fully competent and partially competent formative flows. See Discussion for explanation of H/hc = 1.1 line and arrowed points; the labels refer to run numbers of Comiti et al. (2009b); E) Data of Curran & Wilcock (2005).
where the first term on the right hand side reflects the primary control of step height by the size of the largest transported grains, and H/D100t reflects secondary controls on step height. Critical flow depth hc is used here as a system length scale because D100t/hc and D100/hc have physical significance in relation to flow competence [Equations 4 & 5]. Equation [12] will have different forms in partially and fully competent formative flows because D100t/hc behaves differently in the two types of formative flow.

In partially competent formative flows (D100/hc > 1.3), H/D100t increases slowly but systematically with increasing formative roughness D100/hc (Figure 5C) as seen in the series A experiments of Comiti et al. (2009b). There is no evident trend in series B because of the noise in D100t, which is greater than the size of the effect in series A. A power law curve fitted to the series A data of Comiti et al. (2009b) gives:

H/D100t = 0.75(D100/hc)0.21







[13]

Substituting [13] into [12], and setting D100t/hc = 1.3 [4], gives for partially competent formative flows:

H/hc = 0.98(D100/hc)0.21







[14]

This result indicates that there is an effect of formative discharge on step height in addition to its effect on D100t in partially competent formative flows. There is currently insufficient data to calibrate Equation [12] for fully competent formative flows. Consequently, in such flows we assume that H/D100t = k, where k is a constant. From [12]:

H/hc = k(D100t/hc) = k(D100/hc)







[15]

Equating [14] and [15] at the transition from partially to fully competent formative flows (D100/hc = 1.3) gives k = 0.80. Equations [14] and [15] are shown in Figure 5D along with available experimental data. Figure 5D includes the data of Whittaker & Jaeggi (1982), although the step height data of these authors is indicative only. In addition to the problems already noted concerning step height data from this study (see Data Sources, Filtering and Pre-Processing), the zero-crossing step detection method used by Whittaker & Jaeggi (1982) becomes particularly problematic in partially competent formative flows, where H ≈ D100t < D100 and steps essentially begin to disappear against the background of grain roughness. This step detection method overestimates step height in such formative flows as the largest grains are misidentified as steps.

Step height is not a function of sediment feed rate (Figure 5E). Although high transport rates may inhibit step-pool formation (Grant & Mizuyama 1992, Parker 1996, Wang et al. 2004), it seems that provided step-pools do form, step height is not affected by sediment supply.

Step Spacing
In this section, controls on step spacing are investigated, and the antidune (Whittaker & Jaeggi 1982), upstream-forced standing wave (“dune” mechanism of Curran & Wilcock, 2005), simplified cascade (Allen 1983) and upstream-forced cascade (Marion et al. 2004, Comiti et al. 2005) mechanisms of step formation, and the maximum flow resistance (Abrahams et al. 1995) model of step spacing are tested. The quantitative predictions of these hydraulic models are described below. The jammed state hypothesis (Church & Zimmerman 2007, Zimmerman 2009, Zimmerman et al. 2010) does not make quantitative predictions of step spacing but a qualitative step spacing prediction is inferred below and tested. There is no published prediction of mean step spacing according to substrate-based step formation mechanisms (although Curran & Wilcock, 2005 and Curran, 2007 develop predictions of the frequency distribution of the spacing of steps). However, a qualitative prediction of variation in mean step spacing according to substrate-based mechanisms is developed and tested in the Discussion herein.

According to the antidune and upstream-forced standing wave mechanisms, step spacing is given by the minimum wavelength  of standing waves (Kennedy 1963):

 = 2U2/g









[16]

Froude number Fr is given by:

Fr = U/(gh)1/2









[17]

In [16] to [19], U, h and Fr represent generic reach-average values, whereas elsewhere herein they represent formative flow final reach-average values. From continuity,

q = (ghc3)1/2 = Uh








[18]

Combining [16], [17] and [18], the dimensionless minimum spacing of standing waves /hc can be expressed as:

/hc = 2Fr4/3









[19]

Thus, the antidune and upstream-forced standing wave mechanisms predict that step spacing scales with critical flow depth for a given formative flow Froude number. The spacing of steps according to the simplified cascade model (Allen 1983) also scales with critical flow depth:

L  0.15hc/S,









[20]

from which

L/hc  0.15/S.









[21]

The upstream-forced cascade model makes five quantitative predictions about step spacing:

(i) The experimentally-derived criterion for interfering scour pools L/Hs < 15, equivalent to L/hc < 22.5 (specific energy Hs = 1.5hc).





[22]

(ii) L/E is a function of z/hc such that L/E < 2 for z/hc > 2, L/E ≈ 3 for 1 < z/hc < 1.5, and L/E ≈ 6 for 0.5 < z/hc < 1, where E = 1.5hc + z. This relationship reflects the effect of step submergence (as measured by z/hc) on scour pool length.


[23]

(iii) The relationship between step height and drop height H/hc = 1.24z/hc + 0.94, 
where

z = LS.









[24]

(iv) H/LS = 0.89S-0.46








[25]

(v) H/LS = (cS+1)/cS, where c is a pool shape factor with a best fit value c ≈ 7.
[26]

Relationship [22] was derived experimentally by Marion et al. (2004), and relationships [23] to [26] were derived from data from natural step-pools and check dams by Comiti et al. (2005). Relationships [22] and [23] essentially predict that step spacing scales with critical flow depth hc. Critical flow depth is a length scale expressing both the physical size and specific energy of a critical or transcritical flow, and the unit discharge of flows in general [Equation 18]. Relationship [24] predicts that step spacing scales with step height. Relationships [25] and [26] predict that the step spacing parameter H/LS is a function of slope, rather than a universal constant with a value 1 < H/LS < 2 independent of slope as predicted by Abrahams et al. (1995) in their maximum flow resistance model. If jamming was an important step formation mechanism, relatively large boulders in narrow channels (low jamming ratio W/D100) would be expected to have a high probability and spatial frequency of jamming and step formation, and therefore a low step spacing. Consequently, dimensionless step spacing should be positively correlated with jamming ratio according to the jammed state hypothesis.
Step spacing L is typically normalised by channel width (e.g. Grant et al. 1990, Montgomery et al. 1995, Billi et al. 1998, Chin 1999a, Thomas et al. 2000, Jackson & Sturm 2002, Wooldridge & Hickin 2002, Curran & Wohl 2003, Gomi et al. 2003, Zimmerman 2009, Billi et al. 2014). However, a direct control of step spacing by channel width has never been demonstrated, and therefore such normalisation is ad hoc. The rescaling of step spacing from flume to field scale according to grain size (Rosport & Dittrich 1995) is similarly without basis. We begin by examining empirical evidence as to whether critical flow depth, channel width, maximum grain size or step height is the system scale that primarily controls step spacing, and by which step spacing should therefore be normalised. Available experimental and field step spacing data from formative flows were plotted as a function of these variables (Figures 6A to 6D). Overall, step spacing scales closely with the first three of these variables (Figure 6A to 6C), which therefore potentially exert a primary control. There are insufficient data properly to test the scaling of step spacing with step height, although the available data are consistent with such a scaling (Figure 6D).

The difference between hc, W and D100 as explanatory variables is that hc varies with formative discharge within studies (or within series within studies where applicable), while W and D100 do not. Consequently, hc may act as a surrogate for some other quantity that also varies with formative discharge and which is a secondary control of step spacing. That is to 
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Figure 6. Dimensional step spacing analysis: A) to D) Step spacing as a function of potential primary control variables in available field and experimental data; E) to H) Step spacing as a function of critical flow depth within series: E Data of Comiti et al. (2009b), F-H Data of Zimmerman (2009) where series are referred to as “experiments”. The lines in E-H connect runs within series in order of increasing formative discharge.

say, critical flow depth may confound two separate effects on step spacing as a result of covariation. There is often a complex relationship between L and hc within experimental series. In both series of Comiti et al. (2009b), L first decreases, and then increases, with increasing hc (Figure 6E). In the data of Zimmerman (2009), this relationship is less pronounced: some experimental series (referred to as “experiments” by Zimmerman, 2009) demonstrate a concave-up relationship between L and hc, or have an inverse correlation between them (Figures 6F and 6G), while others (Figure 6H) are approximately linear and follow the overall positive correlation between L and hc (Figure 6A). This complex behaviour suggests the existence of two regimes of variation in step spacing as a function of formative discharge: at low formative discharges L decreases with increasing hc, while at high formative discharges L increases with increasing hc. Series that do not display both types of relationship (in other words, are not U-shaped) are interpreted herein as being incomplete in the sense that they contain runs from an insufficiently wide range of formative discharges to exhibit both regimes of variation in step spacing. Given the overall positive correlation between step spacing and critical flow depth (Figure 6A), this complex behaviour within series further suggests that critical flow depth, as well as being a potential primary control on step spacing, is acting as a surrogate for some other quantity that varies with formative discharge and which is a secondary control on step spacing. Appropriate normalisation of step spacing is necessary to collapse the relationship between these variables (Figures 6E to 6H) to a single curve.

