Earth-Science Reviews 220 (2021) 103717

. . . ; =
Contents lists available at ScienceDirect =S

S Earth-Science Reviews i
ELSEVIER journal homepage: www.elsevier.com/locate/earscirev
Invited Review ' :.)

Check for

The role of infrequently mobile boulders in modulating landscape evolution [
and geomorphic hazards

Charles M. Shobe ®™", Jens M. Turowski %, Ron Nativ®“‘, Rachel C. Glade®,
Georgina L. Bennett ! Benedetta Dini ®

@ Helmholtz Centre Potsdam, GFZ German Research Centre for Geosciences, Potsdam, Germany

Y Department of Geology and Geography, West Virginia University, Morgantown, WV, USA

¢ Institute of Earth and Environmental Science, University of Potsdam, Potsdam, Germany

4 Department of Earth and Environmental Sciences, Ben-Gurion University of the Negev, Beer Sheva, Israel
¢ Department of Earth and Environmental Sciences, University of Rochester, Rochester, NY, USA

f Geography, College of Life and Environmental Sciences, University of Exeter, Exeter, UK

& School of Environmental Sciences, University of East Anglia, Norwich, UK

ARTICLE INFO ABSTRACT

Keywords: A landscape’s sediment grain size distribution is the product of, and an important influence on, earth surface
Geomorphology processes and landscape evolution. Grains can be large enough that the motion of a single grain, infrequently
Landscape evolution mobile in size-selective transport systems, constitutes or triggers significant geomorphic change. We define these
i:ﬁf:rs grains as boulders. Boulders affect landscape evolution; their dynamics and effects on landscape form have been
Hillslopes the focus of substantial recent community effort. We review progress on five key questions related to how

Channel-hillslope coupling boulders influence the evolution of unglaciated, eroding landscapes: 1) What factors control boulder production
Geohazards on eroding hillslopes and the subsequent downslope evolution of the boulder size distribution? 2) How do
boulders influence hillslope processes and long-term hillslope evolution? 3) How do boulders influence fluvial
processes and river channel shape? 4) How do boulder-mantled channels and hillslopes interact to set the long-
term form and evolution of boulder-influenced landscapes? 5) How do boulders contribute to geomorphic
hazards, and how might improved understanding of boulder dynamics be used for geohazard mitigation?
Boulders are produced on eroding hillslopes by landsliding, rockfall, and/or exhumation through the critical
zone. On hillslopes dominated by local sediment transport, boulders affect hillslope soil production and transport
processes such that the downslope boulder size distribution sets the form of steady-state hillslopes. Hillslopes
dominated by nonlocal sediment transport are less likely to exhibit boulder controls on hillslope morphology as
boulders are rapidly transported to the hillslope toe. Downslope transport delivers boulders to eroding rivers
where the boulders act as large roughness elements that change flow hydraulics and the efficiency of erosion and
sediment transport. Over longer timescales, river channels adjust their geometry to accommodate the boulders
supplied from adjacent hillslopes such that rivers can erode at the baselevel fall rate given their boulder size
distribution. The delivery of boulders from hillslopes to channels, paired with the channel response to boulder
delivery, drives channel-hillslope feedbacks that affect the transient evolution and steady-state form of boulder-
influenced landscapes. At the event scale, boulder dynamics in eroding landscapes represent a component of
geomorphic hazards that can be mitigated with an improved understanding of the rates and processes associated
with boulder production and mobility. Opportunities for future work primarily entail field-focused data
collection across gradients in landscape boundary conditions (tectonics, climate, and lithology) with the goal of
understanding boulder dynamics as one component of landscape self-organization.
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1. Introduction

Mluminating Earth’s history—and predicting its future—requires a
thorough understanding of the processes that shape landscapes and
deliver sediment from source to sink. Along with tectonics, climate, and
biologic controls, Earth material (rock and sediment) properties exert a
strong influence on the form and evolution of landscapes (e.g., Schanz
and Montgomery, 2016; Roda-Boluda et al., 2018; Scott and Wohl,
2019; Ott, 2020; Zondervan et al., 2020). The size of sediment grains
produced by the erosion of rock is one such property. Sediment grain
size affects the efficiency and relative dominance of different geomor-
phic processes, and ultimately influences how landscapes respond to
changes in their boundary conditions (e.g., Leopold, 1992; Sklar et al.,
2017; DiBiase et al., 2018b).

Grain sizes in nature range from the sub-micron scale to blocks of
rock tens of meters on a side (Fig. 1). When the largest grains in the grain
size distribution (GSD) measure meters to tens of meters across, trans-
port is often infrequent enough that the largest grains remain immobile
over human observation timescales—and potentially much longer—in
all but the most energetic environments (Fig. 2). These largest grains,
which we call “boulders” without implying a specific size or shape, have
long intrigued geomorphologists (e.g., Gilbert, 1877; Hack, 1965; Judd
and Peterson, 1969; Rodine and Johnson, 1976; Beaty, 1989) who
speculated about the production, transport, and degradation of large,
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Fig. 1. Conceptual phase space showing the influence of boulders on landscape
evolution as a function of boulder size and prevalence. Photographs correspond
to labeled locations on the conceptual plot. A: The ephemeral fluvial landscape
of the Blue Hills shale badlands shows an end-member in which small gravels
are the largest sediment grains and boulder effects are expected to be negligible.
B: A debris flow fan enters Chalk Creek, Colorado, delivering some large (1-2
m) boulders embedded in a much larger volume of fine-grained material. The
boulders are long-lived in the valley whereas the fine-grained material is
transportable by the creek’s baseflow. C: Scotts Run erodes the pervasively
fractured Mather Gorge formation, yielding large quantities of boulders up to
several meters in size. D: Boulders tens of meters on a side entering the Liwu
River, Taiwan from a debris flow channel.
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Fig. 2. A) Maximum observed grain sizes (Dpax) and erosion rates from studies
cited below. Oz: Ozarks, Arkansas, USA (Thaler and Covington, 2016; Beeson
et al., 2017). New: New River, central Appalachians, Virginia, USA (Granger
et al., 1997; Ward et al., 2005; Chilton and Spotila, 2020). BC: Boulder Creek,
Colorado, USA (Schildgen et al., 2002; Diihnforth et al., 2012; Dethier et al.,
2014; Shobe et al., 2016). Fth: Feather River, Sierra Nevada, USA (Hurst et al.,
2012; Attal et al., 2015; Attal, 2017). Low erosion rates from “relict” uplands in
the Feather basin are excluded because the largest boulders are observed in
“adjusted” channel reaches (Attal et al., 2015; Attal, 2017). NSJM: Northern
San Jacinto Mountains, California, USA (Neely et al., 2019; Neely and DiBiase,
2020). MTJ: Mendocino triple junction, northern California, USA (Balco et al.,
2013; Roering et al., 2015; Shobe et al., 2020). Him: Nepal Himalaya (Godard
et al., 2014; Huber et al., 2020). SGM: San Gabriel Mountains, California, USA
(Neely et al., 2019; Neely and DiBiase, 2020). Liwu: Liwu River, Taiwan
(Derrieux et al., 2014; Nativ et al., 2019). Erosion rates are the minimum and
maximum for each area except for landscapes with paired erosion rate and
grain size measurements available (NSJM and SGM; Neely and DiBiase, 2020).
B) Boulder residence timescale calculated by dividing Dy« by the erosion rate.

infrequently mobile grains and how they influence geomorphic pro-
cesses and landscape evolution.

Understanding boulder dynamics and their effects on landscapes is
challenging because boulders move infrequently, and because their
motion typically occurs in destructive events like rockfalls and large
floods (e.g., Cook et al., 2018; Huber et al., 2020). The advent of high-
resolution topography and satellite imagery, structure-from-motion
photogrammetry, new geochronologic techniques, and more powerful
computer models has enabled a recent acceleration in research that
seeks to understand boulder dynamics and their influence on the shape
of landscapes through time. In this paper we review recent work with the
goal of synthesizing observations and models and identifying fruitful
avenues for future research.

1.1. What is a boulder?

The classic sedimentological definition of a boulder is a sediment
grain with a diameter greater than 256 mm (Udden, 1914; Wentworth,
1922). The >256 mm size class has since been subdivided and repeat-
edly renamed (e.g., Blair and McPherson, 1999; Terry and Goff, 2014),
but with 256 mm always remaining the lower bound of the boulder
fraction. While this definition is useful from a sedimentological
perspective, defining a strict size class does little good for the purposes of
understanding from a process-based perspective how the largest sedi-
ment grains influence landscape evolution. In many steep, rapidly
eroding landscapes, grains > 256 mm move in frequently recurring
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floods as fluvial bedload (e.g., Lenzi, 2004; Turowski et al., 2009b) and
undergo long-distance transport events on hillslopes (e.g., Bones, 1973;
Statham, 1976; Bourrier et al., 2009; Copons et al., 2009). Because our
goal is to understand how boulders affect landscape evolution, we need a
more general definition rooted not in absolute grain size, but in the
relationship between grain size and the pace and causes of landscape
change.

While grain size is typically a smooth continuum, we can identify two
conceptual end-members based on the idea that sediment transport is in
many environments a size-selective process (e.g., Ashworth and Fergu-
son, 1989; Menting et al., 2015). In one end-member scenario, grains are
small and mobile enough that geomorphic change is produced by the
erosion and deposition of large numbers of grains. Alternatively, grains
might be large enough that they alter the motion of smaller, more
frequently mobile grains, and that the motion of a single grain consti-
tutes or triggers significant geomorphic change. For the purposes of this
review we define boulders as the latter. This definition does not require
that boulders never move, especially over timescales long enough to
incorporate rare transport events (Sklar et al., 2020); impressively large
boulders can move during such events (e.g., Birkeland, 1968; Beaty,
1989; Turowski et al., 2009b; Cook et al., 2018; Huber et al., 2020;
Greenbaum et al., 2020). Grains large enough to satisfy this definition
are likely to remain immobile during the majority of transport events
(Carling and Tinkler, 1998; Prancevic and Lamb, 2015), and their size
and relative immobility combine to yield the geomorphic effects that we
discuss.

The chosen conceptual definition satisfies the observation that the
mobility of a given grain size class, as well as the contribution of a single
grain’s motion to geomorphic change, varies based on the erosion rate in
a landscape (Fig. 2). In a drainage basin eroding at a few microns per
year, the motion of a meter-scale grain is a rare event and constitutes
substantial geomorphic change—change equivalent to or greater than
that caused by the cumulative motion of smaller grains over many
erosive events. That grain in that landscape is a boulder. In rapidly
eroding orogens, the same grain might move many times per year; its
motion would not constitute substantial geomorphic change and we
would not consider it a boulder.

A compilation of boulder size and erosion rate data (Fig. 2) from
eroding landscapes reveals that maximum boulder residence time-
s—calculated by dividing maximum boulder size by background erosion
rate—range from 10° to 10° years globally. While the largest boulders
are typically found in actively uplifting orogens, the longest boulder
residence times occur in more slowly eroding, post-orogenic landscapes
(e.g., Mills, 1981; Granger et al., 2001; Thaler and Covington, 2016;
Chilton and Spotila, 2020). The effects of boulders are expected to be
most pronounced not simply in the landscape with the largest boulders,
but in the landscape where boulders persist the longest. The relative (im)
mobility of a given grain size fraction can further vary between land-
scapes due to tradeoffs between the frequency and intensity of transport
events (e.g., Pfeiffer and Finnegan, 2018) and the effectiveness of
boulder degradation processes like in situ weathering. A boulder that
satisfies our conceptual definition can only be defined relative to other
sediment grains experiencing the same forcing conditions in the same
landscape.

The dependence of what constitutes a boulder on background
erosion rates and sediment transport dynamics implies that rather than a
universal size cutoff, boulders could be defined using the widespread
convention of grain size percentiles (e.g., Dsq is the median grain in-
termediate axis length from a given set of measurements (Wolman,
1954)). The most common statistic used to delineate the large end of the
GSD is Dgg4, or the size of the 84th percentile of grains. This size class has
been shown, for example, to be an effective proxy for boulder-related
roughness in steep streams (Schneider et al., 2015). An alternative is
to consider the Dy (e.g., Attal et al., 2015), the size of the largest grain
measured, or any percentile in between. Larger percentiles will result in
further reduced mobility—and potentially more clearly observable
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boulder effects—in any size-selective sediment transport system, though
percentiles approaching Djgp become increasingly subject to sampling
bias (Wilcock, 1992; Ferguson and Paola, 1997). We use Dgy4 in parts of
this review to match previous work, but emphasize that any strict cutoff
is ultimately arbitrary, is vulnerable to arguments for incremental
changes towards larger or smaller grains, and should be treated with
caution. “Nature often comes to us as irreducible continua” (Gould,
1985).

A definition of a boulder rooted in the idea of size-selective transport
implies that some amount of dispersion in the GSD (e.g., Spencer, 1963)
is required to distinguish a consistently coarse GSD from one that in-
cludes both smaller, potentially more mobile grains and those that may
be considered boulders by the critera of decreased mobility and
increased contribution to geomorphic change. Much of this review
compares the behavior of geomorphic systems “with boulders” to those
without. An increase in the size of any grain size percentile can be
achieved by 1) coarsening the entire GSD or 2) coarsening only those
grains that fall at or above the chosen percentile. While many of the
boulder effects we describe apply to both cases, we focus on the second
case, where the addition of boulders has increased the size of coarse
grains relative to fine grains.

We move forward with the understanding that boulders:

1. are the largest and least mobile grains in a landscape,

2. affect the motion of smaller, more frequently mobile grains,

3. contribute to—or trigger—geomorphic change observable above the
background rate of topographic change when they move,

4. may be represented by grain size percentiles at or above Dg4 in
landscapes with substantial dispersion in the GSD, though any strict
percentile cutoff represents the arbitrary discretization of a contin-
uum, and

5. preferentially coarsen the upper end of the GSD, rather than the
whole distribution, when delivered to a landscape.

1.2. Definition of scope

We focus on understanding how boulders are produced, influence
geomorphic change, and affect the prevalence of geomorphic hazards.
Boulders are generated by the fracturing of bedrock. While we review
mechanisms of boulder production assuming the existence of suitably
fractured rock, we refer readers to recent reviews treating fracture me-
chanics (Eppes and Keanini, 2017) and the influence of fractures on
geomorphic processes (Scott and Wohl, 2019) for further details. Our
review addresses how boulders alter landscape evolution once delivered
to the landscape.

Boulders might have important geomorphic effects across process
domains ranging from glacial (e.g., Anderson, 2014) and periglacial (e.
g., Wilson et al., 2020) environments to coastlines (e.g., Cox et al.,
2018). We restrict our review to non-glaciated, eroding landscapes. We
focus on synthesizing work that treats boulder production, transport,
and influence over landscape evolution on hillslopes and in river
channels, as well as the hazards that stem from the presence of boulders.

The influence of boulders on landscape evolution processes and
outcomes depends not only on boulder size, which governs their
persistence in the landscape under a given weathering regime, but also
on their prevalence at Earth’s surface. We define prevalence as the
volumetric proportion of all sediment grains that are long-lived boul-
ders. Size and prevalence, functions of initial boulder size, resistance to
degradation, and boulder delivery and export rates, conspire to influ-
ence landscape evolution. This idea can be conceptualized as a phase
space that maps the importance of boulders to landscape evolution as a
function of their size and prevalence (Fig. 1). We emphasize landscapes
in which boulders are both large and prevalent because those are the
landscapes in which boulder effects have been best explored.

This review uses the common conceptual framework of a landscape
adjusting to some sustained increase in baselevel fall (or rock uplift
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relative to baselevel) rate under a steady climatic forcing, in which a
landscape will undergo transient response to that perturbation and ul-
timately achieve a time-averaged steady-state form (e.g., Whipple,
2001). This construct is useful because it allows conceptual comparison
between the steady-state form of landscapes that can be considered fully
adjusted to both their boulder prevalence and baselevel fall rate. We
note, however, that the boulder dynamics and effects on geomorphic
processes discussed here apply across all eroding landscapes regardless
of their baselevel and climate history, including post-orogenic land-
scapes (Fig. 2) (e.g., Thaler and Covington, 2016; Chilton and Spotila,
2020) and postglacial landscapes with large supplies of glacial (e.g.,
Whitbread et al., 2015) or periglacial (e.g., Del Vecchio et al., 2018)
boulders.

