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Abstract 

In this dissertation, human -critical zone (CZ) dynamics are explored at the 

Calhoun Critical Zone Observatory (CCZO). The 190km2 CCZO is part of a broader 

landscape in the southeastern US which was subjected to extensive agricultural 

degradation for approximately two hundred years before cultivation was abandoned 

sixty or more years ago. The physical and functional dynamics of land abandonment 

were explored at three spatial scales herein: 1) landscape geomorphology and spatial 

patterns of CZ processes, 2) microtopographic roughness of hillslopes being diagnostic 

of landuse history  and, 3) plot -based soil investigations of three landuse histories 

approximating the temporal  succession from pre -disturbance forested landcover into 

deforested agricultural management and finally into secondary old -field mixed pine 

forests which typify the post -agricultural lan dscape of the Southeastern US.  

In the second dissertation chapter it was observed that most of the landscape 

consists of interfluves and accompanying hillslopes and that quantifying the spatial 

patterns and connections of hillslopes is important for under standing landscape 

function and evolution. This work aims to describe and quantify upland terrain 

structure, which is a residual formation of interfluves and hillslopes formed over 

geologic time as the landscape has weathered and eroded. Landscape network structure 

was described and quantified with demonstration of  how it drives the landscape 
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processes of soil erosion, bedrock weathering, and landcover. In this work, i nterfluve 

(hilltop) networks  were ordered according to Hortonian methodology at the CCZO in 

2ÖÜÛÏɯ"ÈÙÖÓÐÕÈɯÞÐÛÏɯÊÖÙÙÌÚ×ÖÕËÐÕÎɯɁÏÐÓÓÚÏÌËsɂɯdelineated and bounded at the base by 

floodplains  and stream channels. At the CCZO, low-order interfluves are narrow, 

abundant, small, and steep with low elevation, while  high -order interfluves are fewer , 

broad, and relatively flat with high elevation. We estimated that geologic erosion rates 

of 1st order interfluves were two orders of magnitude higher than on those of 4 th or 5th 

orders, bedrock weathering is modeled to be deepest and most spatially variable on 1st 

order interfluves with  depth and depth -variability decreasing as interfluve -order 

increases. It is further  shown that agriculture has persisted to the greatest extent on 

high -order interfluves where  human-accelerated erosion has been far less serious than 

on more highly gullied  low -order interfluves. We  conclude with an  assertion that land -

management and many fields of  environmental research can benefit from ordered-

interfluve networks and corresponding hillsheds much  as they have benefited from the 

concepts of stream-orders and watersheds. 

Chapter three focuses on terrain microtopography and erosive gullying at the 

Calhoun CZO. The CCZO in the Piedmont region of South Carolina is an ancient, highly 

weathered landscape which was transformed by historic agricultural erosion. F ollowing 

the conversion of hardwood forests to cultivated fields and pastures for ~200 years, 

excess runoff from fields led to extreme sheet, rill, and gully erosion across the 
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landscape. Roads, terraces, and a variety of other human disturbances also increased the 

ÓÈÕËÚÊÈ×ÌɀÚɯÚÜÙÍÈÊÌɯÙÖÜÎÏÕÌÚÚȭɯBy the 1950s, cultivation -based agriculture had been 

abandoned in most of the Southern Piedmont due to soil erosion, declining agricultural 

productivity, and  shifting agricultural mark ets. Forests dominated  by loblolly and 

shortleaf pine species, have since reforested much of the landscape. There are, however, 

isolated hardwood forest stands and even entire small watersheds dotting the landscape 

which are believed to have never been clear-cut or plowed . These rare forests are 

expected to have special aesthetic and scientific research value as a Piedmont pre-

disturbance reference condition. Hardwood reference forests may be of interest to 

hydrologists, environmental historians, biogeochemists, geomorphologists, geologists, 

pedologists, and others interested in understanding  the legacy of landuse history in this 

severely altered environment. In this work we demonstrate d how Light Detection And 

Ranging (LiDAR) digital elevation model (DEM) data and microtopographic terrain 

roughness analysis (MTRA) of fine scale variation in terrain slope was used in concert 

with historic aerial photography, contemporary remote sensing data, and field 

ecological interpretation  to identif y low human -impact, minimally eroded , reference 

hardwood stands, hillslopes, and even small watersheds for study and conservation.  

Following the identification and selection of reference hardwood forests a s a 

landuse history treatment for intensive study  in chapter three, novel method 

development was needed in order to study the belowground dynamics of these forests 
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and other landuse histories of interest. One of the analytical tools necessary for this was 

the development of effective and reliable Field -Portable Gas Analysis tools (FPGA) and 

is outlined in chapter four . FPGAs have been developed at the Calhoun Critical Zone 

Observatory for the measurement and monitoring of soil O 2 and CO2 in ecosystems with 

contrasting landuse histories. The tools and methodology developed and presented here 

are extremely cost-effective, are physically very light , compact, and robust for field 

deployment  and reliable soil gas monitoring. The FPGA  platform integrates off -the-shelf 

components including  5ÈÐÚÈÓÈɚɯÕÖÕ-dispersive infrared (NDIR) CO 2 probes and 

electro-ÊÏÌÔÐÊÈÓɯ ×ÖÎÌÌɚɯ.2 meters for flow -through gas analyses of soil gas using a 

Cole-/ÈÙÔÌÙɚɯÝÈÊÜÜÔ-pressure pump. More than 1600 soil gas measurements have 

been made using these devices over more than 2 years of observations. Measurement 

accuracy of the FPGA is very consistent compared with conventional bench -top gas 

chromatography and time series representations of paired CO2 and O2 measurement 

under hardwood fo rests at the CCZO indicate the ability to observe and track seasonal 

and climatic patterns and events with this technology. Further, the ability to analyze the 

apparent respiratory quotient, the ratio of apparent CO2 accumulation  divided by 

apparent O2 consumption  relative to the aboveground atmosphere, indicates a high 

degree of sophisticated analyses are made possible with the FPGA platform. The 

accuracy and reliability of the FPGA platform for soil gas monitoring allows for 

temporally extensive and spati ally expansive studies of soil respiration.  
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With the development of the FPGA  in chapter four , plot-based field 

investigations were undertaken to determine how different critical zone measurements 

are able to quantify the vertical propagation of forest reg eneration downward into soil 

profiles  in chapter five . The below-ground effects of 60-80 years of old-field forest 

succession in the CCZO were explored via a space-for-time substitution with replication 

of ecosystems, also called a chronosequence approach (Richter and Markewitz 2001). 

