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ABSTRACT

Landscapes are frequently delineated by
nested watersheds and river networks ranked
via stream orders. Landscapes have only re-
cently been delineated by their interfluves and
ridge networks, and ordered based on their
ridge connectivity. There are, however, few
studies that have quantitatively investigated
the connections between interfluve networks
and landscape morphology and environmen-
tal processes. Here, we ordered hillsheds us-
ing methods complementary to traditional
watersheds, via a hierarchical ordering of
interfluves, and we defined hillsheds to be
landscape surfaces from which soil is shed by
soil creep or any type of hillslope transport.
With this approach, we demonstrated that
hillsheds are most useful for analyses of land-
scape structure and processes. We ordered
interfluve networks at the Calhoun Critical
Zone Observatory (CZO), a North American
Piedmont landscape, and demonstrated how
interfluve networks and associated hillsheds
are related to landscape geomorphology and
processes of land management and land-use
history, accelerated agricultural gully ero-
sion, and bedrock weathering depth (i.e.,
regolith depth). Interfluve networks were or-
dered with an approach directly analogous to
that first proposed for ordering streams and
rivers by Robert Horton in the GSA Bulle-
tin in 1945. At the Calhoun CZO, low-order
hillsheds are numerous and dominate most of
the observatory’s ~190 km? area. Low-order
hillsheds are relatively narrow with small
individual areas, they have relatively steep
slopes with high curvature, and they are rela-
tively low in elevation. In contrast, high-or-
der hillsheds are few, large in individual area,
and relatively level at high elevation. Culti-
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vation was historically abandoned by farm-
ers on severely eroding low-order hillsheds,
and in fact agriculture continues today only
on high-order hillsheds. Low-order hillsheds
have an order of magnitude greater intensity
of gullying across the Calhoun CZO land-
scape than high-order hillsheds. In addition,
although modeled regolith depth appears to
be similar across hillshed orders on average,
both maximum modeled regolith depth and
spatial depth variability decrease as hillshed
order increases. Land management, geomor-
phology, pedology, and studies of land-use
change can benefit from this new approach
pairing landscape structure and analyses.

INTRODUCTION

Hence the whole earth may be naturally di-
vided into Basins or Dales, and also, by an in-
dependent division, into hills, each point of the
surface belonging to a certain dale and also to a
certain hill—James Clerk Maxwell (1870).

Interfluve and Hillshed Orders

In the intervening 150 yr since Maxwell’s
insights about hills and dales, the entirety of
Earth’s terrestrial surface has been mapped,
studied, and managed, most often as river ba-
sins, stream networks, and nested catchments
(Lehner and Grill, 2013; Strahler, 1957). Up-
land topography, however, has only recently
been quantitatively investigated with regard to
interfluve network connectivity and ordering
(Scherler and Schwanghart, 2020a, 2020b).
Our work seeks to describe and demonstrate
hill or “hillshed” ordering (Evans, 2012; Max-
well, 1870) complementary to watersheds for
natural landscape partitioning that can be used
to conduct statistical analyses, perform environ-
mental research, and improve land management.
Whereas watersheds are connected by streams
or rivers and are generally concave in structure,
being bounded upslope by interfluves, hillsheds
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are convex, divergent, and include hilltop ridges
(i.e., interfluves) bounded downslope by valleys
and streams (Cayley, 1859), and they are usu-
ally bordered upslope by other hillsheds (Fig. 1).
Watershed concepts inherently emphasize the
importance of accumulative water flows and
flow networks, whereas hillshed concepts focus
on solid topographic structures and connected
uplands across landscapes. Dendritic interfluves
of connected upland topography can be ranked
and networked using a Horton-Strahler stream-
ordering approach (Horton, 1945; Scherler
and Schwanghart, 2020a; Strahler, 1957), with
hillsheds delineated by interfluves as they are
bounded by streams, rivers, valleys, and neigh-
boring hillsheds. Thus, first-order hillsheds, if
not situated as isolated hills (Cayley, 1859), lead
upslope to second-, third-, fourth-order, etc.,
hillsheds associated with increasing orders of
interfluves (Fig. 1).

Interfluve and Hillshed Ordering and
Critical Zone Science

Critical zone (CZ) science considers a geo-
expanded ecosystem incorporating the full
structure and function of the human-natural
world, from the atmosphere and vegetation
canopy, to Earth’s surface down through soils,
and into fractured and weathering bedrock
(Brantley et al., 2007, 2016; Moon et al., 2017;
Richter and Billings, 2015). To date, system-
atic landscape descriptions and analyses have
mainly used hierarchical stream networks and
nested watersheds to understand the hydro-
biogeochemistry of Earth’s CZ (Horton, 1945;
Montgomery, 1999; Tarboton, 1996; Thorp and
Delong, 1994; Vannote et al., 1980; Veltri et al.,
1996). The zero- or first-order watershed is a de
facto unit of study in many environmental stud-
ies, including CZ science (Brantley et al., 2016;
Brecheisen et al., 2019b; Chorover et al., 2011;
Godsey et al., 2018; Hasenmueller et al., 2017;
Seyfried et al., 2018; Thorley et al., 2015; White
etal., 2015; Wymore et al., 2017). This is logical
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and appropriate for processes that correspond
with relatively rapid advective water, sediment,
and solute fluxes. However, many CZ questions,
processes, and human land-use concerns feature
the porous solid land surface and the structure
or architecture and the evolution of the regolith
itself. These features may well benefit from an
analysis based on hillsheds in addition to analy-
ses of watersheds.

Interfluves and their associated hillsheds are
residual landforms that have not yet been eroded
or dissolved away (Bos, 1971; Horton, 1945;
Perron et al., 2009; Ruhe et al., 1967). As such,
ordered interfluves and their hillsheds can be
considered as discrete yet interconnected com-
ponents of larger geomorphic dendrites (Cayley,
1859; Evans, 2012; Mark and Smith, 2004; Max-
well, 1870; Meerveld and Weiler, 2008; Scherler
and Schwanghart, 2020a, 2020b). Trees and their
branches have served stream and watershed ap-
proaches as meaningful metaphors in hydrology,
and so too can a tree’s twigs, branches, and trunk
describe the distinct yet connected interfluves
and hillsheds that are essential components to a
landscape’s geomorphology (Fig. 2).

Interfluves and their hillslopes are topograph-
ic features that subdivide watersheds, and their
topology has a long history of research (Horton,
1945; Mark, 1979; Pfaltz, 1976; Scherler and
Schwanghart, 2020a; Schneider, 2005; Warntz,
1975; Werner, 1972, 1988; Wilcox and Moel-
lering, 1995). Werner’s 1988 work initiated
our concepts of ordered interfluve networks as
interlocking antiparallel (i.e., parallel but with
opposing directionality) to stream and river

2
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Figure 1. Topographic diagram of ordered interfluves and hillshed boundaries in Hol-
combe’s Branch of the Calhoun Critical Zone Observatory (CZQO). Interfluve orders are

ranked and colored, as is the legacy sediment floodplain. Hillshed boundaries are black with
labeled elevation contours (in m) in gray.
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networks and provided a general methodology
for the delineation of interfluve networks. Fol-
lowing Werner’s interlocking interfluve-stream
framework, we reasoned that landscapes, if their
topography is inverted, should be amenable to
interfluve delineation using the same digital el-
evation model (DEM)-based overland flow ac-
cumulation tools commonly used in hydrologic
geographic information system (GIS) analyses
to delineate streams and watersheds. Here, we
present a hierarchical ordering of landscape to-
pology via branching interfluves with discrete
hillsheds for use in landscape geomorphometry.
We discuss this approach by considering hillshed
ordering with three examples of CZ processes.
We assert that interfluve-hillshed ordering can
be as useful to the study and management of the
terrestrial environment as has been watershed
ordering.

