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ABSTRACT: What controls the architecture of drainage networks is a fundamental question in geomorphology. Recent
work has elucidated the mechanisms of drainage network development in steadily uplifting landscapes, but the controls on
drainage-network morphology in transient landscapes are relatively unknown. In this paper we exploit natural experiments in
drainage network development in incised Plio-Quaternary alluvial fan surfaces in order to understand and quantify drainage
network development in highly transient landscapes, i.e. initially unincised low-relief surfaces that experience a pulse of rapid
base-level drop followed by relative base-level stasis. Parallel drainage networks formed on incised alluvial-fan surfaces tend to
have a drainage spacing that is approximately proportional to the magnitude of the base-level drop. Numerical experiments sug-
gest that this observed relationship between the magnitude of base-level drop and mean drainage spacing is the result of feedbacks
among the depth of valley incision, mass wasting and nonlinear increases in the rate of colluvial sediment transport with slope
gradient on steep valley side slopes that lead to increasingly wide valleys in cases of larger base-level drop. We identify a thresh-
old magnitude of base-level drop above which side slopes lengthen sufficiently to promote increases in contributing area and
fluvial incision rates that lead to branching and encourage drainage networks to transition from systems of first-order valleys to
systems of higher-order, branching valleys. The headward growth of these branching tributaries prevents the development of adja-
cent, ephemeral drainages and promotes a higher mean valley spacing relative to cases in which tributaries do not form. Model
results offer additional insights into the response of initially unincised landscapes to rapid base-level drop and provide a prelimi-
nary basis for understanding how varying amounts of base-level change influence valley network morphology. Copyright © 2015
John Wiley & Sons, Ltd.
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Introduction

The self-organization of fluvial networks into evenly spaced
first-order valleys has been linked to the relative importance
of advective sediment transport processes (slope-wash/fluvial
erosion), which lead to channel incision, and colluvial sedi-
ment transport processes (e.g. bioturbation and freeze–thaw),
which tend to fill incipient channels (Smith and Bretherton,
1972; Perron et al., 2008, 2009; Smith, 2010). In transient
landscapes, Simpson and Schlunegger (2003) demonstrated
that drainage density and the spacing between valleys are
controlled by a dimensionless number that quantifies the
relative importance of slope-wash/fluvial processes and col-
luvial processes. Previous work on the structure of peri-
odic drainage networks in landscapes, however, has mainly
focused either on incipient channelization (Smith and Brether-
ton, 1972; Loewenherz, 1991; Izumi and Parker, 1995, 2000)
or steady-state landscapes (Perron et al., 2008, 2009, 2012).
Analyses of incipient channelization, in order to simplify the
problem and obtain an analytic solution, frequently begin with
the assumption that a landscape can be represented by an
inclined plane that is everywhere submerged with water (e.g.
Smith and Bretherton, 1972; Loewenherz, 1991; Izumi and

Parker, 1995, 2000). These studies provide valuable insight
into the periodic patterns observed in channel networks, par-
ticularly at smaller scales, but as pointed out by Perron et al.
(2008) they are limited in their ability to predict drainage pat-
terns in landscapes at larger spatial scales (>102 � 104 m),
where open channel flow is common and positive feedbacks
between the emergence of periodically spaced valleys, fluid
flow and channel incision play important roles.

Perron et al. (2008, 2009, 2012), in contrast, focused
on steady-state landscapes and utilized a numerical model
designed to represent the fundamental sediment trans-
port mechanisms that drive landscape evolution in gently
sloping, soil-mantled landscapes over larger spatial scales.
While strictly valid only for applications to gently sloping,
steady-state landscapes, Perron et al. (2008, 2009) predicted
that the characteristic spacing between first-order valleys
scales with a Péclet-like number, a dimensionless number that
represents the ratio of an advective timescale to a diffusion
timescale (assuming that colluvial processes can be repre-
sented as topographic diffusion). In steep terrain, however, the
colluvial transport per unit slope gradient increases signifi-
cantly with hillslope gradient due to the effects of mass wasting
and the nonlinear increases in sediment flux attributable to
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creep processes at high hillslope gradients (Roering et al.,
1999). How nonlinear slope-dependent colluvial transport
influences valley network morphology remains largely unex-
plored and may provide insight into the relative importance
of hillslope versus fluvial processes in steep landscapes. In
this paper, we build upon previous studies by investigating
the quasi-periodic spacing between valleys in transient land-
scapes where hillslope gradients are relatively high and mass
wasting is likely to be an active sediment transport process.

Abandoned depositional surfaces, such as alluvial ter-
races and colluvial fill deposits, that have been subjected to
base-level drop present natural experiments to better under-
stand drainage network development in transient landscapes
for several reasons (e.g. Morisawa, 1964; Bowman et al.,
2011). First, these landforms lack the structural controls
present in many bedrock landforms that may influence valley
spacing. Second, they generally consist of relatively uncon-
solidated material that can be readily transported by both
colluvial and fluvial processes, whereas one or both of these
processes may be limited by soil production in other settings.
Third, the initial topography of such landscapes is typically
minor (i.e. usually limited to the bar-and-swale topography
(�1 m relief) inherited from the fluvial depositional processes
that built the deposit). Fourth, due to natural variations in
the type and magnitude of different forcing mechanisms, the
magnitude of base-level drop experienced at the base of a
terrace can vary by at least an order of magnitude and can
be reliably estimated from the maximum depth of incision
near the downslope edge of the eroding surface. This allows
for the opportunity to establish a link between the magnitude
of an important forcing mechanism and the resultant valley
network morphology. Surfaces subjected to large amounts of
base-level drop may be heavily influenced by mass-wasting
processes, whereas those processes may be absent on surfaces
subjected to small amounts of base-level change. Therefore,
by studying drainage networks across the transition from lin-
ear, creep-dominated colluvial sediment transport to nonlinear
colluvial sediment transport and mass wasting, it is possible
to further elucidate the relative importance of colluvial versus
fluvial processes on landscape morphology.

