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(Trimble, 1974). Some abandoned lands were later cleared
and farmed again and generated a later phase of sheet and
gully erosion. Gullying developed not only from erosion of
agricultural land, but also where artificially concentrated
flows breached surface soils to expose the highly erodible
saprolite. Some lands were too steep to farm intensively, but
road access to remove timber or to provide transportation
routes delivered concentrated runoff to erodible soils.

An estimated 200 km2 of actively eroding gullies and
severely eroded soils initially dissected the Sumter National
Forest (SNF) when most of the land was acquired in the early
1930s. The average soil loss from the SNF has been
estimated at about 20 to 30 cm of soil, and sediment often
filled downstream valleys to depths up to 3 m (Trimble,
1974). By the 1930s, land destruction by gully erosion had
reached devastating proportions and soil conservation and
erosion research were being initiated. Several gullies in this
region were described in a seminal report about Spartanburg
County, the adjacent county to the north (Ireland et al.,
1939). Other examples of incised channel and gully research
were summarized by Schumm et al. (1984). Hoover (1949)
described the hydrological changes in soil properties from
the cultivation and erosion within the Piedmont including
reduced hydraulic conductivity from clogging of the
macropores with fine particles and increased runoff
response. Bottomland sedimentation in the Piedmont was
described by Happ (1945) and Happ et al. (1940).

Many gullies in the southern Piedmont stabilized
following the decline of agriculture from the 1940s through
1960s. This period was accompanied by reforestation and
successful implementation of soil conservation and rehabil-
itation measures including erosion-control structures and the
introduction of kudzu. Mitigation measures on the SNF
involved planting loblolly pine (Pinus taeda) across the
landscape and treating specific gullies (Hansen, 1991, 1995).
Efforts to stabilize gullies varied from internal measures to
control headcuts and grade changes such as rock check
dams, grade-control structures, and gully plugs. Measures to
fill and reshape gullies were used in some instances to help
restore the function and capability of the affected area and
adjacent lands, rather than just stabilizing the erosion and
gully expansion. The assumption is often made that active
gullying in the region is no longer a serious problem,
although recent gully studies are rare. Extremely small
gullies contribute runoff and sediment primarily in tropical
storm episodes as evidenced by the 48 tonnes delivered by a
0.1 ha discontinuous valley side gully over a 9.5-year period
(Hansen and Law, 2006). Some gullies for which the history
is known from early surveys (Ireland et al., 1939) have active
branches of a relatively young age (Kolomechuk, 2001).
Evidence of on-going gully activity – coupled with the
generation of non-point source pollution and threats to
transportation routes – calls for improved methods of gully
monitoring. This study was conducted on two gully systems
known as the Macedonia Lake (Mace) and the Compartment
32 (Comp32) gully systems (Fig. 3). Both systems are

located in Union County in the Sumter National Forest,
South Carolina and consist of branching networks of
multiple gullies.

2. Technical aspects of laser-scanned topographic data

2.1. ALS physical systems and applications

Laser scanners are optical–mechanical devices that
actively generate a pulsed laser beam (Wehr and Lohr,
1999). The pulsed scanning laser is coupled with a receiver,
an inertial measuring unit that compensates for aircraft
motions, a kinematic Global Positioning System (kGPS),
and at least one GPS base station to precisely locate the
aircraft (Jensen, 2000). The ranging unit of an ALS system
measures the time (ns) between emission of the laser beam
and receipt of return signals from reflected energy, and
converts this time to a distance. The data collected consist of
a dense three-dimensional cloud of irregularly spaced points
near the Earth's surface. Processing these data can produce a
map of bare-Earth postings (point elevations of the ground
surface with buildings and vegetative canopy removed) that
are used to generate high-resolution digital topographic
products such as triangulated integrated networks (TINs),
DEMs, and contour maps.

