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IN A NUTSHELL
– As intermittent rivers and ephemeral streams (IRES) occur in all climates and across a range of scales and tectonic, 

lithological, and physiographic settings, generalizing about their geomorphology is challenging
– Valley-floor (i.e., channel and floodplain) processes and forms in IRES are extremely diverse and span a spectrum from 

distinctly different to overlapping with perennial systems
– Hydrological and sediment regimes are the primary drivers of IRES valley-floor processes and forms
– Variations in valley-floor processes and forms can be analyzed by considering the position along the river network
– Valley-floor morphology in IRES may persist for years to decades or longer, but also can be highly transient, adjusting 

with every competent flow event

2.1.1   INTRODUCTION
The physical characteristics of a river or stream channel—its size, shape, and dominant substrate—provide 
the template for physiochemical and biological processes. These physical characteristics are strongly influ-
enced by hydrological and sediment regimes, which collectively encompass the nature of water and sedi-
ment delivery to the channel, and the erosional and depositional patterns within and adjacent to the channel. 
The physical characteristics of intermittent rivers and ephemeral streams (hereafter, IRES) are extremely 
diverse and span a spectrum from those that resemble their perennial counterparts to those that are dis-
tinctly different. This diversity underpins and promotes diverse, and in some respects distinctive, ecologies.

This chapter describes the geomorphology and sediment regimes of IRES occurring across a broad 
range of climates over scales of space and time that extend from reach-scale, single floods to network-
wide, centennial-scale flow sequences. We begin by outlining the main determinants of IRES catch-
ment conditions and how IRES can be analyzed within a catchment-scale framework that identifies and 
delineates the dominant geomorphological processes driving valley-floor (i.e., channel and floodplain) 
development. We then describe IRES valley-floor characteristics in different parts of the catchment and 
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then consider distinct longitudinal trends, the influence of human activities on IRES geomorphology 
and sediment regimes, and the geomorphological diversity of IRES at the global scale. We conclude by 
highlighting knowledge gaps and possible future research directions.

 DETERMINANTS OF IRES CATCHMENT CONDITIONS
At the broadest scale, climate, geology, and human activities are the fundamental determinants of 
catchment conditions, and their effect on IRES ecosystems is translated through the catchment by hy-
drological, sedimentary, and geomorphological processes (Fig. 2.1.1). Catchment conditions, including 
the topography, soils, vegetation, and river/stream network topology, influence water and sediment 
delivery to and along the channels, which influences valley-floor morphology and, in turn, ecosystem 
processes and patterns. These interactions are not unidirectional as ecological processes and patterns 
can feed back to influence valley-floor morphology, which consequently helps to regulate hydrological 
and sediment regimes and the longer-term development of catchment conditions.

Various combinations of climate, geology, and human activity (Fig. 2.1.1) contribute to consider-
able diversity in IRES catchment conditions, hydrological and sediment regimes, and valley-floor forms 
and processes. For instance, IRES occur across climates ranging from humid to hyperarid. However, 
the occurrence of IRES in humid regions is generally limited to the upper parts of the catchment  

FIG. 2.1.1

Fundamental determinants of catchment conditions and their influence through hydrological, sedimentary, 
and geomorphological processes on IRES ecosystems. Single-headed arrows indicate predominantly 
unidirectional influences. Double-headed arrows indicate feedback interactions.
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(e.g., Wohl, 2010) because wetter climates typically provide sufficient surface runoff and groundwater 
to support perennial systems throughout most of the channel network. In drier climates (e.g., drylands 
or the seasonal tropics), IRES are more widespread owing to less dependable, more variable surface 
runoff, and limited groundwater contributions.

Flow regimes of IRES are described in more detail in Chapters 2.2 and 2.3, but merit discussion here 
as they are a key driver of sediment transfers to and within valley floors, and therefore strongly control 
channel morphology and development (Fig. 2.1.1). Climates that support extensive IRES tend to be 
semi-arid and Mediterranean, and are characterized by precipitation or other sources of runoff that are 
highly variable in space and time (Nicholson, 2011), and by vegetation coverage that is sparse, unevenly 
distributed, or temporally variable (Tooth, 2013). Regardless of climatic setting, high-intensity convec-
tive storms can result in spatially discontinuous and localized flow responses within IRES catchments 
(Renard and Keppel, 1966; Goodrich et al., 1997; Nicholson, 2011; Chapters 2.2 and 2.3). Even when 
precipitation or other sources of runoff are more regular and widespread (e.g., climates characterized 
by seasonal snowmelt or monsoonal rains), the resulting flows can be highly variable and discontinuous 
as a consequence of transmission losses into unconsolidated alluvium (Graf, 1988; Tooth, 2013; Kampf 
et al., 2016). In addition, many climates may experience multiyear wet and dry cycles resulting from El 
Niño-Southern Oscillation (ENSO) phenomena and other global teleconnections. These diverse hydro-
logical characteristics typically translate to long periods of zero flow, irregular floods, and high relative 
peak flow magnitudes compared to flow in perennial systems (Tooth, 2013).

 GEOMORPHOLOGICAL ZONES IN IRES
Within a given climatic and geological setting, many fundamental geomorphological processes that op-
erate in IRES and perennial systems (Box 2.1.1) tend to be influenced by longitudinal position in the 
catchment. General longitudinal (down-valley) trends in channel morphology and sediment regimes were 
outlined by Schumm (1977) who described three zones in relation to relative elevation and catchment 
position (Fig. 2.1.3A). The production zone is dominated by net erosion, which removes sediment from 
hillslopes and supplies it to the channels. The transfer zone is characterized by down-valley sediment 
transport; in a stable channel, there is an approximate balance between sediment input and output. The de-
position zone is characterized by net sediment accumulation. The process domain concept (Montgomery, 
1999) builds on Schumm’s conceptual model by outlining how geomorphological processes can influence 
habitat conditions and ecosystem processes, and identifies regions of a channel network with distinct eco-
logical characteristics that are directly associated with the dominant geomorphological processes. A ben-
efit of Montgomery’s (1999) concept is that it allows for longitudinal discontinuities and patch dynamics 
that occur in many IRES and perennial systems (e.g., Burchsted et al., 2014).

The model presented by Tooth and Nanson (2011), previously developed by Gordon et al. (1992), 
extends Schumm’s (1977) and Montgomery’s (1999) conceptual models to dryland river systems and 
designates four broad geomorphological zones: upland, piedmont, lowland, and floodout (Fig. 2.1.3). In 
this chapter, we adopt this model as a useful framework for describing IRES and it recurs in discussions of 
hydrological connectivity in Chapter 2.3. The relative importance, spatial extent, and even character of the 
four zones vary as a function of climatic, tectonic, and physiographic settings (Section 2.1.7). Therefore, 
we acknowledge that these zones serve as a very broad generalization and do not capture the full geo-
morphological diversity of IRES. Nonetheless, characterizing IRES within a context of zones provides a 
logical, physically meaningful framework for synthesizing information derived from highly variable natu-
ral phenomena. In addition, it provides a potential basis for coupling the dominant geomorphology and 
sediment regimes within each zone to down-valley changes in the characteristic ecological conditions.



