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Formation of evenly spaced ridges and valleys

J. Taylor Perrof, James W. Kirchnetr>*& William E. Dietrict?

One of the most striking examples of self-organization in land-
scapes is the emergence of evenly spaced ridges and vatfeys
Despite the prevalence of uniform valley spacing, no theory has
been shown to predict this fundamental topographic wavelength.
Models of long-term landscape evolution can produce landforms
that look realistic™9, but few metrics exist to assess the similarity
between models and natural landscapes. Here we show that th

mechanics. From equations of mass conservation and sedimen
transport, we derive a characteristic length scale at which the time-

incision are equal. This length scale is directly proportional to
the valley spacing that emerges in a numerical model of landform

evolution, and to the measured valley spacing at five field sites.
Our results provide a quantitative explanation for one of the most

imply that valley spacing is a fundamental topographic signature [
that records how material properties and climate regulate ero-
sional processes.

The spacing between adjacent ridges and valleys is a fundamet=
dimension of hilly topographyt®. Even a casual observer can see fro
an aeroplane window that ridges and valleys in many landscap: .
appear to be uniformly spaced (Fig. 1), even where their locatio
are not controlled by bedrock structure. Indeed, uniform spacing i
often most clearly visible where bedrock is mechanically homogenf
ous' This implies that the characteristic ridgetvalley wavelength
an emergent property of the erosion and sediment transport pro
cesses that shape the landscape. Any theory for the long-term ev:
tion of Earth's surface should be able to explain fundamentg
landscape scales like the ridge+valley wavelength.

Some of the earliest theories of landscape evolution focused on t
segmentation of landscapes into ridges (or, more generally, hi
slopes) and valleys. DaVisind Gilbert®*?suggested that hillslopes
are dominated by sediment transport mechanisms that smooth th, #"
land surface, and that hillslopes give way to valleys where water runj”
becomes concentrated enough to outpace the smoothing proces
and incise into the land surface. Later studies showed how this co
petition might lead to the development of evenly spaced valle
Smith and Brethertot? demonstrated that a concave-up, erodible, .
surface under a sheet of flowing waterba situation analogous to (@
freshly exposed soil embankment during a rainstormbis unstabl
with respect to perturbations, with the shortest-wavelength topoFigure 1| Uniform valley spacing. Shaded relief maps of representative
graphic features growing fastest. This result implied no preferreggctions of the study sites, Eaton Hollow, Pennsylvani, Gabilan Mesa,
wavelength. Subsequent studies found that if smoothing is intrd=alifornia.c, Napa Valley, Californiad, Point of the Mountain, Utah.
duced, either by diffusive proces¥égsuch as rain splaghor by e, Dragon's Back, California. Tick spacing is 200 m. For cladtgnde have

. . - - been enlarged by a factor of two relativedtic. Vegetation has been filtered
the dispersive effects of the free water suffgezturbations with an out of the data to reveal the underlying topography. Eaton Hollow data are

intermediate wavelength will grow fastest, forming incipient erogm the state of Pennsylvania PAMAP program; Point of the Mountain
sional rills with a characteristic spacing. Some studies additionaliita are from the State of Utah Automated Geographic Reference Center;
included a sediment transport threshold that encouraged the seletalifornia data are from the National Center for Airborne Laser Mapping
tion of an intermediate wavelength (NCALM).
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These studies considered incipient channelization of a surface by a
sheet of flowing water, and cannot be used to predict the dimensions
of large-scale landforms like those in Fig. 1. Numerical models based’
on a similar competition between stream channel incision and dif-
fusive soil creep have been used to explore the long-term evolution of
such landforms, including the factors controlling the upslope drain-£ Second-order
age area at which hillslopes transition into valféy§t2*but notthe 5 drainage basins
characteristic ridgetvalley wavelength. Moreover, comparisor}% 1004
between models and natural landscapes have been hampered by éhe
scarcity of high-resolution topographic data and the difficulty of &
measuring the long-term rates of erosion and transport processe$
in the field.