To introduce this approach, we quantitatively
relate interfluve order to hillshed abundances,
areas, elevations, slopes, and curvatures to char-
acterize landscape geomorphology. Then, we ap-
ply the hierarchical ordering to patterns in three
important CZ processes at the Calhoun Critical
Zone Observatory (CZO) to demonstrate how
interfluve and hillshed orders are related to: (1)
historic and contemporary land-cover change
(Brecheisen et al., 2019a, 2019b), (2) the mag-
nitude of historic gully erosion linked to agricul-
ture from the 1700s to 1930s (Brecheisen et al.,
2019b; Brecheisen and Richter, 2021; Richter
and Markewitz, 2001), and (3) spatially varying
weathering depth modeled by topographic stress
(Moon et al., 2017; St. Clair et al., 2015). We
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show that complex CZ processes affected by nat-
ural, social, and economic forcing mechanisms
covary strongly with hillshed order.

METHODS

Derivation of Ordered Interfluve Networks
and their Hillsheds

Several geomorphometric methods have
been developed to delineate ridgelines, includ-
ing a QGIS (QGIS Development Team, 2016)
plugin for the delineation of topographic net-
works by Cuckovi¢ (2016), the SAGA (Conrad
et al., 2015) terrain analysis morphometry tool
for valley and ridge detection (Rodriguez et al.,
2002), and a polygon-breaking algorithm for
ridge and valley network extraction that has been
implemented in Grass GIS (Chang and Frigeri,
2002; Chang et al., 1998; GRASS Development
Team, 2017).

Our approach sought to build upon existing
geospatial tools for the delineation of streams
and rivers from DEMs. This approach was
chosen principally based on Werner’s (1988)
assertion that interfluve ridge networks must
interlock with drainage networks. Though Wer-
ner employed a different methodology for ridge
network extraction, it stood to reason that hy-
drological network delineation tools employed
on inverted elevation terrain should yield the
topographic counterpart to stream networks (i.e.,
interfluve networks). The terrain analyzed in this
study was a DEM from Brecheisen and Richter
(2021) that was processed to reverse the agri-
cultural gullying that characterizes much of the
microtopography of the Calhoun CZO landscape
(Brecheisen et al., 2019b). That DEM that was
ultimately derived from a 1-m-resolution 2014
Calhoun CZO light detection and ranging (Li-
DAR) DEM (available at OpenTopography.org
[CCZO, 2014]).

Landscapes with ridgelines can be examined
by inverting DEMs to generate interfluve net-
works using the same hydrologic GIS tools used
to delineate stream networks. In this inverted ter-
rain framework, interfluves are transformed into
flow-accumulating linear features. Geospatial
analyses, models, and figures in this study were
generated and conducted using several software
environments: R (Hijmans, 2020; R Core Team,
2020), ArcGIS (ESRI, 2016), TauDEM (Tarbo-
ton, 2015), and Whitebox Tools (Lindsay, 2019).
The DEM was inverted by summing the mini-
mum and maximum values of the DEM and then
subtracting the DEM raster from this sum, re-
sulting in a DEM with positive elevation values
and the same minimum and maximum elevation
values as the original DEM on an inverted terrain
surface, following Equation 1:
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step methodology, and their reasoning are enu-
merated below. We recognize the great potential
for method development of automated hillshed
delineation from DEMs and freely disclose that

Ordered interfluve networks at the Calhoun CZO
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Figure 2. Ordered interfluve and corresponding hillshed map across the Calhoun Critical
Zone Observatory (CZO). Interfluves and hillsheds are colored according to their Horton-
Strahler ordering. The floodplain masks developed for hillshed delineation and National
Hydrography Data set (NHD; U.S. Geological Survey, 2002) mapped streams are shown as

dark-blue areas and lines, respectively.

DEM _inv=[max(DEM )+ min(DEM)]

1
- DEM. M

With only ~90 m of relief across the entire 190
km? Calhoun CZO landscape, interfluve delin-
eation across relatively level and broad hilltops
was challenging. To address this, we needed to
consolidate spurious parallel flow accumulation
lines into parsimonious interfluve networks via
iterative flow-accumulation “burning” (Callow
et al., 2007; Lindsay, 2016) of the inverted

DEM. In this way, hillslope relief was increased
along interfluves in order to enforce parsimo-
nious single-line flow-accumulation network
generation. The general procedure is: invert the
topography, burn the interfluve “channels,” de-
lineate and label sub-hillsheds, assign hillshed
orders, calculate topology, and merge the con-
nected sub-hillshed components within orders.
For clarity of reporting, the iterative DEM pro-
cessing procedure implemented for interfluve
network and hillshed delineation, the step by
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the methodology below should be viewed as a
general approach, where the particular numeri-
cal values chosen for resampling DEM data to
focal statistic window sizes will undoubtedly
need adjustment in other landscapes. We have
not done sensitivity analyses for the effects of
adjusting all of the different parameters below,
but in cases where we have discovered potential
pitfalls, we discuss their potential impacts.

(1) The 1-m-resolution smoothing via filling
rough depressions (SYFRD) DEM from Bre-
cheisen and Richter (2021) was inverted using
Equation 1, then mean filtered in a 10 m win-
dow, and then resampled to 10 m resolution us-
ing Whitebox Tools in QGIS (Lindsay, 2019).
Mean filtering smoothed any residual microto-
pographic roughness, likely from anthropogenic
influences like agricultural terraces and road cuts
(Brecheisen et al., 2019b). Resampling to 10 m
DEM resolution greatly reduced the computa-
tional burden and processing time via 100-fold
file size reduction. Though coarser in resolution,
10 m pixel resolution maintained high topo-
graphic DEM resolution across the ~190 km?
Calhoun CZO landscape and yielded accurate
terrain metrics (Grieve et al., 2016).

(2) Using TauDEM (Tarboton, 2015), the
inverted DEM was sequentially pit-filled and
processed for D-8 flow direction determination,
and then D-8 contributing area was calculated
across the Calhoun CZO. D-8 flow direction
considers the elevation of a given pixel or cell
in a raster DEM and considers it relative to its
eight neighboring cells (four to the sides and
four diagonal). Hydrologic flow direction for
each cell is determined to be in the direction of
the single neighboring cell which has the low-
est elevation relative to the center. Based on the
flow direction determination, flow accumula-
tion can be determined on the basis of which
cells flow into and out of each other yielding
simple drainage networks. This TauDEM pro-
cessing sequence was employed several times
in this procedure and is hereafter referred to as
“TauDEM D-8 flow analyses.” In our approach,
at each iteration of inverted flow-accumulation
analysis, the standard pit-filling algorithms of
TauDEM or Whitebox Tools were implemented
such that the elevations of pit pixels were raised
or backfilled to match the elevation of their
outlet pixels. This resulted in small pit areas
being filled but not to the extent that saddles
were bridged.

