
Published in Geophysical Research Letters 

 

Channel constriction predicts pool-riffle velocity reversals across landscapes 
C.F. Byrne1†, G.B. Pasternack1, H. Guillon1, B.A. Lane2, S. Sandoval-Solis1 

1Department of Land, Air and Water Resources, University of California Davis, Davis, CA, 
USA. 
2Department of Civil and Environmental Engineering, Utah State University, Logan, UT, USA. 
Corresponding author: Colin Byrne (cbyrne@usbr.gov)  

†Now at Technical Service Center, United States Bureau of Reclamation, Denver, CO, USA 
 

Key Points: 
● 702 pool-riffle couplets from a large field dataset were analyzed using a mass and energy 

conservation-based velocity reversal criterion 

● Velocity reversals are relatively infrequent, but comprise more than 50% of couplets with 
riffle-to-pool top width ratios greater than 1.2 

● Velocity reversal pools were almost always found at width constrictions and riffles at 
width expansions, though to a lesser extent 
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Abstract 
Research regarding self-maintenance of pool-riffle river morphology has focused on hydraulics 
within individual pool-riffle couplets. Here we make a scientific leap from one site on river to 
702 pool-riffle couplets across northern California to understand the frequency of the 
foundational velocity-reversal hypothesis. A geometrical, mass and energy conservation-based 
velocity reversal criterion was used to predict the occurrence of a velocity reversal. Only 18% of 
all couplets met the established criteria indicating a velocity reversal. At locations with riffle-to-
pool bankfull width ratios greater than 1.2, more than 50% of couplets met velocity-reversal 
conditions. Velocity reversal pools were almost always (89%) associated with channel 
constrictions while riffles were typically (71%) associated with channel expansions, albeit less 
often. Therefore, across landscapes, it appears channel constrictions propagate velocity reversal 
maintenance. Phasing between width and depth variability is central to fluvial morphodynamics 
and ecology and must be considered in sustainable river eco-engineering. 
Plain Language Summary 

Deep pools and shallow riffles occur in most river systems and are formed through an interaction 
between the water flowing through a river and the sediment it carries and deposits. Several more 
technical hypotheses have been developed as to why pools and riffles form where they do. The 
original hypothesis, called the velocity reversal hypothesis, suggested that while pools 
commonly have slow moving water, at higher flood event flows, pools are subjected to greater 
velocities than riffles, which causes the removal of sediment at the stream bed. While this has 
been shown to only be true in certain circumstances, we sought to quantify how often velocity 
reversals do occur. Due to the large field dataset, this research presented a unique opportunity to 
understand how frequently a river process, such as a velocity reversal, occurs across a landscape. 
We found that velocity reversals are relatively uncommon and occur in only 18% of pool-riffle 
pairs. Where reversals do occur, the river narrows and then widens to a greater degree than other 
locations that are closer to the average width. We suggest that future studies need to focus on the 
prevalence of river processes in rivers for improved river restoration strategies. 

1 Introduction 
Seminal research about river hydraulic geometry determined that central tendencies of 

alluvial river size and shape are highly correlated with the discharge magnitude of frequent 
floods (Ferguson, 1986; Leopold & Maddock, 1953; Park, 1977; Parker, 1979). On the basis of 
that and derivative research, modern physical river science and eco-engineering are dominated 
by theories and practices emphasizing central tendency, ignoring data variability as noise (Chen 
et al., 2014; Doyle et al., 2007). However, rivers exhibit a large array of spatially correlated 
physical processes that depend on river size and shape varying downstream, thus not remaining 
constant at central-tendency dimensions (Kleinhans, 2010; Wilkinson et al., 2008; Wyrick & 
Pasternack, 2014). As near-census (~1 m resolution) topographic datasets equitably representing 
nested scales of variance become ubiquitous, river science must make a paradigm shift away 
from roots in central tendency toward one embracing coherent varying patterns. To highlight the 
importance of variability over central tendency, this study presents a novel analysis of a unique 
regional-scale field-derived geomorphic dataset.  

Many rivers around the world exhibit variability in the form of alternating sequences of 
riffle and pool landforms. The velocity-reversal hypothesis was one of the seminal mechanisms 
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proposed to explain pool-riffle couplet persistence, here termed self-maintenance (Keller, 1971; 
Tinkler, 1970; Yang, 1971). The velocity-reversal hypothesis posits that, compared to riffles, 
pools have lower near-bed flow velocities and shear stresses at low discharges, and greater near-
bed velocities and shear stresses at bankfull discharge (i.e., flow that fill riverbanks). At the 
discharge triggering a velocity reversal, the largest sediment particle size that pools and riffles 
can transport equilibrates and reverses, thus depositing the largest clasts on the riffle, keeping 
riffles topographically high and pools low. This theory originally assumed steady, uniform flow, 
yet by definition riffles and pools have very different hydraulics (Keller, 1971). Keller’s theory 
explores simple fluid effects of varying depth and slope between riffles and pools but ignores 
varying width (Keller, 1971). Generalizing Keller’s theory and holding to the assumption of flow 
continuity between pool and riffle, a cross-sectional velocity reversal is assumed when pool 
cross-sectional area is sufficiently smaller than that of the downstream riffle (Caamaño et al., 
2009; Keller, 1971). 