The potential of ALS technology is promising for many
applications as LiDAR data are becoming commercially
available from a variety of vendors, the price of data
acquisition and processing is dropping, data resolutions are
increasing, and multispectral scanners are under develop-
ment. ALS can quickly provide topographic maps that are
comparable to maps derived photogrammetrically but their
ability to penetrate vegetation canopy sets them apart (Balt-
savias, 1999a). ALS topographic data have been used to
characterize gullies and channels (Ritchie et al., 1994), ve-
getation cover (Moffiet et al., 2005), beach erosion (Shrestha
et al., 2005), landslides (McKean and Roering, 2004; Glenn

Fig. 3. View to ENE up gully F (straight ahead) and gully E (to left) of Mace
gully system. Leaf-off condition in February, 2005. This lower position is
covered largely by young hardwoods while upper slope has more pine.
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DEMs from sequential ALS flights with the observed
accuracies will not likely detect gully changes except
where new gully branches are established or substantial
enlargement occurs.

5. Discussion

5.1. Possible explanations for morphological limitations

One reason for the underestimates of gully depths and
slopes is the limited spatial resolution of bare-Earth data; i.e.,
point spacings limit the resolution of DEMs derived from the
point data. Other factors may also contribute to the limited
morphometric precision, such as shadowing of non-vertical
laser beams or biased filtering of gully rims. A similar
morphometric bias was noted with higher resolution LiDAR
data used to map gullies in Germany (Markus Dotterweich,
personal communication). The inability of LiDAR-derived
DEM data to map the bottoms of deep, steep-walled gully
bottoms in that study was attributed to off-nadir angles of
laser beams (Fig. 9). If so, positioning of flight lines during
ALS data collection more directly over discontinuities could
reduce the shadowing effect. In general, ALS data are

collected across a relatively small scan angle between 20 and
40° (Kraus and Pfeifer, 1998), however, so bottom shielding
by off-nadir angles should be limited to side slopes greater
than 50 to 70 degrees. Many gully slopes are steeper than 60
degrees which may explain the depth underestimations
observed in this study. If this factor is important, gully
morphology may be measured more accurately at selected
sites when scanned from an orientation so that the scanner is
directed longitudinally into the gully. This should be a
testable hypothesis.

In addition to underestimation of depths, gully top widths
were consistently over-estimated. This suggests that many
bare-Earth points along gully rims may have been errone-
ously removed by filtering or manual processing; that is, a
Type I error of omission. Filtering may have removed bare-
Earth points along rims because they are misinterpreted as
vegetation understory or discontinuities caused by objects
(beams 3 and 5 in Fig. 9). The point data superimposed on
the contour map reveal a tendency for points to be aligned
along gully margins suggesting a systematic removal of
adjacent points (Fig. 8). Most algorithms remove points near
abrupt changes as they are interpreted as objects, so it may be
possible to improve accuracies of gully morphometry by
adjusting the filtering of returns. The mid-tier canopy is
sparse in much of the two gully systems studied, so relaxing

Fig. 6. Two small parallel V-shaped gullies in Mace system. (A) Photograph
down center of eastern gully D at section D2 which is ∼2 m deep at this
location. LiDAR-derived data did not detect inter-gully divide on left bank.
(B) Map of site with 0.6-m contour interval.

Fig. 7. Comparison of field-surveyed and LiDAR-derived cross sections at
two locations across twin gully sites (see Fig. 6 map). (A) Lower profile
across two small parallel gullies. LiDAR data fail to distinguish the two
gullies. (B) Similar results for same two gullies up-slope at section D2. (C)
Profiles in larger single gully; LiDAR underestimates depths and side slopes.
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Only one Calhoun experiment has actively continued, that is the long-term soil-ecosystem 
experiment (the Calhoun LTSE) initiated by Dr. Carol Wells and colleagues in 1957, by planting pine 
seedlings in cotton fields to investigate how secondary forests alter the biogeochemistry of long-
cultivated soils.  The LTSE has developed into one of the world’s finest above and belowground re-

sampling experiments, complete with 16 replicate plots, 
soil sampling of four depths within 0-60-cm, and a 50-
year old archive of nearly all samples collected (e.g., 
Richter and Markewitz, 2001; Richter et al., 2006; Li et 
al., 2008; Richter et al., 2013).   