To examine further the relevant system length scale for normalising step spacing, the latter was normalised by critical flow depth, channel width and maximum grain size, and plotted as a function of the dimensionless potential secondary control variables: (1) formative roughness D100/hc and; (2) jamming ratio W/D100 (Figure 7). The step spacing data of Zimmerman (2009) behave differently to all other available experimental and field data. Specifically, firstly, in the data of Zimmerman (2009) the best collapse is achieved by normalising L by W and plotting as a function of D100/hc (Figure 7A), while in all other available experimental and field data, the best collapse is achieved by normalising L by hc and plotting as a function of D100/hc (Figure 7B). Secondly, in the data of Zimmerman (2009), L/W is a well defined but weak function of both D100/hc (Figure 7A) and W/D100 (Figure 7D), while in all other available data L/W is poorly collapsed as a function of D100/hc (Figure 7A) and is a stronger function of W/D100 with a reversed trend (Figure 7D). This result shows that, to a first approximation, L/W is constant in the data of Zimmerman (2009), but not in all other available data. Thirdly, all three dimensionless measures of step spacing (L/hc, L/W and L/D100) are different functions 
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Figure 7. Dimensionless step spacing analysis: A) to C) Step spacing normalised by three potential primary control variables as a function of formative roughness. The data of Comiti et al. (2009b) are shown with lines connecting runs within series in order of increasing formative discharge; D) to F) The same dimensionless step spacing measures as a function of jamming ratio; G) The same data as B, excluding that of Zimmerman (2009) for clarity.

of W/D100 in the data of Zimmerman (2009) compared with all other available data (Figures 7D to 7F). Collectively, these three differences indicate that there is a greater degree of proportionality between L and W in the data of Zimmerman (2009) than in all other available experimental and field data. Fourthly, the centroid of the distribution of all three dimensionless measures of step spacing in the data of Zimmerman (2009) is below that in all other available data (Figures 7A to 7F), indicating that the step spacing values of Zimmerman (2009) are generally low compared with other available data. The exception to this is L/W (Figures 7A and 7D), where the data of Zimmerman (2009) generally lie above available field data (Lenzi 2001, Billi et al. 2014); this exception is discussed below. We conclude that the “scale-free” rule-based step detection algorithm (Zimmerman et al. 2008, Zimmerman 2009) used by Zimmerman (2009) biases step spacing low compared to visual step detection and introduces a spurious proportionality between L and W as an artefact of the algorithm. The reasoning behind this conclusion is given in the supplement to the present paper. For this reason, the step spacing data of Zimmerman (2009) are excluded from further analysis.

Of the dimensionless step spacing plots as a function of jamming ratio (Figures 7D to 7F), only  L/W vs W/D100 (Figure 7D) illustrates a well defined relationship in available data excluding that of Zimmerman (2009). However, dimensionless step spacing is inversely correlated with the jamming ratio (Figure 7D) and this relationship is the opposite to that which would be expected if jamming was an important step-forming mechanism. Available dimensionless step spacing data therefore do not support the jammed state hypothesis. Furthermore, the data are not properly collapsed in Figure 7D: the field data (Lenzi 2001, Billi et al. 2014), which come from much wider channels than the experimental data, are at the high W/D100, low L/W end of the data distribution, suggesting that the data are not appropriately normalised (i.e. not scale-free). This conclusion is supported by the observation, noted above, that L/W values in field data lie below those of Zimmerman (2009) as a function of D100/hc (Figure 7A), despite the generally low step spacing values of the latter author. We conclude that step spacing does not scale with channel width. The trend evident in Figure 7D is probably the result of spurious correlation.
Normalising step spacing by critical flow depth and plotting as a function of formative roughness (Figure 7B, re-plotted in Figure 7G excluding the data of Zimmerman, 2009 for clarity) results in the best collapse in available data. In addition, the field data are well within the distribution of experimental data, indicating that the data are rescaled properly by normalising both step spacing and maximum grain size by critical flow depth. This result suggests that: (1) step spacing scales with and is primarily controlled by critical flow depth, and; (2) for a given critical flow depth, step spacing varies with formative roughness D100/hc or some other dimensionless quantity for which D100/hc acts as a surrogate. This variation (2) is likely the cause of the complex behaviour described above in L as a function of hc (Figures 6E to 6H), and indicates that D100/hc, or a quantity for which it acts as a surrogate, exerts a secondary control on step spacing. This relationship (Figure 7G) also shows the two regimes of behaviour of step spacing observed above in dimensional data (Figures 6E to 6H): at high formative roughness (region 1: D100/hc > 1.75), L/hc decreases rapidly with decreasing D100/hc, while at low formative roughness (region 2: D100/hc < 1.75), L/hc ~ 8. These two regimes of  step spacing behaviour are interpreted herein as indicating the existence of two mechanisms of step-pool formation, which operate at different values of formative roughness D100/hc (or some other dimensionless quantity for which D100/hc acts as a surrogate). This conclusion indicates that  hydraulic conditions determine both step spacing and which step formation mechanism is operative.

Having established the system length scale that probably exerts a primary control on step spacing and with which step spacing is therefore best normalised, we move on to testing the quantitative predictions of step formation mechanisms described at the beginning of this section. Available dimensionless step spacing data L/hc are better collapsed, and the two step spacing behaviour regimes better distinguished, as a function of formative flow final Froude number Fr (Figure 8A) than as a function of D100/hc (Figure 7G). This result suggests that the main secondary control on step spacing is in fact formative flow final Froude number rather than formative roughness; on this interpretation, D100/hc in Figure 7G is acting as a surrogate for Fr. The intermediate formative discharge data of Whittaker & Jaeggi (1982) form a group of outliers (circled, Figure 8A), probably because the Fr values of these runs are in error (see Data Sources, Filtering & Pre-processing). Dimensionless step spacing L/hc (Figure 8A) is greater than minimum antidune spacing but decreases rapidly with increasing Fr for Fr < 0.9 (region 1: approximately defined by D100/hc > 1.75). In contrast, L/hc is a weak function of Fr and is close to minimum antidune spacing (Kennedy 1963) for Fr > 0.9 (region 2: D100/hc < 1.75). This result suggests that within region 2, antidunes and/or upstream-forced standing waves play an important role in step formation, and provides support for these theories of step formation for formative flows with relatively high final Froude numbers.
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Figure 8. Tests of step spacing predictions of step formation mechanisms: A) Test of the prediction of equation [19]; B) Correlation between formative flow final Froude number and formative roughness. In A) and B), the data of Comiti et al. (2009b) are shown with lines connecting runs within series in order of increasing formative discharge, and the circled points are the medium formative discharge data of Whittaker & Jaeggi (1982), considered to be in error (see text). In A) the labels denote run numbers of Comiti et al. (2009b). In B) available field data for less than formative discharges and data of Breakspear (2008) for antidunes are also shown; C) to F) Tests of the predictions of equations [21] to [26]. Data in C-F are based on all final slope data (not filtered for S = Slim).

The final Froude number of formative flows is correlated with formative roughness (Figure 8B), demonstrating that D100/hc can act as a surrogate for Fr, as interpreted above. In Figure 8B, regions 1 and 2 of dimensionless step spacing behaviour are represented by the lower right and upper left quadrants respectively formed by the lines Fr = 0.9 and D100/hc =1.75. Once again, the intermediate formative discharge data of Whittaker & Jaeggi (1982) are outliers (circled), supporting the interpretation that the Fr values of these runs are in error.  Some of the data of Zimmerman (2009) also lie well below the overall trend of the data in the bottom left quadrant and the reason for this is not clear.