Chronosequence plots consist of reference hardwood forests, plowed agricultural fields, 

and old-fi eld secondary pine forests. In this fr amework, reference hardwood soil profiles 

are minimally degraded in terms of erosion, soil structure, and soil biogeochemistry 

while currently cultivated agricultural plots are maximally impacted. Old -field 

secondary pine forests are considered to be intermediate and and are somewhat 

regenerated in terms of soil structure and function as reforestation has occurred and 

proceeded for decades, though the degree of regeneration was uncertain. Following 

characterization of the aboveground forest vegetation, each landuse history comparison 

plot was studied and soil structural regeneration of bulk density, macropores  (>0.075mm 

dia.) via X-ray Computed Tomography, and soil agg regate stability in the top 15cm of 

soil. Deeper monitoring of soil CO 2 and O2 using FPGAs characterized belowground 

forest functioning down to 5m soil depth.  

Hardwood forest soils have been observed to have higher CO2 concentrations 

and lower O 2 below 2m soil depth, below the soil B-horizon, than either agricultural 
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plots or old -field pine fo rests. Results indicate that while there has been a high degree of 

soil regeneration above the B-horizon in old -field secondary forest soils in terms of forest 

aboveground vegetation, rooting, respiration dynamics, and soil structure, deep CZ 

processes below 2m remain significantly altered under old -field pine forests . This 

suggests that there may be a lag in below-ground regeneration  relative to surficial soil 

regeneration. This appears to be due the hindering of root and macropore regeneration 

by a thick, low  permeability, B t-horizon . Abiotic CZ processes like storms which affected 

all treatments were also investigated as rapid declines in CO2 concentrations were 

observed deep in soil profiles during periods of intense precipitation . This is presumably 

due to CO2 dissolution and export into groundwater and indicates great potential to 

advance the fundamental understanding of the linkages between upland management  

and landcover, aerobic respiration, and deep critical zone processes like mineral 

weathering and the export of terrestrially -derived CO 2 to streams. 
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2-winged) creatures that have been a constant source of comfort and adventure during 

the course of my PhD: Cat, Mendelynn, Panda, Sanford, Luna, Slytherin, Ravenclaw, 

Hufflepuff, Gryffindor, and Lola.  
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1. Introduction 

1.1 Scope of inquiry 

3ÏÌɯ$ÈÙÛÏɀÚɯÊÙÐÛÐÊÈÓɯáÖÕÌɯȹ"9ȺɯÚ×ÈÕÚɯÛÏÌɯ×ÏàÚÐÊÈÓɯÌÕÝÐÙÖÕÔÌÕÛɯÍÙÖÔɯÛÏÌɯ

atmosphere down to the deepest weathering fronts of bedrock (Richter and Billings 

2015)ȭɯ3ÏÐÚɯɁÛÙÌÌ-ÛÖ×ɯÛÖɯÉÌËÙÖÊÒɂɯ×ÌÙÚ×ÌÊÛÐÝÌɯÓÐÕÒÚɯÐÕÛÌÙÈÊÛÐÖÕÚɯbetween the physical 

environment and the processes within it as an expanded ecosystem. This dissertation, 

Macro to Micro Legacies of Landuse at the Calhoun Critical Zone Observatory, seeks to 

describe the patterning and effects of linked human -CZ processes in a post-agricultural 

environment  (Richter and Markewitz 2001). Investigations in this dissertation occur at 

three spatial scales ranging from landscape (Chapter 2), to watershed hillslope (Chapter 

3), and lastly soil-profile  scales (Chapters 4 and 5). 

Regional-scale CZ processes require landscape investigations to capture the 

patterns and temporal trajectories of large areas. In this case, the 190 km2 CCZO is 

studied as part of the broader >100,000 km2 Southern Piedmont region. CZ processes of 

landscape-scale interest are influenced by geomorphology and include historic land 

management on soil erosion (Dialynas, Bastola et al. 2016), forest succession and the 

spatial distribution of landuse/ landcover (LULC) change  (Hightower, Butterfield et al. 

2014, Stahl 2015), and deep CZ structure and the depth to bedrock weathering fronts 

below the soil (Bacon, Richter et al. 2012, Rempe and Dietrich 2014, St Clair, Moon et al. 

2015, Moon, Perron et al. 2017).  
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In this dissertation, study of human -CZ dynamics necessitated making specific 

LULC  contrasts at the CCZO.  The identification of research areas for targeted study 

required  a reduction in spatial scale targeting individual watersheds, catenas, and 

hillsl opes. LiDAR and other forms of remote sensing were employed to isolate and 

characterize Earth surface features and environments, both human-influenced and 

ɁÙÌÍÌÙÌÕÊÌɂɯÖÙɯÔÐÕÐÔÈÓÓà-impacted areas (Londoño 2008, Maxwell and Strager 2013, 

Hightower, Butterfield et al. 2014, Stahl 2015). The potential for LiDAR to highlight 

minimally eroded reference areas in contrast to those disturbed by human agricultural  

forcings is explored (James, Watson et al. 2007, Pike, Mueller et al. 2012) and could be of 

great value to researchers and conservationists.  

Following the identification of reference research watersheds and forest stands, 

field instrumentation  for the measurement and sampling of the CZ constitute s a final 

shift in scale and structural framework. This is particularly true in the hydro -

biogeosciences when it is often experimentally impractical to sample or study an entire 

catchment or forest stand and thus research plots must be established. Here the structure 

of the soil profile as influenced by LULC histories and legacies as well as the natural 

environment is a central concern for CZ researchers studying erosion and altered 

hydrologic and biogeochemical regimes. In order to investigate Calhoun CZ processes, I 

pose three research questions spanning CZ structural scales of: landscape, small 

watersheds and forest stands, and the soil-weathering profile (Figure 1 .1):  
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Figure 1.1: Dissertation spatial scales of inquiry by chapter  

1.2 Research questions 

Chapter 2. How is landscape geomorphic structure reflected in the history of upland 

land cover, soil erosion potential, and geochemical weathering depth? The manuscript 

produced from this work was written  with Zach Brecheisen, Dan Richter, Suelgi Moon, 

and Pat Halpin as authors. Seulgi Moon, in addition to manuscript revision and editing, 

contributed  a geophysical modeling dataset for analysis across interfluve orders.    

Chapter 3. How can LiDAR & microtopographic terrain structure derivatives be 

combined with historic and contemporary remote sensing data to identify reference hardwood 

stands and watersheds whose soils, land surface, and hillslopes are minimally impacted by 
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historic anthropogenic land uses? The manuscript produced from this work was written  

with Zach Brecheisen and Dan Richter as authors. 