BOX 2.1.1 QUANTITATIVE PARAMETERS TO EVALUATE CHANNEL 
MORPHOLOGY AND SEDIMENT TRANSPORT POTENTIAL
The shape (morphology) of rivers and streams is governed by physical forces studied within the fields of fluvial 
geomorphology and hydraulic engineering. The ability of flowing water to transport sediment is a function of flow depth 
(d), velocity (v), discharge (Q), and channel slope (S).

In ungauged rivers and streams, flow velocity (v, in m s−1) can be estimated indirectly, using equations such as the 
Manning formula:

(2.1.1)

where R is hydraulic radius (channel cross-sectional area (A) divided by the wetted perimeter (P) of the stream bed and 
banks, but commonly substituted by d in wide, shallow channels) and n is a measure of the roughness of the bed and 
banks (lower values for smooth bed and banks, higher values for rough bed and banks).

The Manning formula can also be used to estimate discharge (Q, in m3 s−1) in ungauged streams by incorporating A 
into the formula:

(2.1.2)

Many other hydraulic equations encompass these variables, such as those for bed shear stress (τ, in N m−2) and unit 
stream power (ω, in W m−2):

(2.1.3)

(2.1.4)

where γ is the specific weight of water and w is channel width. The significance of these equations is their strong 
association with the potential for geomorphic work (i.e., erosion and sediment transport), which influences many 
ecological processes and patterns.

Eqs. (2.1.3) and (2.1.4) show that for given values of γ, R, Q, and w, steeper channels (higher S) will be more powerful 
(higher τ and ω). Relatively steep channels, such as those in the upland and piedmont zones, may have τ and ω values 
sufficiently competent to erode bedrock and transport coarse-grained sediment, even during relatively moderate floods. 
Significant bed erosion and rapid sediment transport may lead to channel incision, thereby increasing R, d, and τ, thus creating 
a positive feedback that continues channel incision. Ultimately, this may lead to the formation of a relatively narrow and deep 
channel (Figs. 2.1.2A and 2.1.5A and B), depending on the controlling expression of regional climate (Slater and Singer, 2013).

By contrast, less steep channels, such as those in the lowland and floodout zones, may have τ and ω values that are 
incompetent to consistently transport large volumes even of finer-grained sediment, except perhaps during the largest 
floods. During low to moderate flood events, some sediment may be deposited within the channel, thereby reducing R, 
d, and τ. Over time, this may lead to channel aggradation and the formation of a relatively wide and shallow channel 
(Figs. 2.1.2 and 2.1.5). Arroyos of the American southwest cycle between these contrasting cross-section morphologies.
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FIG. 2.1.2

Schematic diagram of channel cross-sections showing variability of width and depth. Narrow, deep channels 
possess a low width:depth ratio (A). Wide, shallow channels possess a larger width:depth ratio (B).
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FIG. 2.1.3

Conceptual model showing the four geomorphological zones of an idealized IRES system (A) and the diverse 
hydrological, sediment regime and geomorphological characteristics across the four zones (B). The four 
geomorphological zones broadly correspond to the source, transport, and deposition zones of an idealized 
river, originally proposed by Schumm (1977). Down-valley changes through the zones highlight the tendencies 
for adjustment of the different characteristics along multiple continua. In any given catchment, down-valley 
hydrological, sediment regime and geomorphological changes are commonly irregular and nonlinear and may 
involve step changes or threshold crossings, as influenced by features such as local bedrock outcrop, the 
spacing of tributary junctions, dams, or artificial abstractions.

Conceptual model (A) is modified from Tooth, S., Nanson, G.C., 2011. Distinctiveness and diversity of arid zone river systems.  

In Thomas, D.S.G. (Ed.), Arid Zone Geomorphology: Process, Form and Change in Drylands, third ed.  

Wiley-Blackwell, Chichester, pp. 269–300, with permission.
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2.1.2   UPLAND ZONE
In the upland zone, IRES channels are closely coupled with hillslopes, and lateral sediment inputs 
result from delivery by overland flow and more abrupt, mass failures that may develop into landslides 
and debris flows (Wohl and Pearthree, 1991). Periodic high-energy flood events may transport large 
volumes of sediment and erode bedrock. Hence, in the upland zone, IRES systems tend to be primarily 
erosive and serve as the dominant source of sediment to downstream reaches.

Channel substrate in the upland zone may consist of bedrock, alluvium, or some combination of the 
two. Bedrock reaches—characterized by a dominance of exposed bedrock in the bed and banks—may 
possess a relatively thin (typically <10–20 cm thick) veneer of alluvium (Jaeger et al., 2007; Sutfin 
et al., 2014). Bed sediments in the upland zone tend to be poorly sorted and include a range of grain 
sizes up to boulders (Fig. 2.1.4). Channels are typically small, steep, and single thread with low width-
depth ratios (<20) (Figs. 2.1.2 and 2.1.5A). Floodplains are commonly absent or restricted in width 

FIG. 2.1.4

Characteristics of IRES in the upland zone shown in (a) schematic form illustrating key landforms and 
sedimentary deposits. Examples include this bedrock-incised upland drainage network, Utah, USA (b, view 
looking up-valley) where the base of the channel is marked by vegetation to the right of the standing figure. 
Smooth, bare bedrock slopes shed large amounts of overland flow after rainstorms, leading to rapid stage 
rises in the channel. Other upland examples include this single-thread channel (c, view looking downstream) 
deeply incised into coarse-grained valley deposits and confined by bedrock outcrop, and this single-thread, 
step-pool channel (d, view looking downstream), both occurring in Arizona, USA.

Photos: Courtesy S. Tooth (b), N. Sutfin (c), K. Jaeger (d).
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FIG. 2.1.5

Selected IRES cross-sections across the four geomorphological zones. Cross-sections in the (A) upland, 
(B) piedmont, (C) lowland, and (D) floodout zones are from different rivers. Inset text in (A), (B), and 
(C) indicates geographic location and cross-section characteristics including channel width, reach slope, and 
the median grain size (D50). Inset text in (D) indicates river kilometers (rkm), increasing in the downstream 
direction, and cross-section characteristics. The most upstream cross-section of the Tobiasspruit (D, right 
panel) is from the transition between the lowland and floodout zones, and the most downstream survey 
is on the floodout itself. Cross-sections are drafted from published (Tooth, 2000; Tooth et al., 2002) and 
unpublished data (Jaeger, unpublished; Michaelides, unpublished; Sutfin, unpublished), including publicly 
available LiDAR data (http://pugetsoundlidar.ess.washington.edu).

(A)

(B)

(C)

(Continued)



28 CHAPTER 2.1 GEOMORPHOLOGY AND SEDIMENT REGIMES IN IRES

and longitudinal extent by outcropping bedrock, colluvium, or older indurated alluvium (Wohl and 
Pearthree, 1991; Larned et al., 2008; Fig. 2.1.3B).