(3) In order to concentrate contributing area
(i.e., flow accumulation) along single-channel
interfluves, the natural logarithm of the inverted



DEM D-8 contributing area raster was calculated
and passed through a 45 x 45 cell mean filter.
The log-mean-filtered contributing area raster
was subtracted from the inverted 10-m-resolu-
tion DEM. The process of elevation subtraction
along concentrated flow features is referred to as
“stream burning” (Callow et al., 2007; Lindsay,
2016), but it was made more gradual here with
less sharp DEM incision using the mean filter.
Log-transformation was necessary to rescale the
original flow-accumulation raster, ranging from
zero to hundreds of thousands of contributing
cells, into a range that could be subtracted from
the DEM without yielding extremely negative
values. The use of such a large filter invariably
spanned the boundaries of different hillsheds
and interfluves, but at this stage, our intention
was simply to consolidate flow across inverted
topography into parsimonious interfluve net-
works across broad uplands and eliminate spuri-
ous paralle] forks. The final interfluve network
or hillshed boundaries will be delineated in a
subsequent step.

(4) The resulting inverted and burned DEM
was reiterated for TauDEM D-8 flow analyses
to yield a preliminary binary interfluve network
with values >90 cells = 1 (potential interfluve
pixel) and <90 cells = 0 (non-interfluve pixel).
Here, a value of 90 flow-accumulation cells
corresponded to 0.9 ha of the contributing area
in the inverted DEM. This yielded a more spa-
tially extensive interfluve network than the final
network and will be subsequently refined and
pruned in the next step.

(5) The above process yielded many paral-
lel lines in the preliminary interfluve network
across broad and level uplands. Many of the
parallel lines were in close proximity and so
were merged together via “line thickening” us-
ing a maximum filter on the binary raster within
a3 x 3 window. The resulting binary raster was
then processed for line thinning and one itera-
tion of spur removal. Spur removal functions to
remove distal branches in linear network rasters.
Having only one iteration of spur removal means
that only the most distal branches were removed.
All of these processes implemented in Whitebox
Tools (Lindsay, 2019) function to condense and
prune the branches of the preliminary inter-
fluve network.

(6) In order to steepen the broadest and
most leveled parts of the landscape to further
concentrate simulated flow accumulation into
single channels across the inverted DEM, the
Euclidean distance from the refined interfluve
network was calculated and divided by 25 to
rescale the raster for the same purpose as in
step 3. This raster was then manipulated such
that it was simultaneously added to and sub-
tracted from the inverted DEM from step 3. In
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this way inverted DEM pixels further from the
refined interfluve network gained elevation, and
pixels nearer to the interfluve network lost el-
evation proportional to their Euclidean distance
from the binary network, thus steepening the
inverted landscape. This was done in order to
eliminate parallel channel artifacts. Determina-
tion of DEM processing for flow across flats
and local minima reduction were handled by
TauDEM’s flow direction flat-resolution and
pit-filling tools, respectively. If given too much
weight when added to the inverted DEM, the
Euclidean distance raster can result in hillshed
borders being delineated incorrectly outside of
valleys, and care should be taken in their use.

(7) The above inverted, channelized, and
steepened DEM raster was reiterated for Tau-
DEM D-8 flow analyses. A further refined “sec-
ond draft” of the binary interfluve network was
delineated as pixels with >450 cells (4.5 ha)
contributing area, generally not including first-
order interfluves and hillsheds. First-order hill-
sheds are narrowest with the highest local relief,
and their interfluves are thus easiest to delineate
in the absence of broader hilltops. These broad
hilltops are found across the Calhoun CZO in
areas with inverted flow accumulation >4.5 ha,
across which it is difficult to delineate singular
linear interfluve or ridge features, and so fur-
ther “burning” was employed in these areas to
concentrate simulated flow across these regions.
This may not be necessary in landscapes with
greater local relief.

(8) The second draft interfluve network was
once more processed via maximum-filter line
thickening, line thinning, and one iteration of
spur removal in Whitebox Tools (2019). This
refined second draft formed the final interfluve-
burn network for the final stage of inverted DEM
processing. The higher contributing area thresh-
old in step 7 and pruning spur removal served
to further distinguish and isolate high-order in-
terfluve network branches across broad uplands.

(9) The original 10-m-resolution inverted
DEM from step 1 was regenerated for final in-
terfluve network delineation.

(10) Euclidean distance was calculated from
the final interfluve-burn network in step 8.

(11) Traditional burning of the inverted DEM
(Lindsay, 2016) was accomplished by subtract-
ing 30 m elevation from all final interfluve-burn
network pixels followed by Euclidean distance
burning from the final interfluve-burn network
once more as in step 6.

(12) The floodplain mask from Brecheisen
and Richter (2021) was employed to mask
mapped floodplain pixels in the inverted DEM
across the Calhoun CZO to “NA.” This was done
because floodplains across the Calhoun CZO are
characterized by 1.2-3 m deposition of postset-
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tlement alluvial sediment rather than long-term
landscape evolution that formed the upland in-
terfluves and hillsheds of interest (Happ, 1945;
James, 2013; Meade, 1982; Meade and Trimble,
1974; Trimble, 1975a, 1975b; Wade et al., 2020).
In addition to having different geomorphic on-
togeny, floodplains filled with recently eroded
sediment (Wade et al., 2020) are extremely flat,
making automated or manual hillshed delinea-
tion in these areas prone to error.

(13) For final interfluve network and hill-
shed delineation, the floodplain-masked, tra-
ditional + distance burned inverted DEM was
processed a final time for D-8 flow analyses.
D-8 flow analyses in this stage and subsequent
hillshed delineation were conducted using
Whitebox Tools (Lindsay, 2019). In this invert-
ed topography, a “watershed” corresponds to a
hillshed in normal topographic orientation, and
thus watershed delineation tools were used to
delineate hillsheds.

(14) Final interfluve network lines were
delineated as inverted flow-accumulation pix-
els with >250 contributing cells (2.5 ha). Ex-
perimental watersheds that are monitored for
stream flow in the Calhoun CZO’s Holcombe’s
Branch (Fig. 1) are ~3-5 ha in area (Hodges
et al., 2019), and our intent was to ensure that
interfluves dividing drainages of this scale
were mapped across the landscape, so a func-
tional threshold of 2.5 ha was used. In other
landscapes, if smaller (or larger) first-order in-
terfluve ridge features are present, a different
threshold value may be chosen. If values chosen
are too low, however, interfluve lines may be
delineated all the way down into bottomlands in
some locations. Conversely, a threshold value
that is too high will omit smaller ridges or di-
vides. This is a problem in which ridge-extrac-
tion methodologies like those of Scherler and
Schwanghart (2020a) may be advantageous,
though they do not provide a means of hillshed
delineation.

(15) The final resulting interfluve network
raster was Strahler stream ordered (Strahler,
1957) and converted to a lines shapefile for
figure generation using the “RasterStream-
sToVector” function in Whitebox Tools (Lind-
say, 2019).

(16) Individual nonnested hillsheds were
delineated with unique identifier (ID) numbers
across the Calhoun CZO using the “Subbasins”
tool in Whitebox Tools with the binary final in-
terfluve network raster and inverted D-8 flow
direction raster from step 13 as inputs.

(17) Hillshed orders were determined across
the Calhoun CZO using the “StrahlerOrderBa-
sins” function with the same inputs as step 16.

(18) In order to tabulate the hillshed or-
der branching sequence for each hillshed, the



“ConnectDown” tool in TauDEM was used in
order to determine upslope hillshed ID branch-
ing connections. Connect “down” gives the
upslope hillshed ID due to the terrain being
inverted. For each individual hillshed, if the
hillshed delineated uphill had the same Strahler
order, they were both considered to be subcom-
ponents of a single larger hillshed, and they were
merged. This hillshed fragmentation occurred
wherever interfluve network lines forked across
the Calhoun CZO landscape. Though automated
merging worked in most cases, there were some
instances on hillsheds greater than third order
in which the ConnectDown tool failed to cor-
rectly link subcomponents, likely due to some
discrepancy between Whitebox Tools and Tau-
DEM flow direction or pit-filling algorithms. In
these cases, the hillshed subcomponents were
identified for merging manually in ArcGIS and
then merged in R.