Since Keller’s original hypothesis, fluvial geomorphologists have debated the physics 
and natural occurrence of velocity reversals (Carling, 1991; Thompson, 2011). Improved and 
alternate theories and mechanisms about pool-riffle maintenance include energy expenditure 
minimization (Yang, 1971), energy expenditure convergence at pools and riffles (Heritage & 
Milan, 2004), flow convergence routing (MacWilliams et al., 2006), grain-size influenced self-
maintenance (Bayat et al., 2017), jet flow (Thompson et al., 1998), turbulence (MacVicar & Roy, 
2007; Thompson, 2007), or a combination of proposed maintenance processes (Thompson & 
Wohl, 2009). Due to the overwhelming evidence of other processes playing a role in pool-riffle 
maintenance in individual situations, the velocity reversal is likely only one of multiple 
maintenance processes within pool-riffle streams. 
1.1 Investigating velocity reversals across landscapes 

Most riffle-pool self-maintenance articles rely on a small number of pool-riffle couplets 
measured in either field, flume, or computational settings. Predominantly, only one to four 
couplets in one reach were explored. Methods and data among studies are not sufficiently 
comparable for meta-evaluation (Gonzalez & Pasternack, 2015). Recently, topo-bathymetric 
LiDAR and multi-dimensional hydrodynamic modeling have yielded a few studies of longer 
sequences of couplets, but still on individual rivers (Strom et al., 2016). Even after 50 years of 
work, the frequency of velocity reversal across a landscape is unknown. Notably, pool-riffle 
streams need not have any self-maintenance at all if pools and riffles are transient, or possibly 
streams could have a variety of self-maintenance mechanisms including velocity reversal. 
Meanwhile, aquatic ecology restoration languishes due to the lack of practical concepts and tools 
for designing dynamic yet self-sustainable alluvial riffle-pool sequences (Pasternack, 2020), 
though recent articles evaluate better ways to institute morphodynamic processes that rejuvenate 
rather than destroy such sequences (Brown et al., 2016; Chartrand et al., 2018; Schwartz et al., 
2015). Still, the critical knowledge gap arising from the lack of meta-synthesis due to 
incommensurate study designs and insufficient regional and continental scales of analysis 
prevents translation of current riffle-pool scientific thinking to river engineering. For example, if 
riffle-pool self-maintenance differs by higher controls such as channel type or valley 
confinement, then self-sustainable river design should focus on them. Our investigation is the 
first to shift focus on a single pool-riffle formational mechanism from a few couplets to 702 
couplets over a large region and ask the following two novel scientific questions: Question 1, at 
bankfull discharge, what is the frequency of cross-sectional velocity reversal conditions in pool-
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riffle couplets across a landscape; and Question 2, if any, which differences in reach or cross-
sectional morphology explain the presence or absence of velocity reversal conditions? 

2 Materials and Methods 

2.1 General methodological approach 

To address Question 1, we performed 171 reach-scale (~10-20 times bankfull width) 
cross-sectional bankfull surveys using a consistent methodology and careful sampling design 
(Byrne et al., 2020; also summarized in Section 2.3). Surveys were conducted throughout 
northern coastal California, which includes the Smith, Klamath, Trinity, and Eel River 
watersheds. Data included 702 pool-riffle couplets across diverse channel types (see Table S1 in 
Supplementary Information). Each couplet was evaluated using a mass and energy conservation-
based velocity reversal criterion (Caamaño et al., 2009), which established a geometric 
methodology to predict the presence of a velocity-reversal (see Section 2.3), and the percentage 
of sites with velocity reversals was subsequently calculated. 

For Question 2, we first analyzed 15 common bankfull channel attributes to determine 
which channel characteristics explain velocity reversal occurrence: reach-averaged depth, pool 
depth, riffle depth, residual pool depth, reach-averaged width, pool width, riffle width, reach-
averaged width-to-depth ratio, riffle-to-pool bankfull width ratio, reach-scale coefficient of 
variation in depth, reach-scale coefficient of variation in width, median reach grain size, 84th 
percentile reach grain size, valley confinement distance, and stream order. For each attribute, 
Wilcoxon rank sum tests were used to assess differences between riffle-pool couplets with or 
without velocity reversal conditions. 

Second, standardized width and elevation of each pool and riffle were calculated in 
comparison to ten other equally spaced cross-sections in the same reach to describe the channel 
as narrower, wider, shallower, or deeper than mean channel reach dimensions. Along reaches 
with more than one pool-riffle couplet, depths and widths of all pool-riffle couplets were 
included in this calculation as well. Standardized width and elevation represent the deviation 
from mean channel conditions and allow comparison across sites. Wilcoxon rank sum tests were 
used to assess differences between pool-riffle couplets with or without velocity reversal 
conditions. 

2.2 Study location 

Northern coastal California is defined by a Mediterranean climate with hot, dry summers 
and cool, wet winters. Rivers in the region generally display flashy hydrographs and flow 
conditions are extremely responsive to storm events which can trigger substantial geomorphic 
work (Sloan et al., 2001). Rivers in the region also have relatively high sediment yields per 
square kilometer (Milliman & Syvitski, 1992). As part of a statewide investigation of reach-scale 
channel types in California, the 171 reach-scale surveys used in this study exist across a range of 
channel morphologies (see Supplementary Information). Regional rivers and their tributaries are 
important refugia for California salmon and steelhead populations (Olson et al., 2012; Power et 
al., 2015). With the exception of the Smith River, which remains undammed and largely 
unimpacted by humans, major anthropogenic influences in the basin include logging, mining, 
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and cannabis cultivation in the predominant mountainous landscapes (Palmer, 2012). In the 
relatively low proportion of upland and coastal valleys, the landscape has been altered for 
agricultural or urban land uses.  