1.3. Structure and guiding questions

The paper follows a boulder’s journey from production on a hillslope
to its ultimate transport or degradation in a river channel, always
focusing on how that boulder influences geomorphic processes and
resulting landscape evolution. This review focuses on recent progress on
the following guiding questions, each of which corresponds to a section
of the paper:

1. What factors control boulder production on eroding hillslopes and
the subsequent downslope evolution of the boulder size distribution?
(section 2)

2. How do boulders influence hillslope processes and long-term hill-
slope evolution? (section 3)

3. How do boulders influence fluvial processes and river channel
shape? (section 4)

4. How do boulder-mantled channels and hillslopes interact to set the
long-term form and evolution of boulder-influenced landscapes?
(section 5)

5. How do boulders contribute to geomorphic hazards, and how might
improved understanding of boulder dynamics be used for geohazard
mitigation? (section 6)

2. Boulder production and size evolution on hillslopes

What factors control boulder production on eroding hillslopes and the
subsequent downslope evolution of the boulder size distribution?

Hillslopes make up the vast majority of the land surface. While
boulders can be produced in river channels through plucking of the
bedrock by erosive flows (see review by Lamb et al. (2015)), the areal
dominance of hillslopes implies that they host most boulder production.
Rates of boulder production, as well as the size distribution of boulders
yielded, govern boulder effects on the long-term evolution of hillslopes
and rivers (e.g., Granger et al., 2001; Bennett et al., 2016; Thaler and
Covington, 2016; Glade et al., 2017; Shobe et al., 2020).

2.1. Boulder production

The size distribution of sediment—including boulders—produced on
eroding hillslopes is a function of erosion rate, bedrock properties,
climate, and biology (e.g., Marshall and Sklar, 2012; Riebe et al., 2015;
Sklar et al., 2017). In a given rock type and climate, boulders are most
likely to be produced on slopes experiencing erosion rates sufficient to
outpace soil production and potential boulder weathering in the critical
zone (Linton, 1955; Fletcher and Brantley, 2010; Brocard et al., 2016;
Sklar et al., 2017), expose bedrock (Neely and DiBiase, 2020), and/or
fail in bedrock landslides (Attal et al., 2015).

Many boulder-rich landscapes exhibit steep hillslopes that experi-
ence landslides, rockfalls, dry ravel, and other nonlocal transport pro-
cesses (e.g., Korup et al., 2006; Korup, 2006; Ouimet et al., 2007;
Bennett et al., 2016; DiBiase et al., 2017; Spreafico et al., 2017; Roda-
Boluda et al., 2018; Finnegan et al., 2019; Shobe et al., 2020; Neely and
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DiBiase, 2020). Bedrock landslides are particularly efficient agents of
boulder production because they access rock from depth that is able to
bypass the soil column and escape substantial weathering (e.g., Marc
etal., 2021). Bedrock landslides are also likely to preferentially occur in
pervasively fractured rock already amenable to boulder production
(Clarke and Burbank, 2011).

Boulders on hillslopes are often associated with the cropping out of
favorably fractured rock units presumed to be especially resistant to
weathering. These units survive exhumation to the surface and release
boulders in rockfall events when underlying strata are eroded away
leaving a steep topographic gradient susceptible to rockfall or toppling
(Spreafico et al., 2017; Ward, 2019). While comminution of rock occurs
during landslide and rockfall events (Davies et al., 1999; Ruiz-Carulla
et al., 2017), mapping of boulders in deposits at the base of steep hill-
slopes consistently shows that grains tens of meters on a side emerge
intact from rockfalls (Ruiz-Carulla et al., 2017) and landslides (Finnegan
et al., 2019; Shobe et al., 2020).

Key bedrock properties like rock type and the density of macro-scale
discontinuities set the maximum grain size within a given landscape and
modulate the effects of erosional controls (Molnar et al., 2007; DiBiase
et al., 2018b; Roda-Boluda et al., 2018; Neely et al., 2019; Scott and
Wohl, 2019; Neely and DiBiase, 2020; Verdian et al., 2020; Marc et al.,
2021). Climatically determined weathering efficiency (Anderson, 1998;
Hales and Roering, 2007; Eppes and Keanini, 2017; Lamp et al., 2017;
Messenzehl et al., 2018) governs whether rock detached at the surface
will reflect in situ fracture density, or whether it will take the form of
smaller fragments or corestones within a weathered matrix (Fletcher
and Brantley, 2010). Boulders result from a set of fracture density and
weathering conditions under which pieces of rock can be detached from
the bedrock rather than simply weathering in situ, while being large and
weathering-resistant enough to remain immobile once detached.

2.2. Downslope evolution of boulder size

Once boulders are released on hillslopes, the boulder size distribu-
tion as a function of distance downslope is set by a combination of
boulder weathering and transport.

2.2.1. Downslope size evolution due to weathering

Boulders on hillslopes degrade by chemical (e.g., Fritz and Mohr,
1984; Darmody et al., 2005) and mechanical weathering (e.g., Eppes
et al., 2010; Eppes and Griffing, 2010; McGrath et al., 2013; Putkonen
etal., 2014; Aldred et al., 2016; Lamp et al., 2017). Recent work suggests
that mechanical weathering occurs through the steady growth of cracks
at low stresses (Eppes and Keanini, 2017) such as those driven by solar
insolation cycles (Aldred et al., 2016). The potential dependence of
cracking rates on climate (e.g., Eppes et al., 2020), in addition to the
known effects of lithology (e.g., Perras and Diederichs, 2014), indicates
that the control exerted by boulder weathering processes over the
downslope boulder size distribution is globally variable. Even in the
absence of boulder transport, mechanical weathering can cause down-
slope fining in cases where boulder position on the hillslope is correlated
with exposure time. This would be the case on a slope below a boulder-
yielding outcrop that produces boulders of a single size and retreats
horizontally over time (Ward et al., 2011; McGrath et al., 2013; Dus-
zynski and Migon, 2015; Glade and Anderson, 2018; Ward, 2019).

The size distribution of boulders on a hillslope likewise evolves due
to downslope boulder transport by local transport processes—those for
which particle travel distance distributions are thin-tailed such that
particle motion depends only on local slope—like small-scale sliding or
toppling events, as well as nonlocal processes—those for which particle
travel distance distributions are heavy-tailed such that particle motion
depends on the distribution of slopes along a travel pathway—Ilike
landsliding, rockfall, or dry ravel (e.g., Foufoula-Georgiou et al., 2010;
Tucker and Bradley, 2010; Gabet and Mendoza, 2012; Furbish and
Roering, 2013; Doane et al., 2018; Furbish et al., 2020a, 2020b). The
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transition between local and nonlocal transport processes is thought to
be primarily a function of hillslope gradient, where nonlocal transport
dynamics tend to dominate as hillslopes steepen (Furbish et al., 2020a).

2.2.2. Downslope size evolution due to local transport

On hillslopes too gently sloped to experience nonlocal boulder
transport, boulders move repeatedly by toppling or sliding over short
distances (on the order of one grain diameter or smaller) (e.g., Glade
et al., 2017). Boulders may undergo downslope creep as part of a larger
mass of slowly moving soil (Dini et al., 2021). They may topple as soil
preferentially erodes from their downslope side and builds up on their
upslope side. Evidence for how the frequency and displacement of such
local transport events varies with grain size is lacking, but preliminary
modeling studies suggest that size-selective hillslope transport may
occur, resulting in faster transport of smaller grains relative to the
largest boulders (Glade et al., 2017; Glade and Anderson, 2018).
Assuming that the size of boulders produced along a hillslope is spatially
uniform, size-selective transport favoring smaller grains would result in
a downslope-fining GSD where the largest boulders are found near their
bedrock source.

2.2.3. Downslope size evolution due to nonlocal transport

When hillslopes approach angles at which nonlocal sediment trans-
port processes dominate, the largest boulders are typically found at the
base of the slope (e.g., Neely and DiBiase, 2020). This represents the
culmination of a downslope coarsening trend driven by the fact that
larger particles have greater momentum, are less likely to be disen-
trained by surface roughness elements (e.g., Roth et al., 2020), and
therefore experience greater travel distances than smaller particles (e.g.,
Kirkby and Statham, 1975; DiBiase et al., 2017; Messenzehl et al., 2018;
Neely and DiBiase, 2020; Roth et al., 2020). Such momentum-driven
downslope transport due to landsliding, rockfall, or dry ravel can
result in boulder fragmentation due to impacts against other rocks along
the hillslope or crushing within a larger failure mass (e.g., Davies et al.,
1999; Locat et al., 2006; Ruiz-Carulla et al., 2017; Ruiz-Carulla and
Corominas, 2020), but observed downslope coarsening trends indicate
that fragmentation effects do not outcompete the greater travel dis-
tances of large grains (e.g., Ruiz-Carulla et al., 2015; Marc et al., 2021).

2.3. Case studies of controls on boulder production and downslope
transport

2.3.1. Rock property controls on boulder size

Though few studies focus explicitly on the largest grains, a recent
proliferation of grain size measurements on hillslopes has begun to
advance our understanding of how rock properties influence boulder
production. Roda-Boluda et al. (2018) showed that grain
sizes—represented by the Dgs—weathered from bedrock correlate with
Schmidt hammer rebound values, an empirical point measurement of
the uniaxial compressive strength of in situ bedrock. They further
showed that landslides, the size and prevalence of which are influenced
by lithology and rock strength, yield coarser sediment than hillslope
weathering and that this coarsening is greater in units with greater rock
strength. Roda-Boluda et al. (2018) argue for the long-suggested idea
that rocks with higher measured rock strength deliver larger grain sizes.
This result is consistent with other measurements from landslide de-
posits (e.g., Attal and Lavé, 2006; Locat et al., 2006; Shobe et al., 2020;
Marc et al., 2021) that do not explicitly measure rock strength but find
lithologic controls on the size of the largest grains yielded from
hillslopes.

Other recent field measurements collected across a wide range of
lithologies and climatic conditions have quantified the extent to which
grain sizes—and the size of the largest grains—on talus slopes at the base
of bedrock cliffs reflect bedrock fracture spacing. Verdian et al. (2020)
found that talus grain sizes, including the largest grains, closely match
outcrop fracture spacing, implying that little weathering occurs during
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rock exposure in outcrop or during the detachment process. They also
showed that both fracture spacing and grain size clustered tightly by
lithology. This confirms the importance of rock type, and potentially
lithology-dependent fracture spacing, in setting the initial size distri-
bution of boulders released from bedrock.

2.3.2. Erosion rate, fracture spacing, and size-selective transport controls
on boulder size

Emerging remote sensing techniques are enabling larger-scale field
analyses that can reveal how boulder production and transport processes
interact to set the boulder size distribution across landscapes. Neely and
DiBiase (2020) recently analyzed the relative influence of erosion rate,
fracture density, and size-selective transport on grain sizes yielded from
eroding hillslopes. They combined cosmogenic radionuclide erosion rate
measurements, fracture spacing measurements derived from structure-
from-motion photogrammetry, and grain sizes measured from imagery
and in the field. They found that grain sizes—including the coarse
fraction as represented by the Dgs—coarsen with distance down hill-
slopes/talus slopes and colluvial channels such that grain sizes at the
colluvial-to-fluvial process transition nearly approach the hillslope
outcrop fracture spacing. This suggests that nonlocal transport processes
on hillslopes (e.g., dry ravel) and in colluvial channels (e.g., debris
flows) preferentially transport boulders relative to smaller grain sizes,
and result in GSDs broadly controlled by fracture spacing.

Neely and DiBiase (2020) were also able to isolate the influence of
erosion rate on grain size by comparing channel-head grain size mea-
surements across basins with a large range of erosion rates. They
observed a positive relationship between erosion rate and grain size up
to the erosion rate at which the channel-head grain size approached the
measured fracture spacing. At erosion rates greater than this critical
value, grain size remained constant regardless of further increases in
erosion rate. Neely and DiBiase (2020) linked this transition to the
appearance of steep, bare-bedrock hillslopes on which grains released
from the bedrock spend minimal time weathering in the soil column
before moving downslope. Their results quantify how boulder produc-
tion is controlled by the interplay between erosion rate and rock prop-
erties, with fracture spacing setting the maximum boulder size and
erosion rate governing the extent to which grains moving down hill-
slopes reflect that spacing.

2.3.3. Transport process controls on boulder size

Even in landscapes with steep, erosive hillslopes, a given process
domain can experience locally variable transport dynamics that influ-
ence the boulder size distribution. We present new boulder size data on a
rapidly eroding, earthflow-prone threshold hillslope (Bennett et al.,
2016) in the Eel River basin (California, USA). We mapped all visible
boulders—approximately 400—on the hillslopes in the study area
(Fig. 3), with boulders located both on the surface of active and dormant
earthflows as well as on the surrounding hillslopes. In addition,
approximately 400 boulders were mapped in the channel. This land-
scape is unique because all mapped boulders are making the same
journey from hillslope to channel, but some are traveling by earthflow
and some are not.

Comparison of boulder size distributions observed on earthflows, on
immobile portions of the hillslopes, and in the channel (Fig. 3) suggests
that boulder sizes are similar between earthflows and the channel,
whereas boulders on immobile hillslopes tend to be larger. It is possible
that the presence of the largest grains on hillslopes results from a survey
area bias (more hillslope area than earthflow or river area surveyed), but
we view this as unlikely given the large number of boulders mapped and
the greater proportion of grains > 5 m on the hillslope relative to the
earthflow and channel. The similarity in sizes between earthflow and
channel boulders can be explained by the fact that earthflows move
downslope at average rates of over a meter per year in this landscape
(Bennett et al., 2016), which likely results in earthflow-derived boulders
being over-represented in in-channel boulder deposits.
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Fig. 3. A) Google Earth mapping of boulders on earthflows (red), hillslopes (green) and in the channel (yellow) from the Kekawaka tributary of the Eel River,
California. B) Location of the study area with earthflows outlined in red and the earthflow-prone Franciscan Mélange rock unit shown in blue. C) Cumulative
probability distributions of boulder sizes on earthflows, hillslopes, and in the channel.

The greater size of boulders on immobile hillslopes relative to
boulders in earthflows is somewhat counterintuitive; one might expect
the opposite because fast-moving earthflows may reduce the amount of
time that boulders undergo weathering between their exposure at the
surface and their deposition in a channel. If a flux steady state exists
between boulder production and evacuation, the smaller earthflow
boulders could suggest that weathering may be more effective within
earthflows or that size segregation dynamics differ between processes,
hiding the largest boulders beneath the surface in earthflows but not on
hillslopes. Increased moisture might aid chemical weathering and flow
deformation could accelerate physical boulder breakdown. It is also an
interesting possibility that the causal relationship between geomorphic
process and grain size is reversed: a correlation between substrate
boulder size and bulk hillslope strength could cause earthflows to
preferentially form in areas with smaller boulders in the subsurface and
therefore weaker overall hillslopes (e.g., Scheingross et al., 2013).

Classifying boulder size data by geomorphic process domain raises
important questions about how the boulder size distribution responds to,
and potentially influences, transport process dominance even within a
single landscape subject to collective, nonlocal transport processes.
More work is needed to untangle variable boulder production and
transport dynamics not just across, but also within, geomorphic
environments.

2.4. Summary: Boulder production and size evolution on hillslopes

The boulder size distribution produced in a given landscape depends
on erosion rate (Fletcher and Brantley, 2010; Neely and DiBiase, 2020),
climate (Brocard et al., 2016; Sklar et al., 2017), rock type (Roda-Boluda
et al., 2018; Shobe et al., 2020; Verdian et al., 2020), and fracture
density (Neely and DiBiase, 2020; Verdian et al., 2020). These factors
control the boulder size distribution in the near subsurface and set the
mechanism of boulder production (rockfall, landslide, or corestone
weathering). The downslope distribution of boulder sizes is then set by
size-selective transport dynamics during boulder production and any
subsequent downslope motion, as well as boulder degradation through

chemical and mechanical weathering. The boulder size distribution is
more likely to fine downslope in slowly eroding, low-gradient land-
scapes where local transport processes dominate. Boulder sizes are more
likely to coarsen downslope as hillslopes steepen and nonlocal,
momentum-driven transport processes dominate. The initial boulder
size distribution and its modification downslope play an important role
in setting the form and evolution of boulder-influenced hillslopes (Ward
et al., 2011; Glade et al., 2017; Glade and Anderson, 2018), channels (e.
g., Johnson et al., 2009; Brocard and Van der Beek, 2006; Attal, 2017),
and landscapes (e.g., DiBiase et al., 2018b; Shobe et al., 2020).

