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Abstract we investigate processes of bedrock-core bar and island development in a bedrock-influenced
anastomosed reach of the Sabie River, Kruger National Park, eastern South Africa. For sites subject to
alluvial stripping during an extreme flood event (~4,470-5,630 m®s™") in 2012, preflood and postflood aerial
photographs and LiDAR data, 2-D morphodynamic simulations, and field observations reveal that the
thickest surviving alluvial deposits tend to be located over bedrock topographic lows. At a simulated peak
discharge (~4,500 m? s™1), most sediment (sand, fine gravel) is mobile but localized deposition on bedrock
topographic highs is possible. At lower simulated discharges (<1,000 m* s™*), topographic highs are not
submerged, and deposition occurs in lower elevation areas, particularly in areas disconnected from the main
channels during falling stage. Field observations suggest that in addition to discharge, rainwash between
floods may redistribute sediments from bedrock topographic highs to lower elevation areas, and also
highlight the critical role of vegetation colonization in bar stability, and in trapping of additional sediment
and organics. These findings challenge the assumptions of preferential deposition on topographic highs that
underpin previous analyses of Kruger National Park river dynamics, and are synthesized in a new
conceptual model that demonstrates how initial bedrock topographic lows become topographic highs
(bedrock-core bars and islands) in the latter stages of sediment accumulation. The model provides particular
insight into the development of mixed bedrock-alluvial anastomosing along the Kruger National Park rivers,
but similar processes of bar/island development likely occur along numerous other bedrock-influenced
rivers across dryland southern Africa and farther afield.

1. Introduction

Considerable recent research attention has been given to the dynamics of sediment cover in bedrock or
mixed bedrock-alluvial rivers, including in field investigations (e.g., Goode & Wohl, 2010; Hodge et al.,
2011; Hodge & Hoey, 2016), laboratory flume experiments (e.g., Chatanantavet & Parker, 2008; Finnegan
et al., 2007; Hodge et al., 2011; Hodge & Hoey, 2016; Johnson & Whipple, 2007), and numerical modeling
studies (e.g., Huda & Small, 2014; Johnson, 2014; Sklar & Dietrich, 2004). In some settings, fluvial and wider
landscape development is thought to be strongly influenced by the degree of sediment cover owing to its con-
trol on river incision rates through bedrock (Lague, 2014; Nelson & Seminara, 2011; Sklar & Dietrich, 2004).
A delicate balance exists, with sediment acting both as a tool for abrasion and as a protective cover against
erosion (Howard, 1994; Sklar & Dietrich, 2004). Most researchers have assumed that over long time periods a
negative feedback exists, whereby enhanced bedrock erosion is counteracted by development of a protective
sediment cover (e.g., Lague, 2014; Nelson & Seminara, 2011; Sklar & Dietrich, 2004). In contrast, the flume
experiments of Johnson and Whipple (2007) and Finnegan et al. (2007) indicate a positive feedback mechan-
ism, whereby the locations of sediment over the bedrock are associated with increased erosion rates. In these
types of rivers, therefore, the patterns, processes, and rates of bedform, barform, and island development
may be crucial controls on bedrock exposure and its longer-term susceptibility to erosion (Meshkova &
Carling, 2012; Tooth & McCarthy, 2004).

Against this backdrop, clearly there is a critical need for additional field, laboratory, and numerical modeling
studies of the dynamics of sediment cover in different bedrock or mixed bedrock-alluvial river styles.
Southern Africa provides an opportunity to conduct such studies, for many of the rivers draining the dryland
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interior of the subcontinent are characterized by bedrock “macrochannels” that commonly have incised
many meters into ancient planation surfaces but have variable amounts of sediment infill. Variations in
lithology, geological structure, flow regime, sediment supply, sediment cohesion, and vegetation assem-
blages have created morphologically diverse river styles, many of which have been characterized by
extended periods of sediment accumulation on an historic time scale (Tooth, 2016; Tooth & Nanson,
2011). This has led to the development of an increasingly alluvial and vegetated set of single-thread and mul-
tichannel river styles that commonly result in decreasing exposure of the underlying bedrock (McCarthy &
Tooth, 2004; Parsons et al., 2006; Rountree et al., 2000; Tooth et al., 2013; Tooth & McCarthy, 2004; van
Coller et al., 1997; van Niekerk et al., 1995). Nevertheless, sediment accumulation is periodically interrupted
by extensive “stripping” of alluvium and associated vegetation during large or extreme floods (e.g., Heritage
et al., 2004; Milan, Heritage, Tooth, et al., 2018; Pettit & Naiman, 2006; Rountree et al., 2000, 2001; Tooth &
McCarthy, 2004). Similar stripping events have been highlighted as an important driver of channel dynamics
and alluvial system resetting in some Australian (Baggs Sargood et al., 2015; Nanson, 1986), Indian (Kale
et al., 1996), and North American river systems (Baker, 1977; Graf, 1983; Hereford, 1984, 1993). In rivers
where bedrock lies at shallow depth beneath the alluvium, stripping leads to exposure during floods, thereby
facilitating further bedrock incision (e.g., Baggs Sargood et al., 2015; Heritage et al., 2014; Milan, Heritage,
Entwistle, et al., 2018; Milan, Heritage, Tooth, et al., 2018).

Along many reaches of mixed bedrock-alluvial rivers in southern Africa, anastomosing (Heritage et al., 1999,
2004) or anabranching (Tooth & McCarthy, 2004) is one of the key multichannel river styles. Wide macro-
channels incised in bedrock host multiple smaller channels that divide and rejoin around
bedrock-influenced bars and islands. A fundamental morphological unit in these river styles is the
bedrock-core bar, which is defined as a macroscale depositional feature, typically 10-50 m in length, that
is composed of an outer shell of alluvium deposited around a bedrock topographic high and is commonly
colonized by vegetation (van Coller et al., 1997; van Niekerk et al., 1995). Bedrock-core bars are initiated
by sediment deposition that occurs on exposed bedrock in the channel bed. Deposition is aided by the growth
of pioneering vegetation such as Breonadia salicina (commonly known as Matumi or Mingerhout), which
often establishes in fissures on bedrock outcrop, and also by the development of reedbeds (van Niekerk
et al., 1995). The location of individual bedrock-core bars remains fixed but they may grow vertically, later-
ally, and longitudinally through ongoing sedimentation and vegetation colonization, with neighboring bars
locally coalescing to form the larger, vegetated islands around which many channels divide and rejoin (van
Niekerk et al., 1995; cf. Tooth & McCarthy, 2004). Similar to many bedrock-influenced, single-thread or
braided river styles (van Niekerk et al., 1995), these anastomosing/anabranching river dynamics are largely
controlled by stripping of alluvium and vegetation during large or extreme events, with intervening building
phases enabling sediment accumulation and vegetation re-establishment (Milan, Heritage, Tooth, et al.,
2018). For the mixed bedrock-alluvial rivers in the Kruger National Park (KNP), eastern South Africa, van
Niekerk et al.'s (1999) conceptual model assumes that topographic lows remain sediment free while
near-uniform, ubiquitous sediment deposition begins on bedrock topographic highs during peak and wan-
ing flow stages, and that subsequent vegetation colonization on these highs promotes additional deposition.
A preliminary study of the Olifants River (Milan, Heritage, Entwistle, et al., 2018) has questioned this
assumption of preferential deposition on topographic highs but additional field and modeling evidence is
needed for a more rigorous examination. Obtaining field data from the KNP rivers and other similar riparian
environments can be difficult, however, as the periods of significant sediment accumulation that follow
extensive stripping events tend to be erratic in time and space. In the KNP, additional challenges are posed
by the large scale of many macrochannels (many hundreds of meters wide), locally dense vegetation, and the
presence of dangerous animals.