High-intensity convective precipitation in combination with short overland flowpaths can generate 
flash floods capable of high rates of coarse-grained sediment transport (Michaelides and Martin, 2012; 
Lucía et al., 2013). However, very large clasts (>0.5 m diameter) derived from rockfalls, landslides, or 
debris flows may persist in situ, perhaps only slowly abrading while smaller clasts are winnowed from 
around them (Irwin et al., 2014).

Bedrock exposure and size-selective sediment transport processes may help form the cascade or 
step-pool morphologies that characterize some IRES in the upland zone (Wohl and Pearthree, 1991; 
Powell et al., 2012; Billi, 2015; Fig. 2.1.4). Other upland IRES with high sediment inputs, however, 

(D)

FIG. 2.1.5, cont'd



292.1.3  PIEDMONT ZONE

may develop comparatively simple, planar-bed channel geometries with only low-relief channel bars, 
thus facilitating efficient sediment transport (Powell et al., 2012). Where present on the bed, banks, 
and the floodplain, riparian vegetation can substantially influence in-channel and overbank flow and 
sediment transport processes (Sandercock et al., 2007; Sandercock and Hooke, 2011; Tooth, 2013). 
Overbank deposits can be extremely coarse, particularly where infrequent large floods rework debris 
flows or form levees and boulder berms along channel margins (Wohl and Pearthree, 1991; Macklin 
et al., 2010). Channel morphology in the upland zone of IRES may appear relatively stable in the short 
term (years to decades), but sequences of episodic high-energy floods can result in rapid sediment de-
livery and channel erosion and deposition over longer timescales.

Consistent with other zones in IRES systems, surface water-groundwater interactions are generally 
limited and highly spatially variable. Except where local springs occur, groundwater is commonly at 
great depths (>10 m) and disconnected from surface water. As a result, transmission losses can occur 
through alluvium and/or cracks and fractures in bedrock. Where relatively impermeable bedrock lies 
at shallow depths, this may promote shallow subsurface flow (Mansell and Hussey, 2005). The general 
absence of perennial flow and limited groundwater supplies means that aquatic habitats in upland IRES 
that can serve as important refugia are typically small and transient in time (Bogan and Lytle, 2011; 
Chapter 4.8) compared to larger features downstream (Bunn et al., 2006). However, localized parts 
of channel beds can support surface water for extended periods of time during otherwise dry channel 
conditions (Jaeger and Olden, 2012; Godsey and Kirchner, 2014). For example, stream potholes that 
are eroded into bedrock outcrops during successive large floods can retain water for several months, 
providing critical aquatic and terrestrial habitats (Bogan et al., 2014).

2.1.3   PIEDMONT ZONE
In the piedmont zone, valley floors typically are wider relative to the upland zone and channels are com-
monly flanked by older alluvium, colluvium, and/or bedrock. Hillslopes and channels remain closely 
coupled, and episodic lateral sediment inputs to steep or moderate-gradient channels are derived from 
diffusive processes and mass movements on adjacent hillslopes (Box 2.1.2) and from tributaries.

BOX 2.1.2 IMPLICATIONS OF CHANNEL-HILLSLOPE COUPLING FOR 
SEDIMENT DELIVERY
In many IRES, overland flow is a key contributor to sediment delivery in the piedmont zone. For a given rainstorm, the local 
sediment supply from hillslopes to channels depends on the characteristics of the adjacent hillslopes and their hydrological 
response to sequences of spatially variable rainstorms (Michaelides and Martin, 2012). Within a catchment and for a given 
rainstorm, not all hillslopes will be contributing sediment at the same time. However, over multiple rainfall events, channels 
will receive sediment intermittently throughout a reach at locations where hillslopes are directly coupled to the channel.

Fig. 2.1.6 demonstrates a plausible scenario of sediment supply in an IRES characterized by substantial fluctuation 
in valley and channel width but that maintains the typical overarching downstream trend of increasing valley and channel 
width (Fig. 2.1.6A). The first key aspect is that both mass and grain size of supplied sediment will vary between storms 
at different locations within a reach (Fig. 2.1.6B and C). A second key aspect is that the overall impact of hillslope 
sediment supply on the channel is a function of the interaction between channel width and supplied sediment mass and 
grain size. In particular, an increase in channel width reduces the impact of hillslope sediment supply to the channel 
because the same mass and size of sediment is spread out over a larger area. This relationship can be articulated for 

(Continued)



BOX 2.1.2 IMPLICATIONS OF CHANNEL-HILLSLOPE COUPLING FOR 
SEDIMENT DELIVERY (Cont'd)
discrete locations within a reach by a “hillslope supply index” (HSI) (Michaelides and Singer, 2014), which represents the 
degree of hillslope impact on the channel as proportional to the mass and the grain size of sediment supplied and inversely 
proportional to the channel width (Fig. 2.1.6D). As the channel progressively widens downstream and floodplains 
become more common, the impact of hillslope sediment supply to the channel tends to decline, reflecting a progressive 
downstream decoupling between hillslope and channels.

FIG. 2.1.6

Schematic of longitudinal trends in (A) channel and valley-floor width, (B) sediment mass loading from 
hillslopes to channel, (C) median grain size of sediment supplied from hillslopes to the channel, and (D) 
the hillslope supply index (HSI) illustrating the decrease in hillslope-channel coupling in the downstream 
direction as a result of increases in channel width. The gray shading in (B), (C), and (D) represents the 
range of values based on modeling a range of rainfall events bracketed by the minimum and maximum 
values. The calculation of the HSI is given within the panel (D).
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Bedrock may crop out locally in channel beds, but commonly channel beds are fully alluvial, with a 
range of sediment sizes up to boulders. Flood events of differing magnitude and frequency sequentially 
deposit and erode sediment within channels and the wider valley floor, generating a wide variety of 
fluvial landforms, including floodplains and alluvial terraces (Figs. 2.1.5B and 2.1.7). In general, the 
characteristics of the geomorphology and sediment regimes of IRES in the piedmont zone reflect the 
intermediate position between the upland zone of net erosion and the lowland zone of transfer, with 
sediment being eroded, deposited, and reworked over various spatial and temporal scales (Fig. 2.1.3).

The interplay between episodic hillslope and tributary sediment supply and fluvial reworking in 
the trunk channel is a key characteristic of IRES in the piedmont zone (Michaelides and Wainwright, 
2002; Wainwright et  al., 2002; Michaelides and Singer, 2014) and contributes to a wide variety of 
channel patterns from wide and shallow, single thread, or braided channels (Graf, 1981; Singer and 
Michaelides, 2014) to narrower and deeper anabranching complexes (Graeme and Dunkerley, 1993; 
Jacobson et al., 1995; Fig. 2.1.7). The tendency for development of bar forms and bedforms varies 

FIG. 2.1.7

Characteristics of IRES in the piedmont zone shown in (a) schematic form illustrating key landforms and 
sedimentary deposits. Examples include channels on the Northern Plains, central Australia (b, flow from 
right to left), illustrating confinement by bedrock and by sparsely vegetated older alluvium. Other examples 
from Arizona, USA, include this single-thread channel (c, view looking downstream), illustrating incision into 
coarse-grained, indurated Pleistocene alluvium and evidence for coarse-grained sediment transport during 
high- to moderate-energy floods, and this gravel-bed channel in the Sonoran Desert, Arizona (d, view looking 
downstream), with abundant boulders and small anabranching side channels.