To investigate the factors that control valley spacing, we developed i
a numerical model (Methods, Supplementary Information) that 10+ \
simulates landscape evolution under the combined influence of soil N"k;’;saiir’]‘jge
creep (here used to mean downslope soil flux due to abiotic and
biotic processes, linearly dependent on the local surface gradient)
and stream incision. The transient evolution of the model illustrates
how uniform valley spacing emerges over time (Supplementafjgure 2| Comparison of predicted and observed valley spacing.Plot of
Information). As the topography evolves from a randomly roughyalley spacingd,, against the characteristic length scale(equation (3) in
horizontal initial Surfacey irreguiariy Spaced incipient Va”eys form d‘t’lethods), f.OI' f.irst'o.rder drainage basins. EaCh white circle represents the
the boundaries and begin to grow by lengthening and widenin _aIIeyspacmgln asingle numgrlcal quelsolutlon.The blgetrend shows the
Competition for drainage area (a proxy for water flux) stunts thgange of possible valley spacings, which correspond to different slope

engths, for each value &f. Slope length was controlled by varying the width

growth of valleys that are too small or spaced too closely ter’[h%‘f'the model grid in the direction normal to the main ridgeline. The

This transient evolution is similar in many respects to early cONCepyinimum and maximum spacing for a given value b correspond to the

tual models of drainage ne_t\/\_/ork dev_e_lopm’é_ﬁf-z? '_I'he model _ shortest and longest slopes that form first-order valleys. The expression for
eventually reaches a deterministic equilibrium in which the spacinge blue trend is 6.4.# | # 12.7.. Insets are perspective views of

of valleys is approximately uniform. numerical model solutions with the same but different slope lengths, with
Nonlinearities in the governing equation (equation (1)) precludevalley bottoms shaded blue. Yellow points are the means for first-order
an analytic solution for the equilibrium topography, so we usedalleys in the study sites. Error bars are one standard error of the mean.
dimensional analysis to explore how the erosion and transport para-
meters control the valley spacing. The governing equation is a non636 11 m. Napa Valley has similar vegetation and climate, with
linear advectionzdiffusion equation, and we derived a quantityalleys spaced at 18823 m that have formed in sandstones and
analogous to a Réet number, Pe (equation (2)), that expresses thenudstones of the Franciscan Complex. Dragon's Back is a semi-arid
relative magnitudes of the advective stream incision and diffusive sgilassland underlain by sediments of the Paso Robles Formation that
creep mechanisms shaping the landscape. When Pe is small, 4he less consolidated than in Gabilan Mesa, with a valley spacing of
landscape is dominated by creep, and forms a smooth slope with 806 3 m. Point of the Mountain is a sand and gravel spit formed by
valleys. When Pe is large, the landscape is dominated by streRfsistocene Lake Bonneville, with a valley spacing & 53m.
incision, and forms networks of branching valleys. Setting Re Eaton Hollow is a temperate mixed forest underlain by horizontal
yields a characteristic length scdlg,(equation (3)), at which the beds of Permian and Pennsylvanian sandstone, shale, limestone and
characteristic timescales for stream incision and creep are equdal, with a valley spacing of 32133 m. Valley spacings were mea-
Numerical modelling has shown thag? is approximately the drain- sured from peaks in two-dimensional Fourier spectra derived from
age area at which the topography transitions from a concave-dowigh-resolution laser altimetry mapsComparison with spectra for
creep-dominated hillslope to a concave-up, stream-incisionrandom surfaces with the same roughness characteristics as the
dominated valle¥. We computed equilibrium model solutions using observed topograpliyshows that valley spacing as uniform as that
parameters that give a range of valuesligrand measured valley observed in the study sites is very unlikely to arise by chance
spacingl , by identifying the dominant peaks in the two-dimensional(P, 0.001).
Fourier spectra of the simulated topographyFor a given value af, Erosion and transport at all five sites are dominated by stream
arange of valley spacing is possible because a range of slope lengtheltamel incision and by diffusive soil creep, which occurs mainly
give rise to first-order valleys (valleys that do not branch), and longehrough bioturbation such as tree throw and rodent burrowing.
slopes form more widely spaced valleys (Fig. 2). The range of slagean hillslope gradients are between 0.2 and 0.4, and evidence of
lengths is limited, however, because slopes that are too long wilhdslides is rare. In Napa Valley, some of the areas surrounding our
become dissected by branching valleys, and slopes that are too sktutly site are steeper and have experienced landslides, but we avoided
will remain smooth and undissected. The minimum and maximunthese areas in our analysis. Similarly, portions of Dragon's Back
valley spacings are directly proportionalltg as shown in Fig. 2. experience nonlinear creep and frequent landslides due to a spatial
To test whether this theoretical prediction is consistent with vallegradient in uplift rate¥’, but we restricted our analysis to the drainage
spacing in natural landscapes, we measlidd five landscapes in basins farthest from the zone of maximum uplift, which are domi-
the United States that have different valley spacings: Gabilan Mewsged by linear creep. The mechanically homogeneous substrates and
and Napa Valley in the California Coast Ranges, the Dragon's Batle two dominant erosion and transport mechanisms conform to the
pressure ridge along the San Andreas fault in the Carrizo Plaisimplifying assumptions behind the numerical model, making these
California, Point of the Mountain in Salt Lake Valley, Utah, andsites suitable locations to test predictions of valley spacing.
Eaton Hollow in southwestern Pennsylvania. All five sites display An estimate ot for each landscape requires values for the con-
uniform valley spacing (Fig. 1, Table 1) that is not determined bgtants that describe the long-term strengths of the erosional pro-
structural heterogeneities in the underlying bedrock. Gabilan Mesadssses: soil diffusivitlp, stream erosivityK, and drainage area
an oak savannah with a Mediterranean climate, and erosion of tlexponenim (equation (3)). These parameters are difficult to measure
moderately consolidated sandstones, siltstones and conglomeratedicdctly because erosion is usually slow or episodic, and because
the Paso Robles Formation has formed valleys with a spacingpresent-day rates may not be representative of long-term rates. We