Chapters 4 & 5. Chapter 4 details the development of a novel analytical 

apparatus for soil atmosphere monitoring and sampling. The methodology developed in 

Chapter 4 is currently in preparation for submission with Zach Brecheisen, Will Cook, 

Paul Heine, Junmo Ryang, and Dan Richter as authors. Will Cook collected 

approximately half of the field data presented in the paper and Paul Heine and Junmo 

Ryang conducted laboratory QAQC of the CO 2 data and also integrated lab and field 

measurement datasets. Chapter 5 investigates: How have CZ systems evolved in old-field 

pine forests post abandonment and to what degree has the soil profile regenerated in terms of soil 

structure and the metabolic gasses that flow through them, relative to reference hardwood forest 

and continuously cultivated soils? The manuscript for Chapter 5 is currently under 

development but will  have the same authorship as the manuscript for Chapter 4 with 

the addition of Jay Austin and John Mallard who collected soil moisture and 

precipitation data , respectively. 
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Figure 1.2: Map of dissertation research activities at the Calhoun CZO.  
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2. Quantitative analysis of hillshed geomorphology and 
critical zone function 

2.1 Introduction 

Interfluve networks, the geomorphic features that divide watersheds, and their 

topology (Werner 1972, Werner 1988) have a long history of attention and research 

(Horton 1945, Warntz 1975, Wilcox and Moellering 1995, Schneider 2005). We are, 

however, lacking a hierarchical interfluve -based corollary to ordered stream  networks 

and the watershed. The need for improved systematic landform description and 

measurement is recognized within geomorphology (Evans 2012). Here we present a 

hierarchical orderÐÕÎɯÖÍɯÓÈÕËÚÊÈ×ÌɯÛÖ×ÖÓÖÎàɯÞÐÛÏɯËÐÚÊÙÌÛÌɯɁÏÐÓÓÚÏÌËɂɯ(Maxwell 1870, 

Meerveld and Weiler 2008, Evans 2012) landforms to further landscape 

geomorphometry and to link landform terrain directl y to real-world critical zone (CZ) 

processes. The CZ is an expanded ecosystem within which researchers study the 

structure and functioning of the human -natural world spanning the lower atmosphere 

around tree-ÛÖ×ÚɯÈÕËɯÛÏÌɯ$ÈÙÛÏɀÚɯÚÜÙÍÈÊÌɯËÖÞÕɯÐÕÛÖɯÚÖÐÓÚȮɯÎÙoundwater, and finally 

bedrock (Brantley, Goldhaber et al. 2007, Richter and Billings 2015, Brantley, DiBiase et 

al. 2016).  

Dendritic interfluve networks were ranked using Horton -Strahler (Horton 1945, 

Strahler 1957) stream ordering rules and corresponding hillsheds were delineated for 

each interfluve bounded by valleys and streams. First order interfluves, if not situated as 

isolated hills, lead to 2nd, 3rd, 4th ÌÛÊȱɯÖÙËÌÙɯÐÕÛÌÙÍÓÜÝÌÚɯÐÕɯÛÏÌɯÜ×ÏÐÓÓɯËÐÙÌÊÛÐÖÕ (Figure 
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1.2). Interfluves and their hillshed s are residual dissipative landforms (Bos 1971, 

Dietrich, Wilson et al. 1992) ÊÖÔ×ÖÚÌËɯÖÍɯÛÏÌɯ$ÈÙÛÏɀÚɯ"9ɯÛÏÈÛɯÏÈÚɯÕÖÛɯàÌÛɯÉÌÌÕɯÌÙÖËÌËɯÖÙɯ

dissolved away (Horton 1945, Ruhe, Daniels et al. 1967, Perron, Kirchner et al. 2009). As 

such, ordered interfluves and their hillsheds are considered as connected yet discrete 

components of ÓÈÙÎÌÙɯɁÎÌÖÔÖÙ×ÏÐÊɯËÌÕËÙÐÛÌÚɂ (Figure 2.1). MÜÊÏɯÈÚɯÈɯÛÙÌÌɀÚɯtwigs, 

branches, and trunk are distinct yet also connected, interfluves exist as separate but 

connected branches and trunks of landscape geomorphology that interact with  each 

other throughout their evolution.  
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Figure 2.1: 3D representation of ordered interfluve networks a) across the CCZO 

ÓÈÕËÚÊÈ×ÌɯÈÕËɯÉȺɯáÖÖÔÌËɯÐÕɯÖÕɯÛÏÌɯÌÈÚÛÌÙÕɯÏÈÓÍɯÖÍɯ'ÖÓÊÖÔÉÌɀÚɯ!ÙÈÕÊÏɯÞÈÛÌÙÚÏÌËɯ

illustrating how the orders of interfluve connections and topology can be captured via 

multi -digit interfluve  

In the same way that twigs grow from branches and trunk s, the branching 

sequences of primary, secondary, or tertiary interfluves  are likely  important to CZ 

structure and process. For example, terrain slope and elevation of hillsheds is influenced 

by the inter fluve order of the hillshed from which they branch. Figure 1b illustrates 

branching sequences of 1st order interfluves joining 2nd, 3rd, or 4th order interfluves from 
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left to right , designated by a 3-digit interfluve ordering scheme along the "ÈÓÏÖÜÕɀÚɯ

eastern 'ÖÓÊÖÔÉÌɀÚɯ!ÙÈÕÊÏɯÞÈÛÌÙÚÏÌd. Single-digit interfluve orders denote the 

interfluve order of a given hillshed while t hree-digit inte rfluve orders denote the 

interfluve order of the hillshed (in digit 1)  as well as the interfluve orders of the fi rst and 

second uphill junctions  (in digits 2 and 3). This ordering scheme condenses hierarchical 

landscape topology information about the  geomorphic neighborhood of each landform.  

The ordered interfluv e hillshed approach was developed and applied at the 

CCZO expli citly under the CZ science ɁÛÙÌÌɯÛÖ×ɯÛÖɯÉÌËÙÖÊÒɂɯÊÖÕÊÌ×Ûɯ(Richter and 

Billings 2015, Brantley, DiBiase et al. 2016). We first quantitatively relate interfluve order 

to hillshed counts, junctions, areas, elevations, and slopes and then we apply  the 

hierarchical ordering system to patterns in three important  CZ processes of the CCZO: 

geological soil erosion potential  using the Unit Stream Power Erosion-Deposition 

(USPED) model (Warren, Mitasova et al. 2005, Mitasova, Barton et al. 2013), spatially  

modeled geophysical weathering front depth  (St Clair, Moon et al. 2015, Moon, Perron et 

al. 2017), and historic  and contemporary landcover (Brecheisen, Cook et al. 2015). 