As a simple example of how relief may influence valley
spacing, consider the extreme case where maximum hillslope
gradients are limited by an angle of stability, above which
regolith is rapidly removed by mass wasting processes. Under
such conditions, if a series of parallel valleys are incised 100 m
deep into a terrace, the spacing between neighboring valleys
must be greater than twice the ratio of relief to the maximum
allowable hillslope gradient (i.e. the angle of stability), approx-
imately 350 m, assuming an angle of repose of 30°. Incipient
channels may initially form with a mean spacing less than
350 m in such a case, but they cannot all persist once valleys
become more deeply incised and valley side-slopes subse-
quently lengthen to accommodate the increase in the depth
of incision. Even when the angle of stability is not exceeded,
similar effects may result from feedback between relief and
nonlinear increases in colluvial sediment flux (not necessar-
ily associated with slope failure processes) at steep hillslope
gradients. To quantify the effect of base-level drop on valley
spacing, we measured mean valley spacing at 22 locations
throughout the western USA where base-level drop at the dis-
tal end of an initially planar depositional surface has led to the
formation and headward growth of quasi-periodically spaced
valleys. We also developed a landscape evolution model and
conducted a series of numerical experiments to examine feed-
back between the magnitude of base-level drop, mass wasting,
colluvial sediment transport processes, and slope-wash/fluvial

sediment transport processes that lead to a quasi-periodic
spacing between valleys in parallel drainage networks.

Methods

Identification of study areas and estimates of
valley spacing

Twenty-two measurements of valley spacing were made at
different locations throughout the western USA, in Arizona,
Idaho, Nevada, New Mexico, Texas and Utah. The selected
study sites were chosen on the basis of several criteria. With
several exceptions, which are discussed below, each surface
is composed of late Cenozoic alluvial deposits or unconsol-
idated fill deposits. Each of the selected surfaces is relatively
planar, has been subjected to base-level drop, and is incised
by quasi-periodically spaced, parallel drainages.

Eighteen of the surfaces are Quaternary in age and 4
are Pliocene in age or older (Table I). All but four of
these surfaces are primarily composed of poorly consolidated
alluvial/colluvial deposits. One of the surfaces, located in
west-central New Mexico, is Miocene in age and primarily
composed of fluvial sandstone and conglomerate (Chamber-
lin et al., 1994). Two surfaces, located just south of the Snake
River Valley in south-central Idaho, consist of Miocene silicic
flows and tuff (Johnson and Raines, 1996; Mytton et al., 1990).
Finally, we estimated valley spacing at the Pajarito Plateau in
north-central New Mexico. The Pajarito Plateau is composed
of Miocene–Pleistocene rocks of the Santa Fe Group, which
consists mainly of poorly consolidated channel-fill deposits,
fanglomerate, and friable to moderately consolidated silt-
stone and sandstone, along with Pliocene–Pleistocene basaltic
rocks (Purtymun and Johansen, 1974). These last four sur-
faces, although different from the others in terms of substrate
composition, are included in the analysis because they have
experienced large amounts of base-level drop and limited
data exist for such occurrences. Since they are not com-
posed primarily of unconsolidated alluvial/colluvial deposits,
the amount of regolith available for transport may limit
either fluvial/slope-wash and/or colluvial sediment transport
processes, but they may evolve similarly if regolith produc-
tion occurs fast enough so that sediment transport is not
supply-limited.

Digital elevation models (DEMs) (10 m per pixel) were
derived from 1=3 arc-second elevation data from the National
Elevation Dataset (NED) (http://ned.usgs.gov/). Mean valley
spacing was estimated by counting the number of valleys
contained in a cross-slope topographic transect (Figure 1).
Estimates of the regional topographic slope before channel
incision were made by measuring the slope on undissected
remnants of the original surface (Figure 1). The amount of
base-level drop was estimated by taking an along-slope tran-
sect and extrapolating the current regional slope to a point
immediately downslope of the leading edge of the eroding
surface (Figure 1). Base-level drop occurred at each site as a
result of a variety of processes, including channel incision at
the distal end of the surface, faulting and lake shoreline retreat.

We observed two qualitatively different types of parallel
drainage networks at our study areas: (i) networks where trib-
utaries branching from main valleys are common (Figure 2d,
e), hereafter referred to as networks consisting of high-order
valleys; and (ii) networks where branching tributaries occur
infrequently (Figure 2a–c), referred to as networks of low-order
valleys. Branching behavior in parallel valley networks has
been shown to increase mean valley spacing (Perron et al.,
2008, 2012) and we therefore want to distinguish those net-
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Table I. Locations and basic information concerning study areas where mean valley spacing, �, and the amount of
base-level drop, � , were measured. Systems of high-order valleys are identified with an asterisk

Location Age Primary composition Source � �

31.987°N, 106.541°W Pleistocene Alluvium Harbour (1972) 16 169
31.637°N, 108.841°W Quaternary Alluvium Stoeser et al. (2005) 16 202
35.035°N, 112.601°W Quaternary Alluvium Hirschberg and Pitts (2000) 17 178
31.618°N, 108.844°W Quaternary Alluvium Stoeser et al. (2005) 20 270
31.963°N, 106.468°W Pleistocene Alluvium Harbour (1972) 21 186
31.958°N, 106.468°W Pleistocene Alluvium Harbour (1972) 22 188
39.567°N, 115.972°W Quaternary Alluvium Ludington et al. (2005) 22 341
41.425°N, 114.775°W Quaternary Alluvium Ludington et al. (2005) 25 295
41.162°N, 114.066°W Quaternary Alluvium Ludington et al. (2005) 28 286
34.725°N, 106.531°W Quaternary Alluvium Stoeser et al. (2005) 30 298
34.139°N, 112.770°W Pleistocene Alluvium Hirschberg and Pitts (2000) 32 323
42.207°N, 113.965°W Quaternary Alluvium Johnson and Raines (1996) 40 270
39.955°N, 113.783°W Quaternary Alluvium/Colluvium Hintze et al. (2000) 40 288
43.187°N, 116.609°W Pleistocene Gravel/Clastic Bonnichsen and Godchaux (2006) 41 201*
43.207°N, 116.612°W Pleistocene Gravel/Clastic Bonnichsen and Godchaux (2006) 50 348*
32.821°N, 110.032°W Pliocene Alluvium Hirschberg and Pitts (2000) 53 369
34.290°N, 108.454°W Miocene Sandstone Chamberlin et al. (1994) 64 487
36.401°N, 106.072°W Quaternary Alluvium Koning et al. (2007) 67 487*
42.229°N, 113.982°W Miocene Silicic flows Mytton et al. (1990) 70 380
42.265°N, 113.998°W Miocene Silicic flows Mytton et al. (1990) 115 706*
36.015°N, 106.147°W Pleistocene Clastic Purtymun and Johansen (1974) 120 708*
32.770°N, 109.825°W Pleistocene Alluvium Youberg (2013) 145 960*