Included in Figure 8B are the  experimental data of Breakspear (2008), who produced antidunes but not step-pools, and available field data for step-pools (Zimmerman 2001, Curran & Wohl 2003, MacFarlane & Wohl 2003), which are from flows lower than formative discharge. Fr in the case of the data of Breakspear (2008) and the field data is therefore not a final formative flow Froude number measured after the bed stabilised, as it is in all other data. Similarly, D84step/hc values in the case of field data (used as a surrogate for D100/hc) are not formative roughness as they are in data from experimental step-pools. Despite these considerations, the data of Breakspear (2008) and the field data are broadly consistent with the relationship evident in step-pool experimental data, indicating that this relationship is a general one, holding for formative and less than formative flows over step-pools, and for flows over step-pools and antidunes. Froude number is a power law function of formative roughness with a power of approximately -1 for D100/hc > 1.75, while Froude number appears to be a weaker function of D100/hc for D100/hc < 1.75, The change in gradient at D100/hc ~ 1.75 (Figure 8B) coincides with the transition between regions 1 and 2 of step spacing behaviour (Figure 7G) and is evidence for an important change in the hydraulics of flows forming step-pools at this transition. The change in gradient also supports Grant’s (1997) hypothesis that flows are constrained to a near-critical state independent of slope in steep channels.

Although dimensionless step spacing L/hc is consistent with the condition [21], there is no evidence that this condition represents a lower bound to the data, or that there is any relationship between L/hc and channel slope (Figure 8C). The data do not therefore support Allen’s (1983) simplified cascade model. Similarly, there is no evidence that condition [22] represents an upper bound to dimensionless step spacing values (Figure 8C). Available field and experimental data do not satisfy relationship [23] (Figure 8D), and are generally well below equation [24] (Figure 8E). Available field and experimental data also lie below equations [25] and [26] (Figure 8F) and therefore do not support the upstream-forced cascade model (Marion et al. 2004, Comiti et al. 2005). H/LS frequently varies outside the range of 1 to 2 (Figure 8F) proposed by Abrahams et al. (1995) to represent  maximum resistance to flow and a state to which step-pool channels tend. Moreover, H/LS is a function of slope rather than a universal constant, a result that has been found previously. Available data therefore do not support the maximum flow resistance model of Abrahams et al. (1995). In Figures 8C to 8F (which involve channel slope) data from all experimental runs are used, not just those in which S = Slim.
Discussion
Step Spacing, Formation Mechanisms & Associated Flow Regimes
The step spacing predictions of the simplified cascade model, the upstream-forced cascade model, the maximum flow resistance model and the jammed state hypothesis have been tested  and found not to fit available experimental and field data from flows forming step-pools. Furthermore, there is little evidence that the jamming ratio affects stability in experimental step-pool channels as would be expected if jamming was an important step-forming mechanism. We therefore consider these step-forming models to have been falsified. However, step spacing  data (Figure 8A) do support the antidune and upstream-forced standing wave mechanisms for final formative flow Froude number Fr > 0.9. Below, we consider from first principles how step spacing would be expected to vary according to the remaining class of step-forming mechanisms, substrate-based mechanisms. We also consider the hydraulic conditions in which the antidune, upstream-forced standing wave and substrate-based mechanisms would be expected to operate and test these step spacing and hydraulic domain predictions against the data in Figure 8A. We use the conclusions to develop a generalised unified model of step formation mechanisms and formative flow regimes.
The substrate-based step formation mechanisms view step formation as a stochastic process, but predict that step spacing would be at least partly hydraulically controlled. Step formation by deposition of keystones at rough patches on the bed or at obstacles (Curran & Wilcock 2005, Curran 2007), or by deposition of large grains against immobile keystones (Zimmerman & Church 2001, Crabbe 1998, Wang et al. 2004, Weichert et al. 2008, Saletti & Hassan 2020a, b) requires that the deposited keystones and other large grains first be transported. Similarly, exhumation of keystones (Curran & Wilcock 2005, Curran 2007) requires erosion by the formative flow. These processes are mediated by flow competence and flow transport capacity. At very high formative roughness therefore, step formation is limited by the availability of both transported and exhumed keystones, and of large transported grains to deposit against immobile keystones, and the effect of decreasing formative roughness is to increase the availability of such grains, which are essential to step formation, and therefore to increase spatial frequency of step formation. Thus, starting from a low formative discharge within a given system, dimensional step spacing L should decrease with increasing formative discharge (increasing hc), and therefore dimensionless step spacing L/hc should decrease rapidly with decreasing formative roughness and increasing final formative flow Froude number Fr. However, at higher formative discharges within the same system, particularly as full competence is approached, further increases in formative discharge, as well as increasing the availability of grains essential to step formation, also reduce the likelihood of: (1) keystones being deposited; (2) large grains being deposited against immobile keystones; and (3) any grains (whether or not exhumed) being immobile, as a result of high flow competence. All three of the latter processes militate against substrate-based step formation mechanisms, and act to cancel out the effect of the increased availability of grain types essential to step formation. In other words, at high formative roughness, step formation by substrate-based mechanisms is limited by the lack of flow competence and transport capacity (low step-forming grain availability), whereas at low formative roughness approaching full competence, it is limited by an excess of competence and transport capacity (low probability of deposition or immobility of step forming grains). The decrease in dimensionless step spacing with decreasing formative roughness (increasing Fr) at high formative roughness would therefore be expected to slow and level off as the state of full competence is approached as a result of saturation of the frequency of step formation via substrate-based mechanisms. Substrate-based step formation mechanisms are therefore consistent with the variation in dimensionless step spacing in region 1 (Figures 7G and 8A) and therefore are probably active in that region.

The logic of the preceding argument is that step formation via substrate-based mechanisms must be unlikely in region 2 of dimensionless step spacing behaviour, particularly in fully competent formative flows (D100/hc < 1.3); ultimately high flow competence and transport capacity win in the competition between effects controlling step formation frequency via substrate-based mechanisms described above as formative roughness decreases and Fr increases. In contrast, antidune formation becomes increasingly likely because antidunes occur in flows with Froude numbers close to unity, high sediment transport rates, relative roughness D100/h < 1, and in which most or all size fractions of bed material are mobile (Recking et al. 2009). Crabbe (1998) and Lee & Ferguson (2002) observed trains of standing waves in formative flows close to the transition between regions 1 and 2 (Fr ≈ 0.9) which were apparently involved in step formation, although the final step spacing was greater than that of the initial standing waves. Parker (1996) found that well developed antidunes evolved into step-pools in a formative flow at the transition between regions 1 and 2. Comiti et al. (2009b) observed a transition in the final flow regime over stabilised beds at high formative discharges. They interpreted this as a transition from nappe flow to skimming flow, but it has been shown (Richardson 2010) that it was more likely a transition to standing waves. The five runs with this high formative discharge flow regime (A7-A8 and B6-B8) were close to the transition between regions 1 and 2 or were within region 2, and had the most well developed step-pools. Rosport & Dittrich (1995) used two sediment mixtures and observed step formation via antidunes in all their runs (which were in the low Fr part of region 2), but found that the mechanism operated differently for the two mixtures. For their material 2 (1.15 < D100/hc < 1.52, the lower range of formative roughness of the two materials) all fractions of the bed material were mobile and the antidune mechanism operated as described previously by several authors (Whittaker & Jaeggi 1982, Grant & Mizuyama 1992, Rosport & Dittrich 1995, Parker 1996) and summarised in the Introduction herein. However, for material 1 (1.54 < D100/hc < 1.63), the largest grains were immobile and the antidune crests were fixed by immobile grains, rather than by clusters of large grains deposited at antidune crests. The antidunes were also less distinct than in runs with material 2. The step formation mechanism in runs with material 1 combines elements of substrate-based mechanisms and the antidune mechanism and we interpret it as a hybrid substrate-antidune mechanism.