In 2007, eight of the 16 replicated permanent 
plots were clearcut and in 2009, cutover plots were 
planted with loblolly pine seedlings.  Looking backward, 
the long-term permanent plot experiment has quantified 
effects of reforestation on long-cultivated soil, looking 
forward, the experiment will quantify forest regrowth 
effects on cutover forest soil recharged with logging 
slash from the first rotation of secondary forest.  The 
experiment thus tests differences in CZ biogeochemistry 
between a second growth young pine forest and an aging 
forest planted in 1957 which is rapidly succeeding to 
hardwoods.  We know remarkably little about how CZ 
biogeochemistry evolves over decades and centuries, not 
only because CZs are highly complex, spatially variable, 

and hard to observer, but simply because there are so few field experiments like the Calhoun’s LTSE that 
directly observes CZ changes over time-scales of decades and are studies that have been passed between 
several generations of scientists.  CZ scientists needs to more firmly champion more LTSEs (Richter and 
Yaalon, 2012). 

The proposed Calhoun CZO follows directly from previous Calhoun research that has been 
characterized by its integration of aboveground and belowground studies (its whole-ecosystem approach, 
Richter et al., 1999), and by its depth of sampling of the belowground system (to 6-meters in many 
Calhoun studies, to 25 to 30-meters in others).  The Calhoun was recently funded as a CZ “Seed Site”, 
and in the Seed Site project we cored and sampled 30-meters within biogeochemically weathered soil and 
saprolite and continued to core 40 additional meters into the unweathered granitic gneiss that underlies 
the Calhoun and a multi-county region in northwestern South Carolina.  This recent work coupled 10Be 
inventories with mass-balance estimates of pedogenic weathering and loss of granite-derived 9Be and 
quadrupled estimates of residence times of the deep interfluve soil-saprolite systems of the Southern 
Piedmont, to more than 3 million years (Bacon et al. 2012). 

At the Calhoun Experimental Forest, there are three field-site facilities that will provide the data 
for empirical studies, experimentation, and modeling (Figure 2).  The three facilities will be used jointly 
for research and education and will be routinely visited by researchers and educators, in-person and on-
line.  The three field facilities include (Figure 2):  
a.   Space-for-time and LTSE permanent plots will be sampled to compare differences in CZs that 
have contrasting land use histories (Figure 2).  These 0.1-ha plots include old hardwood forests (never 
cultivated or fertilized), previously cultivated systems with a range of erosional impacts that currently 
support secondary forests, and cultivated crops.  Our current network of space-for-time plots (Richter and 
Markewitz, 2001) will be expanded in this CZO research through collaboration with Sumter National 
Forest GIS personnel, who will help us identify promising new sites across the region for expanding sites 
to include additional landform elements.   The space-for-time plots also include the Calhoun Long-Term 
Soil-Ecosystem Experiment (Calhoun LTSE), permanent plots that will be resampled in 2017 for the 
tenth time since the early 1962 to document 55-years of biogeochemical changes in above- and 
 

TABLE 1. Soils on interfluves at the Calhoun Experimental Forest 
are deep, extremely acidic, Ultisols, and in an advanced stage of 
weathering.  Profile from Bacon et al. (2012) from an uncultivated 
old hardwood stand (H2, see Figure 2). 

Hor 
Depth 

(m) 
Clay 
(%) pH 

C 
(%) 

ECEC§ 
cmol/ 

kg 
EBS§ 
(%) 