2.3 Site selection and field surveys 

Reach surveys were conducted at 171 locations within the study area. Drainage areas at 
these locations ranged from 1 to 1934 km2, corresponding to first to fifth Strahler-order streams. 
Sites were selected as part of a larger California-wide channel type assessment, which strived to 
sample streams at diverse hydrogeomorphic locations across the state. The methodology used a 
two-tiered stratified sampling approach from 200-m segments of the National Hydrography 
Dataset version 2 (NHD) streamline layer (McKay et al., 2012; Byrne et al., 2020). The 171 
reach surveys used here were part of a larger dataset with 1,012 survey sites. The purpose of the 
stratified sampling approach was to approximate the sediment supply and transport regimes at 
every 200-m stream segment in the state of California using statewide, available datasets. While 
the protocol was developed for the entire state, the protocol was applied within nine management 
regions: Klamath, North Coast, South Fork Eel, North Central Coast, Sacramento, San Joaquin-
Tulare, South Central Coast, South Coast, Southeast California (Figure S1). In this way, we 
hoped to survey diverse channel locations and not just the most common and accessible streams. 
Due to California’s diverse geology and climate only South Fork Eel, North Coast, and Klamath 
regional rivers, here termed northern, coastal California, were included here as to focus on 
predominantly cobble-gravel pool-riffle couplets subjected to similar hydrologic regimes (Lane 
et al., 2018). The following strategy documents the selection of diverse sites across the entire 
state of California, which the 171 sites used here made up less than 20% of the statewide dataset. 

First, estimates of valley confinement and sediment supply were calculated as a proxy for 
potential sediment supply. Valley confinement, here defined as the distance from the nearest 
valley wall (Byrne et al., 2020), was estimated using ESRI’s ArcMap as the perpendicular 
distance between an NHD streamline segment and valley walls on both sides of the segment. The 
value was calculated as the average of four cross-sections along each reach for every 200-m 
stream segment in California. Streams were then binned into confined, partly-confined, and 
unconfined segments based on valley confinement distances <100, 100-1,000, and > 1,000 m, 
respectively. California’s diverse landscape includes numerous mountain ranges and unconfined 
valleys. The total number of streams is exponentially greater in the headwaters (first-order) of a 
drainage network, which, in California, predominantly occur in confined valley settings. Since 
the sampling protocol was developed for a channel type assessment, a purely random sampling 
strategy would not ensure that all types of systems are sufficiently represented to define a 
channel type. Therefore, the purpose of the logarithmic scale of confinement classification was 
to ensure that site selection was balanced across valley settings. Sediment supply was estimated 
using the Revised Universal Soil Loss Equation (RUSLE) (Renard et al., 1991). At each site, 
RUSLE allowed for the incorporation of statewide datasets that represent rainfall-runoff 
erosivity, soil erodibility, slope characteristics, and land cover. Streams were binned into two 
groups based on sediment supply at a value of <225 and >225 t/km2/year. This value was 
determined during protocol development for Byrne et al. (2020) and represented the approximate 
mean value of sediment supply in the Sacramento River basin. Binning methodologies remained 
the same for streams across California, but it should be noted that the value is an appropriate 
threshold for sediment supply in northern, coastal California streams as well (Kelsey, 1980). This 
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methodology resulted in six upper-level bins. With respect to this study, streams in northern 
coastal California are predominantly confined (77%) and estimated to be subjected more often to 
higher sediment supply (56%), although characteristics of the coastal mountains are an important 
factor in sediment supply to streams (Kelsey, 1980). 

The second lower-level tier of the stratified sampling technique was a surrogate for 
transport capacity with the combination of drainage area and slope at each NHD segment. 
Drainage area for a given 200-m segment was estimated using the Stream-Catchment dataset 
(Hill et al., 2016). Slope was calculated as the difference between the upstream and downstream 
10-m elevations divided by the 200-m length. Two-dimensional distributions for drainage area 
and slope for each of the six upper-level bins were split into five lower-level bins using a k-
means algorithm in the ‘stats’ package in the R programming language (R Core Team, 2017). All 
bins were sampled at least once for each of the two years that 60-site regional survey campaigns 
were conducted. This means that an upper level bin (e.g., confined-high sediment, confined-low 
sediment supply, etc.) would have at minimum five survey locations across a range of drainage 
area and slope per survey campaign. After initial allotment of five survey sites across all upper 
level bins, upper level bins with a larger proportion of 200-m segments across the entire drainage 
networks were sampled at a higher proportion. Bins were assigned sites in five site increments 
based on percentage of total streams within a given statewide survey region. In northern, coastal 
California this led to more sites in the confined, high sediment supply bin than any other bin. The 
goal of this proportional addition of sites to the stratified sampling approach was to survey 
streams of all geomorphic channel types while also being recognizant of the most common 
geomorphic settings throughout the networks. 

While stratified sampling was conducted across the state, this study, as mentioned previously, 
only focused on pool-riffle couplets in the more similar geographic and climatic region of 
northern, coastal California. After binning was conducted for site selection, no further use of the 
bins was used in analysis. A total of 702 pool troughs and riffle crests were surveyed along the 
171 stream reaches, in addition to ten equally spaced transects along each reach (Lane & Byrne, 
2021; Byrne, 2021). Total survey lengths for all sites was approximately 15-times the estimated 
average bankfull width at the reach. At each transect, thalweg bankfull depth and width were 
recorded. A longitudinal stream survey also recorded elevation change between every other 
equally spaced transect and every pool trough and riffle crest. The following reach-scale 
attributes were calculated based on cross-sectional surveys: mean bankfull depth, mean bankfull 
width, coefficient of variation in bankfull depth, coefficient of variation in bankfull width, and 
mean bankfull width-to-depth ratio. 

2.4 Criterion for cross-sectional velocity reversal 

Caamaño et al. (2009) introduced a geometric criterion for the occurrence of a velocity reversal 
in a pool-riffle couplet based on mass and energy conservation given by:. 