Collectively, these observations indicate the importance of antidune formation in the high Fr part of region 1 and in region 2 of dimensionless step spacing behaviour. We suggest that, while substrate-based step formation mechanisms are probably the only type of mechanism active in the low Fr part of region 1, these mechanisms are progressively replaced by the antidune mechanism as formative roughness decreases and Fr increases, with the latter mechanism being dominant throughout region 2. Furthermore, antidunes become increasingly mobile and distinct as Fr increases (Kennedy 1963). Concomitantly, step spacing approaches, and then closely follows, the minimum antidune spacing (Figure 8A). Weichert et al. (2008) observed a transition from a substrate-based step formation mechanism (deposition of grains against immobile keystones) to a different mechanism (deposition and “grouping” of large transported bed elements) as the formative flows became fully competent. Although they did not specify what controlled the location of this grouping, their dimensionless step spacing data (Figure 8A) suggests that it was predominantly antidune development that controlled it, despite their observation that only a few poorly developed standing waves occurred.

Upstream-forced standing waves generated by random obstacles (Comiti et al. 2009b) or isolated steps (Curran & Wilcock 2005, Curran 2007, Comiti & Lenzi 2006) also become increasingly likely with decreasing D100/hc and increasing Fr in region 1, given that they occur in near-critical flows over structures with low drop ratio z/hc. However, in flows dominated by antidunes, upstream-forced standing waves probably merge with or are drowned out by trains of standing waves covering large areas of the channel, and therefore probably become less likely in region 2. As far as the process of step formation is concerned, the upstream-forced standing wave mechanism is identical to the antidune mechanism. The only difference is the origin of the standing waves: pre-existing upstream drops or obstacles in the case of the upstream-forced standing wave mechanism, and spontaneous standing waves in the case of the antidune mechanism. For these reasons, we consider the upstream-forced standing wave mechanism to be part of the transition from substrate-based mechanisms to the antidune mechanism with increasing Fr rather than a distinct step formation mechanism. This interpretation is consistent with the fact that Curran & Wilcock (2005) and Curran (2007) observed the upstream-forced standing wave mechanism operating simultaneously with substrate-based mechanisms in region 1. Similarly, the hybrid substrate-antidune mechanism described by Rosport & Dittrich (1995) for material 1 can be seen as part of this transition in step formation mechanisms rather than a step formation mechanism in its own right.
The step-pool formation mechanisms operative under different hydraulic conditions can be explained by the concept of relative flow competence, which we define as the ratio of the maximum instantaneous streamwise fluid force applied to the largest grains in transport to the maximum counter-streamwise force that can be applied by the bed in resisting the transport of those grains. Thus, relative flow competence is a combination of flow and substrate properties, and a decrease in it locally below unity (leading to the deposition of the largest grains in transport) can be the result of a reduction in mean flow velocity or turbulence intensity, or an increase in bed roughness or the presence of an obstacle or adverse slope. Relative flow competence varies spatially due to flow non-uniformity, bed topography and variation in bed characteristics. Step formation, whether by a substrate-based mechanism or the antidune mechanism, is initiated by the deposition of the largest grains in transport, either as keystones or deposited against immobile or exhumed keystones, at local relative flow competence minima. Weichert et al. (2008) noted that “steps form where and when favourable conditions for an accumulation of the larger bed elements exist”. Thus, step formation requires a discharge sufficient to transport grains large enough to become step keystones or to be deposited against immobile or exhumed keystones, but not so great that local relative flow competence minima low enough for the deposition of these grains are absent.

The discussion above regarding the competing effects of sediment transport and deposition as formative roughness decreases indicates that in the high Fr part of region 1, substrate-based step formation mechanisms increasingly are inhibited by a lack of sufficiently low local relative flow competence minima as formative roughness decreases. However, standing waves generate local relative flow competence minima under their crests as a result of the locally lower mean flow velocity, and this explains why the antidune step formation mechanism replaces substrate-based mechanisms in formative flows with near-critical final Froude numbers: not only do standing waves become more common as formative roughness decreases, but they also provide the necessary local relative flow competence minima that would otherwise disappear in an increasingly mobile bed. Thus, standing waves effectively extend the range of hydraulic conditions under which step-pools form into lower formative roughness values and higher values of Fr by generating regions in which the flow is not quite fully competent in a flow which would be fully competent everywhere if it was uniform. The main difference between substrate-based mechanisms and the antidune mechanism is the cause of the local relative flow competence minima at which steps are initiated: bed topography, obstacles or roughness, and spatially periodic flow non-uniformity respectively.

Crabbe (1998) and Lee & Ferguson (2002) observed trains of standing waves during step formation, but did not attribute the step formation to them because the spacing of the steps was two to three times greater than that of the preceding standing waves. However, the spacing of steps measured by Grant & Mizuyama (1992) was generally greater than the minimum antidune spacing of Kennedy (1963), even though these authors observed steps forming from antidunes directly. Conversely, Weichert et al. (2008) found that the spacing of their steps was close to the minimum antidune spacing even though they had not observed standing waves during step formation, and concluded that a measured step spacing close to the minimum antidune spacing was not necessarily evidence to support the antidune theory. Mean step spacing can be greater than that predicted by the minimum antidune spacing even if the antidune mechanism alone is active because: (1) antidunes can have a spacing greater than the minimum spacing if their location is forced by immobile or stalled clasts (Whittaker & Jaeggi 1982, Rosport & Dittrich 1995); (2) antidunes could become anchored at some Froude number greater than the final Froude number, and therefore at some spacing greater than that predicted by Equation [19] based on final Froude number (Figure 8A) if the Froude number decreases during step formation (e.g. Whittaker & Jaeggi 1982, Chin & Phillips 2007, Wang et al. 2004, 2009); (3) not all antidunes lead to the development of a step (Crabbe 1998, Lee & Ferguson 2002, Curran & Wilcock 2005); (4) steps can be destroyed before the bed stabilises (Whittaker & Jaeggi 1982, Rosport & Dittrich 1995, Crabbe 1998, Weichert et al. 2008, Zimmerman 2009, Saletti & Hassan 2020); (5) in natural channels, formative flows may not persist long enough for minimum equilibrium antidune spacing to develop. 

For these reasons, variation in step spacing can have a large stochastic element even if the antidune mechanism is dominant. There is also complex systematic variation in step spacing with varying hydraulic conditions (Figures 7G and 8A) due to variation in the prevalence of two different classes of step formation mechanism. It is therefore impossible to draw conclusions regarding step formation mechanisms based on the degree of fit between measured step spacing and predicted antidune spacing from a limited range of formative roughnesses or a limited number of formative flows such as that typical of individual experimental studies. However, when available data from a wide range of formative roughness values are combined (Figures 7G and 8A), the trend in measured dimensionless step spacing provides strong evidence for a progressive increase in the importance of the antidune step formation mechanism in region 1 as Fr increases, and for its dominance in region 2.
Traditionally, step-pool studies have implicitly assumed that one step formation mechanism operates in all circumstances, and each study has advanced evidence supporting one particular mechanism, although Curran & Wilcock (2005) and Curran (2007) are notable exceptions. However, recent studies (Golly et al., 2019, Saletti & Hassan 2020a, b, Wang et al., 2021 have emphasised the importance of considering different mechanisms operating simultaneously but in different locations within a reach determined by channel width variations. This study extends this approach and provides a unifying theory for substrate-based mechanisms, the antidune mechanism, and mechanisms identified herein as transitional between them. These mechanisms can operate under the same hydraulic conditions (upper part of region 1), potentially simultaneously in the same reach. The antidune and substrate-based mechanisms can also operate separately under different hydraulic conditions (region 2 and lower part of region 1), either in separate reaches, in a single reach with width variations, or in a single reach as discharge changes. Partially competent formative flows (D100/hc < 1.3) effectively model the development of semi-alluvial step-pools, and therefore the present study  also provides a unifying framework for  understanding alluvial and semi-alluvial step-pools.

One would expect a trend of decreasing stochastic variation, and therefore increasing regularity, in step spacing to accompany the trend in mean dimensionless step spacing with increasing final formative flow Froude number (Figure 8A) because step formation mechanisms which construct steps at random locations (the substrate-based mechanisms) are gradually replaced by a hydraulic step formation mechanism which constructs steps at spatially periodic locations (the antidune mechanism) as Fr increases. Although stochastic variation in step spacing can be high even under the influence of the antidune mechanism as noted above, the trend in mean step spacing, which approaches and then follows the predicted minimum antidune wavelength as Fr increases (Figure 8A) implies an increasing degree of hydraulic control of step spacing, which in turn implies an increasing regularity in step spacing, with increasing Fr. An increase in regularity and hydraulic control of step spacing would be expected because antidunes become more mobile and more distinct with increasing Fr. This study therefore also provides a unifying theory explaining field observations that step-pool sequences can be highly irregular (Wertz 1966, Madej 2001, Zimmerman & Church 2001, Curran & Wilcock 2005, Zimmerman et al. 2010, Molnar et al. 2010), or can possess a degree of regularity (Hasegawa et al. 1990, Chin 2002,  Wooldridge & Hickin 2002, Curran & Wohl 2003, Carling et al. 2006, Milzow et al. 2006, Chin & Phillips 2007, Gao & Chen 2012). It also explains why observed periodicities are weak (Gao & Chen 2012).