Figure 1. Mean valley spacing, �, and base-level change, � , are estimated from topographic transects extracted from NED-derived DEMs (10 m
grid spacing). (a) Shaded relief map showing the locations of along-slope and cross-slope topographic transects for a study site in New Mexico
(34.290°N, 108.454°W). (b) The amount of base-level change is estimated as the difference between a linear extrapolation of the terrace surface
(dashed line) and the elevation immediately beyond the downslope end of the terrace. (c) Despite the transient nature of the landscape, valleys
have become organized in a quasi-periodic structure. This figure is available in colour online at wileyonlinelibrary.com/journal/espl

works where branching effects may have a significant impact

on the mean valley spacing from those where branching

appears to have minimal impact. To accomplish this, we iden-

tified the valley network at each study area using the algorithm

described by Pelletier (2013). The identified valley networks

for three different study sites are shown overlaying maps of

hillslope angle in Figure 3. Valley networks are classified as

high order if more than half of the valleys have side slopes that

have developed branching tributaries (Figure 2d, e).

Numerical model

The numerical model includes slope-wash/fluvial and col-
luvial sediment transport processes, including rapid mass
wasting. Colluvial transport is modeled as a transport-limited
process with a sediment flux, qs, that varies nonlinearly with
hillslope gradient (Roering et al., 1999). Slope-wash/fluvial
transport is modeled as a detachment-limited process, in
which all eroded material is exported from the model domain
without deposition. Enforcing the conservation of mass allows
for the rate of change of topography with time to be expressed

Copyright © 2015 John Wiley & Sons, Ltd. Earth Surf. Process. Landforms, Vol. 41, 460–472 (2016)
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Figure 2. Mean valley spacing increases as the magnitude of base-level change increases. Dashed lines indicate transects used to determine
mean valley spacing. Tightly spaced, periodic drainages extend upslope from a fault scarp in (a) Arizona (35.035°N, 112.601°W) and (b) Nevada
(41.425°N, 114.775°W). (c) Arrows indicate valleys incised into an alluvial fan (32.821°N, 110.032°W) that appear to have been unable to migrate
further headward due to the widening of adjacent valley side slopes. (d, e) Tributary valleys often develop on the longer side-slopes of deeply
incised valleys, like those incised into the (d) Pajarito Plateau (36.015°N, 106.147°W) and (e) Frye Mesa (32.770°N, 109.825°W). This figure is
available in colour online at wileyonlinelibrary.com/journal/espl

Figure 3. Identified valley networks (black lines), mapped using a modified version of the algorithm presented by Pelletier (2013), shown for three
of the study areas, where (a) � D 20 m, (b) � D 67 m and (c) � D 70 m. The parallel networks in our study areas typically consist of high-order
valleys for larger values of � . This figure is available in colour online at wileyonlinelibrary.com/journal/espl

as
@z
@t
D �r � qs � � CU (1)

where z is elevation of the dominant fluvial pathway within
each pixel, t is time, U is the rate of change of elevation rela-
tive to base level, and � is the slope-wash/fluvial detachment
rate. The colluvial sediment flux, qs, is given by (Roering et al.,
1999)

qs D �D
�

rz
1 � .jrzj=Sc/2

�
(2)

where D is the colluvial transport coefficient. Colluvial sed-
iment flux increases nonlinearly as the hillslope gradient

approaches a critical value, Sc. While Roering et al. (1999)
state that the nonlinear increase in qs within their model
is associated with purely diffusive processes such as bio-
genic activity rather than debris flows or landslides, others
use similar expressions for colluvial sediment flux as a means
of accounting for a change in process at higher hillslope
angles, namely the increased importance of rapid mass wast-
ing (e.g. Howard, 1994, 1997). Here, we use Equation (2)
to compute the colluvial sediment flux at locations where
jrzj < Sc. However, when hillslope gradients approach (or
exceed) Sc we assume that threshold landsliding processes
dominate sediment transport and employ a simple algorithm,
described below, to account for this effect. Based on a study of
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fault scarps in north-central Nevada, Wallace (1977) inferred
that scarps formed in weakly consolidated deposits rapidly
degraded, over timescales of 10–1000 yr, to have slopes that
are approximately equal to the angle of repose for unconsoli-
dated material. Motivated by this, we choose a critical angle of
Sc D 0.57 in all numerical experiments to correspond roughly
to the angle of repose for unconsolidated granular material
(�30°).

The slope-wash/fluvial detachment rate in the model has
the general form (Howard, 1994; Perron et al., 2008; Pelletier,
2010)

� D max
�
0, K

��
A
w

�p

jrzjn � �c

��
(3)

Here, K is an erodibility coefficient, A is the upstream con-
tributing area, w is the width of the flow in the dominant
fluvial pathway in each pixel, n and p are dimensionless con-
stants, and �c is a critical entrainment threshold. We choose
values of p D 1 and n D 1, which are associated with the
commonly used stream-power erosion law.

The numerical solution of Equation (1) is facilitated through
two consecutive steps. Let zn

i,j denote the value of z at the
nth computational time-step and location x D i�x and y D
j�y D j�x. A first step toward obtaining the land surface ele-
vation at time n C 1 is to update the elevation of the land
surface to account for erosion attributed to colluvial transport
and base-level change by solving the equation

@z
@t
D �r � qs CU (4)

The essentials of the method are presented below and a
more detailed description is provided in the Appendix. Let
znC1=2

i,j denote the intermediate solution obtained from solving
Equation (4). Equation (4) is solved using an iterative alter-
nating direction implicit (ADI) method that is second-order
accurate in both space and time (de Michieli Vitturi and
Arrowsmith, 2013). The ADI method is based on solving a
series of one-dimensional problems in succession. The numer-
ical method employed here is slightly different from ADI
schemes typically used in conjunction with the linear sedi-
ment transport law (qs D �Drz) because the nonlinear form
of qs necessitates the use an iterative procedure. First, define
QznC1=2 as an explicit approximation of znC1=2. The following
ADI split equations, derived in the Appendix, are then solved
repeatedly (Witelski and Bowen, 2003; de Michieli Vitturi and
Arrowsmith, 2013):

�
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�t
2
@
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�
qs. QznC1=2/

@
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@

@y

��
v D w (6)

znC1=2 D QznC1=2 C v (7)

until the difference, v, between QznC1=2 and znC1=2 is less than
a predefined tolerance. For the first iteration, we assume an
initial guess of QznC1=2 D zn. In practice, we find that it is
useful to adjust the time-step such that the number of itera-
tions required for convergence is held relatively constant. All
spatial operators are discretized using second-order centered
difference schemes as outlined by Witelski and Bowen (2003).