Photos: Courtesy S. Tooth (b), N. Sutfin (c and d).
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widely within and between different channel patterns. Examples include: sand-bed single-thread chan-
nels with low-relief channel beds and limited bedforms and bars (Powell et al., 2012); stone-pavement 
channels created by periglacial freeze-thaw cycles that rotate large clasts to create a relatively flat sur-
face (McKnight et al., 1999); gravel-bed braided channels characterized by development of bars, dunes, 
and gravel aggregates (Hassan, 2005); and sand- and gravel-bed anabranching channels that display 
varying bed topographies including dunes and “flow chutes,” the latter being influenced by riparian 
vegetation assemblages (Dunkerley, 2008).

Vegetation dynamics exert strong influences on the morphology and sediment regimes of IRES in 
the piedmont zone. Vegetation dieback during disturbance (drought or anthropogenic influences) can en-
hance sediment delivery to the channel (Collins and Bras, 2008), which can lead to partial obstruction of 
the trunk channel by tributary-junction fans (Larsen et al., 2004) but also to aggradation and alterations 
to trunk channel morphology. Vegetation recovery may reduce sediment delivery, with subsequent chan-
nel incision and terrace formation on the valley margins (Shakesby and Doerr, 2006). Terrace formation 
may topographically decouple hillslopes from the channels, resulting in locally buffered, heterogeneous 
patterns of sediment supply (Michaelides and Singer, 2014). Variable patterns of channel, floodplain, 
and valley-floor vegetation growth mean that overbank flow and sediment transport dynamics can be 
highly complex (Sandercock et al., 2007; Sandercock and Hooke, 2011). However, as in the upland 
zone, periodic high-energy floods and relatively short overland and overbank flow paths tend to result in 
steep lateral hydrological gradients and maintain channel-floodplain hydrological connectivity (Amoros 
and Burnette, 2002; Michaelides and Chappell, 2009; Trigg et al., 2013; Chapter 2.3).

As in the upland zone, channels in the piedmont zone may be characterized by relative stability 
over years to decades but then undergo short intervals of abrupt change, depending on the sequence 
of channel-changing flood events. Runoff and sediment dynamics drive the redistribution of nutrients 
(Michaelides et al., 2012), which in turn affects primary productivity (Chapter 3.1), plant distribution 
(Chapter 4.2), and broader ecosystem functioning. Discharges during small to moderate floods may 
initially increase downstream through the piedmont zone but as a result of limited or no groundwater 
input, discharge tends to decrease owing to flow transmission losses through the channel bed and banks 
(Dunkerley and Brown, 1999). Following floods, the retention and persistence of surface water depends 
largely on local bed topography. Alluvial channels with low-relief channel beds tend to remain largely 
dry, but where bedrock crops out locally or flow chute morphology has developed, temporary or perma-
nent surface water may be present in topographic lows (Dunkerley and Brown, 1999; Dunkerley, 2008).

2.1.4   LOWLAND ZONE
In the lowland zone, alluvial valleys tend to become wider, thus hillslopes and channels tend to be less 
closely coupled compared to upland and piedmont zones. This contributes to a wide range of channel- 
floodplain morphologies, many of which strongly contrast with perennial systems (Fig. 2.1.8). Many 
IRES in the lowland zone are primarily transfer systems that maintain an approximate balance between 
sediment input and output, although some systems may be characterized by long-term net deposition.

A key characteristic of IRES in the lowland zone is the typical downstream decreases in flood flow 
volumes that result from transmission losses into unconsolidated alluvium, losses to overbank flow, and 
evapotranspiration (Tooth, 2013; Chapter 2.3). In many catchments, tributary inputs are also limited 
in the lowland zone. These downstream flow decreases are in stark contrast to the downstream flow  
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increases typical of perennial systems and have implications for channel-bed substrate, sediment sort-
ing and transport, and channel and floodplain morphologies. Channel-bed substrates in the lowland 
zone are strongly influenced by catchment lithology and sediment supply, and so can vary widely, rang-
ing from variable mixtures of alluvium and bedrock (Heritage et al., 1999), through sand and gravel 
(Reid and Frostick, 1997) to silt and clay (e.g., Knighton and Nanson, 1997).

Some lowland-zone IRES are characterized by low sinuosity, relatively wide and shallow rectan-
gular cross-sections (Leopold et  al., 1966; Reid and Frostick, 1997; Singer and Michaelides, 2014; 
Figs. 2.1.5C and 2.1.8). In these channels, bed and bar forms tend to be poorly developed and seldom 
persist over decadal to centennial timescales (Hassan, 2005), in part because fluxes of water and sedi-
ment can be considered to occur primarily in one dimension (downstream) with negligible cross-stream 
components (Leopold et  al., 1966; Singer and Michaelides, 2014). Other IRES are characterized by 
more complex channel-floodplain morphologies, such as the extensive anastomosing and anabranching 
channel systems that occur across wide areas of inland Australia and parts of southern Africa (Heritage 
et al., 1999; Tooth and McCarthy, 2004; Tooth et al., 2008) or the alluvial gravel-bed rivers in wetter 

FIG. 2.1.8

Characteristics of IRES in the lowland zone shown in (a) schematic form illustrating key landforms and 
sedimentary deposits. Examples include a low-sinuosity, single-thread channel in northern South Africa (b, 
flow from left to right), showing a largely vegetation-free channel bed but dense vegetation on the adjacent 
floodplains. Other examples include anabranching channels in central Australia (c, flow from upper right to 
lower left) showing division and rejoining around vegetated, narrow ridges and wider islands. Vegetated bars 
along a mixed sand-gravel bed, braided channel in the Sonoran Desert of southwestern Arizona (d) illustrate 
complex interactions between vegetation and sediment transport processes.

Photos: Courtesy S. Tooth (b and c), N. Sutfin (d).
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regions in Europe, the US, and New Zealand (Doering et al., 2007; Larned et al., 2008, 2011). In systems 
with complex channel-floodplain morphologies, various bed and bar forms can develop and persist over 
centennial to millennial timescales, commonly in association with riparian vegetation patterns (Heritage 
et al., 1999; Tooth and Nanson, 2000; Tooth et al., 2008). Compared to lowland IRES with rectangular 
cross-sections, fluxes of water and sediment are influenced by a variety of poorly documented channel-
floodplain exchanges. For instance, during extensive flooding in the Channel Country of eastern central 
Australia, flow in interconnecting anastomosing channels is accompanied by low-energy overbank flows 
that disperse through networks of extensive floodplain “braid” channels (Knighton and Nanson, 1997), 
with floodwaters then evaporating or draining back to the anastomosing channels as stage falls.