With recent developments in data acquisition (e.g., aerial LIDAR) and numerical modeling, there is an
opportunity to circumvent many of these challenges (Entwistle et al., 2018; Milan & Heritage, 2012) by
undertaking spatially extensive yet locally detailed investigations of sediment dynamics and associated
bar, island, and channel development. In this paper, we investigate the controls on bedrock-core bar and
island development in a bedrock-influenced, anastomosed reach of the Sabie River (Figure 1a). The Sabie
River is one of several large (>100 km long) rivers in the KNP that are subjected to episodic
cyclone-driven, large floods (defined here as peak discharges 1,000-4,000 m* s™*) or extreme floods
(>4,000 m*® s™*), most recently in February 2000 and January 2012 (Heritage et al., 2004, 2019; Knight &
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Figure 1. (a) The Sabie River catchment, eastern South Africa, showing the location of the study reach in the southern
part of the Kruger National Park (KNP; dark shaded area). From the northern edge of the Sabie catchment, the KNP
extends ~300 km northward along the South Africa-Mozambique border, and is traversed by many other rivers with
similar characteristics to the Sabie. (b) LiDAR bare earth DEM for the study reach, which comprises sections with mixed
bedrock-alluvial anastomosed (upstream, downstream) and bedrock anastomosed (midstream) channel types (see part c).
The coordinate system is WGS84 UTM36S. Sites A and B (red boxed areas) show the locations for erosion depth and
sedimentation thickness analyses (Figures 5 and 6). (c) Long-profile for the study reach taken along the centerline of the
macrochannel between points 1 and 2 (see part b), with the transitions between the different channel types demarcated by
the vertical red dashed lines.
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Evans, 2017; Milan, Heritage, Tooth, et al., 2018; Smithers et al., 2001). Individually and collectively, these
recent floods led to extensive stripping of alluvium and vegetation, locally revealing the underlying bedrock
template (Milan, Heritage, Entwistle, et al., 2018; Milan, Heritage, Tooth, et al., 2018), but subsequent to the
2012 floods, the early stages of sediment accumulation and vegetation re-establishment have occurred. The
aims of the paper are to (1) use preflood and postflood aerial orthophotography and LiDAR data to map the
spatial patterns of erosion and deposition resulting from the 2012 floods; (2) use two-dimensional (2-D) mor-
phodynamic simulations to investigate topographic and hydraulic controls upon erosional and depositional
patterns, with a particular focus on identifying and explaining deposition on the bedrock template; and (3)
synthesize these findings with field observations of sediment redistribution and vegetation colonization in a
new conceptual model of bedrock-core bar and island development.

2. Study Location
2.1. Regional Setting

The Sabie River drains a 7,096-km” catchment (Figure 1a), rising in the rugged Drakensberg to the west
(~1,600 m above sea level) and descending rapidly onto the lower relief Lowveld (~400 m above sea level)
and Lebombo zones (~200 m above sea level) farther east. Rainfall occurs mainly in the austral summer
(November through March) and is highest in the headwaters (2,000 mm a~'), declining rapidly eastward
toward the South Africa-Mozambique border (450 mm a™'). Flow gauge records for the middle Sabie
River only extend back to the mid-1980s (Heritage et al., 2019) but demonstrate that the flow regime is highly
seasonal, being characterized by austral winter low flows (generally <50 m* s™*) and summer floods that
once every few years are in the 500-1,000-m> s~* range (defined here as moderate floods). Occasionally,
high-intensity rainfall events (>100 mm/day) result from the tracking of cyclones inland, and floods are
in the 1,000-4,000-m> s~* range (defined here as large floods) or exceed 4,000 m> s7! (defined here as
extreme floods; Eden, 1937; Heritage et al., 2019; Milan, Heritage, Tooth, et al., 2018).

Cyclone-driven, extreme floods occurred both in February 2000 and January 2012, with peak discharges on
the Sabie River estimated at ~6,000-7,000 and ~4,470-5,630 m>s™*, respectively (Heritage et al., 2004, 2019;
Milan, Heritage, Tooth, et al., 2018). Based upon rain gauge records from 1945, Smithers et al. (2001) esti-
mated the 2000 Cyclone Eline event to have led to rainfall with return periods in excess of 200 years in parts
of the upper and middle catchment. The magnitudes and probabilities of the associated floods varied
throughout the catchment but from rainfall-runoff modeling, floods in most parts of the catchment were
estimated to have return periods greater than 50 years (Smithers et al., 2001). Yet just 12 years later,
Cyclone Dando led to more heavy rainfall and flooding (Fitchett et al., 2016). On the Sabie River, the 2012
floods were not as large as the 2000 floods but nevertheless also resulted in significant erosion and deposition
(Milan, Heritage, Tooth, et al., 2018). In historical context, the close temporal spacing of these two flood
events is unusual but could be explained by the mounting evidence that climate change in eastern southern
Africa may be driving an increased frequency of cyclone-generated extreme events in eastern South Africa
(Fitchett & Grab, 2014) and is resulting in increased rainfall during wet seasons (MacFadyen et al., 2018).
The possible impacts of these climate-driven changes upon the KNP rivers has been conceptualized by
Milan, Heritage, Tooth, et al. (2018) for two different initial starting states. An increasing frequency of large
or extreme floods will likely initiate stripping in more alluvial reaches and thus lead to greater bedrock expo-
sure, and will maintain widespread bedrock exposure in bedrock reaches. For both alluvial and bedrock
reaches, however, the impacts of such changes in flood magnitude and frequency are likely to be spatially
nonuniform and dependent on flood sequencing. Uncohesive sediments may be deposited during falling
stage on exposed bedrock surfaces or during intervening lower magnitude floods (Milan, Heritage, Tooth,
et al., 2018), so for the more alluvial reaches, partial or full recovery to preflood starting states may still occur.
Among national park managers, there is concern regarding the potential impacts of these channel changes
on associated aquatic and riparian ecosystems.

In terms of flow regime and morphology, the Sabie River is similar to many other rivers located farther north
in the KNP, including large rivers such as the Letaba and Olifants (Heritage et al., 2019; Milan, Heritage,
Entwistle, et al., 2018; Moon & Heritage, 2001). In its middle reaches, the Sabie River is characterized by a
macrochannel that has incised ~5-10 m into various sedimentary, metamorphic, and intrusive and extrusive
igneous lithologies (Heritage et al., 1999). Along these middle reaches, lithological changes result in
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frequent, abrupt changes in macrochannel slope and associated sediment deposition patterns, leading to
diverse channel types that include alluvial single-thread and braided channels, and bedrock-influenced ana-
stomosed and pool-rapid channels (van Niekerk et al., 1995). In previous channel-type classifications of the
KNP rivers (e.g., Heritage et al., 1999), the prefix “mixed” has been used as shorthand to refer to “mixed
bedrock-alluvial” channels, and a distinction has been made between uncohesive mixed (dominantly mobile
sand and fine gravel) and cohesive mixed (higher clay-silt proportion) channel types (Broadhurst et al.,
1997). For brevity and consistency with earlier work, this terminology and distinction is adopted hereafter.