3. The effects of boulders on hillslope evolution

How do boulders influence hillslope processes and long-term hillslope
evolution?

While most literature in hillslope geomorphology focuses on soil-
mantled slopes with grain sizes so small that their motion can be
treated using continuum mechanics approaches, the importance of large
boulders to hillslope evolution has long been acknowledged. Early work
posited that lateral erosion of bedrock cliffs depends on removal of the
debris mantle beneath them via weathering and/or transport (King,
1953; Koons, 1955; Wahrhaftig, 1965; Moon, 1984; Selby, 1987;
Howard and Kochel, 1988). More generally, the mobility and suscepti-
bility to weathering of large boulders are thought to set the pace of
hillslope evolution as well as steady-state hillslope form.

Through the use of cosmogenic radionuclides, detailed mapping, and
numerical modeling, recent work has begun to quantitatively document
the armoring effects of boulders (Granger et al., 2001; Marchetti et al.,
2012; DiBiase et al., 2018a; Chilton and Spotila, 2020) and to explore
their influence on long-term landscape evolution (Ward et al., 2011;
Glade et al., 2017; Glade and Anderson, 2018; Glade et al., 2019). Here
we review processes governing the evolution of boulder-strewn hill-
slopes, first focusing on hillslopes dominated by local sediment transport
and then on steep, near-threshold hillslopes dominated by nonlocal
sediment transport. We then synthesize findings from recent numerical
and field studies detailing long-term hillslope evolution in the presence
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of boulders.

3.1. Hillslope sediment dynamics

Production and transport of mobile material from bedrock drive
hillslope evolution in eroding landscapes. When fine-grained materi-
al—hereafter referred to as soil—is fine enough that large numbers of
grains can be collectively mobilized by common transport processes
(Furbish et al., 2020a) and occupies gentle enough slopes that it un-
dergoes local transport (e.g., Foufoula-Georgiou et al., 2010; Tucker and
Bradley, 2010), soil transport can be treated using continuum ap-
proaches where downslope soil flux depends on local slope. In steep
landscapes near the threshold for mass wasting, sediment transport
becomes nonlocal and canonical hillslope evolution equations no longer
apply (e.g., Tucker and Bradley, 2010; Doane et al., 2018; Furbish et al.,
2020a). We discuss separately the influence of boulders on hillslopes
dominated by local and nonlocal transport.

3.1.1. Hillslopes dominated by local sediment transport

Soil motions have traditionally been characterized as a diffusion-like
process where soil flux increases with slope (Culling, 1960). Surface
processes such as rainsplash, freeze/thaw cycles, wetting/drying cycles,
and bioturbation are assumed to cause soil particles to creep, or move
randomly in a net downslope direction. Soil creep is captured in a rule
that relates soil flux gso; (in units of M/(LT)) to topographic slope Sp.
Written in one dimension, this rule states that:

4soil (X) = kSh (x)’ (1)

where Sy(x) = dz/dx with z being the topographic elevation as a
function of x, the horizontal distance from the hillslope divide. Here k is
a constant of proportionality—assumed here to be spatially uniform for
simplicity—that represents the efficiency of soil transport, and Sy(x) is
taken to be positive in the downslope direction. This is directly inspired
by heat diffusion (Jaeger and Carslaw, 1959)—the topographic slope is
asserted to take the place of a temperature gradient (Culling, 1960;
Dietrich et al., 2003). At steady state, defined where the soil thickness
does not change through time, the soil flux must accommodate soil
added through bedrock weathering. Thus gsoj) = kSp(x) = wx, where w is
the vertical weathering rate of bedrock (Gilbert, 1909). The accumula-
tion of soil flux with downslope distance results in a prediction of
increasing slope with distance, Sy(x) = ¥x, which in one dimension
describes a convex-upward parabolic hillslope.

The linear dependence of soil flux on slope (Eq. 1) can be replaced
with a nonlinear dependence that accounts for the observation that soil
fluxes increase nonlinearly as hillslopes approach a critical slope S, and
transition from local to nonlocal (e.g., landsliding) processes (Andrews
and Bucknam, 1987; Roering et al., 1999, 2001a, 2001b):
ot (¥) = L(x)z (2

L= (Sux)[/Se)

While Equation 2 is a local rule in the sense that soil flux depends
only on local slope, it attempts to account for the effects of nonlocal,
collective transport processes that keep hillslopes below a critical angle
(the critical angle is not equivalent to the threshold angle for hillslope
failure sensu Burbank et al. (1996); see Roering et al. (1999)). The linear
and nonlinear flux approaches can produce hillslope forms ranging from
parabolic (the linear model) to a parabolic hilltop with linear sideslopes
(the nonlinear model) (Andrews and Bucknam, 1987; Martin and
Church, 1997; Roering et al., 1999, 2001b,a; Dietrich et al., 2003).
Recent studies focusing on grain-to-grain interactions have shown that
gravity alone can cause soil to move downhill (Houssais and Jerolmack,
2017; BenDror and Goren, 2018; Ferdowsi et al., 2018; Deshpande et al.,
2020), inspiring flux rules that move beyond Equations 1 and 2 to
reproduce the shape of slopes shaped by both creep and hillslope failure
(Ferdowsi et al., 2018).
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3.1.2. Hillslopes dominated by nonlocal sediment transport

On slopes where sediment grains experience nonlocal transport—for
example, steep slopes where dry ravel dominates (e.g., Gabet, 2003;
Gabet and Mendoza, 2012; DiBiase et al., 2017)—recent work has begun
to acknowledge the role of individual sediment particles, developing
frameworks that explicitly treat discrete grain motions as a function of
grain size, surface roughness, and the distribution of slopes a particle
experiences during its journey downslope (e.g., Gabet and Mendoza,
2012; Furbish and Roering, 2013; Doane et al., 2018; Roth et al., 2020;
Furbish et al., 2020a, 2020b). As hillslopes exceed some threshold slope
dictated by their material strength, sediment and bedrock begin to un-
dergo mass failure processes consisting of downslope motion that is both
collective and nonlocal (e.g., Burbank et al., 1996; Andrews and Buck-
nam, 1987; Roering et al., 2001b; Neely and DiBiase, 2020). Mathe-
matical formulations that incorporate the transition to nonlocal
transport at steep slopes typically predict steady-state hillslopes with a
convex ridgetop and planar sideslopes (e.g., Roering et al., 2007; Car-
retier et al., 2016).

3.2. Boulder effects on hillslope sediment dynamics

Recent studies have begun to address how large, relatively immobile
boulders on hillslopes modify—or in some cases invalidate—classic as-
sumptions in hillslope geomorphology (e.g., Ward et al., 2011; Glade
et al., 2017; DiBiase et al., 2018a; Chilton and Spotila, 2020). Boulders
affect hillslope sediment transport by altering 1) weathering of—and
soil production from—underlying bedrock, and 2) transport of smaller,
frequently mobile sediment grains (Figs. 4 and 5A). Proposed physical
mechanisms for boulder control on hillslope evolution include: a
decrease in erosion by overland flow due to increased surface roughness
(Bunte and Poesen, 1993; Michaelides and Martin, 2012), protection of
underlying soil from rainsplash (Poesen et al., 1994), interlocking of
sediment grains due to overburden weight and a subsequent decrease in
erosion rate (e.g., Bruthans et al., 2014), damming of soil behind boul-
ders acting as obstacles (Glade et al., 2017; Chilton and Spotila, 2020),
boulder-induced increases in land surface roughness that inhibit
nonlocal downslope motion—for example by dry ravel (Gabet, 2003;
DiBiase et al., 2017), and protection of underlying bedrock from
weathering (Granger et al., 2001; Chilton and Spotila, 2020). Many of
these effects are difficult to observe directly, leading most researchers to
seek the signature of boulder effects in the hillslope topography itself.

3.3. Boulder effects on the evolution of hillslope topography

3.3.1. The evolution of hillslopes dominated by local sediment transport

Field studies show that the relief of soil-mantled hillslopes tends to
increase with boulder prevalence, suggesting that boulders inhibit soil
production and transport and force hillslopes to steepen to achieve
erosion rates matching the baselevel fall rate (Granger et al., 2001;
Crouvi et al., 2015; Glade et al., 2017; Glade and Anderson, 2018;
DiBiase et al., 2018a). During transient landscape adjustment, boulders
can even decrease erosion rates to the point that the landscape experi-
ences a topographic inversion. This occurs when boulder-mantled val-
leys erode much more slowly than boulder-free high points, leading to a
reversal of the high and low points in the landscape (e.g., Ward et al.,
2011; Marchetti et al., 2012).

Numerical modeling studies have explored the time-evolution of
boulder-mantled hillslopes dominated by local sediment transport. Most
modeling studies treat the simplified case of hillslope evolution beneath
a boulder-yielding cliff (Ward et al., 2011; Glade et al., 2017; Glade and
Anderson, 2018; Glade et al., 2019). Boulder cover on hillslopes in such
simplified cliff-source models—assuming that boulders do not undergo
nonlocal transport upon release from the cliff—is typically greater near
the boulder source at the hillcrest due to preferential deposition near the
source (Ward et al., 2011) and/or the combined effects of boulder
weathering and intermittent downslope transport (Glade et al., 2017). A
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A) Boulder-free hillslopes dominated by local

transport at steady state transport at steady state

Hillslope adjusts to achieve a steady, uniform soil
thickness at a soil production rate equal to the
rate of baselevel lowering, and a gradient set by
the competition between weathering and
downslope transport.

state erosion.

C) Boulder-free hillslopes dominated by nonlocal

B) Boulder-mantled hillslopes dominated by local

Boulders inhibit weathering and soil transport such
that the hillslope must steepen to achieve
weathering and transport rates that allow steady-

D) Boulder-mantled hillslopes dominated by

Fig. 4. The influence of boulders on hillslope pro-
cesses for hillslopes dominated by local (A and B) and
nonlocal (C and D) transport. A) a length of hillslope
(small enough that convexity due to accumulating soil
flux is neglected) equilibrated to its baselevel forcing
with a steady and uniform soil production rate and
soil depth. B) boulders inhibit weathering and soil
transport, forcing the hillslope to steepen and adjust
its soil thickness to achieve steady-state erosion con-
ditions. In the boulder-mantled hillslope case, steady
state must be thought of in a space- and time-
averaged sense as boulders may occupy different lo-
cations at different times. C) a length of boulder-free
hillslope dominated by nonlocal transport, showing
the patchy soil cover often observed as hillslopes
approach their threshold angle (e.g., Neely and
DiBiase, 2020). D) The form of steep hillslopes
dominated by nonlocal transport is insensitive to the
boulder supply because boulders are preferentially

transport at steady state

Hillslope gradient adjusts to allow soil production
and transport at the baselevel lowering rate.

downslope decrease in boulder cover and/or size results in hillslopes
that experience stronger boulder effects, and therefore enhanced
steepening to achieve a given erosion rate, at the top of the slope than at
the bottom. Using the framework of Equation 1 for simplicity, boulders
effectively decrease the soil transport efficiency k, causing the landscape
to steepen most where boulders are largest or most prevalent. If boulders
become smaller or less prevalent downslope, the steepening effect de-
creases, resulting in a decrease in slope with distance from the crest
(Figs. 5B and 6A). Such a relationship between the downslope boulder
size distribution and hillslope form has been observed in numerical
models and comparisons with small amounts of field data (Glade et al.,
2017; Glade and Anderson, 2018), but has not been extensively tested.

3.3.2. Steady-state hillslopes dominated by local sediment transport

In the case of steady and uniform climatic and tectonic boundary
conditions, boulder-mantled hillslopes can reach a quasi-steady state
(Ward et al., 2011; Glade et al., 2017; Glade and Anderson, 2018; Ward,
2019) in which time-averaged hillslope form and erosion rates do not
change with time. Steady-state hillslope topography adjusts such that
soil production and transport rates enable every point along the hillslope
to lower at the baselevel fall rate under a given set of boulder size,
prevalence, and resistance conditions (Ward et al., 2011; Glade et al.,
2017; Glade and Anderson, 2018; DiBiase et al., 2018a). This condition
is described as “quasi-steady state” (Glade and Anderson, 2018) because
modeling efforts have focused on laterally retreating layered rock
landforms (Fig. 5B), but true steady state would exist on hillslopes in
other lithologic settings through the same boulder production and
transport mechanisms.

In one dimension, the steepening of boulder-mantled hillslopes at a
given erosion rate can be conceptualized using a simple geometric

nonlocal transport at steady state

Boulders are preferentially transported to the
hillslope toe. Hillslope gradient is insensitive to the
boulder supply and adjusts to allow soil production
and transport at the baselevel lowering rate.

transported to the hillslope toe.

expression that expands on Equation 1 to account for the effects of
boulders on soil production and transport (Glade et al., 2017):
Sp(x) = %x + %. 3)

The first term on the right hand side gives the solution for a boulder-
free hillslope (Gilbert, 1909). The second term, in which D is boulder
size at a given position x and L is downslope boulder spacing at that
position, reflects the contribution of boulder effects (reduction in soil
production rate, damming of soil) to hillslope steepening. When this
second term nears zero, as in the case of small boulders or very widely
spaced boulders, steady-state hillslope form is not expected to deviate
significantly from the boulder-free case. Large and/or densely spaced
boulders result in the boulder term overwhelming the soil term, leading
to substantially steepened hillslopes. Changes in D(x) and L(x) along the
hillslope govern how boulder-mantled hillslope form differs from the
boulder-free case (Fig. 6).

If there exists a downslope decrease in boulder size or spa-
cing—expected if boulders get progressively smaller downslope by
weathering (McGrath et al., 2013) and/or size-dependent transport
(Duszynski and Migon, 2015)—steady-state hillslopes are concave up
(Figs. 5B and 6A) due to the increased steepening near the hillcrest
required to achieve a given erosion rate in the presence of many large
boulders (Eq. 3). Such concave-up hillslopes are commonly observed in
boulder-influenced landscapes (e.g., King, 1957; Selby, 1987; Howard
and Selby, 1994; Ward et al., 2011; Glade et al., 2017) and differ from
the convex-up form predicted for soil-mantled hillslopes. When the
boulder term is large relative to the soil term and unchanging down-
slope, slope becomes nearly independent of distance such that the pro-
file of a heavily boulder-mantled hillslope is predicted to be linear
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Fig. 5. A) A boulder damming soil on Gap Mountain, Virginia (modified from
Fig. 4C in Chilton and Spotila (2020)). B) Numerical simulations of boulder-
mantled hillslope evolution showing the development of a quasi-steady-state
hillslope (modified from Fig. 3 in Glade et al. (2017)). In this simulation,
boulders are released from a dipping, resistant rock layer. The landform ach-
ieves a steady-state form with respect to the retreating source of boulders.
Boulders increase hillslope steepness and relief by reducing the bedrock
weathering rate beneath boulders and by inhibiting soil transport (inset in B) as
shown in A). The hillslope is concave-up due to the downslope-fining boulder
size distribution that results in greater boulder-induced steepening closer to
the hilltop.

(Fig. 6B). In locations where the largest boulders travel the farthest upon
release from their source, for example where rockfall and landsliding
dominate boulder delivery (e.g., Erismann and Abele, 2001; Copons
et al., 2009; Duszynski et al., 2017), boulder size might increase
downslope. Assuming that boulder spacing remains constant, this would
lead to a convex-up steady-state hillslope (Fig. 6C) even in the presence
of a strong boulder influence on erosion processes. Equation 3 captures
the behavior of one-dimensional models for boulder-mantled hillslope
evolution assuming that hillslopes remain below threshold gradients
and are dominated by local transport processes (Glade et al., 2017).
While the general prediction of boulder-mantled hillslopes being steeper
than hillslopes without boulders is supported by field data (Granger
et al., 2001; DiBiase et al., 2018a), Equation 3 has not been explicitly
tested in the field.