Studies in central Australia have shown how highly contrasting channel-floodplain morphologies 
can be found even on closely adjacent IRES, with transitions from wide, shallow single-thread channels 
to anabranching channels commonly being associated with limited tributary inputs of water and sedi-
ment (Tooth and Nanson, 2004). In particular, periodic flows from tributaries into a normally dry trunk 
channel promote in-channel growth of trees through positive feedbacks between sediment deposition, 
moisture retention, and vegetation establishment (Tooth and Nanson, 2004). Over time, initially wide, 
shallow single channels can subdivide into complexes of narrow anabranches divided by tree-lined 
narrow ridges or wider islands (Fig. 2.1.8). In other settings, marked shifts between complex multi-
channel reaches and single-channel reaches also have been associated with local changes in gradient, 
sediment supply, and influence of riparian vegetation (Larned et al., 2008). Despite these strong con-
trasts in channel-floodplain morphologies, work in central Australia, Spain, and elsewhere has shown 
that longitudinal profiles in many lowland-zone IRES are straight (Vogel, 1989; Powell et al., 2012; 
Singer and Michaelides, 2014), contrasting with the characteristic concave-up profiles of lowland-zone 
perennial systems (Fig. 2.1.9). The straight longitudinal profile may reflect an oversupply of alluvium 
that covers the bed surface and is smoothed by incomplete lateral and longitudinal sorting (Singer and 
Michaelides, 2014). Where bedrock crops out more extensively, however, longitudinal profiles in the 
lowland zone can be far more irregular, sometimes alternating between moderate-gradient, dominantly 
bedrock reaches atop resistant outcrop and lower-gradient, mixed bedrock-alluvial or alluvial reaches 
atop weaker outcrop (Heritage et al., 1999; Tooth and McCarthy, 2004).

FIG. 2.1.9

Straight longitudinal profiles in the lowland zones of the Plenty and Marshall Rivers, Australia, illustrating the 
contrast with the concave-up longitudinal profiles typical of many lowland perennial systems.
Reproduced with permission from Tooth, S., Nanson, G.C., 2004. Forms and processes of two highly contrasting rivers in arid central 

Australia, and the implications for channel-pattern discrimination and prediction. Geol. Soc. Am. Bull. 116, 802–816.
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In the lowland zones of IRES, channel-floodplain stability can vary widely. In some IRES, lowland 
channel-floodplain morphologies can remain relatively stable over centuries or millennia, particularly 
where the potential for erosion during low-energy floods is restricted by well-developed riparian veg-
etation (Tooth and Nanson, 2000; Sandercock et al., 2007; Larned et al., 2008). In other settings, sedi-
ment aggradation occurs during decadal-scale sequences of small to moderate floods, with extensive 
channel and floodplain erosion (stripping) and vegetation removal occurring during occasional large 
floods (Heritage et al., 1999).

Flow transmission losses can be extremely high (e.g., 2.5 m3 s−1 km−1, Doering et al., 2007) and 
contribute to groundwater recharge and in-channel sediment deposition in lowland-zone IRES (Keppel 
and Renard, 1962; Renard and Keppel, 1966). In many lowland channels, retention of surface water 
after floods is limited, although exceptions may occur in reaches where bedrock outcrop has resulted in 
local development of pools (Heritage et al., 1999) or where the confluence of anastomosing channels on 
extensive muddy floodplains leads to scour and the formation of permanent waterholes (e.g., Knighton 
and Nanson, 1994, 2000). Although transmission losses are a typical characteristic, groundwater input 
can contribute to discharge that supports local perennial reaches in the lowland zone (Doering et al., 
2007; Larned et al., 2008; Chapter 2.3). Shallow groundwater recharge from channels can sustain water 
availability to riparian trees that otherwise have limited access to soil moisture (Singer et al., 2014).

2.1.5   FLOODOUT ZONE
For IRES flowing to the coast, there tends to be a gradual transition from the lowland zone to an estua-
rine or deltaic zone. Across the globe, however, many IRES fail to reach a coastline, instead undergoing 
various forms of “breakdown” or “failure,” and ultimately terminating in inland topographic basins on 
alluvial plains (Mabbutt, 1977; Tooth, 1999a,b; Billi, 2007) or on the margins of pans or playas (Fisher 
et al., 2008; Donselaar et al., 2013; Fig. 2.1.10). All these environments are characterized by net deposi-
tion, as reflected in a diverse—and, in some instances, distinctive—range of geomorphological features 
and sedimentary deposits. This section focuses mainly on the geomorphology and sediment regimes of 
IRES terminating in inland basins (collectively termed the floodout zone), although some characteris-
tics are shared with IRES that end at a coastline.

In most floodout zones, limited or absent hillslope-channel coupling means that flow and substrate 
characteristics are largely determined by the distance from the upland and piedmont sources of runoff 
and sediment. In some small IRES, the floodout zone may be within a few tens of kilometers of the 
uplands, so flow events may occur semiregularly (e.g., after every local convective thunderstorm) and 
channel-bed sediment may include local cobbles and boulders (Billi, 2007; Craddock et al., 2012). In 
larger IRES, however, the floodout zone may be located many tens or even hundreds of kilometers from 
the uplands and the characteristic downstream decreases in discharge described earlier mean that flow 
events may be very infrequent (perhaps only once every few years or decades), while bed sediment 
typically is no coarser than granules (Dubief, 1953; Mabbutt, 1977; Tooth, 2000).

Downstream decreases in the magnitude and frequency of discharge can occur in association with 
downstream gradient decreases caused by changes in lateral confinement and subsequent channel-bed 
aggradation (Tooth, 1999a) or by lithological/structural factors, such as a change from a harder to a 
weaker lithology underlying the channel bed (Donselaar et al., 2013; Grenfell et al., 2014). These de-
creases in discharge and/or gradient mean that unit stream power and sediment transport capacity also 
decrease. These, in turn, lead to a downstream reduction in the channel size, diversion of an increas-
ing proportion of floodwaters overbank, and sediment deposition (Fig. 2.1.5D). These processes are  
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commonly promoted by the presence of aeolian or bedrock barriers, such as where linear dune for-
mation or fault uplift has occurred across a channel (Bourke and Pickup, 1999; Tooth, 1999a). In 
floodout zones, channel cross-section morphology can vary widely, from relatively wide and shallow 
in gravel- and sand-bed channels to narrow and deep in mud-rich channels (Sullivan, 1976; Mabbutt, 
1977; Tooth, 1999b; Fig. 2.1.5D). However, channel beds tend to have low relief with limited bed or 
bar form development owing to the limited sediment transport during the short-lived flow events (e.g., 
Craddock et al., 2012). Even along channels with well-developed riparian vegetation, channels may be 
laterally active and subject to bank-line erosion, levee breaching, and periodic avulsion (Tooth, 2005; 
Billi, 2007). Depending on flood sequencing, channels and floodplains may remain stable for many 
years or decades and then undergo significant change during short-lived events, resulting in a range 
of morphological and sedimentary features that include active and inactive distributary channels, pa-
leochannels, splays, waterholes, and various aeolian-fluvial interactions (Tooth, 1999a,b; Billi, 2007).