Although water abstractions have impacted the winter low-flow regime, the larger summer flood flows are
less influenced, and the Sabie River remains unaffected by engineering structures or other human activities
over considerable lengths within the KNP. As such, the middle reaches provide near-pristine sites for inves-
tigating the interactions between sediment dynamics, flow hydraulics, and vegetation growth that are
involved in the development of bars and islands around which the mixed anastomosing channels divide
and rejoin.

2.2. Study Reach

This study focuses on an ~4-km-long reach of the Sabie River within the KNP (Figures 1b and 1c). In this
reach, macrochannel slopes range from ~0.0012 to 0.05 m m™~' (reach-average slope ~0.004 m m™") and
macrochannel width ranges from 400 to 600 m. This reach formed part of the longer (50 km) reach investi-
gated by Milan, Heritage, Tooth, et al. (2018) in their study of the erosional, depositional, and vegetation
changes resulting from the individual and synergistic impacts of the 2000 and 2012 extreme floods. This
reach was chosen for detailed study because the macrochannel hosts different anastomosing channel types
in close proximity, including cohesive and uncohesive mixed anastomosed types (upstream and down-
stream) and bedrock anastomosed types (midstream; Figures 1b, 1c, 2a, and 2b). Depending on the degree
of alluvial cover that survived the 2012 extreme floods, all of these anastomosed channel types had deposi-
tional units including bedrock-core bars and islands (van Coller et al., 1997). In this shorter study reach, we
investigated the sediment thicknesses characteristic of bedrock-core bars and were able to run computation-
ally intensive morphodynamic simulations to investigate the controls on deposition over an exposed bedrock
template. The smaller sites selected for the sediment thickness investigations (Figure 1b, sites A and B) were
examples of where stripping of vegetation and alluvium had taken place during the 2012 event, as identified
from interrogation of available 2004 and 2012 aerial photographs (see below).

The study reach is situated approximately 2 km downstream of the Sand River confluence. Owing to the
granitic lithologies that underlie much of the Sabie and Sand river catchments, the dominant weathering
products and associated river sediment loads comprise sand and fine gravel. Heavy rainfall from Cyclone
Dando impacted the whole of the KNP, resulting in severe flooding in both the Sand and Sabie catchments.
During the floods, the Sand River supplied large volumes of sediment to the Sabie, leading to widespread
deposition along the north bank of the Sabie for the first few kilometers downstream of the confluence
(Milan, Heritage, Tooth, et al., 2018).

3. Methods

This study used a combination of aerial LIDAR data and orthophotography analyses, field surveys and obser-
vations, and 2-D morphodynamic simulations, as detailed below.

3.1. Aerial LiDAR Data and Orthophotography Analyses

Following the Cyclone Dando floods, aerial LIDAR data and orthophotography were obtained on 30 May
2012 for a 50-km reach of the Sabie River in the KNP (Milan, Heritage, & Tooth, 2018). Southern
Mapping Geospatial surveyed the river using an Opetch Orion 206 LiDAR, and a Rollei AIC with a
60-megapixel P65+ Phase One digital CCD, flown from a Cessna 206 at 1,100-m altitude. This was compared
to previous LiDAR data and aerial photography obtained in 2004 following the 2000 extreme floods. Point
density for the 2004 LiDAR survey was lower (46 pts m~2) compared to the 2012 LiDAR survey (409 pts m~2)
but this was still considered sufficient to produce a high-quality DEM (in the sense of Heritage et al., 2009).
Both the 2004 and 2012 LiDAR surveys were conducted at low flow, as confirmed by coincident aerial photos
and ground surveys (see below), so key morphological units (e.g., surviving bars, islands—see Figures 2a and
2b) and large areas of bedrock template (e.g., orange shaded area in Figure 1b) were exposed. We gridded the
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Figure 2. (a) View of the upstream part of the study reach (flow direction toward camera) illustrating remnant
sediments atop bedrock. These sediments are from bedrock-core bars and islands that were partially stripped during the
2012 floods. (b) View of the mixed anastomosed channel type in the upstream part of the study reach (flow direction
away from camera toward the top right) showing areas of mobile sand and fine gravel (foreground), vegetated bars and
islands (middle and far distance), and areas of bedrock outcrop (far distance, top right). (c) Comparison of simulated
water surface elevations versus dGPS surveyed strandlines, located in an ~250-m-long section located near the upstream
end of the study reach.

LiDAR data, stripped of vegetation, at 1 m to create DEMs, using triangulation with linear interpolation to
cover areas with low or no returns such as parts of the channel beds that were submerged at low flow. The
DEMs were then differenced to highlight spatial patterns of erosion and deposition (in the sense of Milan
et al., 2007) that could be attributed largely to the influence of the 2012 floods (see Milan, Heritage,
Tooth, et al., 2018).

3.2. Field Surveys and Observations

In late May 2012, field surveys were undertaken at the same time as the LIDAR surveys for a number of sites
along a 50-km reach of the middle Sabie River, including in the study reach, as well as along similarly long
reaches of other KNP rivers. The elevations of strandlines created by the preceding January extreme floods
were measured through dGPS survey, and used in conjunction with the aerial LIDAR imagery to estimate
peak discharges and validate 2-D flow simulations conducted for the full 50 km of the middle Sabie River
(see Milan, Heritage, Tooth, et al., 2018; Heritage et al., 2019). These previous 2-D flow simulations provide
broader context for the new morphodynamic simulations reported in this paper (see below). Additional field
observations provided qualitative insights into the topographic, hydraulic, and vegetative factors influencing
local sediment reworking in the months following the 2012 floods.
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3.3. The 2-D Morphodynamic Simulations

To investigate hydraulic and sediment transport processes in the study reach (Figure 1b), we undertook 2-D
morphodynamic modeling using the CAESAR-Lisflood code (Coulthard et al., 2013). The aim of the simula-
tions was not to try and replicate the impacts of the Cyclone Dando floods but rather to use the outputs in an
exploratory fashion, focusing particularly on the topographic and hydraulic controls on deposition over a
stripped bedrock template. Any insights gained are pertinent in view of the possible trends toward more
widespread stripping and greater bedrock exposure that may occur along the KNP rivers with increasing
flood magnitude and frequency, especially for improving understanding of potential trajectories of river
recovery in intervening lower magnitude floods (section 2.1). A 5-m resolution DEM was employed in
CAESAR-Lisflood in order to ensure that run times were manageable through to model convergence. The
simulation run length was 52 hr, with a flood hydrograph that peaked at ~4,500 m?> s~ ! at 7 hr, receded to
~190 m® s™* at 29 hr, and then rose again slightly with a smaller peak of ~410 m® s~ at 33 hr. The peak dis-
charge at 7 hr is within the lower end of the peak discharge range (~4,470-5,630 m> s ") reported for the 2012
floods on the Sabie (Heritage et al., 2019), as is consistent with the location of the study reach near the upper
end of the 50-km-long surveyed reach. Indeed, water surface elevations for the peak discharge of the simula-
tion demonstrate good agreement with strandline elevations obtained from the study reach using dGPS
(Figure 2c). Maximum deviations of ~0.9 m from the 1:1 line can be explained by the fact that at many loca-
tions, elevation differences between the top and bottom of individual strandlines ranged over 1-2 m of ele-
vation, and multiple strandlines may have resulted from pulsing on the rising or falling limb of the flood
hydrographs (see also Heritage et al., 2019). Bedload in the model was predominantly sand and fine gravel,
with a Dsq of 5 mm (after Broadhurst et al., 1997; Heritage & van Niekerk, 1995). The model was run on the
bare earth DEM with a Manning's “n” of 0.04. A uniform roughness value was deemed appropriate to repre-
sent the grain effect, with the topographic variation in the model capturing the variability in form roughness
(see Heritage et al., 2019). Depth-averaged flow velocity was calculated using Manning's equation and sedi-
ment transport was derived from the velocity (Coulthard et al., 2013), using Wilcock and Crowe's (2003) sedi-
ment transport equation for mixed sediment sizes. The resistant exposed bedrock section, identified through
interrogation of aerial images, was built into the model as a solid block flush with the surface of the DEM in
the bedrock anastomosed (orange shaded) area shown in Figure 1b, with the bedrock positioned underneath
the more alluvial areas upstream and downstream. This meant that sediment could only be eroded from the
more alluvial areas, and this sediment was then recirculated in the model. As noted in section 3.1, bathy-
metric data from LiDAR were unavailable for submerged areas in the main channels, but the ground surveys
showed that flows were typically shallow (<0.5 m) in the bedrock anastomosed area and commonly only
slightly deeper (<1.5 m) in the more alluvial reaches upstream and downstream. In the DEM, these areas
were filled using triangulation with linear interpolation. Overall, given the vastly greater depths that are gen-
erated in the macrochannel around the peak of large or extreme floods (up to ~6 m), the omission of greater
depth details in the model is not likely to impact significantly on the results, particularly as most attention
was focused upon depositional patterns and sediment thicknesses across the exposed bedrock areas of the
macrochannel that are well represented in the model.