503

000

&7 Eaton
Hollow

nt of the
Mountain

10 100
Characteristic length, L (m)

©2009 Macmillan Publishers Limited. All rights reserved



LETTERS NATUREVol 460 |23 July 2009

Table 1| Topographic measurements

=27,(10*°m??Y) D/ K(m?™Mt %) m L (m) I (m) Mean annual
precipitation* (m)
Dragon's Back 2946 3 126 1 0426 0.01 406 0.2 306 3 0.23
Point of the Mountain 2286 4 266 3 0.316 0.02 756 0.6 546 13 0.50
Napa Valley 21886 0.3 866 13 0.356 0.02 1376 15 1286 23 0.93
Gabilan Mesa 21186 04 1246 3 0.356 0.003 1726 04 1636 11 0.32
Eaton Hollow 2556 0.1 8026 82 0.376 0.01 46.06 34 3216 33 1.05

* For the period 19742000. Data are from the PRISM Climate Group, Oregon State Uarisity, http://prismclimate.org.

therefore used the shapes of hilltops and stream profiles measu@dour procedure for measuring., we performed the same topo-
from high-resolution topography to solve for time-averaged values @fraphic measurements in three landscapes shaped by erosional pro-
D/K andm (Fig. 3, Methods). cesses that are not well described by our model; the valley spacing in

The comparison in Fig. 2 shows that valley spacing is proportion#hiose landscapes is inconsistent with the inferred valueg:of
to L. across all five study sites, consistent with the predictions of t{&upplementary Information).
numerical model. This good agreement suggests that the two-proces©ur measurements and the geology and climate of the study sites
model, despite its simplifications, captures the mechanisms that exeffer some insight into the differenceslipand valley spacing. In our
the strongest influence on valley spacing in these landscapes. fodel, longei; and wider valley spacing can result from larBer
demonstrate that this agreement is not an inevitable consequerg@allerK, or smallerm (equation (3)). Our topographic measure-
ments (Table 1) indicate that the drainage area exponeistsimilar
for the five sites, and that the differences in valley spacing primarily
reflect differences iD/K, the ratio of soil diffusivity to stream ero-