Geological erosion, bedrock weathering, and changes in landcover are complex CZ 

processes affected by natural, and even social and economic forcings, and are shown to 

vary with interfluve order as a function of their geomorphology . We hypothesize that 

interfluve order ing can be usefully related to the management and study of structure 

and function  of many landscapes. 
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2.2 Methods  

2.2.1 Derivation of ordered-interfluve networks and their hillsheds 

Landscapes with appreciable ridgeline relief can be examined by invert ing DEMs 

to generate interfluve networks using the same hydrologic GIS tools used to delineate 

stream networks. In this inverted -terrain framewo rk, interfluves are transformed into 

flow -accumulating valleys and bottomlands. Geospatial analyses, models, and figures 

were generated and conducted using ArcGIS(ESRI 2014), Whitebox GIS(Lindsay 2014), 

and QGIS(Akagi 2015, QGIS Development Team 2016). The CCZO raster DEM (NCALM 

2014) was inverted by  summing  the minimum and maximum values of the DEM and 

then subtracting each DEM raster cell value from this sum resulting in a DEM with 

positive elevation va lues and the same minimum and maximum elevation values as the 

original DEM on an inverted terrain surface, following equation (1):  

DEM inv = (DEMmax + DEMmin) - DEM landscape  (1) 

Horton -Strahler (Horton 1945) network ordering was used to assign interfluve 

orders across the 190 km2 Calhoun CZO in ArcGIS 10.2.2. Moving window DEM 

averaging was used to smooth gentle saddles and isolated rises within a 200m X 200m 

neighborhood,  allowing flow direction and subsequent flow accumulation analyses to  

succeed. Resampling the DEM at coarser resolution rather than averaging could likely 

achieve a similar result and greatly decrease processing time.  
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Interfluve network delineation was accomplished with  stepwise-flow 

ÈÊÊÜÔÜÓÈÛÐÖÕɯɁÉÜÙÕ-inɂ (Callow, Van Niel et al. 2007). An initial high flow accumulation 

area threshold of 100ha was set and 10m elevation was subtracted from the inverted 

DEM for each elevation cell having a flow accumulation equal to or greater than 100ha, 

followed by a second flow accumulation analysis and second 10m burn -in at a 5ha 

threshold. At each step the decreasing flow accumulation thresholds serve to 

concentrate the modeled flow accumulation in incre asingly incised, but more extensive, 

interfluve -channel networks.  

This novel approach for the delineation of upland ridge -networks mimics a 

simplified process of initial channel incision and deepening on inverted terrain. A flow 

accumulation analysis was used to delineate the resulting interfluve ridge network 

(Figure 2.1) with a relatively low flow 1st order interfluve inverted DEM flow 

accumulation threshold of 3ha based on a heuristic interpretation of the DEM, derived 

slope maps and contours, and field experience of the CCZO landscape. The inverted 

DEM flow accumulation threshold values needed for 1st order interfluve  identification 

are geomorphically dependent. For example, a second DEM from the 660 km2 Boulder 

Creek CZO (BCCZO) near Boulder, Colorado, U.S.A (BCCZO 2010, Anderson, Anderson 

et al. 2012) was resampled from 1m  to 30m spatial resolution and was analyzed to 

generate an illustrative  interfluve network with a final 1st order interfluve thr eshold of 

9ha (Appendix  A). Contrasts in relief (100-200m elevation at CCZO vs. 1630-4070m at 
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the BCCZO), climate, and drainage density are contributing factors to the differing 1 st 

order thresholds  between the two research areas and will vary among geologic and 

climatic forcings elsewhere (Tucker and Bras 1998).  

While flow accumulation thresholding of the final network may raise concerns, 

there should be tolerable threshold range within which interfluve lines and their 

junction nodes will be generated between drainages such that the great majority of 1st 

order interfluve -hillshed features can be delineated across a landscape. Within this 

range, the only thing to change significantly should be how long and how far d own the 

hillslope 1 st order interfluve lines are drawn. As long as interfluves are represented by 

nodes on the topographic network, their downslope hillshed landforms can be 

delineated. For all interfluves, hillshed boundaries were delineated manually usin g 

contour lines, slope maps, stream features, and valley bottoms for their bordering. This 

process is laborious but ensures geomorphic accuracy of the landforms . This was 

particularly necessary due to the 200m focal window averaging which, in addition to  

correcting flow -direction raster computation  enabling Strahler-Horton ordering, blurs 

smaller scale terrain  features, necessitating manual quality control of the network and 

resulting hillsheds.  
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2.2.2 Three applications of interfluve ordering 

Three CZ processes are investigated from an ordered-interfluve perspective: 

rates of geologic pre-anthropogenic erosion, weathering front depth, and landcover and 

landcover trajectories.  

2.2.2.1 Pre-anthropogenic geologic soil -erosion modeling  

Soil erosion across interfluve orders was investigated using the Unit Stream 

Power Erosion-Deposition  (USPED) model (Warren, Mitasova et al. 2005, Mitasova, 

Barton et al. 2013, Mitasova, Petrasova et al. 2014) at 30m spatial raster resolution to 

simulate landscape evolution erosion rates under hypothetical continuous forest cover  

(pre-human) across the CCZO landscape. USPED is formulated in equation (2):  

T = R×K×C×P×LST  (2) 

Where T is the annual sediment transport capacity in Mg×m/ha×yr, R is the 

rainfall erosivity factor obtained from USDA isoerodent maps  (USDA 1972) and is 

considered uniform across the landscape at 4680 MJ×mm/h ×ha×year. K is the soil 

erodibility factor ranging  from 0-0.04 Mg×ha×h/ha×MJ×mm. K factor data were obtained 

from the SSURGO GIS soils database (ESRI 2014) for the Enoree (HU 03050108) and 

Tyger (HU 03050107) basins. R and K factors were originally in non-metric units and 

were converted to metric units using conversion f actors provided by Chang et al. (2016). 

C is the unitless cover management factor and represents the impact of landcover on 

erosion potential and was set to equal 0.0005 for permanent forest cover (Franzmeier, 
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Steinhardt et al. 2009). P is the practice factor and represents the impact of potential 

engineering practices that can reduce erosion potential such as terracing plowing 

practices and was set to 1 across the CCZO landscape under pre-anthropogenic 

conditions . LST is the combined slope-length and steepness factor of sediment transport 

capacity for overland water flow  such that LST = Um×(ÚÐÕϕȺn where U is the upslope flow 

accumulation in m 2/m and ϕ is the terrain slope in degrees (Warren, Mitasova et al. 2005, 

Mitasova, Barton et al. 2013, Mitasova, Petrasova et al. 2014). Exponents m and n adjust 

the interaction of water flow and terrain slope terms under sheet and rill runoff 

conditions . The exponents were set such that m=n=1 reflecting a combination of both rill 

and sheet erosion over long time periods with many large and small erosional flow 

events.  

 Following the calculation of T (net erosion and deposition), D (eroded soil 

loss) in Mg/ha×year was then calculated as a function of sediment flow along an 

elevation gradient as outlined by Mitasova et. al (Warren, Mitasova et al. 2005, Mitasova, 

Barton et al. 2013, Mitasova, Petrasova et al. 2014) in equation (3):  

#ɯǻɯȇ(T ÊÖÚɯϔȺɤȇßɯǶɯȇ(T ÚÐÕɯϔȺɤȇà  (3)                 

where ϔɯis terrain aspect in degrees. For implementation in ArcGIS 10.2.2, D was 

calculated according to the relationship between the partial derivatives and surface 

slope (ϕ) and aspect (ϔ) in equation (4):  

D = ȇ3ɤȇßǶȇ3ɤȇà  (4) 
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where ȇ3ɤȇßɯǻɯȹ3×ÛÈÕϕȺɯ× (T×cos ϔ) and ȇ3ɤȇàɯǻɯȹ3×ÛÈÕϕȺɯ× (T×ÚÐÕɯϔ).  

