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James Buckley', Rebecca A. Hodge® and Louise J. Slater?
! Department of Geography, Durham University, Durham, DH1 3LE, UK

2School of Geography and the Environment, University of Oxford, Oxford, OX1 3QY, UK

ABSTRACT

Bedrock rivers are often expected to have steeper and narrower channels than alluvial rivers.
However, understanding of bedrock river characteristics has largely been based on small
samples of sites in specific climates and upland locations. We provide the first systematic
assessment of bedrock and alluvial river channel characteristics for 1274 sites across a broad
climatic gradient. We assess whether the width, width-to-depth-ratio and slope of bedrock
channels differ from those of alluvial channels, and the extent to which these differences are
correlated with drainage area, mean annual flow (Quar), grain size and lithology. We find
that bedrock channels occur at all drainage areas. For the same drainage area, bedrock rivers
are wider and steeper than alluvial channels. They also have a higher mean annual
precipitation and hence Quar, Which likely causes the increased width. After accounting for
differences in Quar, both bedrock and alluvial channels have similar hydraulic scaling.
Lithology affects both types of channels in a similar way, with channels on sedimentary
lithologies being wider and less steep compared to those on igneous-metamorphic lithologies.
Overall, our findings raise new questions about the evolution of bedrock river channels and

pave the way for more accurate landscape evolution modelling.

INTRODUCTION
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River incision into bedrock is a key process by which landscapes respond to tectonics and
climate. Turowski et al. (2008) define a bedrock river as one that “cannot substantially widen,
lower, or shift its bed without eroding bedrock”. The geometric properties of bedrock rivers,
specifically how width (w), width to depth ratio (w/d), and slope (S) scale with discharge (Q)
and drainage area (A), are important predictors of channel incision rates. This is because w,
w/d and S affect the shear stress (z) produced by the supplied discharge, determining the rate
at which sediment grains are transported and can erode the bed (Sklar and Dietrich, 2004).
Robust predictions of bedrock river geometry are therefore necessary to improve landscape
evolution modelling, given that almost all models include an implicit or explicit prediction of
how w changes with Q (e.g. Attal et al., 2008; Yanites, 2018). Predictions are also necessary

for managing these channels, such as planning restoration schemes and flood modelling.

Despite the importance of bedrock rivers, we still do not fully understand how hydraulic
geometry differs between bedrock and alluvial channels. Estimates have largely been based
on relatively small sample sizes, in specific climatic zones and small catchment areas (e.g.
(Montgomery and Gran, 2001; Wohl and David, 2008; Turowski et al., 2008; Allen et al.,
2013; Spotila et al., 2015; Whitbread et al., 2015; Ferguson and Rennie, 2017). These studies
are sometimes contradictory, and it is difficult to assess the relative importance of different
controlling factors. Furthermore, many of these studies use A as a substitute for Q, meaning
that any systematic variation in Q for the same A is not accounted for, potentially making the

findings location-specific (Ferguson and Rennie, 2017).

Bedrock rivers are commonly thought to be narrower than alluvial rivers (e.g. Wohl and
Merritt, 2001; Whitbread et al., 2015; Whipple et al., 2022; Wright et al., 2022). Narrowing
has been explained as a mechanism to maintain incision rates in both bedrock and alluvial
channels under increased uplift (e.g. Duvall et al., 2004; Finnegan et al., 2005; Whittaker et
al., 2007; Pan et al., 2015). However, some field studies found no difference in the width of

2
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bedrock channels (Montgomery and Gran, 2001; Wohl and David, 2008) or that bedrock
rivers could be wider (Spotila et al., 2015; Ferguson and Rennie, 2017). w/d is not commonly
reported, but Wohl and David (2008) found that w/d was neither constant along bedrock
rivers (c.f. Finnegan et al., 2005; Wobus et al., 2006), nor did it scale systematically with A
(c.f. Turowski et al., 2007; Whitbread et al., 2015). Bedrock rivers appear to be steeper than
alluvial rivers, both in areas with and without tectonic uplift (e.g. Howard and Kerby, 1983;
Wohl and David, 2008; Whitbread et al., 2015), although some studies found no difference
(Ferguson and Rennie, 2017). Lithology has been observed to affect bedrock river geometry,
with changes in S and w at lithological boundaries, and narrower, steeper channels in more
resistant rocks (Duvall et al., 2004; Jansen et al., 2010; Allen et al., 2013; Spotila et al., 2015;
Ferguson and Rennie, 2017; Eidmann and Gallen, 2023). But, in contrast, DiBiase et al.

(2010) found lithology had a minor influence.

To test the controls on bedrock river geometry, we analyse a large-sample dataset (1274 sites)
of alluvial and bedrock river geometry, sampled across the broad climatic gradient of the
conterminous United States. We compare hydraulic scaling relationships between Q or A and
w, w/d, and S for bedrock and alluvial channels, and we evaluate the impact of lithology on
these relationships.