_ sivity. Systematic variations in bedrock mechanical strength among
the five sites further suggest that rock strength, which we expect to be
negatively correlated witl{, is a major source of variability iD/K.
i Sites with the least consolidated sediments (Dragon's Back and Point
of the Mountain) have the narrowest valley spacing, sites with mod-
erately consolidated sediments (Gabilan Mesa and Napa Valley) have
i intermediate spacing, and the site with the most competent bedrock
(Eaton Hollow) has the widest valley spacing.
04 A comparison of precipitation rates at the five sites (Table 1) sug-
i gests that climate may also influence valley spacing: with the excep-
tion of Gabilan Mesa, wider valley spacing corresponds to greater
+0.04+ present-day mean annual precipitation. One possible cause is the
stream erosivity, which depends on drainage basin hydrology as well
104 103 10 100 10°  10' 102  10° 104  as on rock strengf®®23 Although higher rainfall should increase
Areaztslope product, A| z| (m?) streamflow, the dominant effect of precipitation in soil-mantled
b landscapes like those analysed here may be to rédogeromoting
vegetation growth and infiltration, thereby inhibiting overland flow
erosior. It also seems likely that more intense bioturbation in wetter
1024 environments leads to higher soil diffusivityan effect consistent
with previous measuremeritef D and with the observed correlation
between precipitation and the hilltop curvature?z, (Table 1,
Methods). Although we are at present unable to quantify the relative
importance of these mechanisms, our observations suggest that
1014 valley spacing may serve as a topographic proxy for the combined
effects of bedrock mechanical strength and climate on the relative
magnitudes of different erosional processes.

Itis notable that our theory closely predicts valley spacing in the five
study sites even though it does not include a threshold for fluvial
erosion. Soil cohesion and plant roots impart strength to the soil
surface, such that very small flows may not exert enough stress to

102 103 10¢ 108 erode the underlying material. There is evidence that such thresholds

Drainage area, A (m?) influence the locations of fluvial channel he&dsnd it has been

Figure 3| Measurement of model parameters from topography. a Plot of propqsed .that thresholds also ian}Jence t.he scale at Whig:h hillslopes
the Laplacian of elevation against the product of drainage area and slope féfansition into valley&="*2?If a fluvial erosion threshold is included
first-order drainage basins in Gabilan Mesa. Filled circles are means of logd the model equations, its effect is generally to widen valley sgécing
transformed data within logarithmically spaced bins. On hilltops, where  though not as much as a comparable fractional chan@®onK. The
both drainage area and slope are small (green shading), the Laplacian is fact that our model does not systematically underpredict valley spa-
roughly constant, consistent with equilibrium topography (equation (4),  cing suggests that competition between soil creep and stream incision
Methods). The inset shows several representative hilltops. For clarity, thejg the primary mechanism that controls valley spacing in these land-

plot shows a random subsample of 25% of the raw data poibilot o graneg byt we acknowledge that erosion thresholds could have a
slope function (equation (5), Methods) against drainage area for stream Fgronger influence in others.

profiles in the same basins. Filled circles are means of log-transformed dal . S .
within logarithmically spaced bins, and the line is a least-squares fit to the AISO notable is the prediction that, and therefore valley spacing,

binned data. Error bars showing one standard error of the mean for the filledS independent of erosion rate. This is consistent with previous obser-
circles are smaller than the symbols. Plots for all study sites are shown in théation$>*® that steady-state drainage density is independent of
Supplementary Information. erosion rate when both creep flux and stream incision rate vary
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linearly with topographic slope (equation (1)). The trend in Fig. 24

defined by sites that probably have different erosion rates, sugge5sts

that this linearity assumption is reasonable.
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