Though examples of perfect steady state in nature are likely rare,
understanding how boulder-mantled hillslopes approach a steady form
is important because it complicates the simple idea that boulders
decrease erosion rates. At steady state, the erosion rate is the rate of
baselevel fall regardless of boulder dynamics; the relevant question is
how hillslopes adjust their steady-state form in the presence of boulder
effects. Field studies have indeed shown that large boulders occupy
steeper parts of the landscape (Granger et al., 2001; Crouvi et al., 2015;
Glade et al., 2017; DiBiase et al., 2018a), suggesting that rather than
topography only dictating where boulders deposit, boulders can also
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control the long-term shape and evolution of topography. Steep,
boulder-strewn areas can erode at the same rate as, or slower than,
portions of the landscape with gentler slopes (Granger et al., 2001;
DiBiase et al., 2018a). This suggests that the topography and spatial
distribution of boulder sizes co-evolve to account for boulder-related
inhibition of soil production and transport in addition to climatic and
tectonic boundary conditions, producing steady-state landforms that
reflect boulder production and transport dynamics.

3.3.3. The evolution of hillslopes dominated by nonlocal sediment transport

On steep hillslopes dominated by nonlocal sediment transport, the
largest boulders tend to be found the farthest downslope (e.g., Neely and
DiBiase, 2020) due to the dominant effects of relative roughness (the
ratio of grain size to surface roughness) on travel distance (e.g., Kirkby
and Statham, 1975; DiBiase et al., 2017). While downslope coarsening of
boulder sizes can occur on hillslopes dominated by local sediment
transport as long as there is some nonlocal component of boulder de-
livery (e.g. a cliff that drops boulders onto the hillslope), the effects of
boulders are thought to be different on hillslopes dominated by nonlocal
transport across the GSD. These hillslopes exhibit a planar morphology
set by the erosion rate at the hillslope toe, the frictional strength of the
bedrock and/or overlying sediment, and the roughness of the hillslope
surface which contributes to the disentrainment of sediment grains in
motion (e.g., DiBiase et al., 2017; Doane et al., 2018; Roth et al., 2020;
Furbish et al., 2020a, 2020b).

On hillslopes that experience nonlocal transport but are below the
threshold angle for mass failure, the boulder size distribution may help
govern the maximum hillslope angle by setting the surface roughness,
and therefore the disentrainment rate of sediment (e.g., Doane et al.,
2018), along the hillslope. The effect would however likely be less
pronounced than on local-transport-dominated hillslopes because the
largest boulders in nonlocal transport systems are efficiently transported
to the hillslope toe. In cliff-talus systems, boulder size may influence the
angle of mass failure, with larger boulders yielding slopes with greater
strength and therefore greater failure angles (e.g., Carson, 1977; Church
et al., 1979).

The presence of planar hillslopes in landscapes dominated by
nonlocal transport and mass wasting suggests that boulders may not
leave a distinctive geomorphic signature on transient or steady hillslope
form in these regions. If hillslopes are consistently close to the threshold
angle for failure and boulders are efficiently transported downslope,
hillslope form will simply reflect the threshold angle (Fig. 4C and 4D).
The dominance of nonlocal transport processes that efficiently evacuate
boulders to the hillslope toe, coupled with the strong influence of mass-
wasting on hillslope form, may prevent the boulder size distribution
from feeding back on local hillslope topography to the extent hypothe-
sized for hillslopes dominated by local transport. When the largest
boulders are efficiently delivered to the hillslope toe, their most signif-
icant effect on hillslope form likely comes from their control over hill-
slope baselevel by affecting fluvial erosion.

3.4. Summary: The effects of boulders on hillslope evolution

Boulders inhibit soil production and transport, forcing hillslopes to
adjust their form to erode at a given baselevel fall rate when local
transport dynamics dominate (Figs. 4A, 4B, and 5). Boulder size and
spacing set the degree to which a hillslope must adjust its steady-state
form relative to a case without boulders, such that the downslope dis-
tributions of boulder size and spacing set hillslope relief, slope, and
concavity (Fig. 6). The dynamics of production, weathering, and trans-
port determine the boulder size distribution, which controls hillslope
transience and steady-state form in potentially predictable ways. When
nonlocal transport dominates, boulders may efficiently bypass the hill-
slope and hillslope form is set by its failure angle rather than the boulder
size distribution (Fig. 4C and 4D). Boulder dynamics on hillslopes set the
size distribution of boulders delivered to river channels (e.g., Attal et al.,
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A) Downslope decrease in boulder size: boulders steepen the upper hillslope
more than the lower hillslope, leading to a concave-up form if boulder effects
dominate soil weathering and transport dynamics.
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Fig. 6. The influence of the downslope boulder size/spacing distribution on the steady-state topography of hillslopes dominated by local sediment transport, as
predicted by Equation 3 for a case when the right-hand term (% ; boulder controls on slope) dominates over the left-hand term (¥ x; weathering and soil transport
controls on slope). Under such conditions, a downslope-fining boulder size distribution leads to a concave-up hillslope (A), a spatially uniform boulder size dis-
tribution leads to a linear hillslope (B), and a downslope-coarsening boulder size distribution leads to a convex-up hillslope (C). Right panels show the approach to
each end-member hillslope form as a function of the downslope distribution of boulder sizes D(x) and spacings L(x), as represented by a linear function treating 2 (x)
as a function of downslope distance x. Steady-state hillslope profiles were computed analytically by integrating Equation 3 with a linear function for 2 (x) as shown in
the plot legends, and ¥ = 0.01. The no-boulders case is the same profile in each plot. Hillslope form becomes progressively more dominated by boulder effects as 2 (x)
increases. The same is not true for hillslopes dominated by nonlocal transport, where the largest boulders are delivered to the hillslope toe and do not feed back on
hillslope form.

2015; Sklar et al., 2017; Glade et al., 2019; Neely and DiBiase, 2020) be important elements in setting channel morphology in mountain

such that the evolution of boulder-mantled hillslopes has important streams (Montgomery and Buffington, 1997; Palucis and Lamb, 2017;
downsystem implications. If boulder-mantled hillslopes self-organize Polvi, 2021), and to influence channel form and erosion dynamics in
such that boulder transport outpaces weathering, boulder size reduc- large rivers (e.g., Howard and Dolan, 1981; Cook et al., 2018; Turzewski
tion may be minimal. If weathering outpaces transport, boulders may be et al.,, 2019; Shobe et al., 2020). In addition, boulder placement is
easily mobilized by the time they reach channels. Hillslope morphology frequently used as a method for stabilizing channel beds and banks (e.g.,
may encode signatures of these two end-member cases (Glade et al., Lenzi, 2002; Pagliara and Chiavaccini, 2006; Chin et al., 2009) for
2017, 2019). restoration.
Here we focus on the influence of boulders that can be observed at
4. Reach-scale effects of boulders in rivers the channel reach (10° — 10° m) scale, with effects that have broader
relevance for landscape evolution. We describe how boulder-rich
How do boulders influence fluvial processes and river channel shape? channels differ from boulder-free channels in terms of reach-scale
Boulders can be delivered to river channels after a journey down a average flow velocity, bedload transport, and channel morphology.

hillslope (Section 2), directly delivered by landsliding, rockfall, or debris
flows (Korup et al., 2006; Ouimet et al., 2007; Bennett et al., 2016;
Finnegan et al., 2019; Shobe et al., 2020), or produced in situ by plucking 4.1. Effects on flow velocity

(e.g., Lamb et al., 2015; Wilkinson et al., 2018). Boulders are thought to
Flow velocity is a key hydraulic parameter. It scales both with the
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energy available in the stream and the bed shear stress. The effect of the
relative flow depth, defined as the ratio of flow depth to the size of the
roughness elements such as boulders, on flow velocity scaling was
recognized early (e.g., Bathurst, 1978; Hey, 1979; Judd and Peterson,
1969) but still presents open questions for research. The presence of
boulders increases relative roughness, causing reductions in flow ve-
locity at a given water discharge per unit width (Fig. 7). A compre-
hensive overview of previous data and models for flow resistance in
boulder-bed channels has been given by Ferguson (2007), and Kalathil
and Chandra (2019) recently reviewed hydrodynamics in step-pool
channels specifically. We discuss flow velocity as a function of
discharge in boulder-influenced channels using the dimensionless pa-
rameters suggested by Rickenmann and Recking (2011) based on earlier
ideas of Ferguson (2007). The use of these parameters was subsequently
justified from dimensional analysis by Nitsche et al. (2012). The
dimensionless flow velocity V* is
vV 4
Here, V is the flow velocity, g is the acceleration due to gravity, S, is
the channel bed slope and the roughness size Dg4 is the grain size that is
larger than 84% of the grains found on the channel bed. We use Dgy4 to
conform to previous work while acknowledging that there are chal-
lenges to defining boulders using any single grain-size statistic (Section
1.1). The dimensionless unit discharge g* is

q = %7 (5)
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Fig. 7. Relationship between dimensionless discharge g* and dimensionless
flow velocity V* for a field data compilation (grey dots; Rickenmann and
Recking (2011)) of streams ranging from gravel to boulder beds. The Manning
equation (black solid line; Eq. 6; Rickenmann and Recking (2011)) and the
depth-integrated law of the wall (dash-dot; Eq. 7; Hey (1979)) were derived for
boulder-free channels, corresponding to roughly g* > 100. While the Manning
equation does not fit boulder-rich channels well, the depth-integrated law of the
wall fits surprisingly well across all three domains of relative roughness as
noted by others (Ferguson, 2007). The constant mixing length model (white
diamond; Eq. 8; Katul et al. (2002)) was developed for submerged boulders,
corresponding to 1 < ¢* < 100, and fits well for g* < 100 but does not work
well in low roughness channels. Drag partitioning approaches have been sug-
gested both for submerged (dashed; Eq. 9; Yager et al., 2007) and partially
submerged boulders (dotted; Eq. 10; Lawrence (1997)). The constant dimen-
sionless velocity (Lawrence, 1997) does not fit the data, while the drag-
partitioning model for submerged boulders (Yager et al., 2007) begins to
diverge from the data when boulders protrude above the flow. Calculations for
the drag-partitioning model (Eq. 9; Yager et al. (2007)) were made using
Cboulder = 0.4, Cbed = 0.047, p/D34 = 0.5, and " = 0.5.
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where g is the volumetric water discharge per unit channel width.
Note that the relative flow depth H/Dg4 is equal to g*/V* for a rectan-
gular channel. The use of the two dimensionless variables collapses data
compiled by Rickenmann and Recking (2011) from a wide range of field
conditions onto a single curve (Fig. 7), with a maximum scatter of a
factor of about 5 for a given value of g*.

The velocity and discharge data (Fig. 7) can be classified into three
commonly used g* domains (e.g., Bathurst et al., 1981): negligible in-
fluence of boulders for g* > 100 (small-scale roughness; H/Dg4 > 7),
submerged boulders for 1 < g* < 100 (intermediate-scale roughness; 1
< H/Dg4 < 7), and partially submerged boulders for g* < 1 (large-scale
roughness; H/Dg4 < 1).

Many common flow velocity equations can be expressed as a simple
power function relating dimensionless velocity and discharge (Egs. 4
and 5) such that

V' =kvq, (6)

where ky is a dimensionless scaling parameter and a is a dimen-
sionless constant. We discuss five commonly used flow velocity equa-
tions and assess their fit to field data across a wide range of relative
roughness conditions (Fig. 7), with specific reference to boulder-induced
high relative roughness conditions.

Two equations were derived for flows with negligible boulder effects
(g* > 100). The first, the Manning equation (Eq. 6 with values of ky =
3.2 and a = 0.4, as determined empirically by Rickenmann and Recking
(2011)), can be derived from the Kolmogorov (1941) phenomenological
theory of turbulence (Gioia and Bombardelli, 2001), explicitly assuming
that water depth is much larger than the relevant roughness size. It
provides a good description of the data for g* > 100, but not for boulder-
rich, high-roughness channels (Fig. 7) (Rickenmann and Recking, 2011).
The second, the law of the wall, is based on the Prandtl (1925) mixing
length model under the assumption that the eddy mixing length scales
with the height above the bed. It can be integrated to obtain a depth-
averaged flow velocity (Keulegan, 1938; Hey, 1979). Making the
explicit assumption that the flow depth is much larger than Dga, it yields

In (#) +1
K

2/3

+B| q"". )

Here, x = 0.44 is von Karman’s constant and B is a dimensionless
constant equal to 9.5. Although Equation 7 was explicitly developed for
boulder-free channels, it follows observations closely over the entire
range of the data (Fig. 7). This is not the case if the aforementioned
approximations are not made during the derivation.

For submerged boulders (1 < g* < 100), two main approaches have
been suggested. First, the mixing length model leading to the law of the
wall has been adapted by using the assumption of a constant mixing
length that scales with boulder size (Lawrence, 1997; Katul et al., 2002),
yielding

v (14 3/5,]*3/5
15k '

Although the scaling assumption lacks strong theoretical support and
was essentially made ad hoc, the model provides a remarkably good fit to
the data in the intermediate roughness range without any free param-
eters (Fig. 7). Second, some approaches use drag partitioning, summing
over the drag forces of boulders and the boulder-free portion of the bed
to predict reach-averaged velocity (e.g., Kean and Smith, 2006a, 2006b;
Kean and Smith, 2010; Yager et al., 2007; Comiti et al., 2009). The
physically-based model of Yager et al. (2007) is representative for this
approach, and yields
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Here, Choulder and Cpeq are constant drag coefficients for the boulders
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and the bed, respectively, p is the boulder protrusion into the flow, and I"
is the fraction of the channel bed covered with boulders. The approach
yields a scaling exponent of 1/3, which is close to the observed scaling
for boulder-free channels, but not for channels with submerged boulders
(Fig. 7). Without additional assumptions—for example, non-constant
drag coefficients—a different scaling cannot be obtained by classical
drag partitioning approaches.

Finally, applying drag partitioning to partially submerged boulders
(g* < 1), Lawrence (1997) obtained a constant dimensionless flow ve-
locity of the form

Vﬁ = (rcbouldcl~)7l/2 (10)

Equation 10, because it casts dimensionless velocity V* as indepen-
dent of dimensionless unit discharge g*, captures neither the observed
scaling nor the magnitude of the dimensionless flow velocity observed in
the data (Fig. 7).

Summarizing, common approaches for estimating flow velocity like
the Manning equation do not yield the correct velocity scaling in
boulder-bed channels and should not be used for streams with sub-
stantial boulder roughness. The mixing length model for submerged
boulders (Lawrence, 1997; Katul et al., 2002) gives a good fit to the data,
but lacks strong theoretical support. Drag partitioning approaches, at
least without the addition of further complexity, do not yield the
observed scaling behavior. The integrated law of the wall (Eq. 7) follows
the data over the entire range even though it was derived for boulder-
free channels (Fig. 7). The good fit seems to be accidental, but the
equation may be used as a comprehensive empirical approach. Theory-
based equations that capture flow velocity scaling over the entire range
of observations do not currently exist. However, empirical equations
calibrated on a large data compilation have been put forward by Fer-
guson (2007) and Rickenmann and Recking (2011), and provide suffi-
cient predictive power when no direct measurements are available but
coverage of the full range of relative roughness values is needed (e.g.,
Nitsche et al., 2012).

4.2. Effects on sediment transport

The solid load of a river can be transported either in the water col-
umn as suspended load without frequent contact with the bed, or as
bedload. Because suspended load is generally thought to be supply
limited (e.g., Vanoni, 1975), it can be assumed that it is not greatly
affected by the presence of boulders in the channel. In contrast, the
reduced flow energy and increased roughness in boulder-bed channels
need to be taken into account when making bedload transport pre-
dictions (e.g., Bathurst, 1987; Pagliara and Chiavaccini, 2006; Rick-
enmann, 2001; Yager et al., 2007; Papanicolaou et al., 2018).

Commonly used bedload equations, such as the Meyer-Peter and
Miiller (1948) equation, have been developed for streams with negli-
gible boulder effects. Many bedload equations relate the dimensionless
sediment transport rate (the Einstein number) g,*:

qs

4, = —F——— an
to the dimensionless shear stress (the Shields number) 7*:
N HS,
T = 12)

(& - )Drx.
» 2

Here, ps and p are the densities of the sediment and the water,
respectively, and Dy, is a representative grain size for the bedload
sediment. A typical bedload equation takes the form (e.g., Meyer-Peter

and Miiller, 1948; Fernandez Luque and Van Beek, 1976)
q: = K(T* — Tj)u, (13)

where K is the dimensionless transport efficiency, a is a
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dimensionless constant, and 7.* is the critical Shields stress for the onset
of bedload motion.