𝑩𝑹
𝑩𝑷
−𝟏 > 𝑫𝒛

𝒉𝑹𝒕
   (1) 

Here, BR and BP represent riffle and pool bankfull top width, respectively. Dz represents residual 
pool depth, or the vertical distance between the upstream pool trough and downstream riffle 
crest, and hRt is bankfull depth at the downstream riffle crest. If equation (1) is true, then a 
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velocity reversal must occur to conserve mass and energy through the simplified cross-sections. 
This criterion, here termed the Caamaño criterion, makes two key assumptions: the pool and 
riffle exhibit similar channel shapes at channel forming flows (here deemed bankfull discharge) 
and head losses, both from expansion and friction, are neglected (Caamaño et al., 2009). 

2.5 Standardized stream dimensionality 

Relationships between standardized width and elevation at a stream cross-section, which will 
vary along a reach, define whether a river is shallow or deep and narrow or wide at any cross-
section in comparison to other reach cross-sections. The landforms are determined using 
standardized channel width (Ws) and standardized bed elevation (Zs). Standardized channel 
width was calculated at each selected site for every surveyed channel cross-section using 
bankfull channel width measurements following:. 

𝑾𝒔 =
(𝒘𝒕'𝒘𝒓)

𝝈𝒘
  (2) 

Here, wt is the transect bankfull width, wr is the mean bankfull channel width at a given survey 
reach, and σw is the standard deviation in bankfull channel width at the same survey reach. 
Standardized channel bed elevation was also calculated at each cross-section where dr is the 
reach averaged depth, dt is the transect bankfull thalweg depth, and σd is the standard deviation of 
bankfull thalweg depths at all transects in the reach following:. 

𝒁𝒔 =
(𝒅𝒓'𝒅𝒕)
𝝈𝒅

  (3) 

After calculating Ws and Zs for each transect along a reach, any given transect can be described 
as narrower (negative Ws) or wider (positive Ws) than mean channel width, as well as shallower 
(positive Zs) or deeper (negative Zs). 

3 Results: Velocity reversals are infrequent but predictable 

Approximately 18% of all pool-riffle couplets surveyed across northern coastal California 
streams met the Caamaño criterion for the existence of cross-sectional velocity reversal 
conditions at bankfull stage (Figure 1a). The frequencies of velocity reversal conditions were 
greatest in pool-riffle couplets with the highest width variability including associated with plane 
bed (22% of couplets), pool-riffle (21% of couplets), and cascade/step-pool (20%) reach-
averaged channel types (Supplementary Table S1). Frequencies were lowest in channel types 
with lower width variability including uniform (17%), step-pool (14%), and bed undulating (4%) 
locations. It should be noted that pool-riffle couplets were found in all stream types as 
documented here. While this seems counterintuitive to the channel type names, stream reaches 
were classified according to a multi-dimensional statistical approach (Byrne et al., 2020) based 
on the overall state of the reach, which could therefore include individual pool-riffle couplets 
within an otherwise “step-pool” or “cascade” dominated reach. An important scientific finding 
from the classification effort was the critical role of variability in width and depth through a 
reach compared to the role of the central tendency of these variables. For example, a confined, 
steep reach with a series of step-pool couplets could be interrupted by a single riffle-pool unit for 
any number of reasons. As the channel typing was done independently from the velocity reversal 
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analysis, velocity reversal findings justify the channel typology as higher variability channel 
types exhibited higher percentages of pool-riffle couplets meeting the Caamaño criterion. 

 

Figure 1. (a) Results of Caamaño Criterion analysis of 702 pool-riffle couplets in northern 
coastal California; (b) relationships between riffle and pool bankfull width in association with 
velocity reversal conditions and riffle-to-pool bankfull width ratio of 1.2 (dashed line); and (c) 
the proportion of couplets exhibiting velocity reversal conditions at or above a given riffle-to-
pool bankfull width ratio. 

Based on the Wilcoxon rank sum tests, the strongest non-standardized predictor of 
velocity reversal occurrence was riffle-to-pool bankfull width ratio, which indicated that velocity 
reversals are more common than not in pool-riffle couplets with a ratio greater than 1.2 (Figure 
1b;c). The relationship between riffle-pool bankfull width ratio and velocity reversal occurrence 
is logical based on the defining test criterion accounting for width variability but deviates 
strongly from the mechanistic expectation in Keller’s physical explanation which emphasized 
depth differences. The large number of couplets used in this study provides a basis for what is 
likely a relatively stable width ratio value in this region. Velocity reversal conditions also 
occurred in reaches with lower bankfull width-to-depth ratios, greater width variability, and 
smaller median grain size, while also exhibiting smaller residual pool depths as previously 
hypothesized (Caamaño et al., 2009), smaller pool widths, and greater riffle depths (p < 0.05; 
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Supplementary Information Table S2). No significant differences in the occurrence of velocity 
reversals were found between valley confinement settings, which suggests that velocity reversal 
presence is a localized feature rather than a feature dependent on broader topographic landscape 
patterns. However, unconfined streams were sampled at a lower proportion in the mountainous 
terrain of northern coastal California, so this distribution might change in other landscapes. Yet, 
unconfined rivers are often extremely altered and thus difficult to sufficiently sample with 
reasonably natural riffle-pool conditions. 