(19) Using the upslope hillshed connection in-
formation, the Strahler orders of the first and sec-
ond uphill hillshed junctions were determined
for each hillshed. In total, for each hillshed, we
tabulated: unique ID number, Strahler order, first
upslope hillshed ID, second upslope hillshed ID,
the first upslope connection hillshed Strahler or-
der, and the second upslope connection hillshed
Strahler order.

(20) Using the final raster of hillshed IDs,
zonal statistics were calculated using the raster
package in R (Hijmans, 2020; R Core Team,
2020) for each hillshed. Zonal hillshed statistics
included geomorphic analyses of hillshed area
(ha), median elevation (m), median slope (°), and
median total curvature (°*'%/m) using Whitebox
Tools (Lindsay, 2019) across the Calhoun CZO.
Curvature values are reported in degrees mul-
tiplied by 100 in Whitebox Tools due to their
small decimal values.

(21) The final step for hillshed data collation
and map generation was to convert the hillshed
ID raster into a polygon shapefile in order to
merge all hillshed data in a GIS format. This
also facilitated CZ application analyses of ras-
ter data sets with different spatial extents and
resolutions than the original DEM. Hillshed
polygons were rasterized to match the extent
and alignment of raster data sets for land cover,
soil gullying, and modeled weathering depth for
statistical analyses using the fasterize package
in R (Ross, 2020).

In this work, our inverted flow-accumulation
procedure was structured to generate an inter-
fluve network antiparallel (i.e., parallel but with
opposing directionality) to and interlocking
with the stream network (Werner, 1988) using
the Calhoun CZO landscape. The final inter-
fluve network (Figs. 1-3) was generated with
an inverted DEM flow-accumulation threshold
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of 2.5 ha for first-order interfluves. We chose
an inverted flow-accumulation threshold that
yielded first-order interfluves that bounded the
streams of our experimental watersheds mapped
by the U.S. Geological Survey (U.S. Geological
Survey, 2002). This was defined based on on-
going experimental field research in first-order
watersheds within the Holcombe’s Branch in-
strumentation and monitoring area of the Cal-
houn CZO (Hodges et al., 2019). Relief, climate,
parent material, and landscape history (Dietrich
et al., 1992; Perron et al., 2009; Scherler and
Schwanghart, 2020a, 2020b) are contributing
factors affecting both stream and interfluve de-
lineation and will vary regionally (Tucker and
Bras, 1998).

A hill or “hillshed” at the Calhoun CZO is
here considered to end where the footslope
meets the much more level floodplain iden-
tified via a sharp change in slope due to re-
cently deposited eroded agricultural sediments
(Fig. 1; Wade et al., 2020). Terminating the
hillshed delineations in this way does break
with Maxwell’s 1870 assertion that any point
on Earth’s surface can be said to belong to
both a hill and dale. Certainly, the argument
can be made that floodplains are a part of the
hills that have contributed sediment to them.
Floodplains at the Calhoun CZO were inun-
dated with sediment as a result of agricultur-
ally accelerated upland erosion between the
1700s and early twentieth century (Brecheisen
and Richter, 2021; Richter and Markewitz,
2001; Wade et al., 2020). As such, we exclud-
ed floodplain areas from hillshed mapping
and statistical analyses because their forma-
tion and evolution did not result from the same
long-term landscape evolution processes that
shaped their surrounding hillslopes. Flood-
plain bottomlands were masked using analy-
ses of deviation from mean elevation (Lindsay,
2019) from Brecheisen and Richter (2021).
Masking eliminated sediment depositional ar-
eas spanning both very broad alluvial regions
along major rivers corresponding to mapped
wetlands (U.S. Fish and Wildlife Service,
1979-1994) as well as smaller sediment-filled
tributary floodplains like those associated with
historic mill dams and more modern sediment
retention ponds across the Calhoun CZO
(Walter and Merritts, 2008).

We used the final interfluve network and
hillshed delineation (Figs. 1-2) to analyze land-
scape morphology, structure, and environmental
processes across the Calhoun CZO. Our ordered
interfluve networks of Calhoun CZO were com-
pared to results generated from a newly devel-
oped approach for extracting and ordering ridges
in TopoToolbox for MATLAB (Scherler and
Schwanghart, 2020a; Supplemental Material,
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Figs. S1 and S2'). The functionality of TopoTo-
olbox for ordering ridges (i.e., DIVIDEobj) was
explored and provided for visual comparison in
Figure S1, but we did not use the results from
Matlab-based divide networks in our study.
This is because first we found that the ordered-
interfluve network results from both methods
were qualitatively and quantitatively similar
(Supplemental Material). Second, both methods
still require the careful delineation of hillsheds
following interfluve ordering, and thus most of
the iterative “burn-in” procedure presented in
this paper, or something analogous, would still
be necessary to enable correct hillshed delin-
eation. Last, our approach was based on open-
source software readily available to people with-
out software license restrictions. The details of
the comparison and statistical assessments are
described in Supplemental Material.

Connecting Hillshed Ordering to
Geomorphic Characteristics and Processes

In this paper, we present examples of how
hillshed ordering is associated with land-
scape structure and function. Three of these
examples have observational data, including
terrain geomorphometry, multidecadal land-
cover change, and gully erosion intensity
linked to historic agriculture. The fourth ap-
plication uses three-dimensional geophysical
modeling results for the bedrock weathering
depth, calculated from the land surface to the
bottom of fractured/weathered rock. The sub-
surface three-dimensional (3-D) stress fracture
modeling results developed and published by
Moon et al. (2017) were built upon the cor-
respondence between two-dimensional P-wave
seismic tomography and topographic stress by
St. Clair et al. (2015).

The ordered hillshed is the basic unit of analy-
ses in this study. Geomorphometric hillshed
analyses were conducted via zonal statistics of
10-m-resolution terrain raster data derived from
the same gully-filled SVFRD DEM (Brecheisen
and Richter, 2021) used for hillshed delineation.
Hillshed-ordered CZ analyses of raster data sets
related to land cover, gully erosion, and bedrock
weathering depth were conducted via rasteriza-
tion of the hillshed polygon shapefile generated
in hillshed delineation step 21. Rasterization

ISupplemental Material. Comparison of inverted
terrain  processing implemented in this study to
TopoToolbox results for interfluve (ridge-line)
extraction and hierarchical ordering. Different
topographic curvature metrics are also explored at
varying raster resolutions across hillshed orders. Please
visit  https://doi.org/10.1130/GSAB.S.16725133  to
access the supplemental material, and contact editing@
geosociety.org with any questions.
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was accomplished using the fasterize package
in R (Ross, 2020) to match the particular reso-
lutions, extents, and alignments of those raster
data sets. All geospatial data sets in this study
were in projected Universal Transverse Mercator
(UTM) zone 17N and North American Datum
1983 (NADS3).