In principle, the presence of boulders can affect each of the four
parameters on the right-hand side of the equation. The scaling exponent
does not seem to strongly depend on the presence of boulders (e.g.,
Rickenmann, 2001). Several approaches account for form drag on
immobile boulders by replacing the total Shields stress with a reduced
effective stress that depends on bed slope or a measure of boulder size or
roughness (e.g., Rickenmann, 2001; Pagliara and Chiavaccini, 2006;
Rickenmann et al., 2006; Kean and Smith, 2006a; Yager et al., 2007,
2012; Kean and Smith, 2010). The critical Shields stress 7.* is known to
increase with increasing channel bed slope (e.g., Lamb et al., 2008) due
to increasing relative roughness at greater slopes (Prancevic and Lamb,
2015), which typically scales with the presence of boulders (e.g., Nitsche
et al., 2011). Both of these effects reduce the driving stress responsible
for transport relative to the transport threshold, and thereby reduce the
transport rate (Fig. 8). Correction approaches based on these two
physical effects yield similarly good results when compared to data
(Schneider et al., 2015). The dimensionless transport efficiency K
measures the unit effective Shields stress needed to transport a given
amount of sediment. Conceptually, it can be thought of as a measure of
the energy that is needed by the stream to transport a unit volume of
sediment over a unit distance. In channels hosting large boulders, mo-
bile bedload particles move slower and take a more tortuous path
through the channel reach than they would in a boulder-free reach. This
implies that transport efficiency decreases with increasing prevalence of
boulders in the channel (e.g., Nitsche et al., 2011). Rickenmann (2001)
showed that K is smaller than the values expected from common
transport equations when the relative flow depth is smaller than H/Dg4
~ 7 (see also Nitsche et al. (2011); Schneider et al. (2015)), a similar cut-
off as observed for the effects of boulders on flow velocity (Fig. 7).

A number of approaches have been published to correct bedload
transport rates for the presence of boulders (e.g., Pagliara and Chia-
vaccini, 2006; Rickenmann and Recking, 2011; Rickenmann et al., 2006;
Yager et al., 2007). Nitsche et al. (2011) compared existing approaches
to field data and concluded that the drag partitioning approach of Yager
et al. (2007) yields the best match with observations. However, this
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Fig. 8. Bedload transport rate at bankfull discharge as a function of the cor-
responding relative flow depth, defined as the ratio between bankfull flow
depth and the representative grain size Dgy, in the streams measured by Bunte
and Swingle (2021) using bedload traps. This compilation includes streams
mainly from the mountains of Colorado, USA, but also includes two sites in the
Gros Venture Range, Wyoming, USA, and one site from the Cascade Range, OR,
USA. All else equal, increased relative roughness due to the presence of boul-
ders decreases bedload transport. At Cherry Creek (marked), flow depth was
measured in a pool upstream of the sampling site where the flow is much deeper
than at the location of the bedload traps.
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approach requires values for parameters such as boulder size, spacing,
and protrusion that are not usually measured. The correction approach
of Rickenmann and Recking (2011) yielded the best result for cases
where size, spacing, and protrusion values were unknown.

4.3. Effects on channel morphology

Channel morphology controls flow hydraulics and sediment trans-
port, reflecting river adjustment to boundary conditions (e.g., Yanites
et al., 2010) including the boulder supply from adjacent hillslopes (e.g.,
Attal, 2017). Boulders influence the efficiency of erosion processes and
may impose erosion thresholds, or levels of erosive power below which
substantial river erosion cannot occur due to boulder effects (e.g., Seidl
et al., 1994; Johnson et al., 2009; Scherler et al., 2017; Shobe et al.,
2018; Raming and Whipple, 2020). If the boulder supply remains
consistent over channel adjustment timescales, rivers adjust to the hy-
draulic and bed cover effects of boulders by self-organizing their slope,
width, and surface texture such that river incision can keep pace with
baselevel fall (Fig. 9) (Brocard and Van der Beek, 2006; Johnson et al.,
2009; Attal, 2017). Alluvial and bedrock channels represent two end-
member channel states; both types of channels may adjust their geom-
etry in response to the presence of boulders.

4.3.1. Alluvial rivers

In steep boulder-bed rivers, boulder delivery and transport cause
reach-averaged channel steepening through the self-organization of the
channel bed into cascade and step-pool morphologies (Grant et al.,
1990; Montgomery and Buffington, 1997). Cascade channels feature
beds consisting of disorganized cobbles and boulders that dissipate flow
energy due to tumbling and jet-and-wake flows (Montgomery and
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Buffington, 1997). Step-pool channels exhibit pools, which often host
deposited sediments, regularly alternating with channel-spanning steps
formed by large clasts with dimensions that scale with the step height (e.
g., Curran and Wilcock, 2005). Step-pool sequences are thought to be
bedforms that evolve in a self-organizing process during extreme events
(Lenzi, 2001; Turowski et al., 2009b; Molnar et al., 2010). Processes of
step formation and destruction are governed by local hydraulics and
channel morphology, and by granular processes (e.g., Church and
Zimmermann, 2007; Curran, 2007; Golly et al., 2019; Zimmermann
et al.,, 2010). However, the mechanisms active in step-pool channel
evolution (e.g., hydraulic, granular, and/or random control over step
formation and destruction) and their relative importance are still
debated (e.g., Golly et al., 2019; Saletti and Hassan, 2020). Compre-
hensive reviews of step-pool channel processes and morphology have
been given by Chin and Wohl (2005), Church and Zimmermann (2007),
Comiti and Mao (2012), Kalathil and Chandra (2019), and Zimmermann
et al. (2020). Even when flow hydraulics preclude the formation of step-
pool bedforms, the presence of boulders in steep streams sets patterns of
sediment erosion and deposition (Monsalve and Yager, 2017; Papani-
colaou et al., 2018) and determines the morphologic stability—or tem-
poral consistency of channel morphology—of mountain streams (e.g.,
Polvi, 2021). Hillslope-derived boulders play a key role in the evolution
of steep alluvial rivers by enhancing boundary roughness, driving
channel steepening, and providing the keystones that form boulder and
cobble bedforms like step-pool sequences (Golly et al., 2017).

There is increasing recognition that boulders may also play an
important role in the evolution and form of gravel-bed rivers—as
opposed to only boulder-bed, step-pool channels—beyond their long-
recognized control on flow resistance (see summary by MacKenzie
etal. (2018)). Because large grains anchor bed-stabilizing structures that

A) Boulder-free channel reach profile

B) Boulder-mantled channel

Fig. 9. Boulder effects on channel slope (A and B)
and width (C and D). With all else equal, slope in-

reach profile

Channel reach slope equilibrates to the
baselevel lowering rate, sediment load,
and hydrologic regime.

effective bed stresses.

C) Boulder-free channel

Channel steepens to achieve an equivalent
erosion rate in the presence of boulders that
protect the channel bed from erosion and reduce

D) Boulder-mantled channel

creases to achieve equilibrium with respect to the
baselevel fall rate in the presence of boulders that
cover the channel bed and reduce effective bed
stresses. Channel width response to boulder delivery
is less well understood. Channels may widen when
boulder prevalence is high, possibly due to sediment-
laden water being directed against the banks after
encountering in-stream boulders. Alternatively,
boulder delivery may cause channel narrowing that
concentrates erosive power over a small channel bed
area. The channel width response may hinge on fac-
tors not explored here such as bedload supply and
transport dynamics or the relative resistance of
boulders versus channel banks.
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imposed sediment load and hydrologic regime.
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lead to immobile sediment patches and trapping of finer, otherwise-
mobile grains (Laronne and Carson, 1976; Brayshaw et al., 1983; Hen-
drick et al., 2010; Papanicolaou et al., 2018), they may substantially
reduce sediment transport rates for flows in which the largest grains
remain immobile (Church et al., 1998; Booker and Eaton, 2020). This
effect in turn is thought to significantly influence channel stability
(MacKenzie et al., 2018).

In the end-member case where boulders are large enough to be
immobile in the largest flows, alluvial channel morphology adjusts to
the presence of boulders. Stream table experiments suggest that the
largest grains stabilize channel banks, preventing lateral erosion at flows
that mobilize most grains (MacKenzie and Eaton, 2017). Comparing
experimental channels evolved using GSDs with widely differing Dg4 but
identical Dso shows that channels with additional large grains steepen at
discharges too low to mobilize the largest grains but achieve similar
slopes at discharges that cause full mobility (Booker and Eaton, 2020).
This indicates that the largest grains, when immobile, reduce the overall
transport rate at a given slope, causing channel steepening. The
morphologic stability of gravel-bed rivers may be set by the mobility of
just a few large grains that remain less frequently mobile than the
remainder of the grain-size distribution (Williams et al., 2019; Eaton
et al., 2020). This idea is consistent with field analyses of fluvial chan-
nels whose planform evolution partially depends on the location and
size of debris-flow-derived boulders (Whipple and Dunne, 1992).
However, the finding that many gravel-bed rivers seem to have adjusted
their shape to transport the D5 (Phillips and Jerolmack, 2016)—rather
than a higher grain size percentile like the Dgs—suggests the possibility
that gravel-bed rivers with the highly disperse GSDs required for the
largest grains to play an outsized role in setting channel form may be
relatively rare.

4.3.2. Bedrock rivers

In channels incising bedrock, boulders reduce the erosive stresses
exerted against the bedrock channel boundary. Boulder-induced hy-
draulic roughness reduces flow velocity (e.g., Schneider et al., 2015) and
effective bed shear stress (e.g., Kean and Smith, 2006a; Yager et al.,
2007). Immobile boulders act as persistent cover that inhibits incision
into the bedrock surface (Thaler and Covington, 2016). Boulders may
also disrupt sediment entrainment and reduce bedload transport rates
(Section 4.2), thereby anchoring extensive areas of alluvial bed cover
that extend beyond the boulders themselves (Nativ et al., 2019) and
reducing the supply of erosive sediment “tools” (e.g., Sklar and Dietrich,
1998, 2004; Turowski et al., 2007). Bedrock channels must alter their
morphology to erode at the rate of baselevel fall under their boulder
supply conditions.

Assuming that river erosion is a function only of the shear stress
exerted on the bedrock (i.e. that it does not explicitly depend on bed load
sediment flux), the ratio of a boulder-mantled and a boulder-free
channel slope S;3/S; can be derived as a function of boulder concentra-
tion, boulder size, and channel hydrology. Such an expression should
include the effects of bed cover due to boulders, any differences in bed
sediment size induced by the presence of boulders, and boulder-induced
changes in flow resistance and form drag. An initial statement encom-
passing some of these effects can be made using the simplified model of
Shobe et al. (2020) under the assumption that the slopes of boulder-
mantled and boulder-free channels will adjust to equilibrate to the
baselevel lowering rate and the presence of fully immobile boulders:

Sw _ (14+0p)h,

S, (1=Dhy

= a4

Here, the subscript b denotes a parameter describing the boulder-
mantled reach, h, and hy;, are the flow depths in the boulder-free and
boulder-mantled channel, respectively, and op, is the dimensionless drag
stress exerted on the boulders (e.g., Kean and Smith, 2010). For a given
erosion rate, the amount of boulder-induced steepening is expected to
increase with the cover fraction of boulders and the drag stress, which is
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a function of boulder size and spacing (Figs. 9A and B). This is
conceptually consistent with findings comparing boulder size, bed
cover, and channel steepness between channels with and without local
supplies of boulders (Brocard and Van der Beek, 2006; Johnson et al.,
2009; Thaler and Covington, 2016; Attal, 2017). The flow depths h, and
hyp, the drag stress op, and the cover fraction I' all depend on boulder size
and/or spacing such that numerical solutions to this equation are
required (Shobe et al., 2020). Equation 14 is one starting point for
connecting boulders to changes in steady-state channel slope, but such
approaches need to be improved to account for other processes—like
channel width adjustment and channel morphology changes due to
bedload dynamics—that might be influenced by boulders.

Using equation 14 to describe boulder-induced channel steepening
assumes that channel width does not adjust in response to boulder de-
livery or boulder-induced steepening (Shobe et al., 2020). The validity
of this assumption has not been thoroughly assessed, as there have been
few direct comparisons of channel geometry with boulder prevalence
(Thaler and Covington, 2016; Finnegan et al., 2019; Nativ et al., 2019;
Shobe et al., 2020) and inconsistent field evidence for the general re-
lationships among channel width, slope, and erosion rate (e.g., Whipple,
2004; Duvall et al., 2004; Turowski et al., 2009a). Field data from
northern California indicates that channel width (normalized for
drainage area) decreases—albeit subtly and noisily—with increasing
proximity to boulder-producing hillslope failures, suggesting that
boulder delivery might reduce channel width (Shobe et al., 2020)
(Figs. 9C and D). Other work in the same area, however, shows that
narrowing due to hillslope-derived boulders may only occur in channels
that are narrow relative to the seasonal displacement of boulder-
delivering hillslope failures such that the potential for width adjust-
ment may depend on the details of the boulder supply (Finnegan et al.,
2019). The assumption of no width adjustment to boulder delivery may
therefore be suspect (especially in cases of very rapid boulder supply
(Finnegan et al., 2019)), but is subject to three important caveats. First,
Shobe et al. (2020) did not directly correlate boulder prevalence with
channel width, but instead used hillslope failure proximity as a proxy for
boulder prevalence. Second, the observed correlation could have arisen
from transient channel response to spatially variable rock uplift rates (e.
g., Amos and Burbank, 2007; Lavé and Avouac, 2001) in their study
area, which they lacked the data to constrain. Third, observed narrow-
ing could be due not to boulder delivery but to the large amounts of
transportable sediment delivered to the channel (e.g., Croissant et al.,
2017), which has been shown to cause narrowing in other settings (e.g.,
Golly et al., 2017).

Other recent field results also suggest a role for channel width
adjustment to boulder delivery, but imply a boulder-induced widening
rather than narrowing (Figs. 9C and D). Studied reaches of the Liwu
River, Taiwan, are in general wider when more boulders are present in
the channel (Nativ et al., 2019). Building upon sediment-flux-dependent
incision theory, Nativ et al. (2019) hypothesized that immobile boulders
influence incision 1) by modifying bed cover dynamics and 2) by acting
as additional channel boundaries, thus concentrating bedload tools on
the exposed fraction of the bed. Boulders can also direct mobile bedload
tools against channel banks (Fuller et al., 2016; Li et al., 2020) due to
lateral deflection of bedload trajectories. Assuming, along similar lines
to Shobe et al. (2020), that the channel has adjusted to the boulder
supply, steady-state boulder-influenced reach width W} can be cast as a
power function of the bed cover fraction (Nativ et al., 2019):

W,
Wb“(l -7,

15)
where W is the width of a reach without immobile boulders and y is a
positive dimensionless constant. Equation 15 suggests that boulder-
induced channel widening scales with the boulder bed cover fraction
I'. Currently, insufficient field data exists to thoroughly test the channel
width response to boulder delivery, or to rule out the competing
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possibilities that 1) boulders preferentially deposit in wider river rea-
ches, or 2) bank failures that widen the channel also produce boulders
(Marcotte et al., 2021). Width adjustment likely depends not only on
boulder size and prevalence, but also on the relative erosion resistance
of boulders and the channel banks as well as bedload transport
dynamics.

Together, Equations 14 and 15 provide one possible framework for
understanding how key channel morphologic variables (slope and
width) adjust to sustained boulder delivery. Additional field studies are
needed to 1) reconcile seemingly opposing field observations and ac-
count for climatic, lithologic, and other site-dependent controls on the
interplay between boulder prevalence and channel geometry, and 2)
better quantify the rates and processes of boulder delivery, transport,
and degradation that set the in-channel boulder size distribution. It is
also critical to separate transient channel responses to boulder delivery
from the morphology exhibited by a boulder-influenced channel that is
equilibrated to all of its forcing conditions including the boulder supply
and the efficiency of boulder removal through fluvial transport and
degradation.

4.4. Transport and degradation of boulders

The residence time of a boulder within a channel is limited by the
river’s ability to transport it and to reduce its size by wear. Boulder
transport is difficult to study in the field because it tends to occur only
during exceptional flow events (Carling and Tinkler, 1998; Cook et al.,
2018; Turzewski et al., 2019; Huber et al., 2020), and because the as-
sumptions underlying standard incipient motion calculations do not
apply to the hydraulically rough, unsteady flows in which boulders often
move (Carling et al., 2002; Alexander and Cooker, 2016). In the absence
of fluvial power sufficient to transport boulders, they can gradually
move by scouring of the surrounding sediment that then allows boulder
rolling or toppling. Scour-caused boulder toppling events have been
documented in the field (Yin and Shyu, 2017) and in experiments
(Schlomer et al., 2021; Polvi, 2021). Repeated rolling or toppling peri-
odically reorients boulders such that over time different facets of the
boulders face upstream and thereby become vulnerable to abrasion
(Wilson et al., 2013).