 
totCa 

A 0.00–0.07 5.0 3.70 2.33 1.9 21.9 0.24 
AE 0.07–0.13 6.1 4.05 1.33 1.3 19.2 0.27 
E 0.13–0.32 7.7 4.13 0.54 0.9 19.6 0.20 
Bt 0.32–0.6 41.9 4.03 0.24 3.5 23.8 0.07 
Bt 0.6–1.0 52.9 4.06 0.13 4.6 16.1 0.04 
Bt 1.0–1.5 40.1 3.98 0.09 4.6 7.9 0.04 
BC 1.5–2.0 22.9 3.99 0.04 3.8 5.4 0.04 
CB 2.0–2.5 13.6 3.96 0.03 3.7 4.1 0.04 
C 3.0–3.5 3.6 3.89 0.01 2.8 4.9 0.06 
C 4.0–4.5 4.2 3.88 0.01 4.0 6.5 0.06 
C 5.0–5.5 3.3 3.94 0.01 2.7 7.4 0.07 
C 6.1–7.6 4.7 4.00 - 2.6 8.8 0.12 
C†† 7.6–9.1 5.9 4.05 - 2.0 20.1 0.22 
C 9.1–10.7 5.2 4.17 - 2.1 49.9 0.32 
C 10.7–12.2 5.2 4.35 - 2.4 74.8 0.59 
C 12.2–13.7 5.9 4.41 - 2.5 79.1 1.13 
C§§ 13.7–16.8 3.7 4.96 - 2.8 87.8 4.43 
C 16.8–18.3 1.5 5.51 - 3.1 96.5 7.72 
   §Effective base saturation and cation exchange capacity (EBS  
and ECEC) estimated with exchangeable base cations and  
1M KCl-exchangeable acidity. 
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install sensors and samplers to 600 cm with 10-cm dia hand augers and on some sites with our truck-
mounted Biogeoprobe. The intensively monitored catchment will be equipped with multiple transects, 
each with three profiles of sensors at 10 and 60 cm. Two space-for-time plots (pasture and hardwood 
forest) will also be instrumented at these depths, with three replicates per plot. Sensors will include 
moisture, water potential, temperature, CO2, O2, and Redox potential, whose data will be logged with data 
loggers and downloaded periodically or by remote access.  At each depth, sensors will be co-located 
within a few meters in horizontal distance with a soil gas reservoir (Richter et al. 1995; Bernhardt et al. 
2005; Oh et al., 2005) of our own design, and Prenart soil-water samplers.  Gas and water samplers will 
be collected periodically and analyzed for gas concentrations of O2, CH4, 

222Rn, and CO2, and water 
concentrations of all major cations and anions.  PIs Porporato and Richter and Co-PI Markewitz have 
experience with these installations, collections, and analyses on previous projects (Richter, 1986; Richter 
et al., 1994; Markewitz et al., 1998; Oh et al., 2005), including the Duke Forest FACE experiment (Katul 
et al. 2007). 

 
6.  IMPLEMENTATION PLAN:  APPROACHES TO FIVE HYPOTHESES AT THE CALHOUN-CZO 
6.1  Approaches to Ecohydrological Recovery Hypothesis (H1) 

6.11 Experimental Catchments.  A fundamental question for the Calhoun-CZO is answering the 
question about how hydrologic responses of eroded catchments have changed during 50-years of 
reforestation?  From the late 1940s to the early 1960s, precipitation and streamflow were measured by 
USFS scientists on three 10 to 15-ha catchments, several of whom worked both at Calhoun Experimental 
Forest and at Coweeta Hydrologic Laboratory.  Researchers intended to monitor the catchments 
indefinitely to quantify changes in hydrologic responses as secondary forests regrew on the badly eroded 
lands.  Of great interest were long-term changes in peak flow, flow rates, volumes, and temporal patterns.  
Instrumentation was typical to that used at Coweeta Hydrologic Laboratory at that time, i.e., tipping-
bucket precipitation gages and 90o V-notch weirs.  Strip charts recorded stage heights of water ponded 
adjacent to stilling basins.  But after gathering more than 10 years of data, the USFS abruptly closed the 
Calhoun Experimental Forest.  All measurements were ended, but the >10-years of strip chart records 
were carefully archived by hydrologists at Coweeta (Figure 5), perhaps with anticipation that the 

catchments might someday be remeasured.  That 
day has arrived with this proposal.    

In November 2012, PI Richter located the 
Calhoun strip-chart records at Coweeta “Vault” in 
excellent condition, despite a half century of age.   
 