4. Results

In the following sections, first we focus on simulated peak flow hydraulics and reach-scale erosion and
deposition patterns resulting from the 2012 floods (section 4.1). Second, we explore patterns of eroded sedi-
ment thicknesses at two smaller sites (Figure 1b, sites A and B, and section 4.2). Third, we present the results
from the new morphodynamic simulations, focusing upon geomorphic responses including deposition
thicknesses over previously exposed areas of bedrock (section 4.3). Fourth, we explore the relationships
between deposition thicknesses and flow hydraulics (velocity) and between deposition thicknesses and topo-
graphy (sections 4.4 and 4.5). These results are then integrated with field observations, providing the basis
for interpretation of the topographic, hydraulic, and vegetative controls on bedrock-core bar and island
development (section 5).

4.1. Simulated Peak Flood Hydraulics and Geomorphic Responses to the 2012 Floods

Figure 3 shows the depth-averaged velocity distributions for the simulated ~4,500-m> s~* flow, and the pat-
terns of erosion and deposition that occurred in the study reach as a result of the 2012 extreme floods.
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Figure 3. (a) The 2-D hydraulic simulation for a peak discharge of ~4,500 m’ s showing spatial patterns of depth-averaged velocity. (b) DEM of Difference (DoD)
showing spatial patterns of erosion and deposition resulting from the 2012 extreme floods. Particularly pronounced erosion occurred in the anabranches on either side
of the main area of alluvial, vegetated islands in the upstream part of the reach. (c) Close-up of an area of net deposition, showing a dominance of deposition in
topographic lows. For cross profile x-x’, which shows morphological changes between 2004 and 2012, see Figure 4a. (d) Close-up of an area of net erosion, much of
which appears to be associated with bedrock topographic highs. For cross profile y-y’, which shows morphological changes between 2004 and 2012, see Figure 4b.

Simulated peak flow velocities widely exceed 2.5 m st (Figure 3a), and the DEM of Difference (DoD) shows
areas of both erosion and deposition (Figure 3b). Following spatial error filtering (e.g., Heritage et al., 2009;
Milan et al., 2011), the DoD reveals overall net erosion of ~418,000 m? (~23 mm m_z).

The upstream 1.25 km of the study reach is characterized by the cohesive mixed anastomosed channel type
and has a large area of vegetated islands in the center of the macrochannel (see the stippled polygon in
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Figure 4. Cross profiles demonstrating morphological changes between 2004 and 2012, as derived from the LiDAR DoD.
(a) Cross profile x-x’ taken from the upstream end of the bedrock anastomosed section (see Figure 3c for location).
(b) Cross profile y-y’ taken from the downstream end of the bedrock anastomosed section (see Figure 3d for location).

Figure 1b). This area of islands remained largely intact during the 2012 floods, albeit with evidence of some
deposition at the upstream end of the area and erosion at the downstream end (Figure 3b). The simulated
velocity distributions (Figure 3a) show that some of the lowest velocities (typically <0.5 m s™*) occurred
at the upstream end of the area of islands and over the top of the islands during the flood. By contrast,
significant erosion occurred in the main anabranches on either side of the area of islands (Figure 3b),
likely reflecting the extensive zones of high-velocity flow (>2.5 m s~ evident in the simulation (F igure 3a).

The bedrock anastomosed section farther downstream shows a dominance of deposition upstream and more
widespread erosion downstream (Figure 3b). Despite the generally high simulated velocities in this section
(Figure 3a), the areas of deposition may reflect a locally high sediment supply from the eroding anabranches
upstream, with erosion occurring farther downstream in areas with lower sediment supply. In this bedrock
anastomosed section, closer inspection of the DoD reveals a general tendency for erosion of topographic
highs and deposition in topographic lows (Figures 3c and 3d). Cross profiles taken from the upstream
(Figure 4a) and downstream (Figure 4b) part of the bedrock anastomosed section highlight these differences
in morphological response. For example, in the upstream cross profile x-x’, topographic lows labeled 1 and 2
both experienced up to ~2 m of deposition, whereas topographic highs were either lowered (3) or narrowed
(4) by erosion (Figure 4a). The downstream cross section y-y’ shows a dominance of erosion, with most of the
topographic highs (5, 6, 7, 8, 9) experiencing up to ~2 m of lowering or tens of meters of
narrowing (Figure 4b).
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Figure 5. Aerial photographs for (a) site A and (b) site B (for locations, see Figure 1b). Both images show a dominantly alluvial, vegetated state in 2004 (top left), and
a partially stripped, less vegetated state following the January 2012 extreme floods (top right). In both (a) and (b), the bottom left and bottom right figures
show the corresponding detrended DEM overlain on the aerial photographs.

4.2. Sediment Thicknesses Derived From Analysis of LIDAR Data

To investigate the association between eroded sediment thicknesses and topography in greater detail, further
analysis focused on two bedrock-core bars (Figure 1b, sites A and B). For site A, the evidence shows that a
substantial area of sediment and vegetation was removed during the 2012 floods (Figure 5a), whereas for site
B some residual patches of mature vegetation appear to have survived the floods (Figure 5b).