In steep landscapes, fluvial boulder transport can occur during
exceptional events. In the intensively monitored Erlenbach in
Switzerland, a large flood moved boulders up to 1.35 m in diameter
(Turowski et al., 2009b), the largest of which weighed an estimated 2.5
tons. Catastrophic floods triggered by failures of glacial lakes and
landslide dams can move boulders of over 10 m in diameter (Cook et al.,
2018; Turzewski et al., 2019; Huber et al., 2020). Floods with rapidly
increasing discharge such as glacial lake outburst floods or landslide-
dam breach events cause boulder motion due to both unusually high
discharge and rapid increases in flow velocity that generate large im-
pulse forces and allow boulders to move even in cases where steady-flow
calculations might suggest that no transport should occur (Alexander
and Cooker, 2016). Abrupt, flood-driven reductions in the number and
size of boulders in the channel immediately alter channel morphology
and flow resistance (Golly et al., 2017); sediment fluxes may be elevated
for several years following such exceptional events (Turowski et al.,
2009b; Morche and Schmidt, 2012). This emphasizes the important role
of boulders in stabilizing channels (e.g., Lenzi, 2002) during prolonged
periods of immobility.

During periods without extreme events, immobile boulders are
vulnerable to abrasion (e.g., Schumm and Stevens, 1973; Wilson et al.,
2013) and chemical weathering (Seidl et al., 1994). We have only
limited process-based theory and direct observations related to boulder
abrasion, but insights from experiments and theory for pebble abrasion
can be extrapolated. Abrasion is expected to occur when moving sedi-
ment particles collide with an immobile boulder, and is dominated by
either attrition or fragmentation of mass (Attal and Lavé, 2009; Le
Bouteiller et al., 2011). In field and experimental studies of pebble

15

Earth-Science Reviews 220 (2021) 103717

abrasion, the abrasion rate depends strongly on lithology (Attal and
Lavé, 2006), pebble traveling speed and initial size (Attal and Lavé,
2009). Fragmentation rates decrease during the experiments (Le Bou-
teiller et al., 2011), raising the possibility that large particles like
boulders might have larger populations of pre-existing planes of weak-
ness and may therefore be more prone to fragmentation (as opposed to
abrasion) than the bedload fraction.

Immobile boulders are expected to erode by mechanisms similar to
those governing in situ bedrock, and thus an analogy to bedrock incision
can be made. Abrasion by mobile bedload on the exposed upstream faces
of boulders, as well as on boulder sides and downstream faces in zones of
fluid recirculation, likely drives boulder degradation in rivers with
sufficient mobile bedload (Whipple et al., 2000; Wilson et al., 2013; Beer
et al.,, 2017; Murphy et al., 2018). Plucking, the removal of fracture-
bounded blocks, also occurs on boulder surfaces where planes of
weakness are closely spaced (Whipple et al., 2000). As has been argued
for channel floor bedrock (Hancock et al., 1998), plucking dominates in
cases where boulders host closely spaced planes of weakness. In perva-
sively fractured rock, initial boulder production may exploit the frac-
tures of greatest weakness with plucking of smaller blocks from in-
channel boulders then occurring along remaining fracture planes.

4.5. Summary: Reach-scale effects of boulders in rivers

Immobile fluvial boulders increase hydraulic drag, reduce flow ve-
locity and bedload transport, shield the channel bed from erosive
stresses, and ultimately force rivers to adjust their geometry to achieve
geologically dictated sediment transport and erosion rates. Channel
steepening in response to boulder delivery has been consistently
observed, but the response of channel width is not well constrained. The
efficiency of boulder transport, and of the degradation processes that
reduce boulder size and increase mobility, set the time-averaged boulder
size distribution in eroding rivers under a given hillslope-derived
boulder supply. The size distribution of boulders in turn controls how
the channel adjusts to its baselevel fall rate and boulder supply boundary
conditions. The river response to boulder delivery ultimately feeds back
on adjacent hillslopes that respond to river erosion at their lower
boundary, resulting in dynamic coupling between boulder-mantled
channels and hillslopes.

5. Channel-hillslope coupling and boulder-influenced landscape
evolution

How do boulder-mantled channels and hillslopes interact to set the long-
term form and evolution of boulder-influenced landscapes?

Channels and hillslopes in eroding landscapes form a tightly coupled
system (e.g., Harvey, 2001). Sediment delivery from hillslopes affects
river erosion processes by setting the in-channel sediment availability
and GSD. In turn, rivers set the lower boundary conditions to which
hillslopes adjust. Rapid river incision leads to destabilization and
accelerated erosion of hillslopes (Harvey, 2001; Larsen and Mont-
gomery, 2012; Egholm et al., 2013; Golly et al., 2017; Campforts et al.,
2020). The resulting influence of hillslope sediment delivery on river
processes is known as downsystem coupling, while the influence of river
erosion on hillslope evolution is upsystem coupling (Golly et al., 2017).
Channel-hillslope coupling in boulder-rich landscapes is hypothesized to
control landscape evolution at scales ranging from reach to basin.

At the channel reach scale, the erosion of previously stable boulder
bedforms such as alluvial steps or boulder clusters can lead to an
upstream-migrating pulse of river bed lowering that debuttresses adja-
cent hillslopes and (re-)activates landslide sediment supply to the
channel. Golly et al. (2017) directly observed flood-driven upstream
migration of an alluvial step, followed by landsliding and re-formation
of a new step in approximately its original position. This cycle in-
dicates both downsystem (landslide-derived coarse sediment influ-
encing channel processes) and upsystem (debuttressing of hillslopes by
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river erosion) coupling. Similarly, the degradation or transport of
boulders protecting the channel bank from erosive stresses can lead to
channel widening and increased landslide sediment delivery (Cook
et al., 2018).

Modeling suggests that similar feedbacks govern the evolution of
river valleys over geologic timescales on which direct observation is
impossible (Fig. 10). Coupling a model for hillslope boulder production
and transport (Glade et al., 2017) with a model for boulder-influenced
bedrock rivers (Shobe et al., 2016) yields insight into how boulder de-
livery feedbacks between channels and hillslopes influence erosion in a
river valley (Glade et al., 2019). A step change in baselevel lowering rate
induces high-frequency (years to thousands of years) cycles in the ver-
tical lowering rates of both the channel and the adjacent hillslopes.
Initial rapid river erosion leads to hillslope steepening and enhanced
boulder delivery to the channel. This then reduces river erosion rates
due to boulder-induced bed cover and hydraulic drag. Boulder degra-
dation and channel steepening enable a subsequent increase in river
erosion rate that triggers accelerated hillslope erosion and causes the
cycle to begin anew. These modeling results are analogous to the field
observations of Golly et al. (2017) repeated over many cycles. The
strength of both the downsystem and upsystem components of the
coupling depends on boulder prevalence, size, and resistance to

B) River adjusts to erode despite
boulder input (e.g., steepens to
transport boulders). Hillslopes
respond to bed lowering by
steepening.

A) Initial configuration: Boulders
inhibit river incision and lowering of
the hillslope toe.

C) Hillslope steepening in response
to riverbed lowering triggers boulder
delivery to the channel.

D) Newly delivered boulders
inhibit river incision. New boulders
are exhumed by hillslope lowering
(return to A).

B c B ¢ B C
A D/A
Boulder-free landscapes

Time

River erosion rate
m

Fig. 10. The influence of boulder dynamics on channel-hillslope coupling. A-D
show a repeating cycle of inhibition of erosion due to boulders (A), river
adjustment to the supplied boulder load (B), renewed boulder delivery in
response to river erosion (C), and a new phase of erosion inhibition by boulders
(D). E) Time series of river erosion rates. The key effect of boulders, as opposed
to more easily transportable hillslope-derived sediment (e.g., Croissant et al.,
2017), is that boulders persist longer in the channel and therefore alter the
timescales of channel-hillslope coupling cycles. Boulders may also increase the
amplitude of river erosion rate cycles by more completely inhibiting erosion
when boulders are present and forcing rivers to become highly erosive during
periods when erosion can occur (Glade et al., 2019).
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degradation (Glade et al., 2019).

Even if direct observations of channel and hillslope processes at basin
evolution timescales are elusive, both the downsystem and upsystem
components of boulder-related channel-hillslope coupling have been
observed at the landscape scale. Steep, rapidly eroding hillslopes can be
destabilized by rapid river incision (the upsystem coupling) (e.g., Korup
et al.,, 2010; Gallen et al., 2011; Attal et al., 2015). Resulting boulder
delivery from hillslopes to channels results in large, in-channel boulder
deposits that perturb channel longitudinal profiles, indicating that the
boulders are influencing river erosion dynamics (the down-system
coupling) (e.g., Korup, 2006; Korup et al., 2006; Ouimet et al., 2007;
Finnegan et al., 2019).

Boulder delivery feedbacks between channels and hillslopes influ-
ence both the evolution of transient landscapes and the form of steady-
state landscapes as the land surface adjusts simultaneously to its base-
level fall rate and the lithologically modulated boulder supply.

5.1. Transient adjustment of boulder-influenced landscapes

The size, prevalence, and erosion resistance of boulders in a land-
scape, while being influenced by external factors like rock type and
fracture density, evolve during landscape response to a tectonic or cli-
matic perturbation. Boulders have been said to inhibit landscape
response to external (e.g. tectonic, climatic) forcing (Bennett et al.,
2016; Shobe et al., 2016). While this is true relative to a hypothetical
case in an identical landscape without boulders, it is more accurate to
say that boulder dynamics are part of the landscape response to
boundary conditions along with changes in channel and hillslope
morphology. The influence of boulders on transient landscape evolution
depends on the direction and magnitude of the forcing—for example,
whether a landscape experiences an increase or decrease in baselevel fall
rate or climate-induced erosivity. Boulder effects on transient landscape
evolution have been best studied in regions undergoing accelerated
baselevel fall (or rock uplift relative to baselevel) where an increase in
erosion rate triggers river incision accompanied by channel-hillslope
boulder delivery feedbacks (Bennett et al., 2016; DiBiase et al., 2018a;
Finnegan et al., 2019).

As a drainage basin begins to respond to a baselevel perturbation,
river erosion caused by the external forcing increases the erosion rate
felt by adjacent hillslopes (e.g., Gallen et al., 2011). If the basin is un-
derlain by rock types with amenable mineralogy and fracture density,
boulder production and the rate of boulder delivery to the channel in-
crease (Attal et al., 2015; Sklar et al., 2017). The baselevel fall rate may
be fast enough to trigger hillslope destabilization and landsliding, which
is the source of many of the in-channel boulder deposits reported in the
literature (e.g., Korup, 2006; Ouimet et al., 2007; Bennett et al., 2016;
Finnegan et al., 2019; Shobe et al., 2020). Even in the absence of
landsliding, hillslopes may adjust by steepening and causing boulders to
move downslope more rapidly than in the relict portion of the landscape
(Glade et al., 2019). Accelerated boulder transport from hillslopes to
channels results in boulders spending less time weathering and leading
to greater in-channel boulder concentrations (Attal et al., 2015; Sklar
et al., 2017).

The delivery of boulders in response to channel erosion forced by
baselevel lowering then results in partial or complete inhibition of river
erosion until the river adjusts to accommodate the erosion-inhibiting
effects of boulders (Ahnert, 1987; Howard, 1998; Shobe et al., 2016;
Glade et al., 2019). For riverbed incision rates to match the rate of
baselevel fall in heavily boulder-mantled channels, boulders must be
moved during large floods (Cook et al., 2018; Shobe et al., 2018),
weathered and/or abraded in place with the river evacuating decay
products (Prancevic et al., 2020), or moved as knickpoints in the un-
derlying bedrock propagate upstream (Seidl et al., 1994; Howard, 1998;
Finnegan et al., 2019). In the presence of sustained boulder supply, river
channel slope and potentially width must adjust (see Section 4.3) to
enable sufficient boulder transport and/or degradation such that erosion
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can proceed at the baselevel fall rate. Another possible mechanism of
channel adjustment to boulder delivery is the formation of epigenetic
gorges, in which channels do not incise boulder deposits but instead re-
route and incise nearby bedrock (Ouimet et al., 2008; Johnson et al.,
2009; Finnegan et al., 2019).

Boulder delivery to rivers through channel-hillslope coupling, rela-
tive to a case in which equivalent rock volume is supplied to the channel
in more easily transported size classes, influences rates of transient
signal propagation through drainage basins. The unsteady nature of
boulder delivery to channels makes the upstream retreat of knickpoints
episodic, with rapid propagation occurring during brief periods of
increased erosive power and punctuated by periods of stasis during
which high concentrations of in-channel boulders prevent channel
adjustment. Support for boulder-induced unsteady signal propagation
comes from field observations of channels where occasional large floods
mobilize channel-defining boulders, allowing incision (Cook et al.,
2018) and alluvial step retreat (Golly et al., 2017). One-dimensional
channel profile modeling suggests that similar unsteadiness persists
over geologic time purely due to boulder dynamics from channel-
hillslope coupling (Shobe et al., 2016). In a scenario where hillslopes
respond to river incision by delivering boulders, modeled knickpoint
retreat rates become highly variable in time, varying by up to a factor of
two around the mean. Long periods with little baselevel signal propa-
gation occur while the channel adjusts its geometry to enable transport
of hillslope-derived boulders and subsequent bed erosion. Brief periods
of fast signal propagation then occur until boulder delivery triggered by
rapid incision reduces the river erosion rate again.

Channel-hillslope coupling dynamics can alter landscape response to
boundary conditions beyond pulses of baselevel fall; these include
cessation of baselevel fall in post-orogenic landscapes (e.g., Mills, 1981,
1989) as well as climate change that might influence boulder production
(e.g., Del Vecchio et al., 2018; Chilton and Spotila, 2020; Marshall et al.,
2021).

5.2. Steady-state boulder-influenced landscapes

Boulder-influenced landscapes can only achieve steady state when
tectonic or climatic fluctuations occur on timescales longer than those
required for the landscape to fully adjust to its boundary conditions and
boulder size distribution. Even in the presence of steady external forc-
ings, boulder-mantled landscapes may never achieve true steady state
due to the internal dynamics associated with channel-hillslope coupling.
Numerical models accounting for channel-hillslope coupling in boulder-
influenced landscapes suggest that channels and hillslopes achieve a
time-averaged steady state if the averaging timescale is greater than the
recurrence timescale of channel-hillslope feedback cycles (Shobe et al.,
2016; Glade et al., 2019). Modeled erosion rates depart from the steady-
state value over annual to millenial timescales due to 1) erosion inhi-
bition by boulders newly delivered to a point on the landscape and 2)
rapid erosion during periods when a landscape adjusted to the presence
of boulders is boulder-free. Modeled steady-state, boulder-influenced
channels and hillslopes are steeper than equivalent landforms without
boulder delivery. Boulder influences on erosion and transport processes
result in landscapes that must steepen to erode at the baselevel fall rate
and transport all of the supplied sediment load in the presence of
boulders.

Model predictions are conceptually consistent with field evidence
from a recent field study from a set of near-steady-state mountain ranges
with similar rock type and hydroclimate (DiBiase et al., 2018b). The two
ranges differ primarily in bedrock fracture density, with lower fracture
density yielding larger boulders (maximum grain sizes of 6 m versus 2
m). The range with prevalent boulders has steeper river channels, hill-
slopes, and higher total relief (DiBiase et al., 2018b).

Investigation of the long-term evolution of boulder-influenced
landscapes has revealed the importance of boulders as agents of
coupling between channels and hillslopes. Boulder-influenced
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landscapes can achieve an average steady-state condition, but boulder
dynamics dictate the rate and style of landscape adjustment to pertur-
bations as well as the resulting steady-state landscape form.