Subsequent calculations and conversions based on interfluve order aggregate 

median erosion values from Mg/ha -year to vertical soil loss denudation rates assume a 

soil bulk density of 1.25 g/cm3 (Bacon, Richter et al. 2012). Lastly, sediment erosion : 

deposition ratios were estimated by successively subsetting the landscape by interfluve 

order and summing the values of negative USPED raster cells (erosional areas), then 

dividing by the sum of positive USPED raster cells (depositional areas) within each 

interfluve order.   

2.2.2.2 Generation of bedrock weathering front depth dataset  

Recent research on the patterns of bedrock weathering depth, both theoretical 

(Rempe and Dietrich 2014) and geophysical (Anderson 2015, St Clair, Moon et al. 2015), 

indicate that the depth to the bedrock weathering front  (z-boundary (Rempe and 

Dietrich 2014)) may be highly variable in space and linked to patterns in topography. 

Bedrock weathering front depth investigations partiti on 3D topographic stress model 

results (St Clair, Moon et al. 2015) across interfluve orders in order to understand spatial 

patterns in the magnitude and variation of weathering front depth.  

Following the meth odology used by St.Clair et al. (2015) and Moon et al. (Moon, 

Perron et al. 2017), 3D topographic stress models were generated in the CCZO using 

poly3D  (Thomas 1993). Due to computational limitations in generating least 

compressive stress models, four areas iÕɯÊÓÖÚÌɯ×ÙÖßÐÔÐÛàɯÞÐÛÏÐÕɯ'ÖÓÊÖÔÉÌɀÚɯ!ÙÈÕÊÏɯ
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watershed totaling ~350ha spanning 1st, 2nd, 3rd, and 4th order interfluv es were selected 

for modeling with ~9m resolution. The bedrock weathering front depth was calculated 

from the ground surface to the least compressive stress volume of 0.5MPa(Moon, Perron 

et al. 2017). Least compressive stress model values of 0.5MPa correspond closely to ~4 

km/s P-wave velocities measured in the field (St Clair, Moon et al. 2015). These values 

are thought to represent and approximate  the transition zone between fractured 

weathering parent material to un -weathered bedrock.  

2.2.2.3 Landcover datasets 

The second application of interfluve ordering involved landcover analysis 

focused on 1933 and 2014 land management.  Landcover is classified as forest, 

grass/shrub, or bare earth in 1933 using mosaicked and georectified aerial photography 

(Brecheisen, Cook et al. 2015). For 2014 landcover was classified using 1m2 resolution 

canopy height derived from a July 2014 LiDAR flight (NCALM 2014)  partitioned into: 0-

1m considered to be hay field or pasture, 1m-5m interpreted as recently harvested forest 

and young tree regeneration, and >5m canopy height classified as intact forest. The 

contemporary  landscape was also partitioned into privately  and publicly owned USFS 

land (USFS 2016). A landcover transition matrix  was then analyzed with possible 

transitions being from either forested (F) or non-forested (NF) in 1933 to forested (F) or 

non-forested (NF) in 2014 with a total of four possible outcomes: F-F, F-NF, NF-NF, NF-
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F. This matrix was used to explore land cover changes over time whether continually -

forested, net deforested, net reforested, or continually non -forested. 

 To create a historic landcover dataset classified as forest, shrub/grassland, 

and bare agricultural fields, 89 black and white photographs taken during an aerial 

survey in 1933 were scanned at 1200dpi resolution , georectified, color balanced, 

seamlined, and mosaicked in ArcGIS 10.2.2 at ~0.5m spatial resolution (Brecheisen, Cook 

et al. 2015). This raster layer was resampÓÌËɯÛÖɯƗƔÔɯÙÌÚÖÓÜÛÐÖÕɯÜÚÐÕÎɯɁÔÈÑÖÙÐÛàɂɯ×ÐßÌÓɯ

landcover assignment whereby each new coarser pixel value is equal to that of the most 

abundant landcover type within the original finer resolution raster. Given the three 

landcover classes for 1933, a comparable method was employed to classify the 2014 

LiDAR canopy height into landcover categories of pasture or hayfield  (0-1m), recently 

harvested young forest (1-5m), and intermediate or mature forest (>5m). The canopy 

height raster was generated by subtracting the LiDAR ground -return raster DEM 

(NCALM 2014)  from the highest return LiDAR raster DEM (NCALM 2014) and 

resampling the resultin g canopy height raster to 30m using bilinear interpolation  in 

ArcGIS 10.2.2 (ESRI 2014). An additional dat aset of the CCZO landscape within t he 

boundaries of the 2014 LiDAR (NCALM 2014)  was generated as either publicly or 

privately owned in 2014 by converting USFS vector data (USFS 2016) into 30m binary 

raster format. In 1933, all of this landscape was privately owned. Most of the USFS 

purchases were made later in the 1930s. 
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2.2.3 Statistical analyses of terrain and CZ processes 

Across the southern Piedmont, floodplains have been loaded with sediments 

eroded from uplands and are a product of, or have at least been strongly impacted by, a 

very different anthropogenic -erosion regime than that which formed the dendritic 

interfluve network in geologic time (Richter and Markewitz 2001, James 2013). Because 

of this, we seek to remove the elementary form(Evans 2012) of the floodplain from 

statistical analysis, a multi -criterion task. Statistical analyses were conducted on hillshed  

raster data, which were masked to isolate hilltop -to-footslope terrain excluding major 

floodplains. Floodplains at the CCZO are generally characterized as being: low elevation 

(below 160m), below mid -slope as calculated via the Topographic Position Index (TPI) 

(Wilson and Gallant 2000), and having low topographic roughness  (elevation range <9m 

within  0.18ha). The TPI step to mask floodplain data entailed 1km2 focal window 

averaging of the 1m2 LiDAR ground DEM (NCALM 2014)  generating an average-

elevation raster, which was then subtracted from the original LiDAR DEM . The raster 

generated from this subtraction was then thresholded, with values greater than zero  

being greater than average or mid-elevation (TPI=0 at mid-slope) within the window, 

equation (5) below: 

Maskuplands = DEM ɬ DEM 1km avg > 0  (5) 

These criteria were used to isolate floodplain terrain in the 190km2 CCZO.  
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Statistical analyses in this paper partition the CCZO landscape into ordered 

interfluve hillshed s using 1 or 3 digits. The value of any digit can range from 1 to 5 in the 

190km2 CCZO and sequential digits can skip orders (e.g. hillshed s with 245 or 135 

interfluve orders), though each sequential digit must be greater than the preceding digit. 