METHODS

We used the National Rivers and Streams Assessment 2008-2009 dataset (U.S.
Environmental Protection Agency, 2016) of river channel properties across the conterminous
USA, collected using standardised collection protocols (Fig. 1, Table S1). We focus on 1274
sites where the presence/absence of exposed bedrock was recorded at over 100 locations
across the channel bed. For each site we also extracted: bankfull channel width (w, m), water
surface slope (S, %), bankfull width to depth ratio (w/d), mean annual flow (Quar, m®s™,

predicted using unit runoff method), drainage area (A, km?), and geometric mean grain size
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(Dgm, mm). The lithology at each site was obtained from the Geology of the Conterminous
United States dataset (Schruben et al., 1994), and categorised as sedimentary (Sed) or

igneous/metamorphic (I/M).

We analysed variations in channel geometry between bedrock and alluvial sites, and by
lithology. To identify if a controlling factor was statistically significant, e.g. whether the
relationship between w and A differed between bedrock/alluvial groups, we calculated the
difference between w and a reference width (log(w) — log(w)) for each site, where the
reference width w was calculated from a linear fit to the entire logged dataset. We then

used ANOVA to test for differences in the distributions of log(w) — log(w) between groups.

We define bedrock channels as those with any recorded exposed bedrock. To apply the
definition of Turowski et al. (2008), this bedrock should control changes in channel
geometry, which we have not been able to verify. A conservative approach might use a
higher threshold of exposed bedrock, but Turowski et al. (2008) note that many bedrock
controlled channels still contain substantial sediment cover. Furthermore, using a higher
threshold does not alter our findings (Fig. S1). Due to data availability, we use Quar to
compare Q between channels. Although Quar is likely to be too small to drive morphological
changes we assume that it scales with larger flow percentiles. In alluvial channels, channel
geometry adjusts to bankfull conditions (Parker, 1978), and so we focus on bankfull
geometry, although in bedrock channels it is unclear what size of flood most controls channel
geometry (Wohl and David, 2008). Channel geometry was not affected by the Human
Development Index (an indication of human disturbances to the river site, including dams,
paved areas, pipes, landfill, agricultural practices, logging and mining), suggesting limited

direct influence of such factors (Fig. S2).

RESULTS
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Channel Geometry

Bedrock rivers comprise 23% of 1274 sites (Fig. 1), and occur across the range of A though
less frequently when A > ~10% km?. Contrary to much literature, bedrock rivers are, on
average, wider than alluvial rivers at all A, with greater difference at larger A (Fig. 2a).
Distributions of log(w) — log(w) are significantly different for bedrock and alluvial
channels (p < 0.001). However, using Qmar instead of A removes this difference in w (Fig.
2b), with no significant difference in log(w) — log(w) (p = 0.86). This similarity in w when
we consider Quar instead of A is because bedrock channels have a higher Quar than
alluvial channels for the same A (comparing distributions of 10g(Qwmag) — 109(Qyar), P <
0.001; Fig. 2e). The higher Quar for bedrock channels is correlated with higher catchment-
weighted mean annual precipitation (MAP) (Fig. S3). We therefore use Qmar in
subsequent analysis to isolate the additional impact of other factors. Bedrock channels have
significantly higher w/d values than alluvial channels (Fig. 2c, p<0.05). They are highly
significantly steeper (Fig. 2d, p<0.001), though the difference in S decreases with increasing
Qmar. Dgn is highly significantly different, with larger Dgyy for bedrock rivers across all
Qwmar (Fig. 2f, p < 0.001). Most bedrock channels have substantial sediment cover (median
bedrock exposure of 7%), but we find no relationship between channel geometry and
percentage bedrock exposure (Fig. S1). Channel geometry is not affected by the presence or
absence of laterally constraining bedrock features (Fig S4).

Lithology

Most channels are on sedimentary rocks, with 25% of bedrock and 17% of alluvial channels
on the more resistant I/M lithology. Both channel types are significantly wider on Sed
lithologies (p <0.01, Fig. 3a and b). Alluvial rivers show no significant differences in w/d.
But, for bedrock rivers, Sed lithologies have a significantly higher w/d than I/M ones (Fig. 3c

and d, p< 0.01). For both channel types, rivers on I/M rocks are significantly steeper (Fig. 3e
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and f, p< 0.001). Dy also varies with lithology in both channel types, with significantly
coarser sediment on I/M lithologies (Fig. 4).
DISCUSSION

Channel Geometry

A surprising finding from our data is that, for a given A, bedrock rivers are on average wider
than alluvial rivers. For the same A, bedrock rivers also have higher Quar (Fig. 2e), which is
correlated with higher MAP, and so their larger w is likely an adjustment to higher Q. In
contrast, relationships between w and Quar are not significantly different between bedrock
and alluvial channels, as also found by Wohl and David (2008) and Turowski et al. (2008).
Our finding that bedrock channels are steeper than alluvial ones is consistent with previous

work (Wohl and David, 2008; Whitbread et al., 2015).