In some settings, the channel may lose definition and disappear entirely to form a floodout sensu 
stricto (Tooth, 1999a), defined as a site where channelized flow ceases and floodwaters spill across ad-
jacent alluvial surfaces. Floodouts can range widely in scale, reaching up to approximately 1000 km2 on 

FIG. 2.1.10

Characteristics of IRES in the floodout zone shown in (a) schematic form illustrating key landforms and 
sedimentary deposits. Examples include the lower reaches of channels on the margins of a playa in 
northwest Iran (b, flow from left to right), showing how channel breakdown and the transition to floodouts 
is accompanied by widespread development of splays and distributary channels. Other examples include 
this channel terminus on the Northern Plains, central Australia (c, flow left to right), showing widespread 
deposition of sandy sediment in the transition to the floodout, and floodout channels in southern South Africa 
(d, view looking down-valley) showing evidence for transport of organic material during the occasional floods.

Photos: Courtey S. Tooth (b, c and d).
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some larger IRES. The size and shape of floodouts are often strongly influenced by local physiography. 
In central Australia, floodouts are <500 m wide where rivers terminate between the longitudinal dunes 
and local bedrock outcrops of the northern Simpson Desert but can reach up to several kilometers wide 
on the relatively unconfined Northern Plains (Bourke and Pickup, 1999; Tooth, 1999a,b). At the channel 
terminus, the coarser bedload sediment tends to be deposited in a splay-like form, but low-energy flows 
and finer suspended sediments may spill across the unchanneled surfaces (Fig. 2.1.10). On terminal 
floodouts, floodwaters spill across the unchanneled surfaces and eventually dissipate through infiltration 
or evaporation but on intermediate floodouts at least some floodwaters persist across the unchanneled 
surfaces and ultimately concentrate into small “reforming channels”. Reforming channels commonly 
develop where the unchanneled floodwaters become constricted by aeolian deposits or bedrock out-
crops, or where small tributaries provide additional inflow. These reforming channels either join a larger 
river or decrease in size downstream before disappearing in another floodout (Tooth, 1999a).

As in the lowland zone, floodwater infiltration in the floodout zone contributes to groundwater 
recharge (e.g., Morin et al., 2009). Toward the center of some deeper topographic basins, such as those 
occupied by large playas, groundwater exfiltration may contribute to saturation of near-surface sedi-
ments and periodic shallow flooding (Shaw and Bryant, 2011). Overall, the strongly pulsed hydrologi-
cal and sediment regimes in floodout zones, and the varied morphology of the channels, floodplains, 
and floodouts result in pronounced down-valley and cross-valley hydrological gradients and a mosaic 
of ecological patches at various scales. Case studies show that vegetation and other biota commonly 
respond rapidly to the irregular flood events and the associated material supply (Box 2.1.3).

BOX 2.1.3 MATERIAL TRANSPORT IN IRES SYSTEMS
Most previous investigations of material transport in IRES systems have focused on relatively coarse-grained clastic 
sediments moving in continuous or near-continuous contact with the channel bed (bedload and saltation load) or finer-
grained sediment moving in suspension within the water column (suspended load) although these data sets remain sparse. 
Less attention has been directed toward other components of material transport, such as the dissolved sediment load and 
the particulate organic load. In many IRES, concentrations of sediment and certain ions may increase downstream as peak 
discharges and total flow volumes decrease. Chemical analyses have largely been restricted to inorganic constituents, 
although some studies have also investigated the nature of organic loads. For example, Jacobson et al. (2000) investigated 
floodwater chemistry in the ephemeral Kuiseb River, Namibia, by tracking floodwaters along some 200 km of the river’s 
lower reaches. Data from below the confluence of the upper Kuiseb and Gaub rivers (Table 2.1) reveal very high levels 
of dissolved organic matter but even higher levels of particulate organic matter, derived principally from the riparian 
vegetation. Some of the dissolved organic matter was derived from leaching of the transported particulate organic matter. 
In the 2-day January 1994 flood, dissolved inorganic, dissolved organic, and particulate organic matter tended to show 
an overall downstream increase in response to waning flood volumes (Table 2.1), with all the transported material being 
deposited in the lower reaches (floodout zone) and no water or matter reaching the Atlantic Ocean.

In a related study focusing on downstream transport of large woody debris (achieved by painting and tracking 
representative pieces), Jacobson et al. (1999) found that 65% of the painted wood exported from marking sites during the 
1994 flood was retained within debris piles associated with in-channel growth of large ana trees (Faidherbia albida), and 
wood retention also peaked in the lower reaches. Debris piles induced deposition of clastic sediment and fine particulate 
organic matter, and promoted the formation of in-channel islands. Following flood recession, these debris piles and the 
associated sediments provided moist, organic-rich microhabitats, and these became focal points for decomposition and 
secondary production. Jacobson et al. (2000) concluded that the lower Kuiseb is a sink for materials transported from 
upstream, and that the large amounts of labile organic matter provide an important carbon supplement to flood-activated 
heterotrophic communities among these lower reaches (Chapters 3.2 and 4.7).

(Continued)
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2.1.6   DISTINCTIONS IN IRES LONGITUDINAL TRENDS
Considering all four geomorphological zones in down-valley sequence, many IRES appear to possess 
some distinctive longitudinal trends when compared to perennial systems. These trends are largely 
related to the distinctive hydrology of IRES, especially the limited and spatially heterogeneous runoff 
generation, and the tendency for flow transmission losses that leads to downstream decreases in flow 
volumes and flood peaks.

As in perennial systems, IRES channels initially tend to widen downstream through the upland, 
piedmont, and lowland zones as catchment area increases. However, two distinctions become evident in 
some IRES. First, channel width initially may be higher for a given catchment area than it is for peren-
nial streams (Fig. 2.1.11A), at least partly owing to the geomorphological effectiveness of rare extreme 
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FIG. 2.1.11

Distinctions in IRES longitudinal trends. Channels tend to be wider in IRES (A) compared to perennial systems 
at a cross-section for a given drainage area. Channel width can be asymptotic to a value of 100–200 m in 
IRES (B), whereas perennial channel widths continue to increase with increasing drainage area. Discharge 
magnitudes decrease in the downstream direction in IRES (C) and peak flows are short lived compared to 
perennial systems. Channel-bed grain size in IRES alternates between coarse- and fine-grained reaches  
(D) compared to characteristic downstream fining in perennial systems. For a given discharge, sediment flux 
can be much greater in IRES (E) compared to perennial systems.
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events compared to perennial systems (Baker, 1977; Wolman and Gerson, 1978). Second, width has 
been shown to be asymptotic to a value of 100–200 m for drainage areas ranging from 100 to 1000 km2 
(Fig. 2.1.11B). Wolman and Gerson (1978) attribute this pattern to several possible interrelated factors, 
notably the widening of channels by extreme flows until they accommodate the largest available dis-
charges, themselves constrained by the higher transmission losses that occur in widened channel beds. 
In other words, channel widths may be limited by diminishing discharges or muted discharge increases 
downstream (Fig. 2.1.11C). These trends are not universal, however, and other IRES display different 
downstream width changes. For example, in some IRES in central Australia, southern Africa, and the 
Mediterranean, channel widths in the middle to lower reaches alternate downstream between relatively 
narrow and wide reaches, or are characterized by relatively regular decreases associated with declining 
discharges (Tooth, 2000, 2013; Fig. 2.1.5).