Hillshed-Order Analyses of Landscape
Geomorphology

All geomorphometric analyses were con-
ducted on the gully-filled SYFRD DEM from
Brecheisen and Richter (2021) resampled to
10 m resolution as outlined in step 1 in the de-
lineation methodology. This eliminated the ef-
fect of microtopographic “noise” across meters
(Brecheisen et al., 2019b) when considering
landscape geomorphology across kilometers,
yielding accurate terrain metrics (Grieve et al.,
2016; Purinton and Bookhagen, 2017). Terrain
analyses of ordered hillsheds included hillshed
abundance, individual hillshed area (ha), cu-
mulative landscape hillshed-order area (km?),
median hillshed elevation (m), median hillshed
slope (°), and median hillshed total curvature
(°*199/m) (Evans and Cox, 1999; Lindsay, 2019).
In this way, each hillshed served as an individual
data point, with hillsheds grouped by interfluve
order for terrain analyses. The resulting hillshed
terrain data, except for abundance and total area,
which are cumulative metrics, were analyzed via
one-way analysis of variance (ANOVA) in R (R
Core Team, 2020). Terrain attributes like curva-
ture can be sensitive to DEM resolution (Deng
et al., 2007). Though the effect of DEM resolu-
tion on terrain attributes was not a focus of this
study, the effect of DEM resolution on terrain
curvature was explored via analyses of median
hillshed total curvature, plan curvature, and
profile curvature at 1 m, 10 m, and 50 m pixel
resolutions, with the results reported in Figure
S3 (see footnote 1).

Land-Cover Change and Management as a
Function of Hillshed Order

The second example of hillshed ordering
involved land-cover analyses of land manage-
ment between 1933 and 2014. Landscape anal-
yses entailed a subset of the Calhoun CZO de-
lineated by hillshed order for the estimation of
percent coverage analyses of different hillshed
orders for: 1933 and 2014 land cover, public
versus private land areas in 2014 (U.S. Forest
Service [USFS]), and land-cover transitions
using the raster and landscape metrics pack-
ages in R (Hesselbarth et al., 2019; Hijmans,
2020; R Core Team, 2020). Land cover in 1933
was analyzed using mosaicked and georecti-
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fied aerial photography, which is available on
hydroshare.org as resource: 3edb9720a-
11845169dae4ba5b6212d27 (Brecheisen
et al., 2019a, 2019b). To create a historic land-
cover data set classified as forest, shrub/grass,
and bare agricultural fields, 89 panchromatic
photographs taken during the aerial survey
in 1933 were scanned at 1200 dots per inch
(dpi) resolution, georectified, color balanced,
seam-lined, and mosaicked in ArcGIS 10.2.2
at ~0.5 m pixel resolution (Brecheisen et al.,
2019a). The 1933 imagery raster was then
classified into bare, grass/shrub, or forested
land cover following Coughlan et al. (2017)
and Brecheisen et al. (2019b). The classified
raster was then down-sampled to 30 m resolu-
tion following the convention of the National
Land Cover Database (Homer et al., 2015) us-
ing “majority” pixel land-cover assignment,
whereby each new coarser pixel value is equal
to that of the most abundant land-cover type
within the original finer-resolution raster. This
reduced processing times and filtered out “sin-
gle tree” forest pixels.

Land cover in 2014 was classified using a 1-m-
pixel-resolution canopy height raster derived by
subtracting the July 2014 LiDAR (CCZO, 2014)
ground DEM from the first-return DEM and re-
moving the most extreme values (0-2.5th and
97.5-100th percentiles). For comparison to 1933
land cover, the 2014 LiDAR canopy height ras-
ter was aggregated into land-cover categories of
pasture/hayfield or grass (0—1 m), recently har-
vested young forest (1-5 m), and intermediate or
mature forest (>5 m). The resulting three-class
canopy height raster was down-sampled to 30 m
using nearest-neighbor interpolation in ArcGIS
10.2.2 (ESRI, 2016). In this case, nearest-neigh-
bor interpolation was used because it preserved
the nearest original categorical values for each
pixel, which were based on continuous numeri-
cal tree-height data. An additional data set of the
Calhoun CZO landscape within the boundaries
of the 2014 LiDAR (CCZO, 2014) was generat-
ed as either publicly or privately owned in 2014
by converting USFS vector data (USFS, 2016)
into a 30 m binary raster format.

In 1933, the entire landscape and Calhoun
CZO was privately owned. By 1946, the USFS
had purchased ~90% of the land that now forms
the Enoree District of the Sumter National For-
est. Last, a land-cover change transition matrix
was generated with possible transitions being
from either 1933 forested (F) or nonforested
(NF) to 2014 forested (F) or nonforested (NF),
giving four possible outcomes: F-F (continu-
ously forested), F-NF (net deforested), NF-NF
(continuously nonforested), or NF-F (net refor-
ested). This matrix was used to explore land-
cover changes over time.
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Agricultural Gullying of the South
Carolina Piedmont

The landscape spatial gully-volume distribu-
tion was analyzed following gully mapping in
work by Brecheisen and Richter (2021) using a
2014 LiDAR DEM (CCZO, 2014). In this work,
terrain microtopographic roughness (Brecheisen
et al., 2019b) was analyzed, gullies were identi-
fied, and pregully surfaces were estimated in or-
der to estimate gully depths and volumes across
the landscape. The resulting gully-volume raster
was subdivided into zones for each of the indi-
vidual hillsheds and converted to gullied mass
assuming a bulk density of 1.3 t/m3. Within each
hillshed, the total sum of gully-eroded soil was
tallied, divided by individual hillshed area (ha)
to yield hillshed estimates of gully intensity, and
analyzed via ANOVA in R (Hijmans, 2020; R
Core Team, 2020). The sum of eroded soil was
also aggregated within hillshed orders for total
landscape erosion estimation with and without
area normalization.

Regolith Depth as a Function of Hillshed
Order

Recent research on the patterns of bedrock
weathering depth, both in theoretical predic-
tions, e.g., Anderson et al. (2013), Lebedeva and
Brantley (2013), Rempe and Dietrich (2014),
and Riebe et al. (2017), as well as geophysical
measurements (Befus et al., 2011; Flinchum
et al., 2018; Holbrook et al., 2014, 2019; St.
Clair et al., 2015), suggests that the depth of
the bedrock weathering zone may be related to
topography and specifically to interfluves and
drainage patterns. Subsurface weathering inves-
tigations partition 3-D topographic stress model
results (St. Clair et al., 2015) across hillshed
orders in order to understand spatial patterns in
the depth and variation of the bottom boundary
of weathered bedrock. Following the methodol-
ogy used by St. Clair et al. (2015), Moon et al.
(2017) generated and published 3-D topographic
stress models in the Calhoun CZO using poly3D
(Thomas, 1993), which were analyzed according
to hillshed order. The underlying granite bedrock
of the Calhoun CZO is under regional stresses
that interact with more local stresses based on
interfluve orientation and curvature, regolith
thickness, and drainage density. Due to compu-
tational limitations in generating stress models,
four areas within Holcombe’s Branch watershed
(Dialynas et al., 2016), totaling ~350 ha span-
ning first- through fifth-order hillsheds, were
selected for modeling with ~9 m pixel resolu-
tion. The regolith depth was estimated from the
ground surface to the isosurface of the least com-
pressive stress value of 0.5 MPa (Moon et al.,



2017). The least compressive stress values of
0.5 MPa correspond closely to ~4 km/s P-wave
velocities measured in the field for unweathered,
competent bedrock (St. Clair et al., 2015). Thus,
0.5 MPa is taken to represent the transition zone
between weathered to unweathered bedrock in
this site. Weathering depth analyses were carried
out by aggregating the modeled raster pixel depth
values within corresponding hillshed orders.