The DEMs from 2004 and 2012 for the two sites were detrended to remove the regional slope and reveal local
topographic highs and lows. In the bottom parts of Figures 5a and 5b, the detrended DEMs are overlain on
the aerial photographs and highlight that most of the still vegetated areas are associated with topographic
highs. The 2004 and 2012 DEMs from the two sites were differenced to produce DoDs. For an area of signif-
icant erosion at each of the sites, the DoDs were digitized to determine local eroded sediment thicknesses.
These eroded sediment thicknesses were then classed into thickness categories and overlain on the
detrended 2004 DEM. Figure 6 shows that the greatest original sediment thicknesses were associated with
the initial local topographic highs, namely, fully developed bedrock-core bars. Hence, when sediment
thickness is plotted against the surface elevations of the fully developed bedrock-core bar using the 2004
LiDAR data, a positive relationship is apparent (Figures 7a and 7b). These data show that the topographic
highs on a bedrock-core bar have the thickest sediment. By contrast, when eroded sediment thickness data
are plotted against detrended elevations using the 2012 LiDAR data (Figures 7c and 7d), the greatest
sediment thicknesses are associated with local topographic lows (“hollows”) on the bedrock template.
This finding suggests that initial topographic lows on a stripped bedrock anastomosed template may even-
tually become topographic highs as the system becomes more alluvial and transitions toward an uncohesive
or cohesive mixed anastomosed channel type, especially if this deposition is coupled with vegetation
re-establishment (see section 5).
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Figure 6. Classed post maps showing eroded sediment thickness (as colored dots) overlain on the detrended 2004 DEM
for (a) part of site A and (b) part of site B (for locations of sites A and B, see Figure 1b). Greater eroded sediment
thicknesses coincide with topographic highs on a fully developed bedrock-core bar (2004 state).
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Figure 7. Sediment thicknesses for the areas of bedrock-core bars shown in Figure 6 versus (a and b) detrended 2004
elevations and (c and d) detrended 2012 elevations. The 2004 data (a and b) show that prior to the 2012 extreme floods, the
thickest sediments were associated with the positive topography formed by the bedrock-core bars. The 2012 images
(cand d) show that following the floods, thicker sediments are now associated with negative topography, namely, bedrock
topographic lows (hollows).

4.3. The 2-D Morphodynamic Simulations: Spatial Patterns of Geomorphic Response

To investigate further the topographic and hydraulic controls on patterns of erosion, deposition, and channel
development, particularly over a stripped bedrock anastomosed template, we undertook additional 2-D mor-
phodynamic simulations. Figure 8 shows the spatial distribution of depth-averaged spatial velocity and the
associated erosional and depositional patterns in the study reach at various stages during the simulated 52-hr
flood with a peak discharge of ~4,500 m® s™". For all stages, spatially variable velocity distributions are evi-
dent throughout the study reach, with large areas exposed above the water surface during the lower dis-
charges (Figure 8a). In the cohesive mixed anastomosed section at the upstream end of the reach, as
discharge increases there is some evidence of velocity reversals in the main anabranches laterally adjacent
to the main area of alluvial islands. At low flow, the main anabranches tend to have velocities <1 m s™*,
compared with areas of higher velocities both immediately upstream and downstream. Conversely, at the
flood peak, some of the highest velocities (>3 m s™) are in the anabranches laterally adjacent to the main
area of islands, and areas of lower velocities are found both immediately upstream and downstream
(Figure 8a). This peak flood velocity pattern helps to explain the spatial distribution of erosion and deposi-
tion resulting from the 2012 floods (Figure 3b), with significant erosion occurring in the main anabranches
where flow competence probably exceeded sediment supply, and more deposition occurring slightly down-
stream where sediment supply probably exceeded flow competence.

The bedrock anastomosed section in the midstream part of the study reach appears as a zone of relatively
high-velocity flow over most of the simulated flood hydrograph, with peak velocities in excess of 5 m s™*
at flows of ~4,500 m> s~* (Figure 8a). Nonetheless, the morphodynamic simulations show that some deposi-
tion occurs in this bedrock anastomosed section (Figure 8b). Initially, this appears as an elongate linear rib-
bon almost in line with the tail of the main area of alluvial islands upstream (see Figure 8b; 7 hr), which later
becomes dissected. Figure 9 shows the bedrock anastomosed section in greater detail after the full 52-hr
simulation, illustrating that some deposition also occurs on the bedrock template on the waning limb of
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Figure 8. (a) Depth-averaged velocity distributions at different discharges over a 52-hr hydrograph with a flood peak of
~4,500 m> ™. (b) Simulated erosion and deposition patterns at different discharges over the 52-hr hydrograph,
showing how most erosion and deposition occurs in the mixed anastomosed sections upstream and downstream of the
bedrock anastomosed section.

the hydrograph, including on some topographic highs, but particularly at major breaks of slope and in
bedrock topographic lows. For instance, at the upstream end of the bedrock anastomosed section, a long
profile (Figure 9b; z-z’) reveals how deposits up to 1.6 m thick tend to correlate with low points on the
underlying bedrock template, some of which are in the lee of bedrock topographic highs (Figure 9c).
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Figure 9. Erosion and deposition patterns after 52 hr of a simulated flood hydrograph in the bedrock anastomosed section of the study reach (for location,

see orange shaded area in Figure 1b). (a) Simulated erosion and deposition. (b) Close-up showing deposition in topographic lows in the upstream part of the bedrock
anastomosed section. The position of long profile z-z’ is indicated. (c) Long profile z-z’, illustrating a tendency for deposition in topographic lows. (d) Close-up
showing deposition in topographic lows toward the downstream end of the bedrock anastomosed section. (¢) DEM demonstrating that many areas of the simulated
sediment deposits exhibit variable surface morphology, with higher interiors and lower margins.

The simulated patterns of geomorphic response presented in Figures 8b and 9 should be interpreted cau-
tiously. As noted in section 3.3, the simulations were not designed to try and replicate the impacts of the
Cyclone Dando floods but rather to provide insights into the possible topographic and hydraulic controls
on erosion and deposition, especially over a stripped bedrock template. Indeed, the simulated results demon-
strate the influence of local bedrock topographic lows on depositional patterns during waning flows
(Figures 8b and 9), similar to what occurred in certain reaches during the Cyclone Dando floods
(Figures 3c and 4a). Nonetheless, comparisons between the erosion and deposition patterns resulting from
the 2012 floods (Figure 3b) and the patterns after 52 hr of the simulated flood (Figure 8b) also highlight some
differences. For instance, following the simulated flood, erosion in the anabranches around the main area of
islands at the upstream end of the study reach is less pronounced, and instead, there appears to be a linear
ribbon of deposition along the southern edge of the area of islands (Figure 8b). More generally, throughout
the study reach, the spatial extent of erosion and deposition following the simulated flood is less than
occurred in response to the 2012 floods (compare Figures 3b and 8b). These differences may reflect limita-
tions of the CAESAR-Lisflood model. CAESAR-Lisflood combines the CAESAR landscape evolution model
with the Lisflood-LP reduced complexity flow model (Bates et al., 2010). Lisflood-FP is a one-dimensional
inertial model derived from the full shallow water equations that is applied in x and y directions to simulate
2-D flow over a raster grid (Coulthard et al., 2013). Although CAESAR-Lisflood has the advantage of being
far less computationally demanding in comparison to other computational fluid dynamic approaches that
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use full or depth-averaged Navier-Stokes equations (e.g., Lane, 1998), it is a simple storage cell flow model
that incorporates inertia, but only on a single-cell basis (Coulthard et al., 2013). As a result, more complex
flow effects such as those found on the lee-side of bedrock highs and in topographic lows (e.g., eddies) are
not simulated in the code. The observed differences may also reflect the reduced grid resolution (5 m) used
in the simulations compared with the raw 1-m LiDAR data used to generate the DoD in Figure 3b.
Although our simulated flood peak reflects the 2012 peak discharge, we had no information on
hydrograph shape and hence flood duration, which could also explain some differences in erosion and
deposition patterns. It was also not possible to simulate any variations in sediment supply that may have
occurred over the 2012 floods (e.g., in relation to progressive erosion of alluvial reaches upstream and/or
owing to sediment inputs from the Sand River tributary); instead, the morphodynamic simulations simply
recirculated sediment within the model domain. Furthermore, CAESAR-Lisflood does not simulate
vegetative effects, which add to the spatially variability of roughness and erosional resistance. These
limitations notwithstanding, the simulated patterns of geomorphic response still help to generate insights
into the possible hydraulic and topographic controls on erosion and deposition in the study reach, as
explored further below.