To complete one full time-step and obtain the land surface
elevation at time nC1, we update the elevation of the land sur-
face to account for erosion attributable to slope-wash/fluvial
processes according to

znC1
i,j D znC1=2

i,j ��t�nC1=2
i,j (8)

Upslope contributing area is determined via the D1 flow
routing method (Tarboton, 1997). The gradient in Equation (3)
is approximated as the gradient along the path of steepest
descent.

When fluvial incision occurs rapidly, maximum hillslope
gradients may equal or exceed Sc, causing Equation (2) to pre-
dict an infinite colluvial sediment flux. Equation (2) can be
modified in this event to compute a finite value for the col-
luvial sediment flux (e.g. de Michieli Vitturi and Arrowsmith,
2013), but such modifications can allow unphysically large
(jrzj � Sc) hillslope gradients to persist in rapidly eroding
landscapes. Instead of modifying Equation (2) when jrzj � Sc,
a simple landsliding algorithm is used to account for the rapid
mass wasting processes expected in these areas. Based on the
idea that sediment will be rapidly removed from hillslopes
with gradients near Sc, we search at the beginning of each
time-step for locations where jrzj � 0.99Sc and remove
a fixed, predefined volume of sediment from that pixel. For
simplicity, we assume that this material is removed from the
system and not redeposited. While this material may be rede-
posited at lower slopes in the drainage network, our simplified
treatment of this process is consistent with the idea that any
deposited material is easily erodible and rapidly removed from
the valley bottom by fluvial processes because it is entirely
unconsolidated (in contrast to the substrate, which has some
cohesion and hence will erode more slowly for the same
driving stress). All neighboring pixels are then searched to
determine if the nearby elevation change resulted in adjacent
pixels having a hillslope gradient above 0.99Sc. This process
is repeated until the maximum hillslope gradient in the land-
scape is less than 0.99Sc. The colluvial sediment flux can then
be computed using Equation (2). The choice of 0.99Sc as the
threshold hillslope gradient for landsliding is arbitrary, but we
found that simulations performed with a threshold of 0.95Sc

did not result in noticeable differences.
A common difficulty accompanying many large-scale land-

scape evolution models is the ability to numerically approxi-
mate solutions in a manner that minimizes the grid resolution
effects associated with parametrizing sub-grid-scale erosion
processes (Pelletier, 2010). Since it is often not computa-
tionally feasible to choose a grid spacing that resolves all
significant fluvial pathways in cross-section, methods must be
developed that account for the occurrence of channelized
flow within a small portion of a single grid cell. The width
of a given fluvial pathway significantly affects the computed
slope-wash/fluvial erosion rate. In the case of unconfined flow,
water is not concentrated into any pathway and slope-wash
erosion occurs evenly within the grid cell. Effectively, w D
�x. However, if it is assumed that w D �x everywhere in the
domain, then this is equivalent to assuming that flow is never
confined to channels that have a width that is less than the
grid spacing, and the model-predicted slope-wash/fluvial ero-
sion rate will be grid resolution dependent. To help solve this
issue, it is necessary to distinguish between channelized flow
and unchannelized flow when computing �.

Our method for identifying areas of confined flow is based
on the algorithm presented by Pelletier (2013) for identi-
fying and mapping valley locations downstream of valley
heads with one minor modification. Pelletier (2013) maps
valley networks using two user-defined thresholds. First,

Copyright © 2015 John Wiley & Sons, Ltd. Earth Surf. Process. Landforms, Vol. 41, 460–472 (2016)
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valley head locations are identified based on a thresh-
old value of contour curvature. Then, a unit discharge of
water is routed downstream from each valley head using the
multiple-flow-direction routing algorithm presented by Free-
man (1991). Downstream pixels outside of the valley network
are identified as those locations where the ratio of discharge
to the number of upstream valley heads is less than a sec-
ond user-defined threshold. This second threshold criterion
distinguishes areas of unconfined flow from areas where flow
becomes more distributary. For example, if the landscape is
entirely tributary (channelized) then the discharge into a pixel
that has 10 valley heads upstream will be 10 times the unit of
discharge input into each valley head. Such an area would be
mapped as part of the valley network. In contrast, unconfined,
distributary flow is likely occurring if discharge into a pixel
located downstream of 10 valley heads is equal to a small frac-
tion of the unit of discharge input into each valley head. These
locations would not be mapped as part of the valley network.

In this study, we identify valley heads and map down-
stream areas of confined flow that may or may not be
identifiable using topographic properties alone (e.g. topo-
graphic slope, curvature) because channel-like features may
be poorly resolved. Since confined flow may occur within
and downstream of valley heads that are identifiable using
a combination of topographic and hydrologic characteristics
(e.g. contributing area), pixels are flagged as possible locations
where channelized flow is occurring if SA1=2 is greater than a
prescribed threshold value, with S denoting the local hillslope
gradient (approximated as the gradient along the path of steep-
est descent). Confined flow, however, may also be indicated
solely by locations with high values of contributing area since
topographic characteristics are only a reliable indicator of
channels that are properly resolved. Therefore, pixels are also
flagged as possible locations where channelized flow is occur-
ring if A is greater than a prescribed threshold value. After
valley head locations are identified, the algorithm proceeds as
described by Pelletier (2013), whereby locations downstream
of valley heads are removed from the valley network if flow
becomes distributary. We find these criteria accurately deter-
mine valley locations in the types of landscapes that we model
in this study.