All distributions of standardized elevation and width were significantly different between 
couplets that did and did not exhibit velocity reversal conditions (p < 0.05; Supplementary 
Information Table S2) (Figure 2). While velocity reversals tended to occur at locations with 
standardized elevations closer to reach averages, a clearer deviation in standardized width 
characterized velocity reversal locations. Width constriction, or cross-sectional width less than 
mean reach width, was most highly associated with velocity reversal locations as compared to 
any other channel attribute analyzed. Of all couplets surveyed, 60% of pools occurred at reach 
locations that were constricted while 53% of riffles occurred at locations that were wider than the 
mean reach width. At locations predicted to exhibit velocity reversals, 89% of pools occurred in 
constricted locations while 71% of riffles occurred in wide locations. This suggests that a width 
constriction is almost always required for a velocity reversal to occur, and an equivalent 
widening relative to mean reach width is common but not always needed. 
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Figure 2. Distribution of field-identified pools (circles) and riffles (triangles) in terms of 
standardized width and elevation as well as velocity reversal (purple) and no velocity reversal 
(teal) locations. Purple and teal solid lines represent median standardized width and elevation for 
pools and riffles under velocity reversal and no velocity reversal conditions. 

4 Understanding maintenance mechanisms within physical-temporal context 

Our results display a clear linkage between form and process and demonstrate that 
dimensional variability of a river channel is critically linked to a formational mechanism. Based 
on the frequency of constrictions observed here, statistically observable channel constriction is 
more often a requisite channel attribute for velocity reversal conditions than is width expansion. 
Previous research in alluvial rivers has suggested that pools exist at channel width constrictions 
and riffles at expansions (Chartrand et al., 2018; White et al., 2010). Even in bedrock-influenced 
rivers, channel constriction is associated with pool location (Wohl & Legleiter, 2003). Beyond a 
specific channel maintenance mechanism, width variability has been linked to extremal 
hypotheses that have been proposed as the foundational mechanisms of dynamic equilibrium in 
alluvial rivers (Tranmer et al., 2019). Given that a velocity reversal is only one proposed 
mechanism for pool-riffle maintenance, realization of extremal hypotheses of dynamic 
equilibrium is likely to be achieved by different processes (e.g., jet flow, turbulence, flow 
convergence routing, etc.) at different locations along a river because of the numerous external 
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forcings to which rivers are subjected. For example, a reach may include one pool-riffle couplet 
that is being maintained by a velocity reversal while another pool-riffle couplet may be the 
product of jet flow created by large woody debris within the channel. 

The hierarchical nesting of channel forms, as well as differences in hydrologic and 
sediment regimes, further complicate linkages between form and flow (Chartrand et al., 2018; 
Pasternack et al., 2018; Pittaluga et al., 2014). This study only examines estimated conditions at 
bankfull flow, but there is no requirement that all pool-riffle couplets must be maintained at 
bankfull flow conditions (Sawyer et al., 2010) or that forms and processes will not vary across 
flows (Thompson & Wohl, 2009). While the conceptualization of bankfull flow has driven 
understanding of rivers and bankfull channel form, it is rooted in a paradigm that over-
emphasizes central tendency. Bankfull flow has been shown to be a good approximation for 
effective discharge (Lenzi et al., 2006), especially in temperate rivers, but research suggests that 
river channel morphology is a product of all flows rather than the effective discharge (Pittaluga 
et al., 2014). In addition to the magnitude of channel forming floods, the complexity of mountain 
rivers can produce nested structures that are likely to adjust river bedforms in different ways 
(Pasternack et al., 2021). Pool-riffle couplets may exhibit velocity-reversal conditions at different 
flow conditions (Strom et al., 2016), changes in flow and sediment supply may lead to alteration 
of pool-riffle couplets and associated processes (Caamaño et al., 2009; Chartrand et al., 2018; 
Morgan and Nelson, 2021), or a stochastic forcing (e.g. large woody debris) may create a pool at 
a higher flow that persists at lower flows such as bankfull (Buffington et al., 2002). Due to river 
channel complexity, the relative abundance of velocity reversals may or may not necessarily 
peak at near-bankfull flow conditions. Even if bankfull discharge is assumed to equate to 
effective discharge, it does not necessarily mean that a given formational process will always be 
most prevalent at effective discharge. While this research has shown the benefit of linking form 
to process across a landscape, reconciliation of river form must also be done across flows with 
the understanding that forms and associated processes will change across the landscape as well. 

Formational processes of pool-riffle couplets may also change under different 
management strategies. Pool-riffle morphology creates important heterogeneity of lotic habitats 
(Brown & Brussock, 1991; Gelwick, 1990), therefore, human alteration of rivers leading to 
channel change may alter couplet form and the associated formational process. For example, 
heavily impacted and often incised streams in the agricultural Central Valley of California 
exhibit low width-to-depth ratios (Byrne et al., 2020). Because velocity reversal streams were 
found to have lower width-to-depth ratios, it may be that degraded, incised streams tend to have 
a greater proportion of velocity-reversal maintained couplets. Incised streams can exhibit lower 
habitat quality due to smaller pool depths (Shields et al., 1994), and this may be a result of 
velocity-reversal maintenance producing smaller residual pool depths, which was found here. 
Knowledge of how pool-riffle formations differ based on different formational processes could 
point to the shifting of processes under different management scenarios. 

This study does not address the full range of hydro-morphodynamic processes that occur 
in California’s rivers; it focuses on one, important mechanism. This study assumes that pool-
riffle couplets that meet the Caamaño criterion will likely exhibit a cross-sectional velocity 
reversal. Caamaño et al. (2009) show that the criterion is accurate for the selected pool-riffle 
couplets. In an independent test of the Caamaño criterion using two-dimensional hydrodynamic 
modeling, Jackson et al. (2015) found that it accurately predicted reversal occurrence for a 
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number of incrementally altered terrains, but it did not perform well for subtle terrain having a 
weak reversal. For the present study, it is statistically unlikely that the criterion is one hundred 
percent correct for our large sample size with a wide range of topographic patterns. A limitation 
of this study is that we could not field verify these conditions or monitor individual sites over 
time; California is also in the midst of an exceptional drought yielding few floods and many 
study sites are difficult to access. Yet, the larger aim of this study, that is to understand the 
frequency of a formational river processes over a large area, was achieved here with a novel 
methodology based on previous literature. Such quantitative studies with large sample sizes 
should continue to be developed and investigated to understand river management, especially if 
restoration of rivers across entire stream networks is to be an achievable goal.  