5.3. Modeling long-term landscape evolution in the presence of channel-
hillslope boulder feedbacks

Improved understanding of upsystem and downsystem channel-
hillslope coupling due to boulder dynamics has led to attempts to inte-
grate this behavior into large-scale landscape evolution models. Efforts
have focused on using simple adjustments to widely used river incision
models to incorporate the downsystem effects of hillslope-derived
boulders on river erosion. Analogous approaches for the long-term
evolution of boulder-influenced hillslopes have not been developed;
more work remains to be done to incorporate both components of
channel-hillslope coupling into long-term, large-scale models.

The generic stream power model, for rivers in which erosion is
limited by the detachment rate of material from the channel bed, holds

that vertical bed lowering per unit time £ is

0z

5 (16)
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an expression loosely derived from the physics of sediment transport
(Eq. 13). Ky is an erosion constant, @ is an erosive stress or power (bed
shear stress or unit stream power) generally calculated as a power
function of bed slope and water discharge or its surrogate, drainage area,
and w, is a critical power required to initiate erosion (e.g., Howard,
1994; Whipple and Tucker, 1999; Lague, 2014). In the simple case
where Ky and o, are constants, and @ depends only on water discharge
and bed slope, there is no mechanism by which this model can incor-
porate the dynamic coupling between river incision and the delivery of
hillslope-derived boulders (Seidl et al., 1994). This limitation has
motivated efforts to incorporate boulder effects into each of the three
variables on the right hand side of Equation 16.

Approaches in which erosive power o is modified to account for the
hydraulic roughness of boulders (see section 4 above; Kean and Smith,
2006a; Yager et al., 2007)) are the most physically based way to
incorporate boulder effects into Equation 16. Such approaches have
been used in reach-scale models of boulder-influenced river erosion
(Shobe et al., 2016, 2018; Glade et al., 2019), but require spatially and
temporally resolved knowledge of the in-channel boulder size distribu-
tion. They also require explicit flow resistance calculations to account
for boulder-induced roughness. The calculation of w as a power-law
function of water discharge and slope can include consideration of
flow resistance by varying the relevant exponents (see for example
Whipple and Tucker (1999)), leaving open the possibility that this
calculation could encompass boulder dynamics through empirical flow
resistance approximations (section 4).

The erosional efficiency factor Ky can also be modified to account for
the effects of hillslope-derived boulders, reflecting observations that
immobile boulders mantle beds and reduce river erosion rates relative to
the no-boulders case. Modifying Ky is equivalent to adding a bed cover
factor (1 — I') (Sklar and Dietrich, 1998, 2004) that reflects the average
proportion of the bed covered by boulders (Shobe et al., 2016) or the
average proportion of time the bed is mantled with immobile material
(Ouimet et al., 2007).

The other approach to including boulders in simple channel evolu-
tion models is to vary the erosion threshold w, (e.g., Scherler et al., 2017;
Shobe et al., 2018; Raming and Whipple, 2020) to account for boulder
effects. . might be the power required to mobilize a boulder if the bed
cannot erode at all in the presence of the existing boulder cover.
Otherwise, a boulder-influenced threshold represents the average
reduction in erosion attributable to the presence of boulders in the
channel much like the (1 — I') term represents average boulder cover.
might be expected to scale with the baselevel fall rate given that
channel-hillslope coupling results in greater boulder delivery to
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channels when rapid river erosion steepens adjacent hillslopes (Shobe
et al., 2018), but such a simple scaling leaves out many of the spatio-
temporal dynamics of channel-hillslope coupling such as the delay in the
onset of boulder delivery experienced by upstream river reaches that
baselevel signals are slow to reach. A more realistic model might be one
in which o, scales with channel steepness (slope normalized by drainage
area) (Scherler et al., 2017), reflecting empirical correlations between
channel steepness and in-channel boulder prevalence (Attal et al.,
2015). This connection is intuitively appealing as it is thought to reflect
accelerated boulder delivery due to adjacent hillslope steepening. But it
does not distinguish between boulder mantling of channels as a response
to, versus a driver of, channel steepening.

The diversity of ways to model boulder-influenced landscapes re-
veals a tension familiar to geomorphologists: the more process-based
approaches require data (e.g., boulder size distributions) that is not
widely available over the required spatial and temporal scales, while
heuristic modifications to model parameters are currently too general to
offer field-testable predictions for landscape form. In the absence of
computationally expensive and parameter-rich models that explicitly
track the production, transport, and effects of boulders across land-
scapes (e.g., Glade et al., 2019), the key avenue for future progress is
finding ways to connect field observations to long-term models of river
and landscape evolution. Transforming model parameters like Ky and o,
into state variables that depend on boulder delivery dynamics (Ouimet
et al., 2007; Scherler et al., 2017; Shobe et al., 2018; Raming and
Whipple, 2020) will require field calibration of empirical relationships
between observable and calculable topographic metrics (e.g., hillslope
gradient, local relief) and boulder influences on landscape evolution
processes. Robust empiricisms connecting simple landscape metrics to
boulder-induced reductions in erosive power @ would allow progress in
the same direction. While most attention has focused on simplified
models for boulder-rich channels, a parallel is needed for hillslopes.
Field studies, physical experiments, and numerical modeling all have a
role to play in informing models for landscape evolution over geologic
time in the presence of boulder-induced channel-hillslope feedbacks.

5.4. Summary: Channel-hillslope coupling and boulder-influenced
landscape evolution

Boulder delivery from hillslopes to channels changes rates and pro-
cesses of river erosion, which then feeds back to affect the evolution of
adjacent hillslopes. Channel-hillslope feedbacks induced by boulder
delivery reduce—and introduce unsteadiness into—the upstream prop-
agation rate of baselevel signals. While landscapes experiencing strong
boulder-related channel-hillslope coupling can likely reach a time-
averaged topographic steady state, they may also experience substan-
tial spatial and temporal erosion rate variations due to cycles of boulder
delivery, channel adjustment, and hillslope response. Landscape evolu-
tion modeling approaches that incorporate these feedbacks are being
developed, but currently lack process-based foundations. Accurate pre-
diction of boulder dynamics in eroding landscapes is not only scientifi-
cally important, but also has the potential to mitigate costly geohazards.

6. Boulders as a component of geomorphic hazards

How do boulders contribute to geomorphic hazards, and how might
improved understanding of boulder dynamics be used for geohazard
mitigation?

In addition to exerting a strong influence over the shaping of land-
scapes, boulders amplify geohazards in steep landscapes arising from
catastrophic hillslope failures and/or large flood events. The largest
boulders tend to travel farther downslope than the main failure mass
during rockfall and rockslide events, thus setting the boundary of the
area at risk (e.g., Hungr et al., 2005). Boulders mobilized in large hill-
slope failures can contribute to the formation of landslide dams
(Dunning et al., 2006; Ouimet et al., 2007; Fan et al., 2020), destroy
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structures and infrastructure, and block disaster response access routes
(Kargel et al., 2016). Boulders in debris flows enhance damage to
structures by magnifying flow impact forces relative to a flow without
boulders (Kean et al., 2019). Boulders carried by debris flows can block
culverts and other channel constrictions, leading to overbank flow and
increases in the total inundation area (Kean et al., 2019). On entering
the river channel network, boulders transported during high flows may
cause further problems, for example by blocking hydropower station
infrastructure.

Following a landslide or flood event, boulders are the most difficult
component of the deposit to remove, thus delaying disaster response and
recovery. In the 2018 Montecito debris flows in California, large boul-
ders blocked roads and recovery routes; the only way to remove them
was to use explosives to break them up (reported by the Los Angeles
Times on January 17th, 2018). After the 2015 Gorkha and Dolakha
earthquakes in Nepal, boulders of up to 6 m® were observed along the
Araniko highway blocking the road (Regmi et al., 2016) and delaying
disaster response. In July 2016, a monsoon flash flood amplified by a
landslide-dam-burst flood in the Upper Bhote Koshi entrained > 6 m
boulders that jammed the sluice gates of intake to a hydropower station,
causing $110 million of damage and delaying power generation.

Despite the additional hazards that boulders add to mass-movement-
influenced landscapes, the production and transport of boulders during
landslide, rockfall, and debris flow events have not been consistently
considered in geomorphic hazard assessments. Landslide hazard is
quantified as the probability of a landslide of a given size occurring
within a given area over a given period of time (Guzzetti et al., 2005).
Probabilistic landslide hazard assessment starts with statistical analysis
of landslide inventories mapped from satellite or aerial imagery, which
yield a landslide size—frequency distribution for a specific landscape (e.
g., Malamud et al., 2004; Bennett et al., 2012; Dini et al., 2020). To
produce maps of landslide risk where detailed landslide inventories do
not exist, landslide susceptibility is analyzed as a function of landscape
attributes such as surficial and bedrock geology (e.g., Dahal et al., 2008),
topographic gradient (e.g., Stanley and Kirschbaum, 2017), and distance
from potential landslide triggers like active faults (e.g., Kritikos et al.,
2015). More recently, time-varying factors such as damage to slopes
incurred by previous earthquakes, termed earthquake preconditioning,
have been shown to be important in statistical models of landslide sus-
ceptibility (e.g., Parker et al., 2015). Other features of landslides that
may be combined into hazard assessments are the mobility of landslides
(i.e., the runout distance of a failed mass relative to its fall height or
volume), and connectivity with the river system and thus potential to
trigger cascading hazards in the fluvial system downstream (e.g., Li
et al.,, 2016). While several of the variables incorporated into current
hazard assessments (e.g., geology, slope damage) may indirectly include
boulder effects, quantifying boulder production and mobility as a
component of geohazards is an opportunity for improving risk
assessment.

Adding boulder dynamics to geomorphic hazard assessments is
hampered by two main challenges: understanding the prevalence and
size distribution of boulders produced in a hazard event, and under-
standing the mobility and potential travel paths of preexisting boulders.
Achieving the former by extracting reliable grain size information over
large areas is effort-intensive even given the wide availability of high-
resolution imagery. A focus on finding topographic proxies for boulder
size and prevalence—which will only come with improved under-
standing of the relationships between landscape form and boulder pro-
duction (e.g., Chilton and Spotila, 2020; Neely and DiBiase, 2020; Marc
et al., 2021)—would enable better prediction of the sizes of boulders
available to be mobilized in a hazard event.

Even in locations with rich boulder size datasets, boulder mobility
and transport dynamics are relatively poorly constrained (see sections 2
and 4). Recently, repeat high-resolution satellite imagery (Cook et al.,
2018), imaging technologies including LiDAR and structure-from-
motion from uncrewed aerial vehicles (Carr et al., 2020), and boulder
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tracking approaches using GPS tags and accelerometers (section 6.1
below) have enabled field-based studies that investigate boulder
mobility in geohazard-prone landscapes. Here we discuss a case study in
which data from accelerometers embedded within boulders is used to
assess boulder mobility in a landslide-hazard-prone area. While mobility
data itself does not provide a full view of potential boulder-driven
geohazards, assembling boulder mobility datasets is a key first step to
understanding the influence of boulders on hazards in eroding
landscapes.

6.1. Case study: Understanding boulder mobility with smart boulders

In a recent study, Dini et al. (2021) demonstrated the potential of
smart boulders for monitoring a range of mass movement processes.
Studies of boulder motion using in situ sensors can provide higher tem-
poral resolution data on boulder mobility than can be achieved using
traditional repeat surveying methods. The use of such sensors to un-
derstand boulder mobility in relation to geologic context and environ-
mental forcing has the potential to 1) improve our mechanistic
understanding of the controls on boulder incipient motion and travel
pathways, and 2) provide a basis for geohazard early warning systems
under the assumption that substantial boulder mobility preferentially
occurs during catastrophic events in areas that are remote and difficult
to monitor by other means. Because the size, prevalence, and transport
dynamics of moving boulders influence the intensity of geohazards
(Kean et al., 2019), tracking the motion—or lack thereof—of pop-
ulations of boulders has implications for both basic science and geo-
hazard mitigation.

Dini et al. (2021) equipped 23 boulders with GPS receivers to mea-
sure boulder position and accelerometers to measure boulder motion
events. 10 boulders were embedded in a slow-moving landslide and the
remainder in debris flow channels, which serves to capture boulder
motion from two dominant transport mechanisms that may be
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associated with geohazards. The boulders embedded in the landslide lie
within the soil and might be expected to move coherently with the
landslide mass if it were reactivated during intense rainfall events.
Debris flow events may move boulders in the channels. The sensors used
by Dini et al. (2021) can detect accelerations ranging from gradual
boulder sliding and tilting to the > 1g accelerations experienced by
boulders entrained in debris flows.

Nine of the tagged boulders registered patterns in the accelerometer
data compatible with downslope movements during the June-December
2019 observation period (Fig. 11). Of these, six lying within the land-
slide body show small angular changes, indicating a reactivation during
the rainfall period and movement within the landslide mass. A quali-
tative validation, using images captured by a timelapse camera and
repeat laser scans (Fig. 11), shows phases of reactivation and sliding of
the mass. Three boulders, located in a debris flow channel, show sharp
changes in orientation, likely corresponding to larger free movements
and sudden rotations that may have occurred due to flow within the
channel. Seismometer and timelapse camera data indicate a lack of large
debris flows in the targeted channels during the 2019 monsoon season,
in line with the accelerometer data showing few mobile boulders within
the debris-flow channels. Dini et al. (2021) observed size-dependent
boulder mobility in the channel; only the smallest boulders (<2 m in-
termediate axis) moved during the acquisition season, likely due to the
lack of substantial debris flows during the observation period. Boulders
within the landslide did not show a size dependence, suggesting that
boulders move coherently with the large landslide mass rather than
independently based on their size. These findings lend tentative support
to the idea that boulder transport on hillslopes is only size-dependent for
some transport processes (Section 2), emphasizing the importance of
quantifying the relative contributions of different transport processes
(Section 2.3.3).

The field study of Dini et al. (2021) highlights the potential use of
accelerometer-tagged boulders in hazard early warning systems, but

Fig. 11. Motion (or lack thereof) of boulders in Nepal tagged
with accelerometers during a five month period (June-De-
cember 2019). The red dashed line delineates a landslide,
portions of which moved during the observation period ac-
cording to repeat field camera (located across the valley out of
the map) and terrestrial laser scanner (TLS) data. The blue
dashed line marks a debris flow channel. Nine tagged boulders
moved—defined as experiencing accelerations or changes in
angle above predefined thresholds—during the observation
period. Boulder size as measured by intermediate axis length
does not seem to exert a clear control over boulder (im)
mobility within the landslide mass. The smallest boulders in
the debris flow channel were the most mobile. Modified from
Dini et al. (2021).
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also points toward new ways of quantifying the drivers and modes of
boulder mobility in general. By yielding high-resolution field datasets
governing processes like boulder transport that are currently over-
simplified in models (Shobe et al., 2016; Glade et al., 2017), field
monitoring studies can simultaneously advance our understanding of
landscape evolution and our ability to safeguard human lives and
infrastructure from geohazards.

6.2. Summary: Boulders as a component of geomorphic hazards

Boulder transport during extreme geomorphic events adds to the
hazards posed by those events (e.g., Hungr et al., 2005; Kean et al.,
2019). Boulders in motion carry hazardous amounts of momentum and
boulders that have come to rest are difficult to move. Improved under-
standing of boulder production and transport dynamics, using a com-
bination of field sensors, repeat high-resolution measurements, and
numerical models, will advance fundamental process understanding
while enabling geohazard prediction and mitigation.

7. Synthesis and future directions

Boulders have long been hypothesized, based on intuition and
qualitative field observations, to influence rates and processes of land-
scape evolution. Only recently have substantial numbers of studies
attempted to quantify boulder effects on geomorphic processes and
landscape evolution outcomes. We return to our guiding questions to
summarize the current body of knowledge and assess specific needs for
future research.

7.1. What factors control boulder production on eroding hillslopes and the
subsequent downslope evolution of the boulder size distribution?

Boulders on hillslopes are produced by rockfall from exposed cliffs,
landslides that access bedrock, or by weathering out of fractured
bedrock as corestones. Boulder size, like the hillslope GSD in general, is a
function of fracture density, rock type, climate, erosion rate, and the
mechanism of boulder production. Boulder size and prevalence—though
not necessarily residence time (Fig. 2)—increase in rapidly eroding
landscapes where boulders are most likely to be produced by hillslope
failures and most likely to bypass efficient weathering in the soil col-
umn, thereby reflecting bedrock fracture density.