Hillshed-Order Connections as Drivers of
Landscape Geomorphology

The branching sequences of interfluves and
their hillsheds are important to landscape struc-
ture and processes as well as land management.
Whether a first-order hillshed joins a second-,
third-, fourth-, fifth-, or sixth-order hillshed may
strongly influence the geomorphology of that
hillshed. Figure 3B illustrates branching se-
quences of first-order interfluves joining either
second-, third-, or fifth-order interfluves from
left to right along Holcombe’s Branch in the
Calhoun CZO. Here, interfluves and hillsheds
are designated by multidigit interfluve Strahler
ordering. Single-digit interfluve orders denote
the interfluve order of an individual hillshed,
whereas three-digit interfluve orders denote the
interfluve order of an individual hillshed in digit
one and the interfluve orders of the subsequent
two uphill junctions in digits two and three. Dig-
its two and three can skip orders (e.g., interfluve
orders 246 or 135), though each sequential digit
must be greater than the preceding digit. A 231
interfluve is nonsensical as the third-to-first-or-
der transition would be downhill on real terrain
and not possible in our inverted terrain flow-ac-
cumulation procedure. In these analyses, if either
the first or second uphill junctions for a given a
hillshed were outside the DEM, a 0 value was

Interfluve
Order: 1__2_ 3 4

A € AS

Hillshed geomorphology and critical zone function

entered for structuring statistical analyses. The
highest-elevation terminal sixth-order interfluve
and all connections to it were retained for analy-
sis and denoted as 600, #60, and ##6 in three-
digit ordering, with “#” representing integers
less than 6. This ordering scheme provided the
hierarchical landscape topology of each hillshed
landform and facilitated hillshed data analyses.

Terrain analyses partitioning the landscape
into three-digit ordered hillsheds were the same
as single-digit analyses: hillshed abundance,
individual hillshed area (ha), cumulative land-
scape hillshed-order area (km?), median hillshed
elevation (m), median hillshed slope (°), and me-
dian hillshed total curvature (°*19/m). Median
elevation for each ordered hillshed was further
analyzed using multiple regression without in-
teraction terms in R as a function of median
hillshed slope, hillshed area, and one- or three-
digit hillshed orders as explanatory factors. In
these regression analyses, all hillsheds of fourth
order or lower for which the first or second up-
hill junction was not a sixth order interfluve and
that were outside the Calhoun CZO study area
were omitted from analyses. With the exception
of hillsheds connected to the sole sixth-order
hillshed and that hillshed itself, if either the first
or second uphill junctions for a given a hillshed
were outside the DEM, they were excluded from
linear model analyses by ANOVA or multiple re-
gression or inclusion in cumulative abundance or
area metrics.

RESULTS AND DISCUSSION
Terrain Analyses of Ordered Hillsheds
Terrain analyses focused on upland terrain

(~89% of the Calhoun CZO landscape) and
excluded floodplains and terraces (~11% of the

Elevation 200 m
km B

100 m

Figure 3. Three-dimensional

= representation of ordered inter-

:3 fluve networks (A) across the

©  Calhoun Critical Zone Observa-
tory (CZO) landscape and (B)
zoomed in on the eastern half of
Holcombe’s Branch watershed,
illustrating how the orders of
interfluve connections and topol-
ogy can be captured via multi-
digit interfluve orders.
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landscape) that are inundated in legacy sediment
from upslope agricultural erosion (Wade et al.,
2020). Terrain analysis of hillshed abundances
(Fig. 4A) indicated that 76.5% of all hillsheds
are first order, 18.25% are second order, 4.2%
are third order, 0.9% are fourth order, and 0.1%
are fifth order, and the single partial sixth-order
hillshed represents 0.05% of the total Calhoun
CZO hillshed count. Conversely, hillshed order
is positively related to individual hillshed area
(F[5,1747] = 293.6, p < 0.05), as average in-
dividual hillshed area increases exponentially
from 7.2 ha for first-order hillsheds to 165.1
ha for the sixth-order hillshed (Fig. 4B). Total
upland area in each hillshed order across the
190 km? Calhoun CZO landscape is the prod-
uct of these two patterns and is characterized by
a more gradual decrease in cumulative area as
interfluve order increases (Fig. 4C). First-order
hillsheds total ~97 km?, whereas fifth- and sixth-
order hillsheds total only ~3.35 km?. First-order
hillsheds thus cover ~64.4%, second-order hill-
sheds cover ~19.2%, third-order hillsheds cover
9.2%, fourth-order hillsheds cover 5.0%, fifth-
order hillsheds cover 1.1%, and the sixth-order
hillshed represents 1.0% of the non-floodplain
Calhoun CZO. Given that there is a single trun-
cated sixth- order hillshed within the Calhoun
CZO landscape, we retained the sixth-order hill-
shed data for graphical and statistical analyses,
but we do not make broad inferences based on
these results.

Median hillshed elevation, slope, and cur-
vature are all strongly related to interfluve or-
der. Median hillshed elevation is positively
related to interfluve order (F[5,1747] = 33.63,
p < 0.05) with first- to sixth-order hillsheds
having median elevations of 142.5 m, 153.5 m,
1554 m, 167.5m, 173.6 m, and 179.4 m,
respectively (Fig. 4D). The steepest slopes
(F[5,1747] = 39.34, p < 0.05) and greatest
total curvature terrain (F[5,1747] = 18.87,
p < 0.05) are found on first-order hillsheds
(median slope = 7.35°, median total curva-
ture = 0.32°71%%m) with interfluves becoming
flatter and more level uphill as interfluve order
increases (Figs. 4E—4F). We suggest this pattern
is the result of long-term landscape evolution in
which the hillslopes of most lower-order hill-
sheds have experienced increased diffusive soil
creep and advective stream incision due to their
proximity to major rivers (Dietrich et al., 1992;
Fernandes and Dietrich, 1997; Montgomery and
Dietrich, 1992; Perron, 2017; Perron et al., 2009;
Scherler and Schwanghart, 2020a, 2020b). We
infer that these processes, having driven land-
scape denudation in an unglaciated humid sub-
tropical environment for millions of years (Ba-
con et al., 2012; Richter and Markewitz, 2001),
have led to the spatial distribution of hillshed
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Figure 4. Single-digit interfluve ordering terrain zonal analyses of hillshed: (A) abundance, (B) area, (C) cumulative area, (D) median
elevation, (E) median slope, and (F) median hillshed total curvature. The number of interfluves in each order is above each bar in the
top abundance panel, and analysis of variance (ANOVA) F-test results are shown within area, elevation, slope, and curvature box plots.
Terrain analyses were conducted on a 10-m-pixel-resolution mean-filtered and gully-filled digital elevation model from Brecheisen and

Richter (2021).

elevation, steepness, and curvature across the
landscape. A factor undoubtedly related to these
processes is the influence of aspect, especially
on narrow and steep first-order hillsheds, which
may generally be considered to have two oppos-
ing hillslope faces. This is a promising area for
future hillshed geomorphic research.

Though interfluve ordering of hillsheds yields
insight into the structure and organization of
topography, the potential utility is not limited to
analyzing landscape geomorphology. The results

of three CZ applications of interfluve ordering
follow: (1) land-cover change, (2) agricultural
gully erosion, and (3) regolith depth.