5 Conclusions 

The frequency of formational fluvial processes is not well quantified. In this study, we 
used a large regional field dataset in combination with a previously established mass and energy 
conservation-based velocity reversal criterion to estimate the frequency of a formational 
mechanism across a landscape for the first time. We found that velocity reversals are predicted to 
occur relatively infrequently within pool-riffle couplets across northern, coastal California and 
preferentially occur at channel width constrictions, presented here as statistically narrow portions 
of the channel. Further, we found that a threshold of bankfull riffle-to-pool width ratio existed at 
which pool-riffle couplets are more likely than not to be subjected to a velocity reversal, which is 
likely to be stable for the region based upon the large sample size. This study showed that novel 
methodologies can be used to better understand the frequency of formational channel 
mechanisms across different landscape settings and channel types. However, further 
investigations may show different results due to different landscape characteristics, variable flow 
conditions, and different levels of impairment. To add more complexity, this study indicates that 
a singular maintenance mechanism is not likely to be the only relevant mechanism within a river 
reach and perhaps not even at a single pool-riffle couplet. This finding highlights the importance 
of river variability over central tendency in describing formational mechanisms. In summary, 
more complete understanding of the interplay of river channel formational mechanisms through 
reaches and landscapes is critically needed to inform river management, restoration efforts, and 
engineering strategies. 

Acknowledgments, Samples, and Data 

This research was supported by the California State Water Resources Control Board under grant 
number 16-062-300. We also acknowledge the USDA National Institute of Food and 
Agriculture, Hatch project numbers #CA‐D‐LAW‐7034‐H and CA‐D‐LAW‐2243‐H. Datasets 
for this research are available in these in-text data citation references: Byrne et al. (2020) and 
Byrne (2021). Finally, we would like to thank Emily Cooper, Mason London, and Alison 
O’Dowd for their roles in field data collection. 

References 

Bayat, E., Rodríguez, J. F., Saco, P. M., Almeida, G. A. M. de, Vahidi, E., & García, M. H. 
(2017). A tale of two riffles: Using multidimensional, multifractional, time-varying sediment 



Published in Geophysical Research Letters 

 

transport to assess self-maintenance in pool-riffle sequences. Water Resources Research, 53(3), 
2095–2113. https://doi.org/10.1002/2016WR019464 

Brown, A. V., & Brussock, P. P. (1991). Comparisons of benthic invertebrates between riffles 
and pools. Hydrobiologia, 220(2), 99–108. https://doi.org/10.1007/BF00006542 

Brown, R. A., Pasternack, G. B., & Lin, T. (2016). The Topographic Design of River Channels 
for Form-Process Linkages. Environmental Management, 57(4), 929–942. 
https://doi.org/10.1007/s00267-015-0648-0 

Buffington, J. M., Lisle, T. E., Woodsmith, R. D., & Hilton, S. (2002). Controls on the size and 
occurrence of pools in coarse-grained forest rivers. River Research and Applications, 18(6), 507–
531. https://doi.org/10.1002/rra.693 

Byrne, C. F. (2021). Pool-riffle couplet dimensionality and velocity reversal prediction, 
HydroShare, http://www.hydroshare.org/resource/079628236cd54e0b8da9b02fda350d50 

Byrne, C. F., Pasternack, G. B., Guillon, H., Lane, B. A., & Sandoval‐Solis, S. (2020). Reach-
scale bankfull channel types can exist independently of catchment hydrology. Earth Surface 
Processes and Landforms, 45(9), 2179–2200. https://doi.org/10.1002/esp.4874 

Caamaño, D., Goodwin, P., Buffington, J. M., Liou, J. C., & Daley-Laursen, S. (2009). Unifying 
Criterion for the Velocity Reversal Hypothesis in Gravel-Bed Rivers. Journal of Hydraulic 
Engineering, 135(1), 66–70. https://doi.org/10.1061/(ASCE)0733-9429(2009)135:1(66) 

Carling, P. A. (1991). An appraisal of the velocity-reversal hypothesis for stable pool-riffle 
sequences in the river severn, England. Earth Surface Processes and Landforms, 16(1), 19–31. 
https://doi.org/10.1002/esp.3290160104 

Chartrand, S. M., Jellinek, A. M., Hassan, M. A., & Ferrer‐Boix, C. (2018). Morphodynamics of 
a Width-Variable Gravel Bed Stream: New Insights on Pool-Riffle Formation From Physical 
Experiments. Journal of Geophysical Research: Earth Surface, 123(11), 2735–2766. 
https://doi.org/10.1029/2017JF004533 

Chen, A., Darbon, J., & Morel, J.-M. (2014). Landscape evolution models: A review of their 
fundamental equations. Geomorphology, 219, 68–86. 
https://doi.org/10.1016/j.geomorph.2014.04.037 

Doyle, M. W., Shields, D., Boyd, K. F., Skidmore, P. B., & Dominick, D. (2007). Channel-
Forming Discharge Selection in River Restoration Design. Journal of Hydraulic Engineering, 
133(7), 831–837. https://doi.org/10.1061/(ASCE)0733-9429(2007)133:7(831) 

Ferguson, R. I. (1986). Hydraulics and hydraulic geometry. Progress in Physical Geography, 
10(1), 1–31. https://doi.org/10.1177/030913338601000101 