The downslope boulder size distribution depends on the boulder
production mechanism and subsequent transport and weathering. For
example, rockfall from cliffs may preferentially deliver large boulders to
the base of steep hillslopes while steady exhumation through the
weathering zone might produce a more spatially uniform initial boulder
size distribution (e.g., Fletcher and Brantley, 2010; Sklar et al., 2017).
Size-dependent downslope transport can result in either downslope-
fining or downslope-coarsening boulder size distributions depending
on whether local or nonlocal transport dominates.

The size distribution of boulders on hillslopes—Ilike the full GSD
(Sklar et al., 2017)—is the combined result of production, transport, and
weathering dynamics. A key avenue for future work on boulders spe-
cifically is to examine each set of processes in detail through well-
constrained field observations, as we currently lack the ability to pre-
dict boulder size distributions from a process-based perspective. Boulder
production may be best understood by mapping the boulder size dis-
tributions produced from recent or active production events such as
rockfalls and landslides (e.g., Roda-Boluda et al., 2018; Finnegan et al.,
2019; Shobe et al., 2020; Marc et al., 2021), or through detailed field
monitoring using sediment fences (e.g., Rengers et al., 2020) and other
site-scale techniques. Measuring in situ bedrock fracture density can
yield estimates of the largest boulder that can be produced in a given
landscape (Verdian et al., 2020; Neely and DiBiase, 2020). The use of
high-resolution imagery (e.g., Neely and DiBiase, 2020) to collect large
boulder size datasets across rock type, tectonic, and climatic gradients
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will allow the formulation and testing of mechanistic boulder produc-
tion models. In situ boulder-tracking (e.g., Dini et al., 2021) can isolate
the influence of boulder transport on the downslope boulder size dis-
tribution. More studies using similar in situ methods or repeat high-
resolution surveys (e.g., Carr et al.,, 2020) will enable the quantifica-
tion of typical recurrence timescales and displacements associated with
boulder motion. Weathering may be the most challenging control on the
boulder size distribution to quantify, but initial steps have been made by
using field instrumentation to record weathering processes (Eppes et al.,
2010; Lamp et al., 2017; Eppes et al., 2020). Importantly, field obser-
vations of production, transport, and weathering must be compared
across gradients of climate, lithology, and erosion rate to establish the
relative effects of each variable on the downslope distribution of boulder
sizes on hillslopes.

7.2. How do boulders influence hillslope processes and long-term hillslope
evolution?

On hillslopes experiencing predominantly local sediment transport,
boulders affect the processes of soil production and transport that
govern hillslope evolution (Fig. 4 and 5). Relative to a hillslope of
identical morphology without boulders, boulder-mantled hillslopes
experience reduced soil production and transport rates due to boulders
shielding the underlying hillslope from weathering agents and acting as
obstacles to soil transport. The downslope distribution of boulder sizes
determines the relative importance of boulder effects at each point on
the hillslope and the magnitude of the morphologic response, leading to
a wide range of possible hillslope morphologies (Fig. 6).

Hillslopes dominated by local transport adjust their form to accom-
modate the baselevel fall rate and boulder size distribution such that
their slope at every point can be thought of as the sum of a soil transport
component and a boulder-induced component (Eq. 3). In simple models
informed by field data, the downslope boulder size distribution can
drive hillslope adjustment to a convex-up, concave-up, or linear shape
depending on how boulder size and spacing change with distance
downslope (Fig. 6). The strong dependence of modeled hillslope form on
the boulder size distribution emphasizes the importance of boulder
production, transport, and weathering processes to the long-term shape
of hillslopes. Future work may better characterize feedbacks between
boulders and granular soil creep and flow processes (e.g., BenDror and
Goren, 2018; Ferdowsi et al., 2018; Deshpande et al., 2020), changing
expectations for the form and evolution of boulder-mantled hillslopes.

On steep, planar hillslopes dominated by nonlocal transport and near
the threshold for mass-wasting, boulders are efficiently delivered to the
hillslope toe and there exists no documented dependence of hillslope
form on boulder size. Hillslope form is set by the erosion rate at the
hillslope toe, which determines whether the hillslope will steepen
enough to achieve its threshold angle, as well as the threshold angle
itself which is governed by rock strength. Boulders delivered to the
hillslope toe may ultimately influence hillslope boundary conditions
through their influence on erosion processes in colluvial and fluvial
channels.

There remains a need for data at the process scale detailing how
boulders influence hillslope processes. While the damming effects of
boulders on soil transport are relatively well-documented, the effects of
boulders on weathering and soil production are not. Comparing
weathering and soil production dynamics between otherwise similar,
boulder-mantled and boulder-free hillslopes will advance our under-
standing of the specific mechanisms by which infrequently mobile
boulders change weathering processes and resulting hillslope form. Even
the question of whether substantial weathering can occur beneath sta-
tionary boulders, or whether weathering mainly occurs during periods
without boulder cover, remains open.

Links between the downslope boulder size distribution and the form
of hillslopes—both as a function of erosion rate (e.g., Neely et al., 2019;
Neely and DiBiase, 2020) and climate and rock type (e.g., Verdian et al.,
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2020)—need to be quantified in the field. This effort will be complicated
by the need to determine whether a hillslope is in approximate steady
state with respect to its erosion rate forcing, but cases where steady state
is a reasonable assumption will yield insights into the control of the
boulder size distribution on hillslope topography and its importance
relative to external forcings.

7.3. How do boulders influence fluvial processes and river channel shape?

Boulders that remain largely immobile in river channels increase
hydraulic drag and prevent erosive flows from accessing some portion of
the channel bed. They reduce flow velocity (Fig. 7), effective bed shear
stresses, and rates of bedload sediment transport (Fig. 8) relative to a
boulder-free channel. Empirical corrections exist to adjust both flow
resistance and bedload transport calculations for the presence of boul-
ders, but more process-based approaches await development.

Channels adjust to the presence of large, immobile boulders by
adjusting their cross-section shape and slope (Fig. 9). The slope of both
alluvial and bedrock channels, all else equal, scales with boulder size
and prevalence. The channel width response to boulder delivery is less
clear, with evidence from some landscapes showing a positive correla-
tion between boulder prevalence and channel width (e.g., Nativ et al.,
2019), and some showing a decrease in width with increasing proximity
to boulder-delivering landslides (Shobe et al., 2020). The widening
response fits with the idea that boulders might deflect particle-laden
flows against channel banks (e.g., Fuller et al., 2016; Li et al., 2020),
but direct observations of this effect are lacking. More work is needed to
clarify boulder-related influences on channel width independent of
other controls on channel width like the narrowing caused by an
increased flux of transportable sediment to the channel (Golly et al.,
2017).

Fluvial boulders in some field sites show substantial abrasion,
implying a long-residence time in a fixed orientation within the channel
and suggesting that the largest boulders degrade in place through fluvial
processes and weathering (Wilson et al.,, 2013). On the other hand,
exceptionally large flow events move boulders over 10 m in diameter,
suggesting an important role for transport as well. Mobilization of the
largest boulders leads to extensive changes in channel geometry and
sediment flux (Golly et al., 2017; Cook et al., 2018), emphasizing both
that boulders strongly influence channel bed configuration and that such
transport events must be relatively rare.

A key open question in boulder-influenced rivers is: how do boulder-
mantled channels keep up with baselevel fall rates when there exists a
consistent supply of seemingly immobile boulders? Collecting field data
to understand the relative contributions of channel geometry adjust-
ment, in situ boulder degradation (e.g., Schumm and Stevens, 1973;
Wilson et al., 2013; Prancevic et al., 2020), and boulder transport during
extreme events (e.g., Cook et al., 2018; Huber et al., 2020; Greenbaum
et al., 2020) is important to answering this question. Repeat high-
resolution field surveys will help determine which processes allow
continued erosion in the presence of boulders, and how process domi-
nance might change based on tectonic, climatic, and lithologic
conditions.

7.4. How do boulder-mantled channels and hillslopes interact to set the
long-term form and evolution of boulder-influenced landscapes?

Boulder delivery from hillslopes to channels is one manifestation of
channel-hillslope coupling that results in both downsystem (hillslope-
derived boulders influence river processes) and upsystem (river erosion
dynamics set the lower boundary condition for hillslopes) effects
(Fig. 10). Both components of this coupling have been observed over
short timescales in the field (Golly et al., 2017) and replicated in nu-
merical simulations (Glade et al., 2019). Boulder-related channel-hill-
slope coupling changes the upstream propagation of baselevel signals
through drainage basins because of the time required for 1) channels to
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adjust to boulder delivery and 2) hillslopes to respond to incision at their
lower boundary. Simulations predict that, because of these time lags,
transient landscape adjustment proceeds at unsteady rates in boulder-
mantled landscapes (Shobe et al., 2016). In landscapes experiencing
time-averaged steady-state erosion conditions, channel-hillslope
coupling may continue to produce variations in channel and hillslope
erosion rates through time (Glade et al., 2019). Boulder effects on these
couplings, and on the amplitude and frequency of erosion rate fluctua-
tions, are hypothesized to depend on boulder size, prevalence, and
resistance to erosion.

The influence of boulders on landscape form and evolution will be
best quantified by finding well-constrained field studies where long-
term erosion rates can be measured with cosmogenic isotopes, and
where boulder-rich portions of the landscape can be directly compared
against boulder-poor portions (e.g., Thaler and Covington, 2016;
DiBiase et al., 2018b,a). One challenge worth noting is that boulders
themselves, unlike sand and gravel fractions, self-shield from cosmic
rays and therefore can’t be directly sampled and compared with other
size fractions (e.g., Tofelde et al., 2018). However, cosmogenic surface
exposure ages can constrain the “emplacement age” of boulders in the
landscape if post-deposition mobility can be neglected (Huber et al.,
2020).

The importance and timescales of up- and down-system channel-
hillslope coupling due to boulder dynamics can be explored indepen-
dently in the field by investigating river response to recent boulder de-
livery (Finnegan et al., 2019) or hillslope response to river-induced
destabilization (Golly et al., 2017; Cook et al., 2018). Numerical
models incorporating boulder effects on channel-hillslope coupling will
need to better account for known feedbacks. For example, current
models often incorporate the down-system effects of hillslope-imposed
grain size variations on rivers (Egholm et al., 2013) without including
up-system effects on hillslope grain size, or do so in a heuristic way
(Glade et al., 2019). Physical landscape experiments represent another
promising path towards understanding boulder-influenced landscapes
through the lens of channel-hillslope coupling (Hasbargen and Paola,
2000; Bigi et al., 2006) if realistic ways of producing boulders in eroding
experimental landscapes can be found.

7.5. How do boulders contribute to geomorphic hazards, and how might
improved understanding of boulder dynamics be used for geohazard
mitigation?

The presence of boulders enhances the risk associated with geo-
hazards in eroding landscapes, including landslides, debris flows, and
floods. Mobile boulders can destroy infrastructure and be challenging to
remove due to their size, resulting in socioeconomic harm that persists
long after a disaster event. Conversely, because the presence of boulders
can slow water flow, erosion, and sediment transport, immobile boul-
ders are often used in engineering projects that seek to mitigate erosion
(e.g., Lenzi, 2002; Pagliara and Chiavaccini, 2006; Chin et al., 2009) and
accompanying hazards (for example, streambank collapse). Prediction
and mitigation of geohazards in either case requires explicit consider-
ation of the likelihood that a given event will produce and/or mobilize
boulders.

Known hazard areas can be intensively monitored using repeat high-
resolution imagery and in situ boulder-tracking (Fig. 11). These ap-
proaches hold the promise of potential application to early warning
systems, and will help constrain our process-based understanding of
boulder production and movement through the landscape. Using rich
field datasets to inform new numerical models for boulder dynamics in
hazard-prone landscapes will enable a priori assessment of potential
boulder-related hazards before extreme events occur.

8. Conclusions

The presence of infrequently mobile boulders influences the form
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and evolution of nonglaciated, erosional landscapes. Dominant pro-
cesses of boulder production—including landsliding, rockfall, and
corestone exhumation—reflect external controls like rock type and
fracture density as well as internal controls like erosion rate and land-
scape steepness. Boulders that persist on hillslopes inhibit soil produc-
tion and transport, affecting hillslope shape in ways that depend on the
dominant mode of sediment transport. When transport is predominantly
local, hillslopes preferentially steepen in locations with larger or more
closely spaced boulders. Depending on the downslope distribution of
boulder size and spacing, hillslopes may achieve concave-up, linear, or
convex-up steady-state shapes. Boulder effects are therefore likely
encoded in the steady-state form of hillslopes not completely dominated
by nonlocal transport. Boulders are more likely to bypass the hillslope
without influencing hillslope form when nonlocal transport dominates,
emphasizing that the steepest, fastest-eroding landscapes may not be
those that experience the greatest boulder influence.

Boulder delivery from hillslopes to river channels drives increased
hydraulic roughness and reduced bedload transport efficiency. Field-
validated approaches exist to account for both effects, and suggest
that channel geometry must adjust to allow erosion at the rate of base-
level fall despite boulder-induced reductions in erosion and transport
efficiency. Reach-scale theory, experiments, and field observations
agree that boulder delivery drives channel steepening to enable erosion
to keep pace with baselevel fall, but the effects of boulders on channel
width are less clear.

Feedbacks between boulder-influenced channels and hillslopes affect
long-term landscape evolution trajectories, increasing the time required
for landscapes to adjust to external perturbations and altering baselevel
signals as they travel through drainage basins. The timescales over
which boulder-influenced landscapes can be considered to be in steady
state may need to be several orders of magnitude longer than for
boulder-free landscapes, as channel-hillslope boulder delivery feedbacks
cause cycles of internal disequilibrium unrelated to variations in tec-
tonics, climate, or other external forcings. Boulder-influenced land-
scapes can nevertheless achieve a time-averaged steady-state form with
hillslopes and channels that adjust their steepness—and potentially
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other less-studied properties like hillslope soil thickness and river
channel width—in response to boulder size and prevalence.

Boulders contribute to geomorphic hazards through their destructive
power when mobile and their persistence in the landscape once they
come to rest. The contribution of boulders to recent hazard events,
coupled with results from field monitoring studies, indicates that
explicit incorporation of boulder production and transport dynamics
into geomorphic hazard assessment will improve hazard prediction and
mitigation efforts.

Boulder dynamics are best thought of as one facet of a landscape’s
response to external environmental forcings, whether that forcing is a
sustained acceleration in the baselevel lowering rate, the cessation of
orogenic activity, or climatic changes that modulate the boulder supply.
Key knowledge gaps stem from a lack of data on the processes that
govern boulder size and prevalence, as well as how process-scale effects
of boulders add up to influence landscape form and dynamics over time.
Future work should prioritize field studies that treat boulder processes
as one component of self-organizing landscapes, elucidate how boulder
dynamics interact with other geomorphic processes, and quantify how
boundary conditions like tectonics, climate, and rock type affect the
balance of those interactions.
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Symbol Units Meaning

a - Discharge-velocity exponent

B - Dimensionless constant

Choulder - Boulder drag coefficient

Ched - Bed drag coefficient

D L Hillslope boulder size

Dy L Representative grain size for fluvial bedload
Dg4 L Size of the 84th percentile of bed sediment
g L2/T Acceleration due to gravity

H L Flow depth

Hbpankfull L Bankfull flow depth

hy L Flow depth in boulder-free reach

hyp L Flow depth in boulder-mantled reach
k LY/T Soil transport efficiency

K - Bedload transport efficiency

Ky varies Fluvial erosion efficiency

ky - Discharge-velocity coefficient

L L Boulder spacing

p L Boulder protrusion height

Gsoil L%/T Hillslope soil flux per unit width

q LY/T Specific water discharge

q* - Dimensionless water discharge

qs* - Dimensionless bedload transport rate
qs L%/T Volumetric bedload transport rate

Sh - Hillslope topographic gradient

Sy - Riverbed topographic gradient

Sy - Slope of a boulder-mantled channel

t T Time
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(continued)
Symbol Units Meaning
v L/T Reach-averaged flow velocity
v - Dimensionless reach-averaged flow velocity
w L/T Hillslope weathering rate
w L Boulder-free channel width
Wy L Boulder-mantled channel width
x L Distance
z L Topographic elevation
a - Bedload transport onstant
7 - Channel width constant
r - Fraction of the channel bed covered by boulders
K - Von Karman’s constant
Ps M/L3 Sediment density
P M/L3 Water density
op - Dimensionless drag stress on in-channel boulders
T - Shields stress
Tc* - Critical Shields stress
@ varies Fluvial erosive power
o8 varies Critical fluvial erosive power
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