Thus, a 231 interfluve is nonsensical as the 3rd-to-1st transition is downhill and is not 

possible in inverted terrain Horton -Strahler ordered DEM flow -analysis. If either the 

first or second uphill junctions for a given a hillshed  were outside the DEM, a 0 value 

was entered for partitioning later analyses. The terminal 5 th order interfluve and a ll 

connections to it were retained for analysis and denoted as 500, #50, and ##5 in 3-digit 

ÖÙËÌÙÐÕÎɯÞÐÛÏɯɁșɂɯÙÌ×ÙÌÚÌÕÛÐÕÎɯÚÌØÜÌÕÛÐÈÓɯÐÕÛÌÎÌÙÚɯÓÌÚÚɯÛÏÈÕɯƙȭ  

The ordered-hillshed  is the basic unit of study in this work. Analyses of central 

tendencies drawing upon individual ordered -hillsheds include the calculation and 

comparison of: area, median elevation, median slope, and mean USPED pre-

anthropogenic soil erosion. The 727 delineated hillshed shapefiles were converted to 

raster formats using a unique ID ranging from 0 -726, such that they were aligned with, 

and matched the resolution of, the various terrain or CZ application datasets and 

ÌßÊÓÜËÌËɯÍÓÖÖË×ÓÈÐÕɯÈÙÌÈÚȭɯ3ÏÐÚɯÞÈÚɯÈÊÊÖÔ×ÓÐÚÏÌËɯÜÚÐÕÎɯÛÏÌɯɁÙÈÚÛÌÙɂɯ×ÈÊÒÈÎÌɯÐÕɯ1ɯ

(Hijmans 2015, R Core Team 2016). Areas, means, and medians for these datasets were 

calculated across the CCZO landscape for each of the 727 delineated hillsheds and were 

tabulated and appended to the original ordere d-hillshed shapefile attribute table. 
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Hillsheds were partitioned for 1 -way ANOVA analyses according to their 1 - and 3- digit 

interfluve orders for landscape patterns of hillshed: ln(area) (ha), slope (°), and elevation 

(m) using the stats package in R(R Core Team 2016). In this way, each hillshed served as 

an individual data point with hillsheds grouped by interfluve order for terrain analyses. 

Median elevation for each ordered interfluve hillshed was further analyzed as a  function 

of median hillshed slope values, natural l og-transformed hillshed area, and the second 

interfluve junction order to investigate landscape evolution using multiple regression 

ÞÐÛÏÖÜÛɯÐÕÛÌÙÈÊÛÐÖÕɯÛÌÙÔÚɯÐÕɯ1ɯÜÚÐÕÎɯÛÏÌɯɁÚÛÈÛÚɂɯ×ÈÊÒÈÎÌɯ(R Core Team 2016).  

Aggregate and cumulative landscape analyses entailed subsetting the CCZO 

landscape by interfluve order for the calculation of total  area per interfluve -order and 

interfluve -order landcover p ercent area analyses for: 1933, 2014, 1933 to 2014 landcover 

transitions, and public vs. private hillshed land area in 2015 using the ɁÙÈÚÛÌÙɂɯȹÔÈÚÒɯ

ÍÜÕÊÛÐÖÕȺɯÈÕËɯɁ2#,3ÖÖÓÚɂɯȹ"lassStat function) packages in R (VanDerWal, Falconi et al. 

2014, Hijmans 2015, R Core Team 2016). In this way, the data for the entire portion of the 

CCZO landscape occupied by 1st, 2nd, 3rd, 4th, and then 5th order hillsheds were 

aggregated. Weathering front depth analyses, because they were spatially limited, were 

carried out by pooling all of the modeled geospatial raster values within corresponding 

hillshed orders for analysis.  
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2.3 Results 

2.3.1 Terrain analyses of ordered interfluve hillsheds 

Terrain analyses were conducted across upland terrain (~85% of the CCZO 

landscape) excluding floodplain bottomlands (~15% of the landscape) filled with meters 

of agriculturally eroded sediments (Richter and Markewitz 2001, Trimble 2008). Terrain 

analysis of individual hillsheds (Figure 2.2a), indicates that 81% of all hillshed s are 1st 

order, 14% are 2nd order, 3% are 3rd order, 0.6% are 4th order, and 0.1% are 5th order. This 

exponential distribution of interfluve -hillsheds matches hydrologic stream order 

distributions (Tarboton 1996) where order is typically stro ngly and negatively correlated 

to their  abundance. Conversely, interfluve order is positively related to individual 

hillshed  area as average area increases exponentially from 13.6 ha for 1st order hillsheds 

to 536.3 ha for 4th and 5th order hillsheds (Figu re 2.2b). Total upland  area in each hillshed 

order across the 190-km2 CCZO landscape is the product of these two patterns and is 

characterized by a nearly linear trend of cumulative  area (ha) across interfluve order s 

(Figure 2.2c). First order interfluves total about 8042.4ha whereas 4th and 5th order 

interfluves total 2476ha. First order interfluves thus cover about 48.8% of the non-

floodplain CCZO, 2 nd orders about 22.5%, 3rd orders 13.6%, 4th orders 11.8%, and 5th 

orders 3.3%.  
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Figure 2.2: ordered interfluve terrain analyses of hillshed: a) abundance, b) 

area, c) cumulative area, and d) median slope, median elevation. The number of 

interfluves in each order is above each bar in the top abundance panel and ANOVA 

F-test results within  ln(area), slope, and elevation plots . 
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Median hillshed  slope is strongly and negatively  related to interfluve order  with  

the steepest average slopes on 1st order interfluves (mean=10.05°) and with interfluves 

becoming flatter  uphill  as interfluve order increases (Figure 2.2d).  First to 5th order 

hillsheds had median elevations of 135.2, 144.2, 156.7, 166.7, and 177.7m (Figure 2.2e), 

likely the result of geologic erodibility of respective interfluves as a function of their 

slope, and breadth. Figure 2.3 integrates these variables of interfluve-hillshed order, 

area, number, slope, and elevation for the CCZO landscape as a whole.  

 

Figure 2.3: Terrain scatterplot of interfluve -ordered hillshed median elevation 

and median slope. The size of points corresponds geometrically to individual hillshed 

areas. 
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Terrain analyses demonstrate that the characteristics of interfluves often depend 

on the order of the interfluve order with which they ar e connected.  Our interfluve 

ordering approach can thus be used to examine, for example, how a 1st ÖÙËÌÙɯÐÕÛÌÙÍÓÜÝÌɀÚɯ

geomorphology varies according to whether it joins a 2 nd, 3rd, 4th, or 5th order interfluve 

(Figure 2.4a-4e). Most remarkable are relationships of slope and elevation with their 

three-digit order classifications (Figure 2.4e).  Considered together, 3-digit hillshed slope 

and elevation reflect long-term landscape evolution with steeper and narrower 

interfluves eroding more rapidly being furth est from the geomorphic trunk of the 

landscape experiencing the greatest denudation. A terrain multiple regression analysis 

modeling median hillshed elevation as a function of median hillshed slope and log 

hillshed area not addressing the branching patterns of interfluves yields a very weak 

predictive model of elevation: F(5, 557) = 26.85, adj R2=0.08, p<0.05). The same analysis, 

however, factoring in the second interfluve junction -order of each hillshed (F(5, 554) = 

120.2, adj R2=0.52, p<0.05)) demonstrates the driving importance of the connectedness of 

interfluves as drivers of landscape structure. Interfluves that are two junctions downhill 

from either 5 th, 4th, or 3rd order interfluves are 11m, 28m, or 38m lower in elevation on 

average compared to interfluves which are 5th order or immediately branch from a 5 th 

order interfluve (Figures 2.1 and 2.4e).  