Gelwick, F. P. (1990). Longitudinal and Temporal Comparisons of Riffle and Pool Fish 
Assemblages in a Northeastern Oklahoma Ozark Stream. Copeia, 1990(4), 1072. 
https://doi.org/10.2307/1446491 



Published in Geophysical Research Letters 

 

Gonzalez, R. L., & Pasternack, G. B. (2015). Reenvisioning cross-sectional at-a-station hydraulic 
geometry as spatially explicit hydraulic topography. Geomorphology, 246, 394–406. 
https://doi.org/10.1016/j.geomorph.2015.06.024 

Heritage, G. L., & Milan, D. J. (2004). A conceptual model of the role of excess energy in the 
maintenance of a riffle–pool sequence. CATENA, 58(3), 235–257. 
https://doi.org/10.1016/j.catena.2004.05.002 

Hill, R. A., Weber, M. H., Leibowitz, S. G., Olsen, A. R., & Thornbrugh, D. J. (2016). The 
Stream-Catchment (StreamCat) Dataset: A Database of Watershed Metrics for the Conterminous 
United States. JAWRA Journal of the American Water Resources Association, 52(1), 120–128. 
https://doi.org/10.1111/1752-1688.12372 

Jackson, J. R., Pasternack, G. B., & Wheaton, J. M. (2015). Virtual manipulation of topography 
to test potential pool-riffle maintenance mechanisms. Geomorphology, 228, 617-627. 
http://dx.doi.org/10.1016/j.geomorph.2014.10.016. 

Keller, E. A. (1971). Areal Sorting of Bed-Load Material: The Hypothesis of Velocity Reversal. 
GSA Bulletin, 82(3), 753–756. https://doi.org/10.1130/0016-
7606(1971)82[753:ASOBMT]2.0.CO;2 

Kelsey, H. M. (1980). A Sediment Budget and an Analysis of Geomorphic Process in the Van 
Duzen River Basin, North Coastal California, 1941–1975. GSA Bulletin, 91(4_Part_II), 1119–
1216. https://doi.org/10.1130/GSAB-P2-91-1119 

Kleinhans, M. G. (2010). Sorting out river channel patterns. Progress in Physical Geography, 
34(3), 287–326. https://doi.org/10.1177/0309133310365300 

Lane, B., C. F. Byrne (2021). California river classification field survey protocols, HydroShare, 
https://doi.org/10.4211/hs.023f24c1a62f48f496e10b7cbafe6b86  

Lane, B. A., Sandoval-Solis, S., Stein, E. D., Yarnell, S. M., Pasternack, G. B., & Dahlke, H. E. 
(2018). Beyond Metrics? The Role of Hydrologic Baseline Archetypes in Environmental Water 
Management. Environmental Management. https://doi.org/10.1007/s00267-018-1077-7 

Lenzi, M. A., Mao, L., & Comiti, F. (2006). Effective discharge for sediment transport in a 
mountain river: Computational approaches and geomorphic effectiveness. Journal of Hydrology, 
326(1), 257–276. https://doi.org/10.1016/j.jhydrol.2005.10.031 

Leopold, L. B., & Maddock, T. (1953). The Hydraulic Geometry of Stream Channels and Some 
Physiographic Implications. U.S. Geological Survey Professional Paper No. 252. 

MacVicar, B. J., & Roy, A. G. (2007). Hydrodynamics of a forced riffle pool in a gravel bed 
river: 1. Mean velocity and turbulence intensity. Water Resources Research, 43(12). 
https://doi.org/10.1029/2006WR005272 



Published in Geophysical Research Letters 

 

MacWilliams, M. L., Wheaton, J. M., Pasternack, G. B., Street, R. L., & Kitanidis, P. K. (2006). 
Flow convergence routing hypothesis for pool-riffle maintenance in alluvial rivers. Water 
Resources Research, 42(10), W10427. https://doi.org/10.1029/2005WR004391 

McKay, L., Bondelid, T., Dewald, T., Johnston, J., Moore, R., & Rea, A. (2012). NHDPlus 
version 2: user guide. US Environmental Protection Agency. 

Milliman, J. D., & Syvitski, J. P. (1992). Geomorphic/Tectonic Control of Sediment Discharge 
to the Ocean: The Importance of Small Mountainous Rivers. The Journal of Geology, 100(5), 
525–544. 

Morgan, J. A., & Nelson, P. A. (2021). Experimental investigation of the morphodynamic 
response of riffles and pools to unsteady flow and increased sediment supply. Earth Surface 
Processes and Landforms, 46(4), 869–886. https://doi.org/10.1002/esp.5072 

Olson, D., DellaSala, D. A., Noss, R. F., Strittholt, J. R., Kass, J., Koopman, M. E., & Allnutt, T. 
F. (2012). Climate Change Refugia for Biodiversity in the Klamath-Siskiyou Ecoregion. Natural 
Areas Journal, 32(1), 65–74. https://doi.org/10.3375/043.032.0108 

Palmer, T. (2012). Field guide to California rivers (Vol. 105). Univ of California Press. 

Park, C. C. (1977). World-wide variations in hydraulic geometry exponents of stream channels: 
An analysis and some observations. Journal of Hydrology, 33(1), 133–146. 
https://doi.org/10.1016/0022-1694(77)90103-2 

Parker, G. (1979). Hydraulic geometry of active gravel rivers. Journal of the Hydraulics 
Division, 105(HY9), 1185–1201. 