In the case where flow is confined within a pixel, the
width of the dominant fluvial pathway is determined through
the empirical equation w D aAb, where b � 0.5 and a
varies between drainage basins (Leopold and Maddock, 1953).
Otherwise, flow is unconfined and w D �x. Additionally, cor-

rections must be made to the colluvial sediment transport term
in Equation (1). In the model framework of this paper, the ele-
vation of each pixel represents the elevation of the lowest point
within that pixel area, which may include both hillslope and
channel-bottom components. If a channel bottom exists within
a pixel, the elevation of the pixel corresponds to a channel
bottom because channel bottoms are the lowest points in any
portion of a drainage basin (i.e. all local side slopes drain to a
channel bottom). In order to properly model the effects of col-
luvial deposition on the elevation of a channel bottom within
this framework, it is necessary to multiply the divergence of
the colluvial sediment flux by the factor �x=w because the
uncorrected divergence term computes a rate of aggradation
that assumes the dispersal of colluvial sediment over a width
�x when in fact it is dispersed over a smaller channel-bed
width, w. Multiplying the divergence of the colluvial sediment
flux by�x=w effectively localizes colluvial aggradation where
it belongs: in the channel bottom rather than across the entire
pixel. Pelletier (2010) showed that the approach we adopt in
this paper leads to drainage densities nearly independent of
grid resolution over a wide range of pixel sizes.

All numerical simulations were performed on a square mesh
with a D 0.005, b D 0.5 and �x D 10 m. The initial con-
dition for all numerical experiments is a planar surface with
a slope of 1° that is superimposed with normally distributed
random noise. Typical hillslope angles in unchannelized por-
tions of our study areas range from 0.5° to 5°. A prescribed
amount of base-level change is imposed by fixing the ele-
vation at the lower boundary over the first 10 kyr of the
simulation and uniformly uplifting the rest of the surface. We
impose periodic boundary conditions in the cross-slope direc-
tion, and Neumann and Dirichlet boundary conditions at the
upper and lower ends of the initially planar surface, respec-
tively. The landscape continues to evolve until the maximum
depth of incision at a point 2 km upslope of the lower bound-
ary is greater than half of the imposed base-level change.
These stopping criteria reflect observations from our study
sites where well-incised valleys have extended upslope a dis-
tance of the order of 1 km (Figure 2). Mean valley spacing is
determined through spectral analysis, computed by averaging
the valley spacing along all cross-slope topographic transects
between 800 and 1200 m upslope from the lower boundary.
Taking transects closer to the lower edge of the domain would
result in the inclusion of poorly developed gullies that only
extend upslope a short distance from the boundary (Figure 4),

Figure 4. Temporal evolution of model-predicted valley networks incising into surfaces subjected to (a) 20 m and (b) 80 m of base-level change.
(a) Pe D 220260; (b) Pe D 632810. This figure is available in colour online at wileyonlinelibrary.com/journal/espl
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while taking transects further upslope may bias results by only
including valleys that rapidly migrate upslope.

Dimensional analysis

The governing equations can be non-dimensionalized to
quantify two competing processes – advective and colluvial
sediment transport – that have been shown to exert signif-
icant control on drainage density and the spacing between
first-order valleys (Simpson and Schlunegger, 2003; Perron et
al., 2008). We define L0 as the horizontal distance in the
along-slope direction, w0 D aL2b

0 as the characteristic chan-
nel width, and � as the height of the surface above base level
(equal to the prescribed amount of base-level change). Then,
let t D t 0�=U, x D x0L0, y D y0L0, z D z0�, A D A0L2

0,
w D w 0w0, and r D r 0=L0 where primes indicate dimen-
sionless quantities. The landscape evolution equation can be
written in dimensionless form as

@z0

@t 0
D D0r 0�

�
1

1 � ˇ0jr 0z0j2
r 0z0

�
�

�
K 0
�

A0

w 0

�p

jr 0z0jn � � 0c

�
C1

(9)

where D0 D D�=.L2
0U/, K 0 D K�nLp�n

0 =.apU/, ˇ0 D .�=L0Sc/
2,

and � 0c D �cK=U. The quantities UD0 and UK 0 represent dif-
fusive and advective timescales. Note that ˇ0 is the square of
the length of the shortest stable hillslope with relief � to L0

and can be interpreted as the strength of the nonlinearity in
determining the colluvial sediment flux. When ˇ0 is small, the
relative strength of the advective and diffusive terms can be
represented by the quantity

Pe D
K 0 � � 0c

D0
D

K
D

 
Lp�nC2

0 �n�1

ap
�
�cL2

0

�

!
(10)

which is similar to a Péclet number. Perron et al. (2008, 2009)
derived a nearly identical expression using the linear col-
luvial sediment flux law, qs D Drz, and demonstrated its
importance in controlling the spacing of first-order valleys in
steady-state landscapes. More specifically, Perron et al. (2009)
found that the spacing between first-order valleys is propor-
tional to a critical length scale, Lc, which can be obtained by
setting Pe D 1 and solving for L0 in Equation (10). Thus, letting
p D n D 1,

Lc D

�
D
K

�1=2 �1
a
�
�c

�

��1=2

(11)

This implies that valley side slopes within parallel network
of first-order valleys will have lengths proportional to Lc=2.
Although we are interested in the spacing between valleys in
transient landscapes, the results of Perron et al. (2008, 2009)
are useful for understanding the feedbacks between topog-
raphy, slope-wash/fluvial sediment transport, and colluvial
sediment transport mechanisms.

While ˇ0 represents the strength of the nonlinearity in
determining the colluvial sediment flux as long as L0 is a
reasonable approximation of the characteristic length scale
within the landscape, it may fail to do so once valley forma-
tion occurs. For instance, when parallel systems of first-order
valleys develop, the characteristic length scale of hillslopes
within the landscape may be more appropriately given by
Lc=2 rather than L0. Under the model formulated here, �=Sc

is the length of the shortest stable hillslope with relief �. In
cases where Lc=2 is far greater than �=Sc, we expect the con-
tribution of nonlinear creep processes and landsliding to have

little impact on valley spacing because linear creep mech-
anisms alone would tend to widen valleys sufficiently such
that the steepest gradients, even on side slopes of the most
deeply incised valleys, are much less than Sc. In contrast, if
Lc=2 < �=Sc then we expect valley spacing in the presence of
nonlinear creep processes and landsliding to be greater than
that predicted relative to instances where only linear creep
processes are considered, because valley side slopes would
otherwise have hillslope gradients above Sc. More generally,
we expect the importance of the nonlinearity in Equation (2)
to increase with the square of the ratio of the length of the
shortest stable hillslope with relief � to Lc=2, which is given by

� D
4�2K

�
1
a �

�c
�

�
DS2

c
(12)

As � increases, hillslope gradients along the side slopes of
developing valleys can be expected to increase relative to Sc,
nonlinear creep and landsliding mechanisms become more
important, and Pe may no longer be an appropriate measure
of the relative importance of the diffusive and advective terms
in Equation (9). Note the expression for � is identical to that of
ˇ0 if Lc=2 is used in place of L0.