Land-Cover Change and Management as a
Function of Hillshed Order

Low-order hillsheds were so seriously eroded
and gullied by farming that, beginning in the
mid-1930s, the USFS established the Sumter
National Forest and purchased farms with de-
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graded soils in need of “retirement” from many
families who were in debt and defaulting on
taxes (Coughlan et al., 2017; Giesen, 2020; Han-
sen, 1991; Metz, 1958; Richter and Markewitz,
2001). As such, the majority of the Calhoun CZO
landscape consisting of erosion-prone low-order
hillsheds transitioned about a century ago from
private to public ownership and is now managed
for its forest cover and timber. Only the most
productive lands, like those found on high-order
hillsheds, were retained in private ownership
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Figure 5. (A-D) Critical zone application bar plots of (A) land-cover percentages in 1933, (B) land ownership in 2014, (C) land-cover canopy
height class percentages in 2014, and (D) land-cover change from 1933 to 2014. (E) Aerial three-dimensional view of the 1933 landscape’s
aerial photography overlain by interfluve orders. F—forested land cover; NF—nonforested land cover. Image is centered approximately

on —81.72° longitude and 34.62° latitude.

(Metz, 1958; Richter and Markewitz, 2001).
Land ownership change from private to public
led to land-management changes. Reforestation
expanded across the Sumter National Forest, as
it did across the Southern Piedmont, especially
on low-order interfluves.

Connections among hillshed order, area,
slope, curvature, and erosion indicate that the
history of land-use change at the Calhoun CZO
maps well onto an ordered hillshed landscape
framework. Historic 1933 land-cover patterns
of percent bare cropland, grassy shrubland, and
forest are strongly related to hillshed order, with
bare exposed agricultural soil cover increasing
as hillshed order increases up to fifth order as ter-
rain becomes broader and flatter (Fig. 5A). The
prominence of these patterns and connections
between land-cover history and topographic
networks provided the initial inspiration for this
entire study (Fig. SE).

Land ownership also maps well onto ordered
hillsheds, with private land ownership most con-
centrated on high-order hillsheds, whereas the
greatest proportions of public lands are on low-
order hillsheds (Fig. 5B). Contemporary 2014
land cover also maps well onto hillshed orders,
with the distribution of nonforest cover (0—1 m
canopy height) increasing as hillshed order in-
creases, and mature forest cover (>5 m canopy
height) decreasing as hillshed order increases
(Fig. 5C). Areas with net deforestation (F-NF) or
prolonged nonforestation (NF-NF) are mainly on
high-order hillsheds (Fig. SE). Land cover on low-
order hillsheds is more likely to have remained
forested between 1933 and 2014 compared with

higher-order hillsheds (F-F), following land own-
ership patterns (Coughlan et al., 2017).

Agricultural Gullying of the SC Piedmont

The Calhoun CZ and the entire Southern Pied-
mont have been subjected to some of the most
severe agricultural erosion in the United States,
which was most severe from the eighteenth
century to early twentieth century. The deeply
weathered soils and hillslopes were incised
by gullies, and large quantities of soil eroded
downslope during one to two centuries of inten-
sive upland agriculture (Coughlan et al., 2017;
Hansen, 1991; Richter and Markewitz, 2001;
Trimble, 2008). The broadest interfluves of the
Calhoun CZO landscape in the Southern Pied-
mont have remained biogeomorphically stable
over geologic time, with erosion rates as low as
0.35-3 m/m.y. on a fifth-order hillshed prior to
colonial settlement (Bacon et al., 2012). Because
of this, Calhoun CZO soils and saprolite are
deep and extremely weathered, with estimates
of pedologic residence times more than 2-3 m.y.
(Bacon et al., 2012). Anthropogenic land-cover
and land-use change, converting largely forested
areas to plowed fields and grazing lands, greatly
enhanced soil erosion (Richter and Markewitz,
2001). In aggregate, gully-erosion volume es-
timates across the Calhoun CZO range from
~300 m3/ha (Noto et al., 2017) to ~600 m3/ha
(Brecheisen and Richter, 2021).

ANOVA analysis of the mapped gully-erosion
estimates from Brecheisen and Richter (2021)
that span the entire Calhoun CZO landscape
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indicates that average gully-erosion intensity
decreases as hillshed order increases from first
to sixth order (Fig. 6). Lower-order hillsheds ex-
perienced significantly more soil loss by gulling
than higher-order hillsheds (F[5,1747] = 2.342,
p = 0.0.039; Fig. 6A). The most marginal lands,
such as first-order interfluves, were possibly cul-
tivated last and abandoned first due to intense
erosion in the decades before the 1933 aerial
imagery was acquired (Coughlan et al., 2017).
Because first-order hillsheds dominate the land-
scape in terms of abundance and area, they con-
tributed 79.1% of the total eroded soil mass from
gullies across the landscape (Fig. 6B). After
normalizing total eroded soil mass by total land-
scape hillshed area, a somewhat more gradual
pattern emerges of decreasing gully-erosion in-
tensity as hillshed order increases, though first-
order hillsheds still have more than an order
of magnitude greater gullying intensity than
fourth-, fifth-, or sixth-order hillsheds (Fig. 6C).

Modeled Regolith Depth as a Function of
Hillshed Order

Previous geophysical and drilling studies at
the Calhoun CZO have revealed important in-
teractions between regional and local stresses
on deep weathering of bedrock (Moon et al.,
2017, St. Clair et al., 2015). Here, we examined
the relationship of hillshed order and weath-
ering depth using published 3-D geophysical
models from the Calhoun CZO (Moon et al.,
2017; St. Clair et al., 2015). Two-dimensional
bedrock weathering depth profiles at the site
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Figure 6. (A-C) Critical zone soil-erosion application plots of (A) individual hillshed gullied soil mass per hectare (t/ha) with analysis of
variance (ANOVA) results, (B) cumulative historic gully-erosion volumes across interfluve-hillshed orders in kilotons, and (C) area-nor-
malized cumulative historic gully-erosion volumes across interfluve-hillshed orders in tons per hectare. (D) Aerial three-dimensional view
of the Calhoun Critical Zone Observatory (CZO) topography with gullied areas highlighted and overlain by ordered interfluves. Image is
centered approximately on —-81.72° longitude and 34.62° latitude.

were mapped in the field and modeled by St.
Clair et al. (2015). The bottom extent of weath-
ering bedrock was modeled in three dimensions
spatially as the boundary of the least com-
pressive stress value of 0.5 MPa (gray bottom
boundary in Fig. 7A) from Moon et al. (2017).
This boundary corresponds to a seismic veloc-
ity contour of ~4 km/s, reflecting a transition
from competent bedrock to fractured regolith
(St. Clair et al., 2015). Results indicate that
first-order hillsheds appear to have the greatest
maximum modeled weathering depth (~53 m)
and the highest spatial variability in regolith
depth (Fig. 7B) as a function of higher topo-
graphic curvature or “pinching” in first- order
hillsheds (Fig. 7A), with densely packed inter-
fluve hilltops and stream valley bottoms (Ander-
son, 2015; Moon et al., 2017). Overall, however,
the average regolith depth is remarkably similar
across hillslope orders, with a tendency to be
slightly shallower but much less variable as hill-
shed order increases—a function of the charac-
teristic slopes and breadths of hillshed orders.
This relationship is attributed to the high cur-
vature of the steep and relatively narrow first-
order hillsheds that perturb subsurface stress
fields and produce spatially variable weather-
ing depths mirroring the “pinched topography”

across these hillsheds (Anderson, 2015; Moon
et al., 2017; St. Clair et al., 2015).