Figure 5.  Some of the Calhoun records archived in the 
Coweeta Hydrologic Laboratory data vault: a) 
streamflow (Catchment Stream No. 3 and 4, i.e., Ws3 
and Ws4, May 1950 to August 1962); b) rainfall 
intensity records from five tipping bucket gages No. 2 
to 5, October 1948 to October 1951).  The 
experimental catchments were re-located and in c). the 
90o V-notch weir of Ws 4 is illustrated. 
 

The PI has since located the three catchments in a remote part of the Calhoun Experimental Forest.  
Forest stands, soils, gullies, and erosion evaluated across the three catchments, and two of the three weir 
blades relocated (Figure 5).  

PI Richter and Co-PI McGlynn will design the reinstrumentation of the three catchments, locating 
precipitation gages at their former locations.  New weirs, cutoff wing-walls, approach sections, and 
stilling wells will be constructed and instrumented with float potentiometers and pressure transducers 
with data recorded with Campbell Scientific data loggers.  Strip charts will be digitized and converted to 
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5.1  Re-instrumenting and Up-instrumenting Calhoun’s Experimental Catchments 

5.11 Precipitation and Streamflow.  Rainfall intensity will be recorded with multiple rainfall 
gages.  In concert with rainfall intensity, stream flow measurements will be used to evaluate catchment 
hydrologic response and quantify how on-going responses have changed over the last 50 years. 

5.12. Precipitation and Streamflow Biogeochemistry  Precipitation and streamflows from the 
three experimental catchments will be sampled with wet-dry collectors and by grab and automated stream 
sampling for analysis of macro-ion chemistry and various isotopic studies.  
5.2  Atmospheric Sampling 

Eddy-covariance towers will be installed at the Calhoun LTSE, at a pasture and a hardwood site 
used for the space-for-time plots, and in a re-instrumented catchment. Each eddy-covariance station will 
be instrumented with 3-D sonic anemometers, infrared gas analyzers for CO2 and H2O, net radiation 
sensors, rain gages, as well as low-frequency air temperature and humidity sensors. Depending on the 
canopy structure, the stations will be built on tripods or towers. Additionally, each transect and cluster of 
replicate soil profiles will be equipped with rain gage, air humidity and temperature sensors, and soil heat 
flux plates.  PIs Porporato and Richter and Co-PI Wang will collaborate on installation and management 
of eddy covariance fluxes, based on previous experience in the Duke Forest FACE experiment. 
5.3  Vegetation and Soil Sampling 

5.31  Space for Time Plots:  Old Hardwood, Secondary Pine, Grasslands, Cultivated Plots.  
We will use a space-for-time substitution to examine the effects of contrasting land use 

histories on soil properties. The space for time comparison will emphasize old hardwood reference 
stands but we also include comparisons with soils that have long been cultivated that today have (a) 50-80 
year old secondary forests (mainly pine), (b) 50-80 years of pasture or hayfields, or (c) continuous 
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(Trimble, 1974). Some abandoned lands were later cleared
and farmed again and generated a later phase of sheet and
gully erosion. Gullying developed not only from erosion of
agricultural land, but also where artificially concentrated
flows breached surface soils to expose the highly erodible
saprolite. Some lands were too steep to farm intensively, but
road access to remove timber or to provide transportation
routes delivered concentrated runoff to erodible soils.

An estimated 200 km2 of actively eroding gullies and
severely eroded soils initially dissected the Sumter National
Forest (SNF) when most of the land was acquired in the early
1930s. The average soil loss from the SNF has been
estimated at about 20 to 30 cm of soil, and sediment often
filled downstream valleys to depths up to 3 m (Trimble,
1974). By the 1930s, land destruction by gully erosion had
reached devastating proportions and soil conservation and
erosion research were being initiated. Several gullies in this
region were described in a seminal report about Spartanburg
County, the adjacent county to the north (Ireland et al.,
1939). Other examples of incised channel and gully research
were summarized by Schumm et al. (1984). Hoover (1949)
described the hydrological changes in soil properties from
the cultivation and erosion within the Piedmont including
reduced hydraulic conductivity from clogging of the
macropores with fine particles and increased runoff
response. Bottomland sedimentation in the Piedmont was
described by Happ (1945) and Happ et al. (1940).