 

25 

 

Figure 2.4: 3-digit ordered interfluve terrain analyses of hillshed: abundance, 

area, cumulative area, and median slope, median elevation with number of 

interfluves in each order above each bar in the top panel and ANOVA results at the 

bottom of loge(area), slope,  and elevation plots.  
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2.3.2 USPED geological erosion as a function of interfluve order 

The first appl ication of interfluve and hillshed ordering was made with estimates 

of geological erosion across the CCZO landscape.  The broadest interfluves of the CCZO 

landscape in the Southern Piedmont are biogeomorphically stable over geologic time, 

with erosion rate s between 0.35m/Myr and 3m/Myr prior to colonial settlement  (Bacon, 

Richter et al. 2012). On such interfluves, CCZO soils and saprolite are deep, extremely 

weathered, with soils having minimum 2 million  year residence times and 10s of meters 

of depth above un-weathered granitic gneiss bedrock (Bacon, Richter et al. 2012). USPED 

modeling  of geologic erosion (Warren, Mitasova et al. 2005, Mitasova, Barton et al. 2013) 

indicate that 1st order interfluve -hillsheds have about 30 times higher average (0.2 

Mg/ha-yr) erosion rates as either 4th or 5th order interfluves (0.006 Mg/ha-yr) (Figure 

2.5a). Assuming a bulk density (BD) of 1.25 g/cm3 (Bacon, Richter et al. 2012), these 

erosion rates correspond to average denudation rates of ~16 m/My on 1st order 

interfluves declining to ~0.5 m/My on 4 th and 5th order interfluves. This 30-fold increase 

from high - to low -order interfluves supports inferences made regarding the interaction 

of interfluve order and slope as drivers of landscape elevation evolution.  

 USPED, being a sediment transport capacity model, yields both net 

erosion and deposition. Aggregating these data across the CCZO according to interfluve 

order provided an estimate of mob ilized soil net erosion vs. re-deposition ratios. This 

analysis indicated that 1st order interfluves have 1.56 times more net erosional loss from 
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hillsheds than is re-deposited. In contrast, 4th and 5th order interfluves have only 1.13 and 

1.09 times more net erosional loss than would be redeposited, reflecting the broad and 

level terrain found on high -order interfluves.  

2.3.3 Weathering front depth as a function of interfluve order 

A second application of interfluve ordering was made with  models of 

weathering fr ont depth  (Rempe and Dietrich 2014, St Clair, Moon et al. 2015, Moon, 

Perron et al. 2017).  Here, we modeled weathering front depths by least compressive 

stress to locate the 0.5MPa boundary (Figure 2.5b), estimated empirically to correspond 

with a transition to highly competent bedrock (St Clair, Moon et al. 2015). Results clearly 

indicate that 1st order interfluves have both the greatest maximum depth (~53m) and the 

highest spatial variability in depth to modeled weathering front  (Figure 2.5c). The depth 

to modeled weathering front at 0.5MPa becomes relatively shallower and much less 

variable as interfluve order increases (Figure 2.5b and 2.5c), a function of the 

characteristic slopes and breadths of interfluve and hillshed orders . This relationship is 

expected considering steep slopes and high curvatures of relatively narrow 1 st order 

interfluve s, which can perturb subsurface stress fields and produce a spatially variable 

weathering depth  ÍÙÖÕÛɯÞÏÐÊÏɯÔÐÙÙÖÙÚɯɁ×ÐÕÊÏÌËɯÛÖ×ÖÎÙÈ×ÏàɂɯÈÊÙÖÚÚɯÛÏÌÚÌɯÏÐÓÓÚÏÌËÚɯ

(Anderson 2015, St Clair, Moon et al. 2015, Moon, Perron et al. 2017). Considered as a 

three-dimensional volume, modeled 1 st order interfluve hillshed areas have ~2740m3/ha 

of weathered material with this volume decreasing slightly as interfluve order increases 
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to 4th order (~2540m3/ha). Given these results and those of interfluve-dependent geologic 

erosion rates, weathering rates (Gilbert 1887) must also be interfluve order dependent 

and much higher at lower order interfluves of the CCZO.  We suggest that this may well 

result from both more rapid rates of dr ainage (Rempe and Dietrich 2014) as well as more 

variable bedrock stress fields (Anderson 2015, St Clair, Moon et al. 2015, Moon, Perron et 

al. 2017) of the steeper, narrower low order interfluves compared with those of higher 

order. 

2.3.4 Landcover changes as a function of interfluve order 

The Calhoun Critical Zone  has been subjected to some of the most severe 

agricultural erosion in the USA, a common condition of much of the Southern Piedmont . 

The deep soils and hillslopes are deeply incised by gullies and large quantities of  soil 

eroded downslope over up to  two centuries of agriculture  as forests were cleared for 

cultivation , grazing, and wood products across even the most marginal areas (Hansen 

1991, Richter and Markewitz 2001, Trimble 2008, Coughlan, Nelson et al. 2017). Low -

order interfluves were so seriously eroded and gullied by farming that the USFS 

targeted farms with degraded lands for ɁÙÌÛÐÙÌÔÌÕÛɂɯÈÕËɯpurchase in the 1930s as many 

debt-ridden farmers  defaulted on taxes. Farms were sold to the federal government and 

the Enoree district of the Sumter National Forest was established (Metz 1958, Hansen 

1991) with other National Forests in the region established similarly.  The land 

ownership  changes from private  to public led to land management changes as 
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reforestation expanded across the not only the Sumter National Forest but the entire 

Southern Piedmont.  

Connections between interfluve order , area, slope, and geologic erosion rates 

indicate that the history of land -use change at the CCZO maps well onto an ordered-

interfluve landscape. Historic 1933 landcover patterns of percent bare cropland, 

grass/shrubland, and forest are strongly related to interfluve order (Figure 2.5d). 

Contemporary landcover patterns also map well onto interfluve orders with percent 

private land, public land, and distribution of non -forested vs. forested lands all strongly  

associated with interfluve orders (Figure 2.5d). Landcover on low order interfluves is 

more likely to have remained forested between 1933 and 2014 compared with forests on  

higher order interfluve s (Figure 2.5d, F-F) (Coughlan, Nelson et al. 2017). Similarly, 

percent landcover which has remained non-forested from 1933 to 2014 (Figure 2.5d, NF-

NF) is also positively related to interfluve order, with nearly all of this land on high 

order interfluves being privately owned  (Figure2. 5d). New net-deforestation  (F-NF), 

and prolonged non -forestation (NF-NF) appears concentrated on high order interfluves.  