Downstream decreases in flow volumes and flood peaks also influence sediment transport pro-
cesses. Some IRES are characterized by fluctuating reaches of coarse and fine sediment with no clear 
downstream decrease in grain size or any obvious longitudinal transition from gravel to sand, the 
latter being more typical of perennial streams (Fig. 2.1.11D; Thornes, 1977; Frostick and Reid, 1980; 
Singer, 2010; Michaelides and Singer, 2014; Singer and Michaelides, 2014). Sediment flux in some 
IRES channels can be very high compared with their perennial counterparts (Fig. 2.1.11E), a differ-
ence attributed to the commonly nonexistent or poor armor-layer development in IRES (Laronne and 
Reid, 1993). In ephemeral gravel-bed rivers, poor armor-layer development has been attributed to 
various interrelated factors including abundant sediment supply from sparsely vegetated hillslopes, 
the substantial particle mixing resulting from scour and fill processes, and the infrequent short-lived 
floods that minimize the potential for winnowing finer particles from the bed surface (Laronne and 
Reid, 1993; Laronne et  al., 1994; Reid and Laronne, 1995; Reid and Frostick, 1997). Sediment 
transport data tend to confirm the high rates of bedload or suspended load transport, including evi-
dence for hyperconcentrated washloads in IRES. For instance, measurements from the ephemeral 
Rio Puerco, a tributary to the Rio Grande River, indicate that it has the fourth highest average annual 
suspended-sediment concentration for all rivers globally, with the exception of the Yellow River, 
Asia (Gellis et  al., 2004). In addition, bedload transport has been observed to exceed suspended 
transport in several IRES in Spain (Castillo and Marin, 2011).

2.1.7   INFLUENCE OF HUMAN ACTIVITIES ON IRES MORPHOLOGY  
AND SEDIMENT REGIMES

In recent decades, there has been increasing awareness of the extent to which a wide range of human ac-
tivities are affecting IRES (Kingsford et al., 2006; Chapter 5.1). Some regions (e.g., the Mediterranean) 
have a long history of human activities in and near the riparian zone (Poesen and Hooke, 1997), while 
in other regions (e.g., the American southwest, Australia, southern Africa), significant human impacts 
have only occurred during the last few centuries following European exploration and colonization (Graf, 
1988; Thoms and Sheldon, 2000; Tooth, 2016). Human activities can affect IRES both indirectly (e.g., 
through land-use changes that influence hillslope runoff and sediment supply) and directly (e.g., through 
flow abstraction or various forms of channel and floodplain engineering). Activities may be wide-
spread throughout a catchment, such as grazing which in part has been linked to the extensive incision/
depositional behavior of the arroyo cycle in the American southwest (e.g., Cooke and Reeves, 1976).  
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Other activities may occur in a specific geomorphological zone but nonetheless affect other zones both 
upstream and downstream. Examples include where dam construction, sediment mining, or vegetation 
planting in the upland zone alters downstream flow and sediment supply (e.g., Boix-Fayos et al., 2007; 
Kamp et al., 2013; Chapter 5.1).

Many human-induced changes to the hydrological and sediment regimes of IRES have been as-
sociated with profound changes to channel-floodplain geomorphology and ecological processes and 
patterns. The most visible changes are commonly associated with changes to riparian vegetation as-
semblages. In many regions drained by IRES, flow regulation through damming and abstraction has 
fundamentally altered flow regimes, either by reducing hydrological variability (e.g., suppressing peak 
flows and increasing base flows) or by increasing periods of low and no flow. In many locations, such 
flow regime alterations have changed the recruitment and survival of many native tree species (e.g., 
Johnson, 1994, 1997), while commonly promoting colonization by exotic invasive tree species (e.g., 
Graf, 1978; Everitt, 1979, 1995; Chapter 5.4). In some locations, widespread establishment of veg-
etation on formerly exposed and transient bars as a consequence of flow regulation has dramatically 
reduced the cross-sectional area of river channels, with repercussions for other aspects of ecosystem 
dynamics.

On a smaller scale, some contrasting examples can be found where flow magnitude and frequency 
have actually increased in IRES owing to agricultural and urban runoff, including wastewater dis-
posal. In Israel and the Palestinian Territories, nutrient-rich wastewater flow from developing urban 
areas caused rapid shifts from dry ephemeral channels with intermittent floods to vegetated channels 
with continuous flow (Hassan and Egozi, 2001). In other settings, urban runoff and reclaimed water 
discharges can contribute to enhanced flow volumes and severe erosion (Chin and Gregory, 2001). For 
instance, along Las Vegas Wash, Nevada, which drains past one of the United States’s fastest growing 
cities, flash floods in the 1980s and 1990s caused severe erosion along the wash and its associated 
wetlands, damaging wildlife habitat and threatening homes (Kingsford, 2006).

In many IRES catchments, human impacts have been most widespread and severe in the upland and 
piedmont zones, but the changes to flow and sediment supply have deprived lower reaches of water, 
sediment, and nutrient supplies, leading to a variety of changes to channel-floodplain morphology, sub-
strate composition, and ecological habitat (e.g., Casado et al., 2016). These changes can be complex, 
commonly including channel contraction and stabilization, secondary salinization, widespread vegeta-
tion dieback, and ecosystem collapse (Thoms, 1995; Micklin, 2007; Mac Nally et al., 2011; Box 2.1.4). 
In an era of rapid environmental change and population growth, human pressure on water supplies can 
only increase, and in coming decades it may be that increasing numbers of perennial river systems start 
to behave more like IRES. Therefore, study of the geomorphology and sediment regimes of current 
IRES may provide insights that can help guide management practices in rivers that start to undergo this 
type of transition (Kingsford, 2006).

2.1.8   DIVERSITY OF IRES AT A GLOBAL SCALE
Although necessarily selective, the coverage of IRES geomorphology and sediment regimes in the pre-
vious sections of this chapter illustrates how valley-floor morphology and substrate characteristics vary 
widely across different climatic and geological settings. A comprehensive assessment of the geomor-
phological diversity of IRES at a global scale has yet to be attempted (e.g., Tooth and Nanson, 2011), 
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partly because there is relatively little published, accessible information on the IRES in many regions of 
Africa, Asia, and South America (notable exceptions include Billi, 2007; Yang and Scuderi, 2010; Irwin 
et al., 2014). Nonetheless, the conceptual approach adopted in this chapter—namely, characterizing 
IRES in the context of four geomorphological zones (Fig. 2.1.3)—provides a framework for integrating 
and synthesizing additional information as it becomes available, as well as a basis for more rigorously 
comparing the characteristics of IRES within and between different regions (Tooth and Nanson, 2011). 
As an illustration, a comparison can be made between IRES in the Mediterranean, southern Africa, and 
Australia. These regions have different physiographies, largely as a function of their contrasting geo-
logical setting, especially the degree of tectonic activity. Consequently, the spatial extent and relative 
proportions of the upland, piedmont, lowland, and floodout zones vary dramatically.