Hillshed-Order Connections as Drivers of
Landscape Geomorphology

Terrain analyses also demonstrated that hill-
shed characteristics depend on the order of the
hillshed to which they connect. Figures 8A—8F
thus illustrate how a hillshed’s characteristics
vary, especially those of first order, depending on
whether its interfluve branches from a second-,
third-, fourth-, fifth-, or sixth-order interfluve.
In terms of abundance, low-order hillsheds that
connect to low-order hillsheds (e.g., 123 or 234)
are most abundant within their order (e.g., first
or second order; Fig. 8A). Hillshed abundance
decreases with increasing hillshed order and
with increasing interfluve branching order (e.g.,
560 or 160 vs. 123 or 234). Individual hillshed
areas remain fairly consistent within their single-
digit orders regardless of the hillshed orders from
which they branch (Fig. 8B). For example, all
types of first-order hillsheds (i.e., hillshed orders
123 through 160) tend to be smaller in area than
the second-order hillsheds (i.e., hillshed orders
234 through 260), which tend to be smaller than
the third-order hillsheds, etc., though variability is
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high. “Main-stem” hillshed orders like 123, 234,
456, etc., account for ~56% of the upland area
across the Calhoun CZO, though they only repre-
sent six of the twenty five possible branching se-
quences found across the Calhoun CZO (Fig. 8C).

The steepest and narrowest hillsheds are low
order with the lowest elevation and are furthest
in distance from the geomorphic trunks of the
landscape. Though there is much variability, the
relationships of elevation and its derivatives,
slope and curvature, show that proximity to
fiftth- and sixth-order trunks in the landscape
influences landscape geomorphology. Prox-
imity to fifth- and sixth-order hillsheds is as-
sociated with increased elevation (Fig. 8D)
(F[24,1392] = 72.12, p < 0.05), decreased slope
(F[24,1392] = 16.12, p < 0.05), and decreased
curvature (F[24,1392] = 8.94, p < 0.05) within
hillsheds most closely joined to high-order hill-
sheds (e.g., 156 or 256; Figs. 8E-8F). Consid-
ered together, three-digit hillshed slopes and el-
evations help to characterize dynamic long-term
landscape evolution as studied and modeled in
studies like those of Scherler and Schwang-
hart (2020a, 2020b), Perron (2009), and Perron
et al. (2017).

A comparison of multiple regression
analyses further demonstrated the utility of
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with the regolith volume (fractured rock and soil) cleared out (white space) above the three-dimensional modeled 0.5 MPa boundary sur-
face in gray. Blue color was retained below the gray surface to maintain continuity between the two sides of panel A. Gray bottom boundary
of the 0.5 MPa modeled regolith depth from Moon et al. (2017) is located along the transition from fractured regolith to unfractured bed-
rock and was computed by least compressive stress modeling corresponding well with a P-wave velocity of ~4 km/s. The modeled regolith
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upper whisker, and maximum modeled regolith depths are plotted and labeled along a dashed line.

multiple-digit ordering of hillsheds. Figure 9
plots median elevation for each ordered hill-
shed alongside median hillshed slope and
hillshed area. Multiple regression modeling
of hillshed elevation as a function of hillshed
single-digit order, hillshed slope, and hillshed
area, though statistically significant, showed
low explanatory power (adjusted R? = 0.15,
F[7,1409] = 36.66, p < 0.05). A low ability
to model landscape elevation as a function of
slope and area is perhaps not surprising given
the high variability of both median elevation
and slope values for first- and second-order
hillsheds. However, by including the three-digit
interfluve-branching hillshed order as a predic-
tive factor in the analysis instead of the single-
digit order, the explanatory power of the model
was greatly enhanced (adjusted R* = 0.55,
F[26,1390] = 68.9, p < 0.05). The increase in
model R? and F statistics reflects the importance
of local interfluve-hillshed network connections
in landscape geomorphology by partitioning
within-order variation among branching se-
quences to further emphasize upslope versus
downslope position across the landscape. Hill-

sheds situated furthest from sixth- or fifth-order
interfluve trunks of the landscape are lower in
elevation than those more proximal to high-or-
der hillsheds. Hillsheds that are two branching
junctions downslope from sixth-, fifth-, fourth-,
or third-order interfluves (i.e., ##6, ##5, ##4,
or 123) are, on average, 6 m, 16 m, 29 m, or
44 m lower, respectively, in median elevation
than hillsheds that are either sixth order or im-
mediately branch from a sixth-order interfluve
(i.e., 600 or #60; Fig. 8D).

CONCLUSIONS

The hillshed ordering approach developed
here provides a geomorphic framework that
can advance the science and management of
landscapes as critical zones. This is accom-
plished not by point-grid examinations of
landscapes according to elevation, slope, or
curvature alone, but by initially and hierarchi-
cally networking interfluves and subsequently
delineating their respective hillsheds through
which all terrain attributes can be considered
concurrently. We recognize the potential and
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need for advancement and improvement of au-
tomated interfluve network extraction process,
paired with hillshed delineation. Our method
relied on a series of heuristic flow-accumula-
tion thresholds on inverted terrain that likely
do not lend themselves well to universal ap-
plication of methodology in contrasting land-
scapes. Our goal in this study, however, was
to demonstrate how understanding the spatial
distribution of ordered hillshed geomorphol-
ogy enhances our ability to link 3-D landscape
structure to critical zone function. This was il-
lustrated by terrain metrics, land-cover change
over decades and centuries, intensity of gully
erosion from historic agriculture, depth of po-
tential rock weathering, and the importance
of interfluve branching and connections in
the geomorphic evolution of hillsheds across
landscapes. Many processes such as soil for-
mation, landscape evolution, groundwater
storage, catchment hydrologic responses,
mobile-regolith production and movement via
soil creep, biologic productivity, management
sustainability, and even processes like fire
behavior (Bos, 1971; Sullivan et al., 2014)
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Figure 8. Three-digit interfluve ordering terrain analyses of hillshed: (A) abundance, (B) area, (C) cumulative area, (D) median elevation,
(E) median slope, and (F) median hillshed total curvature (Lindsay, 2019). The number of interfluves in each order is above each bar in
the top abundance panel, and analysis of variance (ANOVA) F-test results are shown within area, elevation, slope, and curvature box plots.
The first digit corresponds to the interfluve order, and the second and third digits correspond to the first and second orders of the interfluve

junctions uphill.

may be related to the geomorphic attributes
of interfluves and their hillsheds. These pro-
cesses span the disciplines of geomorphology,
environmental history and anthropology, bio-
geochemistry, geophysics, hydrology, remote
sensing, soil science, ecology, and land and
water management.

Ordered interfluves and hillsheds can help to
structure future scientific investigation of land-
scapes and frame statistical analyses, providing

a geomorphic organization that spans spatial
and temporal scales and thus advances research
and management of critical zones. The Southern
Piedmont in the United States is often described
as having “gently rolling hills” or “undulating
topography.” While true, the topography of re-
gions like the Calhoun CZO is not a random
occurrence of hills and dales (Maxwell, 1870).
The topography in this setting, and likely a great
many more, has organized patterns that result
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Hillshed order

from landform evolution over multiple millen-
nia, shaped by weathering, erosion, human ac-
tivity and conditioned by underlying bedrock,
biota, and climate (Gilbert, 1877; Jenny, 1994;
Perron et al., 2009). Future terrain analyses of
interfluve and hillshed orders will examine land-
scapes that contrast with those at the ancient
and deeply weathered Calhoun CZO to further
explore interfluve, hillshed, and environmental
process relations.
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