4.4. Sediment Thickness Analysis Derived From Morphodynamic Simulations

Figure 10a shows the simulated sediment thicknesses for deposition over the bedrock template in the bed-
rock anastomosed section versus the detrended elevation, as obtained at various time intervals throughout
the 52-hr CAESAR-Lisflood morphodynamic simulation. The results show negligible sedimentation early
in the model run but clear, albeit localized, deposition on topographic highs during the flood peak and at
elevated discharges on the falling limb. At the end of the model run, there appears to have been a change
in the loci of sedimentation, with greatest sediment thicknesses found over intermediate-topography areas
(0- to 1-m elevation), and in topographic lows (0- to —2-m elevation). Topographic highs (>1-m elevation)
remain relatively sediment free. The lowest topography areas (—2- to —3-m elevation)—many of which
represent the main channels—also remain relatively sediment free. Closer analysis of the DEM reveals that
many areas of deposition approximate bar and island forms, with evidence of more elevated interiors and
sharp breaks of slope at their margins (e.g., Figure 9e).

4.5. Topographic Controls on Velocity Patterns

To further investigate the controls on sediment transport and deposition, the relationship between topo-
graphy and simulated depth-average velocities was investigated for various time intervals throughout the
simulated flood hydrograph by extracting local topographic and velocity data from the CAESAR-Lisflood
outputs for each wet pixel of the bedrock area (Figure 10b). The threshold velocities for motion of 2-mm
particles (very coarse sand/granule size class boundary), based upon the Hjulstrém (1935) curve, are indi-
cated by the stippled lines (Figure 10b). At peak flow discharge (~4,500 m> s™*), most topographic highs
(>1-m elevation) are submerged. Velocities are widely in excess of the threshold throughout the reach but
remain lower than the threshold over some topographic highs (Figure 10b; 7 hr). These zones of
low-velocity flow enable localized deposition and so sediment thicknesses are greatest over topographic
highs at this discharge (Figure 10a; 7 hr). By contrast, at peak discharge, some of the highest velocities
are found in intermediate- and low-topography areas (1- to —1-m elevation); these areas are thus least
likely to accumulate sediment but provide high rates of sediment throughput to lower topography areas
(=1- to —3-m elevation) downstream. At 1,844 m> s7!, more than 50% of the velocities in the
highest-topography areas (2- to 3-m elevation) tend to be below the threshold, so deposition on in these
areas is enhanced, with sediment thicknesses increasing further (Figures 10a and 10b; 8 hr). At
954 m* s, the highest-topography areas (2- to 3-m elevation) tend to become exposed above the water
surface but the lower tails of the box and whisker plots for the velocities at 0- to 1- and 1- to 2-m eleva-
tions are below the threshold, also resulting in some deposition, especially at 1- to 2-m elevation
(Figures 10a and 10b; 9 hr). At 52 hr, however, there is no evidence of substantive sediment cover on
the topographic highs (>1 -m elevation), suggesting that much of the previously deposited sediment
has been reworked during falling stage or by the smaller secondary flood peak of 410 m® s™* at 33 hr.
At discharges of 100 m?> s7, areas >1 m in elevation tend to be exposed, and flow velocities indicate that
deposition is most likely to take place in intermediate- or low-topography areas (1- to —2-m elevation),
corroborating the sediment thickness data (Figures 10a and 10b; 52 hr). At these low discharges, little
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Figure 10. Box and whisker plots based on the results of simulated deposi-
tion in the bedrock anastomosed section of the study reach (Figure 1b).

(a) Simulated sediment thicknesses for each pixel with sediment cover ver-
sus detrended elevation classes at intervals through the CAESAR-Lisflood
run. (b) Simulated depth-averaged velocities for each wet pixel versus
detrended elevation classes at different discharges. The dotted line on the
plots represents the threshold velocity for motion of 2-mm particles

(based on Hjulstrom, 1935).

deposition takes place in the lowest-topography areas (—2- to —3-m ele-
vation) where the flow is concentrated (Figure 10a). In summary, at
higher discharges, localized deposition tends to occur mainly on topo-
graphic highs. At lower discharges, topographic highs are not sub-
merged, and so deposition becomes more likely in some of the
intermediate- and low-elevation areas, especially in areas of waning
flow; for example, bedrock anabranches that become increasingly dis-
connected from the main (deeper) bedrock channels as flow stage falls.
Sand may still be mobile, particularly along the lowest-elevation areas
(i.e., deeper bedrock channels that carry perennial flows), but with
further decreases in discharge (e.g., <100 m* s™*) the potential for more
widespread, albeit temporary, deposition will increase.

5. Interpretation

Previous conceptual models of bar and island development for the mixed
bedrock-alluvial, multichannel rivers of the KNP have assumed that
deposition is initiated on topographic highs, which then continue to accu-
mulate sediment and become vegetated (Rountree et al., 2000; van
Niekerk et al., 1999). Our findings, however, suggest that these previous
conceptual models need refinement, particularly by giving greater
acknowledgment to the role of deposition over local topographic lows in
the bedrock template as a precursor to bar and island growth.

Visual interrogation of the LIDAR DoD for the bedrock anastomosed sec-
tion of the reach shows some evidence of deposition in topographic lows
at the upstream end of the bedrock anastomosed area in response to the
2012 floods (Figures 3c and 4a). This finding is further supported by the
LiDAR DoDs over more alluvial areas (e.g., mature bedrock-core bars at
sites A and B) that were stripped in the 2012 floods, which tend to indicate
thicker sediments over bedrock topographic lows (Figures 5-7). Our mor-
phodynamic simulations suggest that while some initial deposition may
occur on the highest-elevation areas during peak discharges, with falling
stage and lower discharges some redistribution of sediment from these
highs may occur, supporting a general tendency for deposition to become
more widespread in intermediate-elevation and lower elevation areas
(Figures 8-10). Our field surveys of the Sabie and other KNP rivers follow-
ing the 2012 floods also revealed numerous instances of sandy deposits
immediately adjacent to bedrock highs (see Milan, Heritage, Entwistle,
et al., 2018, their Figure 5), suggesting that rainwash in the intervals
between floods may also contribute to the small-scale reworking of sedi-
ment from local topographic highs into lower elevation areas (cf. the pro-
cesses described by Gurnell et al., 2008). The lowest-elevation areas,
which serve as perennial channels and convey flow over the full range
of the flow regime, remain relatively free of sediment.