The transition in dominant step-forming mechanism with increasing Fr proposed herein necessarily involves an associated transition in dominant flow regime during step formation from tumbling flow (which we consider synonymous with nappe flow in the context of step-pools) to standing waves. This  conclusion is supported by the observations of standing waves in flows forming step-pools noted above and the studies wherein formative flows were in region 1 (Figure 8A) and in which tumbling flow was observed (Curran & Wilcock 2005, Comiti et al. 2009b: runs A1-A6 and B1-B5). However, several studies observed tumbling flow developing from standing waves during the process of step formation (Grant & Mizuyama 1992, Parker 1996, Crabbe 1998, Lee & Ferguson 2002), suggesting that the final flow regime over the stabilised bed may be tumbling flow even when the antidune step formation mechanism is dominant. Indeed, Grant & Mizuyama (1992) considered hydraulic jumps below steps to be an essential feature of step formation because they caused scour and enhanced step height. However, hydraulic jumps are not present below every step under formative conditions even where tumbling flow develops from standing waves (Parker 1996, Crabbe 1998). Furthermore, the transition in final flow regime observed by Comiti et al. (2009b) as formative discharge increased suggests that tumbling flow is neither essential nor ubiquitous, even in flows forming well developed step-pools. 

Wang et al. (2004) and Weichert et al. (2008) observed that hydraulic jumps occurred below steps only when step height was similar to “local flow depth” such that flow plunged over the step. Local flow depth is an ambiguous variable in non-uniform, rough flows, and critical flow depth might be a more appropriate measure of depth for normalising step height, especially given that flow over the step crest is effectively an unrestricted outflow, and must therefore be critical (Henderson 1966: 29-57). Mean dimensionless step height H/hc < 1.1 (Figure 5D) in runs with the high formative discharge final flow regime (supposed herein to be standing waves: runs A7-A8 and B6-B8, arrowed in Figure 5D herein) of Comiti et al. (2009b), and H/hc > 1.1 in runs in which the final flow regime was tumbling flow. Similarly, the formative flows of Curran & Wilcock (2005), in which tumbling flow was observed, mostly had H/hc > 1.1. This conformity suggests that H/hc ≈ 1.1 may represent the threshold for a transition in the final flow regime from tumbling flow to standing waves as H/hc decreases. That is to say, in flows forming step-pools where the antidune mechanism is dominant, tumbling flow replaces standing waves as the bed stabilises if H/hc > 1.1, but tumbling flow is drowned out and does not replace standing waves if H/hc < 1.1. Equation [14] indicates that this would be expected to occur for D100/hc < 1.8, in other words, essentially for region 2 of dimensionless step spacing behaviour. However, this estimate is based on the results of only one study (Comiti et al. 2009b) and therefore requires confirmation, and indeed contradicts the results of Weichert et al. (2008), who observed tumbling flow in some formative flows in region 2.

Nonetheless, uncertainty regarding step-pool formation mechanisms remains. Although the correlation between dimensionless step spacing and minimum antidune spacing (Figure 8A) constitutes strong evidence for the prevalence of the antidune mechanism within the specified hydraulic domain, it does not necessarily indicate a causal relationship between the flow structure associated with antidunes and the formation step-pools.  Furthermore, although the role of mobile and static clasts in the formation of steps is a significant focus of this and prior studies, step-pools form in bedrock and soil where, in many cases, clasts play no role in step formation; which observation strongly argues for the necessity to develop a unifying hydraulic model that is only moderated by, rather than dependent on, the presence of mobile clasts.  Given the difficulty in conducting hydraulic fieldwork at formative conditions, further flume experimentation over a wide range of formative roughness values in runs long enough to allow the be to adjust to the limiting slope is warranted. In addition, considering recent advances in numerical modelling, computer simulations of the step-pool formation processes might be within reach.
Hydraulic Domains of Step-Pools and Related Morphologies
In this section, we consider the upper and lower formative discharge limits of step-pools and the relationship between step-pools, cascades and antidunes. Comiti et al. (2009b) noted that cascade-type morphologies (Montgomery & Buffington 1997) occurred at low formative discharges in their experiments (runs A1-A4 and B1-B4), and that the most well developed step-pools occurred at the highest formative discharges (runs A7-A8 and B6-B8). These groups of runs are in regions 1 and 2 of dimensionless step spacing behaviour respectively. We therefore propose that region 1 (Fr < 0.9) is the domain of cascade morphologies and relatively poorly developed and poorly organised step-pools, but with step-pools becoming progressively better developed and more organised as Fr increases within region 1 (in conjunction with the transition in dominant step formation mechanism), while region 2 is the domain of well developed step-pools. According to this interpretation, there is no lower formative discharge limit to step-pools; rather, step-pools grade into cascades as formative roughness increases (and Fr decreases). The boundary between regions 1 and 2 is defined by changes in step spacing, and therefore strictly by a final formative flow Froude number (Fr ≈ 0.9), but this boundary can be expressed approximately as a formative roughness D100/hc ≈ 1.75 because of the correlation between D100/hc and Fr (Figure 8B). Given that D100/hc controls Slim, this geomorphological interpretation explains why cascades and step-pools are observed to have different ranges of channel slope (Montgomery & Buffington 1997, Palucis & Lamb 2017). Although it has been observed that natural step-pools do not in general have S = Slim (Figure 4E), one would expect a general trend in channel slope with changes in formative roughness. From the upper bound of limiting slope [7], D100/hc ≈ 1.75 indicates a maximum value of Slim for well developed step-pools of 0.17, close to the observed upper limit of channel slopes for step-pools. If the obscure steps of Ashida et al. (1984) are interpreted as cascades, the data of these authors do not fit the geomorphological interpretation made above, given that all their runs were in region 2 (Figure 8A). However the data of Ashida et al. (1984) do support the idea that a decrease in formative roughness and increase in Fr leads to a progression from cascades to well developed steps.

Curran & Wilcock (2005) used two sediment mixtures and found that in the fine mixture (D100 = 45mm, D100/hc < 0.98 in formative flows) only a few weak steps formed, while in the coarse mixture (D100 = 64mm, D100/hc > 1.1 in formative flows), distinct steps formed readily. Whittaker & Jaeggi (1982) found that, although antidunes formed in all runs, at high formative discharges the antidunes did not become anchored by deposition of coarse grains at antidune crests as they did at lower formative discharges. These un-anchored antidunes persisted as the flow rate was reduced, but had an appearance similar to that of a pool-riffle sequence rather than step-pools at low flow. In terms of the local relative flow competence minima theory discussed above, antidunes remain un-anchored at high formative discharges because the flow competence minima at antidune crests are not sufficiently low to allow the deposition of even the coarsest bed material. The flow data of Whittaker & Jaeggi (1982) indicate that un-anchored antidunes occurred for formative flows with D100/hc < 0.6, while anchored antidunes occurred for D100/hc > 0.8. Weichert et al. (2008) observed step-pools developing in all their bed-forming flows, which had a minimum D100/hc value of 0.71. Although there is overlap in these formative roughness values for flows forming clear steps and flows forming weak or no steps, the above considerations suggest a lower formative roughness limit in the range 0.7 < (D100/hc)lim < 1.0 for step-pools. From the lower bound of limiting slope [7], this indicates a minimum  value of Slim  for step-pools of 0.03, close to the  observed lower limit of channel slopes for step-pools.

The interpretation made herein of step-pool formation mechanisms, combined with the observations of Whittaker & Jaeggi (1982) at their highest formative discharges, suggests that well developed step-pools (region 2 of dimensionless step spacing behaviour) are anchored and immobilised antidunes, while at formative roughness D100/hc < (D100/hc)lim, antidunes remain unanchored and mobile. This interpretation is supported by the continuity of step-pool and antidune data (data of Breakspear, 2008 and low formative roughness data of Whittaker & Jaeggi, 1982 in Figures 4C and 8B herein). This upper formative discharge limit is defined by changes in flow competence, and therefore by a D100/hc (rather than an Fr) value in contrast to the transition between regions 1 and 2 of dimensionless step spacing behaviour. An approximate upper limit to Fr for step-pools probably cannot be identified because of the weak relationship between D100/hc and Fr for D100/hc < 1.75 (Figure 8B).