Pasternack, G. B. (2020). River Restoration: Disappointing, Nascent, Yet Desperately Needed. In 
Reference Module in Earth Systems and Environmental Sciences. Elsevier. 
https://doi.org/10.1016/B978-0-12-409548-9.12449-2 

Pasternack, G. B., Baig, D., Weber, M. D., & Brown, R. A. (2018). Hierarchically nested river 
landform sequences. Part 1: Theory. Earth Surface Processes and Landforms, 43(12), 2510–
2518. https://doi.org/10.1002/esp.4411 

Pasternack, G. B., Gore, J., & Wiener, J. (2021). Geomorphic covariance structure of a confined 
mountain river reveals landform organization stage threshold. Earth Surface Processes and 
Landforms. https://doi.org/10.1002/esp.5195 

Pittaluga, M. B., Luchi, R., & Seminara, G. (2014). On the equilibrium profile of river beds. 
Journal of Geophysical Research: Earth Surface, 119(2), 317–332. 
https://doi.org/10.1002/2013JF002806 

Power, M. E., Bouma-Gregson, K., Higgins, P., & Carlson, S. M. (2015). The Thirsty Eel: 
Summer and Winter Flow Thresholds that Tilt the Eel River of Northwestern California from 
Salmon-Supporting to Cyanobacterially Degraded States. Copeia, 103(1), 200–211. 
https://doi.org/10.1643/CE-14-086 



Published in Geophysical Research Letters 

 

R Core Team. 2017. R: A Language and Environment for Statistical Computing . R Foundation 
for Statistical Computing: Vienna, Austria [online] Available from: https://www.R-project.org/ 

Renard, K. G., Foster, G. R., Weesies, G. A., & Porter, J. P. (1991). RUSLE: Revised universal 
soil loss equation. Journal of Soil and Water Conservation, 46(1), 30–33. 

Sawyer, A. M., Pasternack, G. B., Moir, H. J., & Fulton, A. A. (2010). Riffle-pool maintenance 
and flow convergence routing observed on a large gravel-bed river. Geomorphology, 114(3), 
143–160. https://doi.org/10.1016/j.geomorph.2009.06.021 

Schwartz, J. S., Neff, K. J., Dworak, F. E., & Woockman, R. R. (2015). Restoring riffle-pool 
structure in an incised, straightened urban stream channel using an ecohydraulic modeling 
approach. Ecological Engineering, 78, 112–126. https://doi.org/10.1016/j.ecoleng.2014.06.002 

Shields, F. D., Knight, S. S., & Cooper, C. M. (1994). Effects of channel incision on base flow 
stream habitats and fishes. Environmental Management, 18(1), 43–57. 
https://doi.org/10.1007/BF02393749 

Sloan, J., Miller, J. R., & Lancaster, N. (2001). Response and recovery of the Eel River, 
California, and its tributaries to floods in 1955, 1964, and 1997. Geomorphology, 36(3), 129–
154. https://doi.org/10.1016/S0169-555X(00)00037-4 

Strom, M. A., Pasternack, G. B., & Wyrick, J. R. (2016). Reenvisioning velocity reversal as a 
diversity of hydraulic patch behaviours. Hydrological Processes, 30(13), 2348–2365. 
https://doi.org/10.1002/hyp.10797 

Thompson, D. M. (2007). The characteristics of turbulence in a shear zone downstream of a 
channel constriction in a coarse-grained forced pool. Geomorphology, 83(3), 199–214. 
https://doi.org/10.1016/j.geomorph.2006.05.001 

Thompson, D. M. (2011). The velocity-reversal hypothesis revisited. Progress in Physical 
Geography: Earth and Environment, 35(1), 123–132. 
https://doi.org/10.1177/0309133310369921 

Thompson, D. M., & Wohl, E. E. (2009). The linkage between velocity patterns and sediment 
entrainment in a forced-pool and riffle unit. Earth Surface Processes and Landforms, 34(2), 177–
192. https://doi.org/10.1002/esp.1698 

Thompson, D. M., Nelson, J. M., & Wohl, E. E. (1998). Interactions between pool geometry and 
hydraulics. Water Resources Research, 34(12), 3673–3681. 
https://doi.org/10.1029/1998WR900004 

Tinkler, K. J. (1970). Pools, Riffles, and Meanders. GSA Bulletin, 81(2), 547–552. 
https://doi.org/10.1130/0016-7606(1970)81[547:PRAM]2.0.CO;2 

Tranmer, A. W., Caamaño, D., & Goodwin, P. (2019). Evaluation of extremal hypotheses in an 
undeveloped alluvial river. Progress in Physical Geography: Earth and Environment, 
030913331988672. https://doi.org/10.1177/0309133319886721 



Published in Geophysical Research Letters 

 

White, J. Q., Pasternack, G. B., & Moir, H. J. (2010). Valley width variation influences riffle–
pool location and persistence on a rapidly incising gravel-bed river. Geomorphology, 121(3), 
206–221. https://doi.org/10.1016/j.geomorph.2010.04.012 

Wilkinson, S. N., Rutherfurd, I. D., & Keller, R. J. (2008). An experimental test of whether bar 
instability contributes to the formation, periodicity and maintenance of pool–riffle sequences. 
Earth Surface Processes and Landforms, 33(11), 1742–1756. https://doi.org/10.1002/esp.1645 

Wohl, E., & Legleiter, C. J. (2003). Controls on Pool Characteristics along a Resistant‐Boundary 
Channel. The Journal of Geology, 111(1), 103–114. https://doi.org/10.1086/344667 

Wyrick, J. R., & Pasternack, G. B. (2014). Geospatial organization of fluvial landforms in a 
gravel–cobble river: Beyond the riffle–pool couplet. Geomorphology, 213(Supplement C), 48–
65. https://doi.org/10.1016/j.geomorph.2013.12.040 

Yang, C. T. (1971). Formation of Riffles and Pools. Water Resources Research, 7(6), 1567–
1574. https://doi.org/10.1029/WR007i006p01567 