Deposition in these intermediate-elevation and lower elevation areas is
thus likely to be fundamental to the initial development of bedrock-core
bars in the early stages of reach-scale sediment accumulation following
flood stripping events. Field observations, however, suggest that topo-
graphic and hydraulic controls offer only a partial explanation for
bedrock-core bar development. The sediment that accumulates in topo-

graphic lows tends to have a higher moisture and organic content, and consequently may provide preferen-
tial niches for vegetation establishment. On the Sabie and other KNP rivers, early successional vegetation
types such as B. salicina, Phragmites mauritianus, and Phyllanthus reticulatus, which are able to establish
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Figure 10. (continued)

in cracks in bedrock or can colonize rapidly on shallow substrates and lay
down horizontal runners, are known to enhance sediment erosional resis-
tance (van Coller et al., 1997). Vegetation establishment also helps to trap
sediment and propagules supplied from upstream or from nearby isolated
remnant vegetated sediment, leading to more sediment accumulation and
establishment of reed and shrub/tree species, which in turn further
enhances erosional resistance through the development of root structures.
Later vegetation succession (e.g., by species such as Combretum spp. and
Syzygium guineense) further stabilizes the deposits and captures addi-
tional sediment and propagules and other organic material during floods.
For instance, large wood piles are commonly observed after large floods
along the KNP rivers, and are known to be important in creating regenera-
tion niches for riparian woodland on the Sabie River (Pettit & Naiman,
2006). In summary, we suggest that vegetation establishment and succes-
sional development is key to the development of a bedrock-core bar as (1)
roots stabilize the sediment, increasing erosional resistance, and (2) reeds,
shrubs, and trees increase hydraulic roughness and capture additional
sediment, propagules, and other organic material, further enhancing local
deposition and conditions for vegetation growth.

6. Discussion

The findings presented in this paper have been derived from a combina-
tion of aerial image analyses, morphodynamic simulations, and field
investigations. Although focused on an ~4-km study reach of the Sabie
River, alongside our previous studies of a more extensive reach of the mid-
dle Sabie River (Milan, Heritage, Tooth, et al., 2018) and other hydrologi-
cally and morphologically similar KNP rivers (e.g., Heritage et al., 2019;
Milan, Heritage, Entwistle, et al., 2018), the results and interpretations
provide new insights into the topographic, hydraulic, and vegetative con-
trols on bar and island development, enabling us to challenge some pre-
vious conceptual models. In the following sections, we present a new
conceptual model of bar and island growth for the KNP rivers, make com-
parisons with models of bar and island growth in other rivers, and discuss
the wider significance of the findings for enhancing our knowledge of the
dynamics of bedrock-influenced, multichannel rivers.

6.1. A New Conceptual Model for Bedrock-Core Bar and
Island Development

Figure 11 presents a six-stage model of bar and island development in a
mixed bedrock-alluvial, multichanneled reach of a KNP river. Following
a flood stripping event, bedrock topographic highs are exposed and topo-
graphic lows are inundated (Stage 1). Sediment initially deposited on
topographic highs during floods gets reworked into lower elevation areas
on the falling limb of flood hydrographs or by subsequent rainwash (cf.

Gurnell et al., 2008). Sediment is also routed in between the bedrock topographic highs during floods, and
some deposition occurs in areas of lower velocity; for example, on the lee side of bedrock highs (Stage 2).
The sediment rapidly becomes colonized by pioneer vegetation (e.g., B. salicina, P. mauritianus). Over time,
floods may deliver more sediment to the lower elevation areas, which tend to retain more moisture and
organic material, and so may be further colonized by other shrub species (e.g., P. reticulatus) and eventually
some tree species (e.g., Combretum erythrophyllum; Stages 3 and 4). The vegetation has the effect of increas-
ing erosional resistance, and as succession proceeds, plant structures are able to capture more sediment, pro-
pagules, and other organic material during floods (Stage 5). Given a sequence of low to moderate floods, this
“building phase” may continue, with thicker sediment that hosts late successional plant species

MILAN ET AL.

17 of 23



A
Fa\C [ Water Resources Research 10.1029/2019WR026101

ADVANCING EARTH
AND SPACE SCIENCE

PLANFORM

LONG PROFILE » CROSS-SECTION
i
Stripped bedrock template following individual E b, .
large or extreme floods or a closely spaced 1 \‘1/ A
succession of large to extreme floods b
)
)
I

Topographic lows submerged
y,and have tendency to retain water

[N

” X Complete stripping
Some deposition may occur on topographic

highs during floods but this is redistributed 2
into lower topography areas during the falling

limb of the hydrograph. Rainwash may also
redistribute sand into lower topography areas

EN
s Py

Ay

Early successional vegetation rapidly colonises
lower topography areas with thicker sediment

and higher moisture content Partial stripping

« _I
Further deposition and vegetation growth 3 I
during moderate floods, including
on topographic highs I
LN I
Deposition on lee side I
\,. of topographic highs —

Partial stripping

Many former bedrock topographic lows infill
with sediment

Further vegetation successional development:
roots stabilise sediment and above-ground 4
vegetation traps more sediment and propagules

\
N
N
LN N N N |

Patches of sediment begin to coalesce into
larger bars or islands that increasingly
obscure the bedrock

L

Return to earlier stages in response to individual large or extreme floods or a closely spaced succession of large to extreme floods

Partial stripping

Maturing vegetation continues to act as an
important geomorphic agent, capturing
sediment and propagules. Widespread
deposition occurs over topographic lows
and increasingly over topographic highs

(%]
N N . . .

Deepest (main) channel(s) remain relatively
sediment free

t
L

Partial stripping

Mature bedrock-core bars with late stage
successional vegetation assemblages;

thickest alluvial deposits are located over
bedrock lows

Relative age of Vegetation
sediment deposit successional stage
¥ ’
Young w Pioneer

L _ N N |
@  Mid-succession

7 Late-succession

old Sediment m
Y\, redistribution by
rainwash 0 25 50 75 100

Figure 11. Conceptual model of bedrock-core bar and island development in mixed bedrock-alluvial, multichanneled
rivers.
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(bedrock-core bars and islands) ultimately being positioned over the initial topographic lows on the bedrock
template (Stage 6). The more extensive the coverage of alluvium and vegetation, the greater the masking of
the bedrock template is, with only the major topographic lows (deepest channels) now remaining free of
sediment. This enhances the protective cover effect, with minor bedrock abrasion being focused along the
deepest channels but with reduced rates of bedrock abrasion across the wider macrochannel floor (cf.
Lague, 2014; Nelson & Seminara, 2011; Sklar & Dietrich, 2004). Large or extreme floods, however, may
remove vegetation and erode alluvium; depending upon flow magnitude and sequencing, partial or full
stripping can widely expose the underlying bedrock template (Figure 11) and result in more widespread bed-
rock erosion. Preliminary luminescence ages for alluvium from some of the KNP rivers suggest that histori-
cally the more extensive stripping events have tended to occur on multidecadal to centennial time scales
(Heritage et al., 2014). Essentially, as Milan, Heritage, Tooth, et al. (2018) have outlined, along these
supply-limited, flood-prone river systems, alluvial sediments are only in temporary storage, and with every
stripping episode, some bedrock erosion will occur. The wide vertical and horizontal joint spacings (typically
>0.5 m) in the gneisses and leucogranites that underlie much of the study reach tend to preclude extensive
hydraulic plucking, and so in any individual flood, bedrock lowering is likely to be negligible (i.e.,
millimeter-scale). Nevertheless, through incremental bedrock erosion over many successive floods, rivers
such as the Sabie will continue to etch their macrochannels into the landscape, thereby contributing to over-
all landscape denudation.