Grant & Mizuyama (1992) proposed the following hydraulic and sedimentological criteria for step-pool formation:

1. Widely sorted bed material so that the largest grains protrude into the flow to create hydraulic jumps, and so that smaller grains become trapped by larger ones.

2. Near-critical to super-critical flows.

3. Flow close to, but not in excess of, the entrainment threshold for the largest grains.

4. Relative roughness based on the largest grains of about unity so that grains protrude into the flow and create hydraulic jumps.

5. Low sediment transport rates.

This study has not addressed the sorting of bed material so we do not comment on the first condition. The second condition is broadly supported by the results presented herein but expressed in a more gradualistic manner: we suggest that step-pools become increasingly well developed and well organised with increasing formative flow final Froude number within region 1 of dimensionless step spacing behaviour, with well developed step-pools occurring in region 2 (Fr > 0.9). The third condition is supported partially by the results presented herein. Region 2 is approximately defined by D100/hc < 1.75, and the lower  formative roughness limit of step pools occurs in the range 0.7 < (D100/hc)lim < 1.0. Formative flows become fully competent for D100/hc < 1.3; thus formative flows for well developed step-pools must be at least close to the entrainment threshold of the largest grains, but can be in excess of it by a factor of up to 1.9 based on critical flow depth. Combining these two results (and assuming Fr = 1.1 at the lower formative roughness limit of step-pools: Figure 8B) indicates that relative roughness values (based on mean flow depth) have the approximate range 0.7 < D100/h < 1.6 for well developed step-pools, and the results presented herein therefore support the fourth condition.
Grant & Mizuyama (1992) and Parker (1996) found that sediment supply inhibited step-pool formation because grain collisions continuously disrupted clusters of coarse grains that collected at antidune crests. Wang et al. (2004) suggested that step-pools only form where sediment supply is less than transport capacity and net erosion occurs. However, Curran & Wilcock (2005) obtained well developed step-pools under sediment supply rates that varied by an order of magnitude. Saletti & Hassan (2020b) found that sediment supply over a range of feed rates did not inhibit step formation (compared with no feed) at high formative discharges in non-uniform flow, and enhanced step formation at low formative discharges, although the effect was greatest for a moderate feed rate. Thus, the influence of sediment transport rates (condition 5) on step-pool formation remains unclear.

The proposed controls on channel morphology, step-pool geometry, formation mechanism and flow regime during step pool formative events are summarised in Figure 9A. Collectively, these controls provide a method for designing a step-pool reach (Figure 9B) that  mimics natural step-pools, and could have important applications in ecological river restoration and erosion control. The W/D84step test in Figure 9B arises from the fact that large values lead to the development of a step-pool inner channel meandering between bar features (Weichert et al. 2008). The step height specified by equations [14] and [15] relates to the armoured surface that develops in sediment-starved formative conditions, which pertained in the experiments from which data are used herein (except Curran & Wilcock, 2005). Some infilling of pools with fines, reducing H, would be expected following construction.


Figure 9. A) Conceptual flow diagram showing controls on channel slope, channel morphology, step-pool geometry, formative flow regime and step formation mechanism. A dashed line indicates a weak influence; B) Flow diagram illustrating how the results of this study can be used to design an artificial step-pool reach.

Is Particle Jamming a Viable Fluvial Process?
Zimmerman (2009) observed that large transported grains moved down the channel until they touched the flume sidewall. These stones anchored against the banks became the keystones for step development. This observation appears to describe a process of friction between individual large transported grains and the flume sidewalls rather than jamming. Similarly, Zimmerman et al. (2010) stated that “steps formed by the movement of individual grains or groups of two or three grains into channel-spanning chains.” Jamming within the meaning of the jammed state hypothesis is the trapping of objects in an opening too narrow for their joint passage (Church & Zimmerman 2007), grains moving together forming channel-spanning force chains (Zimmerman et al. 2010). Individual clasts that arrive at and are deposited at a step sequentially (even if they are jammed there in the usual sense of the word) are not jammed within the meaning of the jammed state hypothesis, and the jamming of individual clasts has no analogy with granular flows.

The arrangement of groups of boulders in transport into channel-spanning force chains is key to the analogy drawn with granular flows by the jammed state hypothesis. Zimmerman et al. (2010) noted that an assumption of the physics of granular flows that may not hold for step-pool channels was “a continuous movement of grains covering the entire channel width”, although they did not discuss the implications of this difference for the viability of jamming as a fluvial process. Given that it is step keystones that are envisaged as jamming to form steps, the movement of grains covering the entire channel width referred to here is that of keystone-sized boulders. In flume experiments with very low W/D100 values (Zimmerman, 2009 used W/D100 < 2 in some series), it is not unlikely that two large grains may roll together and jam. However, in natural channels, in which typically 5 < W/D84step < 15 (Chin 1999a, Chartrand & Whiting 2000, Lenzi 2002), jamming requires a high concentration of boulders in transport. Such a phenomenon would require immense streampower and would in fact resemble a debris flow. Rare, intense, coarse-grained bedload bursts occur in step-pool channels, and appear to be related to step failure (Saletti et al. 2015). However, such an event is only likely to lead to jamming if the material released by the collapse of the step jams a short distance downstream, before the keystones become dispersed, and therefore this cannot be regarded as a prevalent step formation mechanism. We suggest that the concentration of  boulders in the bedload necessary for jamming as defined by the jammed state hypothesis and the physics of granular flows in channels with W/D84step values typical of natural channels is rarely achieved in fluvial transport.

Palaeohydraulics of Step-Pool Streams

The results presented herein provide a method for estimating the critical flow depth (and therefore unit discharge) of formative flows of step-pool streams. The approximation L/hc ~ 8 holds to within a factor of two in region 2 and the uppermost part of region 1 of dimensionless step spacing behaviour  (the hydraulic domain of the formative flows of well developed step-pools) for almost all available experimental data (Figure 8A).  Measurement of L in well developed step-pool reaches therefore specifies hc to within a factor of two with reasonable confidence, from which unit discharge can be calculated via [18]. Two field studies (Lenzi 2001, Billi et al. 2014) give measured formative discharges for step-pool streams, and their dimensionless step spacing results (Table 6) support this palaeohydraulic approach within the specified margin of error. Note that the discharge estimate of Billi et al. (2014) is approximate, which increases the uncertainty in dimensionless step spacing values.

Table 6. Discharge and step spacing data for natural step-pools with measured formative discharges
	Study and Reach
	Peak Q
	Peak q
	Peak hc
	L
	L/hc

	 
	(m3s-1)
	(m2s-1)
	(m)
	(m)
	 

	Lenzi (2001)
	
	
	
	
	

	N1
	10.4
	1.30
	0.56
	6.8
	12.2

	SP1
	10.4
	1.85
	0.70
	6.32
	8.98

	N2
	10.4
	1.42
	0.59
	8.11
	13.7

	SP2
	10.4
	2.08
	0.76
	5.6
	7.37

	N4
	10.4
	2.22
	0.79
	6.23
	7.84

	SP4
	10.4
	1.48
	0.61
	11.03
	18.2

	N6
	10.4
	2.00
	0.74
	4.5
	6.06

	SP7
	10.4
	1.27
	0.55
	7.56
	13.8

	SP8
	10.4
	1.44
	0.60
	6.43
	10.8

	
	
	
	
	
	

	Billi et al. (2014)
	
	
	
	
	

	1
	2
	0.61
	0.33
	2.4
	7.2

	2
	2
	0.48
	0.29
	3.5
	12

	3
	2
	0.54
	0.31
	2.1
	6.8

	4
	2
	0.48
	0.29
	6.3
	22

	5
	2
	0.50
	0.29
	3
	10

	6
	2
	0.61
	0.33
	1.9
	5.7

	7
	2
	0.61
	0.33
	3.9
	12

	8
	2
	0.43
	0.27
	4.9
	18


Conclusions
The main conclusions of this study are summarised in Figure 9A. Competence in experimental flows forming step-pools is apparently independent of slope and controlled by critical flow depth hc, such that:

D100t/hc = 1.3









[4]

D100t/D100 = 1.3(D100/hc)-1







[5]

From [5], dimensionless maximum grain size based on formative critical flow depth D100/hc, which is equivalently an inverse dimensionless measure of formative unit discharge, controls the fraction of the bed that is mobile in flows forming step-pools. We introduce the term “formative roughness” for D100/hc. Equations [4] and [5] apply only to formative flows that are partially competent (D100t < D100) or just fully competent (D100t = D100), such that D100/hc  1.3. However, D100/hc is an inverse measure of the extent to which the threshold of full competence (D100/hc = 1.3) is exceeded in fully competent formative flows (D100/hc < 1.3).