Phillips and Jerolmack (2016) found that both bedrock and alluvial channels appeared to
adjust w and hence 7 so that bankfull Q just exceeded the critical 7 (z;) for bedload transport.
The similarity in w-Qumar scaling across both channel types (Fig. 2) may appear to suggest
that w has adjusted in both in similar ways. One caveat to our analysis is that Quar will not
necessarily have the same scaling with bankfull Q across all locations due to differences in
flow regimes, and this may explain some of the scatter in Fig. 2b. Another caveat is that
bankfull bedload also depends on channel adjustment to S and Dy, With the higher S but
coarser Dy, Of bedrock channels respectively increasing and decreasing sediment mobility.
However, once Quar is accounted for, there is overlap between the geometry of bedrock
channels and the steep and coarse subset of alluvial channels, and so our results not do not
disprove Phillips and Jerolmack (2016). Further analysis would require bedload data from
more bedrock channels, or predictions of z;, which are complicated by the effects of exposed
bedrock on entrainment (Hodge et al., 2011). However, the substantial sediment cover in

most of the bedrock channels suggests that adjustment in order to transport the supplied
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sediment load is an important component of bedrock channel evolution (Turowski et al.,

2008).

Lithology

Accounting for variation in Quar, we then find that w, w/d and S depend on lithology, with
Sed channels being wider and less steep than I/M ones. The difference between our data and
the common finding of narrower bedrock channels can potentially be reconciled, as we find
that bedrock channels are narrower in I/M rocks, which is consistent with where such
narrowing has been identified previously (e.g. Montgomery and Gran, 2001; Wohl and
David, 2008; Jansen et al., 2010). Such behaviour may therefore not be representative of
bedrock rivers more generally. Weaker lithologies have been correlated with wider river
valleys (Schanz and Montgomery, 2016), but previous findings that bedrock channels might
be wider in Sed rocks are limited by small sample size (Ferguson and Rennie, 2017), or a
single location (Spotila et al., 2015; Eidmann and Gallen, 2023; Chen and Byun, 2023). The
occurrence of wide Sed bedrock channels has been attributed to differences in erosional
processes. Sed lithologies can potentially be more quickly laterally eroded through plucking
and slaking, whereas lateral erosion is slower in more resistant I/M lithologies which instead
erode vertically through abrasion (Montgomery and Gran, 2001; Spotila et al., 2015;
Ferguson and Rennie, 2017). We also observe a difference in grain size between Sed and I/M
lithologies, and so differences in channel geometry may also reflect sediment calibre,

especially in alluvial channels.

A potential alternative, or additional, control on w is sediment supply. Ferguson and Rennie
(2017) found that wider bedrock channels in sedimentary rocks had no sediment cover. But,
channel widening is more commonly attributed to higher sediment supply (Whitbread et al.,
2015; Inoue et al., 2016; Yanites, 2018; Baynes et al., 2020), with sediment cover distributing
erosion across the channel and deflecting saltating grains into the banks (Turowski, 2018; Li
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et al., 2020). However, our data show no correlation between percentage bedrock and w, or
with log(w) - log(w) (Fig. S1). Identifying the role of sediment supply is complicated by its
temporal variability (Lague, 2010), and by comparing a snapshot of cover with morphology
that evolves over multiple floods. Consequently, the measured alluvial cover may not
represent long-term average sediment supply. Uplift rate is another factor that will also affect
channel geometry (Turowski, 2018), but which cannot easily be measured across the
timescales that are relevant to channel morphological development.

SUMMARY

Bedrock channels occur at all drainage areas. For a given drainage area, bedrock channels are
on average wider than alluvial channels, which is explained by bedrock channels responding
to their typically higher discharge for the same drainage area. Once discharge has been
accounted for, we find that bedrock and alluvial channels show similar channel geometries,
although bedrock channels are more likely to be found at higher slopes. Lithology also affects
channel properties, but in similar ways for bedrock and alluvial channels. Our results
highlight the importance of considering channel geometry relative to discharge rather than
drainage area. These findings have implications for modelling and managing the processes in

these systems.
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199 FIGURES
200  Figure 1. All sites across the conterminous United States. 977 (77%) sites are alluvial, and

201 297 (23%) are bedrock.

202  Figure 2. Bedrock (orange) and alluvial (blue) river channel geometries by drainage area (A)
203  or mean annual flow (Qmar ). Dashed lines show linear regression fits and shaded areas show
204  corresponding 95% confidence bands. Box plots show distributions of differences between

205 they value and a reference y value calculated from a linear fit to the entire logged dataset,

206  with p values calculated using ANOVA.

207  Figure 3. The influence of lithology on channel geometry. Data are split by channel type, and
208 lithology (sedimentary: yellow; igneous and metamorphic; purple). Linear fits and boxplots

209 asinFig. 2.

210  Figure 4. The influence of lithology on Dy,. Data are split by channel type, and lithology
211  (sedimentary: yellow; igneous and metamorphic; purple). Linear fits and boxplots as in Fig.

212 2.
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