6.2. Comparison to Models of Bar and Island Growth in Other Rivers

Most previous studies of bar and island development have focused upon fully alluvial, perennial rivers, and
have highlighted a variety of mechanisms for the initiation of depositional features such as bars and islands,
including reductions in flow competence leading to sediment stalling (e.g., Ashmore, 1991; Ashworth, 1996;
Dos Santos et al., 2017; Leli et al., 2018), sedimentation around organic debris (Gurnell et al., 2008; Gurnell &
Petts, 2006; Nanson & Hickin, 1986), and accretion at the junction with tributaries (Jenkins, 2007).
Additional island formation processes are outlined in overviews by Osterkamp (1998) and Wyrick and
Klingeman (2011). Significantly, in these perennial rivers, vegetation (e.g., grasses, shrubs, trees) can be a
crucial factor contributing to bar/island stabilization and growth but tends to respond to sedimentation,
typically only colonizing bars and islands that are sufficiently elevated to be protected from regular inunda-
tion (e.g., Gurnell, 2014; Hupp, 1990; Hupp & Osterkamp, 1996; Nanson & Beach, 1977). By contrast, in riv-
ers that are dry year-round or seasonally (ephemeral or intermittent rivers), even woody vegetation such as
shrubs and trees can establish on channel beds and so can directly initiate the formation of depositional fea-
tures such as bars, benches, ridges, and islands (e.g., Fielding et al., 1997; Graf, 1978; Hadley, 1961; Pickup
et al., 1988; Woodyer et al., 1979). In some cases, this promotes extensive alluvial anabranching, as has been
documented for many parts of dryland Australia (Tooth et al., 2008; Tooth & Nanson, 1999, 2000; Wende &
Nanson, 1998). In these anabranching channels, some bars and islands may also form by dissection of
once-continuous larger island or floodplain surfaces (Tooth & Nanson, 1999, 2000; Tooth et al., 2008; for a
Namibian example, see Ringrose et al., 2018).

By comparison with these studies of alluvial rivers, bar and island development in mixed bedrock-alluvial,
multichanneled rivers has received far less research attention. Outside of previous work in the KNP, excep-
tions include studies of the Orange River in South Africa and the Mekong River in northern Cambodia
(Meshkova & Carling, 2012, 2013; Tooth & McCarthy, 2004), although the emphasis in these studies has
tended to be more on documenting reach-scale controls on erosion and deposition and the associated chan-
nel pattern morphometrics, rather than on developing a process-based understanding of bar and island
development. Our study of bar/island development thus adds significantly to previous research, particularly
because the KNP rivers are characterized by an unusual combination of flow and sediment regimes. Rivers
such as the Olifants (Milan, Heritage, Entwistle, et al., 2018) and the Sabie (this study) have perennial flow
regimes, but during winter low flows and/or following large or extreme summer floods, large areas of the
bedrock template in the macrochannel floor are exposed for extended periods. While few vegetation species
can establish directly on the bedrock, even relatively minor sedimentation in bedrock lows provides condi-
tions sufficient to support the establishment of pioneer vegetation (e.g., P. mauritianus). During sequences of
low to moderate floods, sedimentation and vegetation growth can continue, with initial bedrock topographic
lows becoming infilled, and adjacent depositional features coalescing to create larger bars and islands that
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ultimately become topographic highs in the macrochannel (Figure 11). While our findings challenge the
assumption of near-uniform, ubiquitous sedimentation on bedrock highs that underpins previous
conceptual models of island development in the KNP rivers (Rountree et al., 2000; van Niekerk et al.,
1999), the end result is similar. Following widespread stripping events, and under a scenario of successive
low to moderate floods, sedimentation and vegetation establishment leads to a cycle of bar/island growth
and vegetation succession that adds considerable geomorphological, sedimentary, and ecological diversity
to the riverine corridor.

6.3. Wider Significance of Findings

Although detailed studies have yet to be undertaken, our new model of bar/island growth (Figure 11) may be
more widely applicable. Many other rivers across southern Africa and farther afield are mixed
bedrock-alluvial in character (Tooth, 2013), with many supporting extensive, dominantly alluvial
anastomosing/anabranching reaches developed atop bedrock template (see the compilation in Tooth &
McCarthy, 2004; see also Meshkova & Carling, 2012). Many of these rivers are characterized by highly
variable flow regimes, with extended periods of low to moderate floods being interspersed by large or
extreme floods that commonly lead to partial or complete stripping. Notwithstanding the different vegeta-
tion assemblages in these rivers, following stripping episodes, it is possible that alluvial bar/island initiation
and growth on exposed bedrock templates results from similar processes of sedimentation and vegetation
succession to that in the KNP rivers. In essence, our model (Figure 11) can be seen as a hypothesis that
can be tested in future studies of mixed bedrock-alluvial, multichanneled rivers. Particular attention could
be directed toward whether there are any differences in the processes and patterns of bar/island growth that
could be attributed to particular vegetation species or communities, especially where vegetation composi-
tions and distributions are changing as a result of human modification of flow regimes and/or the spread
of exotic, invasive species (e.g., Blanchon & Bravard, 2007; Dean & Schmidt, 2011; Douglas et al., 2018).
More widespread application of geochronology (e.g., luminescence dating, radiocarbon) will help to provide
greater insight into the rates and time scales of bar and island development that occurs during building
phases, particularly where these occur on multidecadal to centennial time scales (cf. Tooth et al., 2008;
Ramirez et al., 2019).

7. Conclusions

A combination of aerial image analyses, 2-D morphodynamic simulations, and field data has provided new
insights into bar and island development along the mixed bedrock-alluvial, multichannel Sabie River in the
KNP, eastern South Africa. Contrary to the assumption of near-uniform, ubiquitous sedimentation on
bedrock topographic highs that underpins previous conceptual models, our data suggest that bedrock-core
bars and islands develop as a result of preferential sedimentation in local bedrock topographic lows.
Sedimentation occurs as a result of deposition during waning flows, particularly in areas of the macrochan-
nel floor that become disconnected from the main channels during falling stage. Rainwash may also contri-
bute to local sediment redistribution between floods by reworking sediment initially deposited on
topographic highs into lower elevation areas. The sediment that accumulates in lower elevation areas tends
to have a higher moisture and organic content, and consequently provides preferential niches for vegetation
establishment. Along the Sabie River and other similar rivers within the KNP, we suggest that vegetation
establishment and successional development is key to the development of bedrock-core bars as (1) roots
stabilize the sediment and increase erosional resistance and (2) reeds, shrubs, and trees are able to capture
additional sediment, propagules, and other organic material, further enhancing local deposition and
conditions for vegetation growth. Over time, these bars may grow vertically, longitudinally, and laterally,
locally coalescing with neighboring bars or islands to form larger alluvial features.

Our model of bar and island development in the rivers of the KNP complements and extends previous
studies of the processes and patterns of bar/island development in alluvial and especially mixed
bedrock-alluvial, multichannel rivers. The model can serve as a hypothesis to be tested in further work on
other mixed bedrock-alluvial, multichannel rivers across southern Africa and farther afield. Potentially fer-
tile lines of enquiry may involve investigations of whether there are perceptible differences in the role played
by natural and invasive, exotic vegetation species, and establishing comparative rates and time scales of bar
and island growth. In an era of rapid environmental changes, when there is increasing concern over the
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profound changes to many aspects of riverine ecosystem services resulting from changes to flood magnitude
and frequency and flood sequencing (Milan, Heritage, Tooth, et al., 2018), such knowledge may help to
support the development of improved management, conservation, and/or restoration strategies for these
types of rivers.
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