There is a limiting channel slope Slim that can be stabilised by experimental step-pools, the central tendency of which is given by the Shields-type relationship:

Slim = 0.06(D100/hc),








[6]

with approximate upper and lower bounds given by:

 0.045(D100/hc) < Slim < 0.095(D100/hc).





[7]

Equation [6] is interpreted as a limiting dimensionless force balance equation. It indicates that the stabilising effect of step-pools is comparable to that achieved by replacing the bulk sediment mixture with uniform grains of intermediate diameter D100/2. This effect appears to be due the grains being arranged in stable configurations within step-pools, rather than the energy dissipation (form roughness) of steep-pools, Available experimental limiting slope data do not generally indicate that jamming ratio affects channel stability, and therefore do not support the jammed state hypothesis.
Step height in experimental step-pools is primarily controlled by the size of the largest transported grains, such that H ≈ D100t. This is the largest grain size available only in fully competent formative flows (D100/hc < 1.3), In partially competent formative flows (D100/hc > 1.3), H/D100t increases slowly but systematically with increasing formative roughness D100/hc, which is therefore a secondary control on step height. There is currently insufficient data to test this effect for fully competent formative flows.
Step spacing appears to scale with critical flow depth, which therefore exerts a primary control on step spacing. Dimensionless step spacing data L/hc are collapsed well by formative flow final Froude number Fr, suggesting that the main secondary control on step spacing is Fr. The relationship between L/hc and Fr shows the existence of two regimes of dimensionless step spacing behaviour: L/hc is greater than minimum antidune spacing but decreases rapidly with increasing Fr for Fr < 0.9 (region 1). In contrast, L/hc is a weak function of Fr and is close to minimum antidune spacing (Kennedy 1963) for Fr > 0.9 (region 2). D100/hc can act as a surrogate for Fr in region 1. These two regimes of step spacing behaviour are interpreted as indicating the existence of two mechanisms of step-pool formation, which operate at different formative flow final Froude numbers. This means that hydraulic conditions determine both step spacing and the step formation mechanism that is operative.

Available dimensionless step spacing data do not support the jammed state hypothesis (Church & Zimmerman 2007), the simplified cascade model (Allen 1983), the upstream-forced cascade model (Marion et al. 2004, Comiti et al. 2005) or the maximum flow resistance model (Abrahams et al. 1995). Published descriptions of step formation are not consistent with jamming as defined by the jammed state hypothesis. We also advance a theoretical argument that jamming is not a viable fluvial process.
We argue that substrate-based step formation mechanisms are consistent with dimensionless step spacing data in region 1, and therefore while substrate-based mechanisms are probably the only type of mechanism active in the low Fr part of region 1, these mechanisms are progressively replaced by the antidune mechanism as Fr increases, with the latter mechanism being dominant throughout region 2. This study provides a unifying theory for substrate-based mechanisms, the antidune mechanism, and mechanisms identified herein as being transitional between them. One would expect a trend of decreasing stochastic variation and increasing regularity in step spacing to accompany the transition in step forming mechanism with increasing Fr. Therefore this study also provides a unifying theory explaining field observations that step-pool sequences can be highly irregular, or can possess a degree of regularity. This transition in dominant step forming mechanism necessarily involves an associated transition in dominant flow regime during step formation from tumbling flow to standing waves. However, we suggest that, where standing waves are the dominant flow regime during step formation, the final flow regime over the stabilised bed depends on dimensionless step height H/hc: for H/hc > 1.1 tumbling flow develops from the standing waves, while for H/hc < 1.1 tumbling flow is drowned out and standing waves persist as the final flow regime.

We propose that region 1 is the domain of cascade morphologies and relatively poorly developed and poorly organised step-pools, but with step-pools becoming progressively better developed and more organised as Fr increases (in conjunction with the transition in dominant step formation mechanism), while region 2 is the domain of well developed step-pools. According to this interpretation, there is no lower formative discharge limit to step-pools; rather, step-pools grade into cascades as Fr decreases. The upper formative discharge limit for step-pools is in the range 0.7 < (D100/hc)lim < 1.0. From [7], this predicts that well developed step-pools will occur on slopes in the range 0.03 – 0.17, which is closed to the observed range of slopes of natural step-pool channels. We suggest that well developed step-pools (region 2) are anchored and immobilised antidunes, while at formative roughness D100/hc < (D100/hc)lim, antidunes remain unanchored and mobile.

The results of this study provide a method (Figure 9B) for designing a step-pool reach that mimics natural step-pools and that is stable under a given discharge, and could have important applications in ecological river restoration and erosion control. The results also provide a method for palaeohydraulic estimation in step-pool reaches.
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Notation
Variables refer to reach mean values, where relevant, unless indicated otherwise.
b
Hiding factor in the modified Shields equation to relate the dimensionless shear stress of the grain size of interest to that of the median grain size in a sediment mixture.

c
Pool shape factor in upstream-forced cascade step formation mechanism
D

Grain diameter

Di
Grain diameter of interest in the scaling factor for the Shields equation modified for sediment mixtures
Dj
In general, jth percentile grain diameter; grain diameter for which i percent of grains are finer.

D100

Diameter of the largest grains in the sediment mixture

D100t

Maximum diameter of transported grains

D84step
84th percentile grain diameter of step material, typically equated to step keystone size, and herein used in field data as an effective reach D100 for comparison with experimental data
D100/hc
Formative roughness; equivalently an inverse dimensionless measure of formative unit discharge based on maximum grain diameter

(D100/hc)lim
Lower formative roughness limit of step-pools

E

Formative virtual jet energy, E = 1.5hc + z

Fr

Froude number; in experimental flows forming step-pools, Fr is the 


final Froude number measured after bed stabilisation

g

Acceleration due to gravity

h

Formative average flow depth

hc

Formative critical flow depth

hs

Flow depth at the crest of a drop
H

Step height

Hs

Specific energy

H/L

Step steepness based on reach mean step height and spacing


[image: image44.wmf]i

i

L

H

/


Step steepness based on height and spacing of individual steps; i denotes values for step i

H/LS
Step spacing criterion thought to control flow resistance in step-pools according to the maximum flow resistance hypothesis
L

Step length (spacing) measured between step crests

q

Formative unit discharge

S
Channel slope. In experimental channels, final slope at the end of a step-pool formative event

S0

Initial channel slope at the start of a step-pool formative event

Slim
Step-pool limiting slope; the limiting (stability) channel slope in a step-pool formative event, which is the maximum slope at which the channel can be stabilised under the formative flow by the development of step-pools.