Results

Analyses of valley spacing

In general, valley spacing increases from less than 200 m
to approximately 900 m as the amount of base-level drop
increases from roughly 20 to 150 m (Figure 2 and Table I).
The largest mean valley spacing (>900 m) was measured in
southern Arizona on Frye Mesa, which is composed of Pleis-
tocene alluvial fan deposits and Pliocene basin-fill deposits
(Youberg, 2013). Local relief at the edges of Frye Mesa is
almost 150 m (Figure 2). The smallest mean valley spacing,
less than 200 m, was found in Quaternary alluvial deposits
that had experienced �20 m of base-level drop.

Valleys incised into surfaces that have experienced large
amounts of base-level drop are more deeply incised and have
steeper side slopes relative to those in locations that have
experienced less base-level drop (Figure 3). In cases where
� < 50 m, hillslope angles are greater than 20° in fewer than
3% of locations along measured cross-slope topographic tran-
sects. When the surface is more than 50 m above base level,
approximately 20% of locations along measured cross-slope
topographic transects have hillslope angles above 20°. Hills-
lope angles above 30° are uncommon at our study sites and
are only observed in the four cases where � � 70 (in less than
3% of pixels within those sites).

Parallel drainage networks incised into surfaces that expe-
rienced smaller amounts of base-level drop consist largely of
first-order valleys (Figure 2 and Table I). Drainage network
morphology (excluding mean valley spacing) remains rela-
tively unchanged as the amount of base-level drop increases
to �50 m, but there are sometimes a number of lesser-incised
valleys near the downslope end of the terrace whose head-
ward growth has been cut off by the rapid widening of larger
adjacent valleys (Figure 2). Parallel drainage networks on sur-
faces with � � 70 m are often made up of higher-order valleys
with parallel series’ of first-order tributary valleys entering
higher-order valleys at near-90° angles (Figures 2e and 3c and
Table I).

Numerical modeling results
Following the imposed base-level drop in our numerical sim-
ulations, valley heads begin to form at the lower end of the
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planar surface and migrate upslope, becoming more deeply
incised with time (Figure 4). Valley heads having larger con-
tributing areas tend to migrate faster than those with less
contributing area. As valleys incise and valley heads migrate
upslope, colluvial transport processes lead to valley widening.
Widening associated with the most rapidly migrating valley
heads often leads to the capture of additional upslope con-
tributing area that had previously been routed to adjacent
incipient valleys (Figure 4). The amount of base-level drop
influences valley network morphology by providing a maxi-
mum depth of incision for developing channels and indirectly
influencing the degree to which valley widening is accelerated
by mass wasting and nonlinear increases in the colluvial sed-
iment flux. Parallel networks of first-order valleys frequently

form for lower values of Pe (Figure 5). For higher values of
� and Pe drainage networks consist mainly of high-order,
parallel valleys (Figure 5).

Parallel networks of low-order valleys

Parallel networks of low-order valleys commonly develop in
low-relief cases (e.g. � � 50). Once the amount of base-level
drop increases, parallel networks form within a smaller portion
of the parameter space (Figure 6). Low-order valleys frequently
develop for Pe < 5 � 105 when � D 20 m, but only in cases
where Pe < 3 � 105 when � D 110 m.

Within parallel networks of low-order valleys, valley spac-
ing depends on both �, which can be interpreted as a measure

Figure 5. Maps of topographic elevation for model-predicted valley networks resulting from six different numerical experiments. In each case,
valley networks are shown at the time when the maximum depth of incision reached 0.5� at 2 km upslope from the edge of the eroding surface.
Results of three trials are shown for (a) � D 20 m with different values of Pe (increasing from left to right) and (b) � D 110 m with varying values
of Pe (increasing from left to right). This figure is available in colour online at wileyonlinelibrary.com/journal/espl

Figure 6. Model-predicted mean valley spacing depends on both Pe and � . The mean valley spacing for networks of low-order valleys (circles)
tends to increase as � increases from (a) 20 m, (b) 50 m, (c) 80 m, to (d) 110 m. (a) When � D 20 m, parallel networks of low-order valleys are
prevalent. (b–d) For � � 50 m, parallel networks of high-order valleys (x) are more common. For fixed values of � , increases in Pe lead to decreases
in mean valley spacing for networks of low-order valleys. This figure is available in colour online at wileyonlinelibrary.com/journal/espl
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Figure 7. Mean valley spacing generally increases with �, which
provides a measure of the relative importance of nonlinear creep
processes in determining the colluvial sediment flux. This figure is
available in colour online at wileyonlinelibrary.com/journal/espl

of the importance of nonlinear diffusive processes, and Pe.
Overall, there is a trend of increasing valley spacing with �

(Figure 7). Not surprisingly, given that � is a function of �,
valley spacing in low-order networks increases as � increases
from 20 to 110 m (Figure 8). Model-predicted mean valley
spacing is 240˙30 m, 260˙25 m, 285˙35 m, 350˙45 m,
375˙50 m, and 485˙60 m for the case when � is 20 m, 35 m,
50 m, 65 m 80 m, and 110 m, respectively. However, in addi-
tion to this general trend, valley spacing appears to decrease
with increases in Pe for a fixed amount of base-level change
(�) (Figure 6). The dependence of valley spacing on Pe is most
clearly pronounced for smaller values of � (Figure 6a).

Parallel networks of high-order valleys

For higher values of Pe, network morphology changes and par-
allel drainages consisting mainly of high-order valleys become
more common (Figure 6). The transition from low-order valley
networks to high-order valley networks occurs more frequently
in cases where the amount of base-level drop is large and
rarely occurs when � D 20 m (Figure 6). As incipient chan-
nels incise, valley side slopes lengthen, which promotes the
formation of first-order tributary valleys running nearly per-
pendicular to the major valleys. When � is relatively small,

even deeply incised valleys may not have side slopes that
are long enough to promote the development of significant
tributary drainages (Figure 5).