In many Mediterranean catchments, upland and piedmont zones are characterized by high ele-
vation, rugged and tectonically active topography, and are relatively extensive. In comparison, the 
lowland zone is more restricted in extent and the floodout zone is typically nonexistent, with most 
deposition instead occurring in deltas, estuaries, or offshore. Consequently, their IRES characteristics 
are dominated by those commonly associated with relatively high-energy upland and piedmont settings 
(e.g., bedrock rivers, coarse-grained braided rivers—Fig. 2.1.4, 2.1.5, and 2.1.7).

By contrast, in many Australian catchments, the upland and piedmont zones tend to have lower 
elevation, and more subdued, tectonically stable topography, and are relatively restricted in spatial ex-
tent compared with the extensive lowland and floodout zones. For instance, on the basis of 1:250,000 
mapping and an elevation-based definition, more than 90% of the total length of all Australian water-
courses can be classified as “lowland rivers,” with the majority distributed across the dryland continen-
tal interior (Thoms and Sheldon, 2000; Sheldon and Thoms, 2006). Although this broad categorization 
includes rivers in both the lowland and floodout (deltaic/estuarine) zones, the characteristics associated 
with lower energy settings are more widespread (e.g., single- and multiple-thread channels, distributary 
channels, and floodouts—Fig. 2.1.10).

BOX 2.1.4 DEWATERING THE LOWER COLORADO RIVER AND DELTA
The lower Colorado River and Delta in the United States and Mexico provide good examples of the deleterious effect of 
human activities on flow and sediment regimes (Mueller and Marsh, 2002). The Colorado River, once the fifth largest 
river (by discharge) and carrying the largest sediment load in the United States (McDonald and Loeltz, 1976), used to flow 
onto a vast delta in the Gulf of California. Dams, large-scale diversions, and abstractions over the last 95 years (Carriquiry 
and Sánchez, 1999) now make the Colorado River one of the most regulated rivers globally (Andrews, 1991).

Historically, the lower Colorado River was a wide (hundreds of meters), braided and shallow (mean depth < 3 m) river. 
The system supported a highly transient channel, perennial wet meadows, and expansive floodplain forests (reviewed in 
Mueller and Marsh, 2002). The Delta extended over more than 15,500 km2 and was characterized by a complex maze of 
sloughs, wetlands, and oxbows (Mueller and Marsh, 2002).

Today, most flow from the upper and middle reaches of the river only reaches the Delta during major flow events 
and only about 0.5% of the original sediment load is delivered to the Delta (Carriquiry et al., 2001). As a result, 
approximately 100 km of the river downstream of the lowermost dam is usually dry, with less than 8% of the wetlands 
remaining in the Delta (Mueller and Marsh, 2002). In the absence of a significant upstream sediment supply, the Delta is 
experiencing widespread erosion, with associated habitat loss affecting endemic fish (Carriquiry and Sánchez, 1999). For 
example, seven of the nine endemic fish in the lower Colorado River are endangered, with several living in small refugial 
populations (e.g., desert pupfish). Despite active restoration efforts, the losses of water, sediment, and nutrient supplies 
from the river are difficult to mitigate and the lower Colorado River and Delta are likely to persist in an extremely 
diminished ecological state.
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In southern Africa, there is more of a balance between the spatial extent of tectonically qui-
escent, upland, piedmont, lowland, and floodout (deltaic/estuarine) zones. Consequently, IRES 
characteristics tend to be associated with a wide variety of energy settings, including various bed-
rock, alluvial, and mixed bedrock-alluvial styles (e.g., braided, single-thread straight, meandering, 
anabranching/anastomosing and distributary rivers, and floodouts—Figs. 2.1.4, 2.1.5, 2.1.7, 2.1.8, 
and 2.1.10).

In these three regions, therefore, the different ecological conditions associated with the channels 
and floodplains in each of the zones will also vary in spatial extent. However, the precise composition 
of the biological communities will be a function of regional evolutionary history (Chapter 4.10) and the 
nature of ecosystem modification by human activities (Chapter 5.1).

2.1.9   SYNTHESIS AND NEW RESEARCH DIRECTIONS
Research on IRES has generally lagged behind that devoted to perennial rivers (Kingsford, 2006), and 
there are various challenges to improving understanding of the links between hydrology, sediment 
dynamics, geomorphology, and ecology in IRES. New lines of research are required to extend beyond 
individual IRES to develop knowledge that will lead to more widely generalizable concepts and theo-
ries. Key questions can be posed at a range of temporal and spatial scales, and include: How do flood 
sequences over years to centuries shape aquatic and riparian community structure, and what are the 
key feedbacks influencing channel and floodplain development in IRES? How do hillslope vegetation 
dynamics acting over decades to millennia influence hydrological and sediment fluxes and thus longer 
term topographic development? Over multimillennial and longer timescales, how does IRES catchment 
topography develop and what are the dominant drivers?

To address these and related questions, a range of approaches will be required that include a com-
bination of field, flume, and computational model-based enquiry to integrate findings obtained at 
different spatial and temporal scales. For example, the interlinked hillslope, channel, and floodplain 
processes must be incorporated in field or flume study designs or in computational model structures. 
Field and flume studies should extend beyond point and plot scales to help generalize over larger scales, 
including longer channel reaches or entire catchments. Event-based process models can investigate a 
particular geomorphological process in isolation within a specific part of a catchment, while landscape 
evolution models (LEMs) can explore the impacts of external forcing (e.g., climate variability, tectonic 
activity, human disturbances) on IRES catchment development. Associated vegetation dynamics could 
be addressed by combining existing ecohydrology models (e.g., Rodriguez-Iturbe et al., 2001; Collins 
and Bras, 2008) with process models and LEMs.

Finally, recent decades have seen increasing use of a wide range of geochronological techniques 
(e.g., radiocarbon, luminescence, and cosmogenic radionuclide dating) to investigate geomorphologi-
cal processes in IRES systems, including the timing and rates of sediment transport and storage, chan-
nel and floodplain development, and related vegetation dynamics (e.g., Tooth, 2012). In some cases, 
geochronology can generate knowledge about IRES dynamics at spatial and temporal scales that is 
intermediate between short-term field and flume studies and modeling studies of longer-term changes. 
Given the critical influences of geomorphological processes on ecology, a more comprehensive un-
derstanding of IRES dynamics will provide information that can be applied by managers and policy 
makers.
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