U

Final flow velocity of flows forming step-pools

W

Flow width: in flumes, the flume width; in natural channels, the bankful width

W/D100

Jamming ratio

z

Drop height (vertical drop between step crests), z = LS
(

Minimum antidune spacing

(

Shields’ parameter

(s

The density of sediment grains

(w

The density of water

(

Boundary shear stress

(cr

Critical boundary shear stress for sediment entrainment
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Scale-Free Rule-Based Step Detection Algorithm: Cause of Artefact and Bias in Step Spacing Data

The greater degree of proportionality between L and W in the data of Zimmerman (2009) noted above can be explained in terms of the “scale-free” rule-based step detection algorithm used (Zimmerman et al. 2008, Zimmerman 2009). This algorithm provides automated and objective step detection and measurement. However, the parameters of the algorithm are expressed as multiples or fractions of channel width. Implicit in this specification of parameters is the assumption that the features to which the parameters relate (such as the length of the step face, pool length, residual pool depth and drop height) scale with channel width, and Zimmerman et al. (2008) and Zimmerman (2009) present no evidence to justify this assumption. If any of the step-pool features to which the parameters relate scale with some system length scale other than channel width, the algorithm will not in fact be scale-free. That is to say, specifying the algorithm parameters as multiples or fractions of channel width is identical to assuming that channels that are geometrically similar in longitudinal profile are also geometrically similar in plan view, an assumption that cannot be justified based on present knowledge (see review in Introduction). If this assumption is incorrect, the algorithm will give rise to different numbers of detected steps (with correspondingly different spacing) in channels with geometrically similar longitudinal profiles depending on the width of the channel. In fact, specifying the algorithm parameters in this way creates a self-fulfilling prophecy that step spacing (and indeed all other step-pool dimensions) as measured by the algorithm will scale with channel width. In this case, the relationship between measured step-pool dimensions and channel width is an artefact of the step-detection algorithm. We suggest that this explains the observed difference  between the behaviour of step spacing in the data of Zimmerman (2009) and that of all other available data (Figure 7), and that, in fact, one or more of the algorithm parameters do not scale with channel width, so that the algorithm (as parameterised) is not scale-free. The step detection algorithm used by Zimmerman et al. (2008) and Zimmerman (2009) was calibrated using field data, and therefore applying it to flume data represents an extreme change of scale that is likely to result in large differences in comparison with other step detection techniques if the algorithm is not in fact scale-free.

This interpretation is supported by the fact that each of the 32 series of Zimmerman (2009) consisting of sequentially increasing formative flows began with a prepared plane bed, and yet the step detection algorithm applied to scans of these plane beds (taken before any flow had been applied) detected no steps in only eight series and a total of 98 steps, which must be considered spurious, in the remaining 24 series. The step detection algorithm must also be detecting spurious steps in bed scans taken after flow had been applied, in addition to detecting genuine steps, and this error explains why the step spacing of Zimmerman (2009) is biased low compared with other available data, which has generally been collected using subjective identification of steps.

Physical Justification of Observed Competence in Flows Forming Step-Pools
The result that competence D100t in flows forming step-pools depends on critical flow depth, and therefore unit discharge, only and is independent of slope [equation 4], is contrary to existing widely used transport threshold criteria which are typically based on spatially-averaged critical streampower (e.g. Bagnold 1980) or critical shear stress (Shields parameter). Bathurst et al. (1983) adopted a critical unit discharge approach to flow competence using data from experimental channels with gradients up to 0.09 m/m, but found that critical unit discharge was highly dependent on channel slope. However, it is possible to show from first principles that to a first approximation, flow competence is independent of slope and dependent mainly on critical flow depth where there are emergent and near-emergent grains (D ~ h).

Grains in which D ~ h do not experience the fluid lift and drag forces experienced by grains in a deeper flow, which result from topographically forced fluid acceleration and deceleration over the grains (i.e. the Bernoulli principle) and turbulent wake flow separation respectively within a three dimensional, purely hydrodynamic pressure field without interaction with the free surface (i.e. without gravitationally induced pressure and acceleration). In contrast, a grain in which D ~ h generates a hydraulic jump immediately either upstream or downstream of the grain and either spilling over the grain or subaerial exposure of part of the grain, such that the hydrodynamic pressure field becomes both relatively two dimensional and modified by gravitational effects due to interaction with free surface flow structures. The lift force is absent, and the drag force is modified from the three dimensional deep water case. There will also be an increase in the submerged 
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Figure S1. Definition diagram of variables used in physical justification of flow competence results.
weight of the grain. We suppose that a grain in which D ~ h experiences a streamwise fluid force that essentially derives from the momentum flux of the whole water column incident upon the cross sectional area presented by the grain, and specifically the difference in streamwise momentum flux immediately upstream and downstream of the grain.

If an emergent grain pivots about point P a distance b below its centre of gravity (Figure S1) and is acted upon by a streamwise fluid force per unit width F due to the incident momentum flux of the water column, the moment applied to the grain by the flow is approximately:


FbD  D2,








[S1]

given that b  D, and approximating the submerged cross section of the grain presented to the flow as a rectangle of width D. This is probably a reasonable approximation given that the lower part of the grain will experience hiding by neighbouring grains, and the upper part of the grain is either subaerial or has little discharge over it (D ~ h). The resisting moment due to the submerged weight of the grain is proportional to ma, where m is the mass of the grain and a is the horizontal distance between P and the grain’s centre of gravity (Figure S1), which on average we would expect to follow the relationship:

ma  D4,








[S2]

given that a  D, and m is proportional to grain volume which is proportional to D3. Note that for simplicity this analysis ignores the increase in the submerged weight of the grain due to emergence. Considering a balance between these two moments, the (transport) critical fluid force per unit width required to transport the grain is therefore given approximately by:


Fcr  D4/D2 = D2







[S3]

This force per unit width must be delivered by the streamwise momentum flux per unit width of the water column M, given by:


M = wU2h,








[S4]

where w is the density of water. Substituting q = Uh, hc = (q2/g)1/3 and Fr = (hc/h)3/2 into Equation [S4] and rearranging gives:


M = wghc2Fr2/3







[S5]

Here, Fr is generic flow Froude number. If it is assumed that the difference between the streamwise momentum flux immediately upstream and downstream of the grain, and therefore the streamwise fluid force on the grain, is proportional to the incident streamwise momentum flux, then applying a moment balance to estimate transport critical conditions, from Relationships [S3] and [S5] one can write:


cD2 = wghc2Fr2/3,







[S6]

where c is a constant. From [S6]:


D = (wg/c)1/2hcFr1/3,







[S7]

from which flow competence is directly proportional to hc, weakly dependent on Froude number and independent of slope except insofar as Froude number may be dependent on slope.

The empirical flow competence relationship derived herein [4] is applicable only within restricted hydraulic conditions which can be determined by combining equation [4] with the assumption D ~ h used in the above physical justification. From [4], a given grain is mobile for D/hc  1.3. Interpreting D ~ h pragmatically as h < 1.5D, the result h/hc  1.95 is obtained. Substituting Fr = (h/hc)-3/2, the analysis above predicts relationship [4] to be valid for flows in which Fr  0.37 in which some fraction of the bed material has D ~ h. Furthermore, the flow competence relationship [4] is the entrainment threshold for loosely packed quasi plane beds, in other words the conditions that apply during a formative event after the break up of a pre-existing step-pool system and its associated armour layer (the experimental conditions of Comiti et al. (2009) under which the data from which it was derived were obtained). It does not describe flow competence in a reach with step-pools.
Lamb et al. (2008) conducted an analysis of the forces acting on grains in streams with high relative roughness and concluded that the observed increase in dimensionless critical shear stress with increasing slope is due to a reduction in mean flow velocity and turbulence intensity (which reduces lift and drag forces acting upon grains) within the roughness layer at a given spatially averaged shear stress as relative roughness increases. Despite the assertion of Lamb et al. (2008) that neither the reduction in mean flow velocity nor that in turbulence intensity was caused by an increase in particle form drag elsewhere, this has to be the case. The total spatially averaged boundary shear stress must be expended on the bed as a whole regardless of the mechanisms by which it is transmitted to the boundary, and regardless of the way in which it is partitioned between bed elements. Therefore, if one ignores the drag induced by channel walls and bedforms (which was ruled out as a cause of the increase in dimensionless critical shear stress by Lamb et al., 2008), a decrease in drag acting on one class of grains or on grains in one area of the bed must be accommodated by an increase in that acting on another class of grains or on grains in another area. Thus, the argument of Lamb et al. (2008) that the drag acting on grains in the roughness layer is reduced as relative roughness increases is simply an argument that the drag acting on the largest grains at the top of the roughness layer increases, and therefore that the total boundary shear stress is increasingly preferentially expended on those grains, as relative roughness increases. Such a change is consistent with the argument outlined earlier in this section regarding the hydrodynamics of and forces acting upon grains with D ~  h. An alternative explanation to that of Lamb et al. (2008) then is that the observed increase in dimensionless critical shear stress as slope and relative roughness increase represents a transition from a flow competence relationship based on spatially averaged shear stress (i.e., Shields parameter) at low relative roughness to one based on critical flow depth (i.e. equation [4]) at high relative roughness, and that this happens because shear stress at high relative roughness is not uniformly distributed over the bed, but rather is preferentially expended upon emergent and near-emergent grains.
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