Within this regime, valley spacing is not necessarily a mono-
tonic function of Pe for a fixed amount of base-level drop
(Figure 6). By valley spacing within this context, we are refer-
ring only to the spacing of the high-order valleys that drain
directly to the lower end of the grid and not to the spac-
ing of their tributaries. Higher values of Pe encourage the
formation and rapid headward growth of tributary valleys,
which can hinder the headward migration of adjacent incip-
ient valleys and promote a greater mean valley spacing. This
effect is particularly pronounced when � D 110 m. Depend-
ing on the initial condition, however, an increase in Pe may
also lead to the development of additional tributaries that do
not grow headward sufficiently to influence valley spacing
(Figure 5a). Under these circumstances, increases in Pe tend
to decrease mean valley spacing. This effect may explain the
inverse relationship between Pe and mean valley spacing in
both low-order and high-order valley networks for the case
when � D 80 m and values of Pe are low (Figure 6). Still, the
transition to high-order drainage networks tends to increase
valley spacing relative to cases where low-order valleys
are dominant.

Discussion

Numerical-model predictions suggest that the observed rela-
tionship between mean valley spacing and terrace height can
be related to two different mechanisms: nonlinear increases in
the colluvial sediment flux with increases in hillslope gradi-
ent and the formation of branching tributaries, both of which
can contribute to the preferential headward growth of valley
heads with initially larger upslope contributing areas. Larger
changes in base level lead to increases in the gradients of side
slopes that flank growing valleys. In turn, valley side slopes
are subject to increased rates of colluvial sediment transport
and widen rapidly as they grow headward, which promotes
increased spacing between developing valleys by diverting
contributing area into a smaller number of the most rapidly
incising (and migrating) valley heads. This widening process
can be accentuated by the development of tributary valleys
that form on side slopes of major drainages (Figures 6 and 8).

The spacing between first-order valleys in low-gradient,
steady-state landscapes has been shown to scale with a dimen-

Figure 8. A summary of mean valley spacing statistics from all numerical trials along with measured mean valley spacing from all study areas.
Results of numerical trials for each value of � (magnitude of base-level drop) are perturbed to the left (high-order valleys) and right (low-order
valleys) to improve readability. This figure is available in colour online at wileyonlinelibrary.com/journal/espl
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sionless quantity analogous to a Péclet number, which is
independent of relief in cases where �c D 0 and the stream
power model is used to represent fluvial erosion (Perron et al.,
2008, 2009). The spacing between valleys increases in these
landscapes with an increase in the colluvial transport coef-
ficient since greater rates of colluvial sediment transport, all
else being equal, tend to fill incipient channels. In contrast,
valley spacing decreases with an increase in the erodibility
coefficient (K), all else being equal, since greater rates of flu-
vial sediment transport encourage valley incision (Perron et
al., 2008, 2009). A dimensional analysis of the governing
equations suggests a similar relationship exists between val-
ley spacing and the model parameters characterizing transient
landscapes, but with the added effect that relief also influ-
ences valley spacing through the nonlinearity in Equation (2).
The importance of nonlinear creep processes and landsliding
is represented here by �, which can be related to the ratio
of the length of a hillslope with gradient Sc and relief � to
that of a characteristic hillslope length scale. Here, we choose
Lc=2 as the characteristic hillslope length scale since it has
been previously shown that mean valley spacing scales with
Lc in the absence of nonlinear creep processes (Perron et al.,
2009). Intuitively, one may expect valley spacing to increase
with increases in �, all else being equal, since that would lead
to greater rates of colluvial sediment transport. Unlike Pe, �
increases nonlinearly with �.

The effects of creep processes and threshold landsliding on
valley spacing can be isolated from additional variations in
valley spacing that may be attributed to the development of
tributary valleys by looking solely at variations in valley spac-
ing within networks of low-order valleys. Numerical model
results demonstrate that both Pe and � influence mean valley
spacing in networks of low-order valleys. Mean valley spacing
generally increases with � (Figure 7) in networks of low-order
valleys and decreases with Pe when � is fixed (Figure 6).

The relative importance of � and Pe on valley spacing can
be further elucidated and more directly connected with mea-
surements of valley spacing made at our study sites by focusing
on the relationship between relief (�) and valley spacing. For a
fixed value of �, there is a relatively narrow range of � within
which low-order valleys are formed. Within the portion of the
parameter space where low-order valleys form, � varies from
approximately 100 to 250 when � D 20 m, from 700 to 1300
when � D 50 m, and from 2700 to 4500 when � D 110
m. Therefore, the relative importance of nonlinear creep pro-
cesses does not vary significantly when � is held constant,
particularly for smaller values of �. Given this, it is not surpris-
ing that mean valley spacing decreases systematically with Pe
for a fixed value of � (Figure 6). The trend of decreasing val-
ley spacing with increasing Pe is most pronounced when � is
small (Figure 6a) and becomes more scattered for large values
of � (Figure 6f). The increased variability in the data may be the
result of strong nonlinear feedbacks between valley incision
and nonlinear colluvial sediment transport and/or sensitivity
of results to the random perturbations used to create the initial
topography.

The relationship between mean valley spacing and Pe in
low-relief landscapes (Figure 6a), where � is small, is consis-
tent with the results of Perron et al. (2008, 2009), who con-
cluded that relief has little effect on the spacing of first-order
valleys in steady-state landscapes using a stream power law for
fluvial erosion and the linear, slope-dependent colluvial sedi-
ment flux. For a fixed value of Pe, on the other hand, increases
in � (which correspond to increases in �) lead to increases in
valley spacing (Figure 5a, b). As a result, periodic networks
of low-order valleys form with a wider spacing, on average,
when � is large relative to when � is small (Figures 6 and 8).

Even though we cannot compute Pe or � within the study areas
analyzed here, the above observation provides an explana-
tion for the documented increase in mean valley spacing with
increases in terrace elevation above base level.

It should also be noted that Pe is not entirely independent
of � in numerical experiments presented here because �c > 0.
We found that prescribing a non-zero value of �c caused the
interfluves between major valleys to be better preserved for
large values of �, a characteristic that we observe in our study
areas, whereas this was not the case when �c D 0. Prescrib-
ing �c > 0 limits the portion of the landscape over which
slope-wash/fluvial erosion occurs and effectively decreases
the magnitude of �. The influence of �c > 0 on Pe, and there-
fore its direct influence on valley spacing, can be expected to
vary with relief since an increase in � (all else being equal)
will lead to an increase in Pe. Since increases in Pe result in
a lower mean valley spacing in networks of low-order val-
leys, we argue that the variations observed between � and
mean valley spacing result from the effect of the nonlinearity
in Equation (2) and cannot be explained by the influence of
�c on Pe. A nonzero valley incision threshold may also serve
to further limit the likelihood of developing stable valleys on
the short valley side slopes that are characteristic of major
drainages in low-relief landscapes.