Many gullies in the southern Piedmont stabilized
following the decline of agriculture from the 1940s through
1960s. This period was accompanied by reforestation and
successful implementation of soil conservation and rehabil-
itation measures including erosion-control structures and the
introduction of kudzu. Mitigation measures on the SNF
involved planting loblolly pine (Pinus taeda) across the
landscape and treating specific gullies (Hansen, 1991, 1995).
Efforts to stabilize gullies varied from internal measures to
control headcuts and grade changes such as rock check
dams, grade-control structures, and gully plugs. Measures to
fill and reshape gullies were used in some instances to help
restore the function and capability of the affected area and
adjacent lands, rather than just stabilizing the erosion and
gully expansion. The assumption is often made that active
gullying in the region is no longer a serious problem,
although recent gully studies are rare. Extremely small
gullies contribute runoff and sediment primarily in tropical
storm episodes as evidenced by the 48 tonnes delivered by a
0.1 ha discontinuous valley side gully over a 9.5-year period
(Hansen and Law, 2006). Some gullies for which the history
is known from early surveys (Ireland et al., 1939) have active
branches of a relatively young age (Kolomechuk, 2001).
Evidence of on-going gully activity – coupled with the
generation of non-point source pollution and threats to
transportation routes – calls for improved methods of gully
monitoring. This study was conducted on two gully systems
known as the Macedonia Lake (Mace) and the Compartment
32 (Comp32) gully systems (Fig. 3). Both systems are

located in Union County in the Sumter National Forest,
South Carolina and consist of branching networks of
multiple gullies.

2. Technical aspects of laser-scanned topographic data

2.1. ALS physical systems and applications

Laser scanners are optical–mechanical devices that
actively generate a pulsed laser beam (Wehr and Lohr,
1999). The pulsed scanning laser is coupled with a receiver,
an inertial measuring unit that compensates for aircraft
motions, a kinematic Global Positioning System (kGPS),
and at least one GPS base station to precisely locate the
aircraft (Jensen, 2000). The ranging unit of an ALS system
measures the time (ns) between emission of the laser beam
and receipt of return signals from reflected energy, and
converts this time to a distance. The data collected consist of
a dense three-dimensional cloud of irregularly spaced points
near the Earth's surface. Processing these data can produce a
map of bare-Earth postings (point elevations of the ground
surface with buildings and vegetative canopy removed) that
are used to generate high-resolution digital topographic
products such as triangulated integrated networks (TINs),
DEMs, and contour maps.

The potential of ALS technology is promising for many
applications as LiDAR data are becoming commercially
available from a variety of vendors, the price of data
acquisition and processing is dropping, data resolutions are
increasing, and multispectral scanners are under develop-
ment. ALS can quickly provide topographic maps that are
comparable to maps derived photogrammetrically but their
ability to penetrate vegetation canopy sets them apart (Balt-
savias, 1999a). ALS topographic data have been used to
characterize gullies and channels (Ritchie et al., 1994), ve-
getation cover (Moffiet et al., 2005), beach erosion (Shrestha
et al., 2005), landslides (McKean and Roering, 2004; Glenn

Fig. 3. View to ENE up gully F (straight ahead) and gully E (to left) of Mace
gully system. Leaf-off condition in February, 2005. This lower position is
covered largely by young hardwoods while upper slope has more pine.

4 L.A. James et al. / Catena xx (2006) xxx–xxx

ARTICLE IN PRESS

Please cite this article as: James, L.A. et al. Using LiDAR data to map gullies and headwater streams under forest canopy: South Carolina, USA. Catena
(2006), doi:10.1016/j.catena.2006.10.010

Calhoun	
  CZO	
  
all	
  invited	
  

Photo:	
  Allan	
  et	
  al.	
  Catena,	
  2006	
  	
  	
  