Previous studies have suggested relationships among relief,
climate and drainage basin characteristics, such as drainage
density and scaling breaks in contributing area–slope relation-
ships (e.g. Howard, 1997; Tucker and Bras, 1998). Howard
(1997) examined drainage network development in the bad-
lands near Caineville, UT, which was initiated by �60 m of
base-level drop due to incision of the nearby Fremont River,
and observed that drainage density was a decreasing function
of relief in portions of the landscape dominated by nonlinear
creep processes and threshold mass wasting. While we focus
only on networks of parallel drainages, we observe a similar
trend in numerical simulations when values of Pe are relatively
small. In such cases, increases in relief lead to increases in
the length of threshold hillslopes that, due to the low relative
importance of slope-wash/fluvial erosion (i.e. low Pe), can-
not support the development of tributary drainages (Figures 5
and 6). Consequently, drainage density decreases with increas-
ing relief. However, numerical model results and observations
from our study areas also indicate that branching behavior,
which has implications for drainage density, varies systemati-
cally with relief. Branching valley networks occur at our study
sites more frequently in cases where terrace elevation above
base level is large and less frequently when terrace elevation
above base level is relatively small (Figures 2 and 8). Model
results demonstrate that parallel networks of first-order val-
leys can form in high-relief cases (>50 m), but they occur
within a much narrower range of Pe (Figure 6), perhaps making
their presence less likely in many natural landscapes. Larger
magnitudes of base-level drop encourage the formation of
deeply incised valleys with longer side slopes. All else being
equal, longer valley side slopes are more prone to fluvial ero-
sion because the timescale for advective sediment transport
decreases with increases in hillslope length. Short valley side
slopes may also lack sufficient contributing area to overcome
critical entrainment thresholds necessary to support valley for-
mation. Therefore, for larger values of Pe (and within the
portion of the parameter space giving rise to parallel drainage
networks), our model results suggest that drainage density is
an increasing function of relief.

Both field observations and modeling studies indicate that
drainage basin morphology is influenced by the timescales at
which valley bottom and hillslope processes adjust to vari-
ations in forcing mechanisms (Tucker and Singerland, 1997;
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Hilley and Arrowsmith, 2008; Hurst et al., 2013). Both Hilley
and Arrowsmith (2008) and Hurst et al. (2013) note that valley
bottoms adjusted more rapidly than hillslopes to changes in
rock uplift rates at their study site at the Dragon’s Back pressure
ridge in the Carrizo Plain, California. Our model is designed to
simulate landscapes that are dominated by threshold landslid-
ing at large hillslope gradients and where sediment transport
is not limited by bedrock weathering rates. In our model,
rapid widening of side slopes associated with the most deeply
incised valleys is the main mechanism by which contributing
area is preferentially routed into initially larger valleys, which
leads to an increase in valley spacing. In bedrock-dominated
landscapes, however, where weathering rates may slow the
ability of valley side slopes to widen, or in landscapes that are
not susceptible to landsliding, mean valley spacing may not
vary as systematically with relief. Additional field observations
and process-based modeling are needed to better quantify the
relationships between the magnitude and timescale of varia-
tions in relief and climate that have long-lasting impacts on
drainage-network structure.

Conclusions

We examined the relationships among the magnitude of
base-level drop, mean valley spacing and branching behavior
in drainage networks incised into abandoned alluvial/colluvial
fill surfaces by measuring these quantities at 22 locations
throughout the western USA. Numerical model results suggest
that feedback mechanisms between the amount of base-level
change, depth of valley incision, rapid mass wasting and non-
linear colluvial sediment transport processes are responsible
for the observation that mean valley spacing on these surfaces
increases with elevation above base level. Parallel drainage
networks consisting of low-order valleys occur within a wide
range of Pe when the magnitude of base-level change is small
and within a narrower range when it is large. Numerical exper-
iments indicate that increases in the rate of colluvial sediment
transport at high hillslope gradients can lead to more rapid
valley widening and promote increased valley spacing in land-
scapes subject to large changes in base-level relative to cases
where changes in base level are small. Numerical model pre-
dictions also suggest that the development of tributary valleys,
which are observed on the high-relief surfaces considered in
this study, plays a key role in setting the mean valley spacing
within the drainage network by diverting upslope contribut-
ing area away from other incipient drainages and into the
more rapidly incising portions of the network. Results highlight
the importance of rapid base-level change, slope failure and
nonlinear creep processes in setting the relative importance
of hillslope versus channel processes in transient landscapes.
When viewed in conjunction with numerical modeling results,
the general increase in mean valley spacing with terrace height
above base level observed at our study sites throughout the
southwestern USA suggests that nonlinear creep processes and
landsliding exert a first-order control on the length scale of
valley spacing in these landscapes.

Appendix A: ADI method

We focus on deriving an ADI method for solving the problem
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where

f .z/ D
D

1 � .jrzj=Sc/2
(A2)

The derivations below closely follow those of Witelski
and Bowen (2003), who constructed similar schemes for
two-dimensional, higher-order, nonlinear diffusion equations,
and de Michieli Vitturi and Arrowsmith (2013). Letting zn

denote the value of z at time n, Equation (A1) can be dis-
cretized in time using the traditional Crank–Nicolson method
as
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Rearranging terms in Equation (A3) yields
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This expression can be written more compactly by defining
the operators
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where I denotes the identity operator. Note that
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which allows Equation (A4) to be rewritten as
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Note that the operator in the last term on the right-hand side
of Equation (A8) has been applied to zn instead of znC1. This
simplification introduces additional error on the order of �t3

since znC1 D zn C O.�t/, but this is of little concern since
the proposed Crank–Nicolson scheme is second-order accu-
rate in time. Rather than attempt to solve the implicit scheme
represented by Equation (A8), we approximate the value of
f .znC1/ by defining an explicit approximation of f at time
nC 1, f . QznC1/. By defining the operators
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we arrive at a pseudo-linear factorization of the Crank–
Nicolson method:
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This method can be written more compactly if we let v D
znC1 � QznC1 and subtract
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from both sides of Equation (A11). Then
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The difference between the last two terms on the right-hand
side of Equation (A13) is O.�t3/ and they are therefore
assumed to cancel without influencing the overall accuracy of
the method. The ADI split equations for the resulting method
are presented in the Methods section.
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