The 5th order interfluve has  12% new deforestation compared to 1st through 4 th order 

interfluves (4 -5% average). Similarly, 5 th order interfluves also have less net-reforestation 

(Figure 2.5d NF-F) (average 29.5%) than 1st-4th order interfluves  (36.9%). 
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Figure 2.5: CZ application process graphs and diagrams of a) pre -

anthropogenic geologic erosion model results with solid line and numbers equal to 

arithmetic average hillshed erosion rates, b) 3D weathering front surface (grey) 

modeled as least compressive stress at 0.5MPa from Moon et. al, 2017 corresponding 

to 2D cross sections ~4 km/s p -wave velocity (modified from St. Clair et. al, 2015) 

below green colored LiDAR point cloud highlighting vegetation and ground surface 

on 1st (top) and 4th (bottom) order interfluves, c) depth distribution of modeled depth 

to weathering front across interfluve orders, and d) land cover, landcover change, and 

ÓÈÕËɯÖÞÕÌÙÚÏÐ×ȭɯ(Õɯ×ÈÕÌÓɯËȺɯɁ%ɂɯÈÕËɯɁ-%ɂɯÙÌÍÌÙɯÛÖɯÓÈÕËɯÊÖÝÌÙɯÚÛÈÛÌÚɯÉÌÐÕÎɯɁÍÖÙÌÚÛÌËɂɯ

ÖÙɯɁÕÖÕ-ÍÖÙÌÚÛÌËɂɯÙÌÚ×ÌÊÛÐÝÌÓàȭ 
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2.4 Discussion 

The interfluve ordering approach presented constitutes a geomorphic landform 

framework that can advance analyses of landscape connectivity by pairing hierarchical 

interfluve -ordering with hillshed landforms. This is accomplished in a manner not 

possible via grid -cell examinations or models of landscapes according slope, elevation, 

or curvature. Ranked hillsheds and interfluve orders capture important patterns and 

ÊÖÕÕÌÊÛÐÖÕÚɯÐÕɯÓÈÕËÚÊÈ×ÌɯÚÛÙÜÊÛÜÙÌȭɯ4ÕËÌÙÚÛÈÕËÐÕÎɯÛÏÌɯËÐÚÛÙÐÉÜÛÐÖÕɯÖÍɯÛÏÌÚÌɯÓÈÕËÍÖÙÔÚɀɯ

areas, elevations, and slopes enhances our ability to link landscape structure to CZ 

function. This is illustrated in three applications of spatial and temporal patterns of soil 

erosion, geophysical weathering, and landcover change. Many other processes such as 

soil formation, groundwater storage and yields, catchment hydrologic r esponses, 

biologic productivity, management sustainability, and even fire behavior are likely 

correlated with the physical attributes of interfluve ordered hillsheds. These processes 

span the disciplines of geomorphology, environmental history and anthropo logy, 

biogeochemistry, geophysics, hydrology, remote sensing, soil science, ecology, and land 

and water management. Interfluve ordering provides a geomorphic organization that 

spans spatial and temporal scales in parallel with those of the critical zone.   

Terrestrial environments are often characterized as having rolling hills or 

topograph ies with uplands dissected by drainage networks (Perron, Kirchner et al. 

2009). Examples of similar topography  include the Interior and Appalachian Plateaus  of 
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North America , the Andean Piedmont and Amazon  basin (Stahl 2015) in South America, 

and the Congo and Yangtze basins of Africa and China. The topographies of these 

regions are not a random occurrence of hills and dales (Maxwell 1870), but have 

organized patterns that result from landform evolution over multi -millennia, shaped by 

weathering, erosion, and conditioned by underlying bedrock, biota, and climate  (Gilbert 

1887, Jenny 1994, Perron, Kirchner et al. 2009). Future terrain analyses of interfluve 

orders will examine landscapes that contrast with those at the ancient, deeply weathered 

Calhoun CZO to further explore the connectedness and functions of interfluve networks.  

Mountainous landscapes, eroding canyon landscapes, those of loessal deposition, and 

other Piedmont landscapes should have landform organization amenable to interfluve 

ordering  and will no doubt  yield results  that contrast with the  structure and function of 

the CCZO Southern Piedmont. 
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3. Micro-Topographic Roughness Analysis (MTRA) 
highlights minimally eroded watersheds in an ancient 
landscape impacted by historic agriculture 

3.1 Introduction 

Light Detection And Ranging (LiDAR) and other remote sensing approaches can 

find, extract, and characterize fine-scale anthropogenic and natural earth surface 

features and environments for many disciplines (James, Watson et al. 2007, Listopad, 

Drake et al. 2011, Pike, Mueller et al. 2012, Maxwell and Strager 2013, Barbosa, 

Melendez-Pastor et al. 2014, Vaglio Laurin, Chen et al. 2014). This frequently involves 

edge-detection or identification of discontinuities in the terrain surface via visual or 

computational means (Brubaker, Myers et al. 2013, Hightower, Butterfield et al. 2014, 

Han, Yang et al. 2016). Spatial variation in the local steepness of slopes has been 

interpreted to be a highly sensitive indicator o f historic erosion at the Calhoun Critical 

Zone Observatory (CCZO) in the South Carolina Piedmont. Severe sheet, rill, and gully 

agricultural erosion disturb, roughen, and scour previously smooth terrain surfaces 

(James, Watson et al. 2007, Brubaker, Myers et al. 2013, Stenberg, Tuukkanen et al. 2016). 

Here we use +Ð# 1ɀÚɯÈÉÐÓÐÛàɯÛÖɯËÌÛÌÊÛɯÍÐÕÌɯÔÌÛÌÙ-scale structure across terrain to locate 

ÈÕËɯÐÚÖÓÈÛÌɯɁÙÌÍÌÙÌÕÊÌɯÞÈÛÌÙÚÏÌËÚɂɯÞÏÌÙÌɯÈÕÛÏÙÖ×ÖÎÌÕÐÊɯÈÎÙÐÊÜÓÛÜÙÈÓɯËÐÚÛÜÙÉÈÕÊÌɯÏÈÚɯ

been minimal or absent (James, Watson et al. 2007, Pike, Mueller et al. 2012, Hightower, 

Butterfield et al. 2014).  
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We conduct this research at the Calhoun CZO, an ancient unglaciated landscape 

in the humid subtropics that has deep and highly weathered soils that were 

biogeomorphically stable and mainly under forest cover prior to the arrival of non -

native peoples to North America (Richter and Markewitz 2001, Bacon, Richter et al. 

2012). High hillslo pe stability, extensive rooting, deep soil profile formation, and forest 

vegetation have result in a landscape with multi -million -year soil residence times 

(Bacon, Richter et al. 2012). High soil stabil ity coupled with a warm and moist climate 

favoring diffusive landform evolution (Gilbert 1887, Jenny 1994) resulted in a smooth 

terrain surface, even on the steepest hillslopes. Because the majority of the Southern 

Piedmont was severely eroded and gullied by  agricultural land uses from the late 1700s 

to the 1930s (Metz 1958, Trimble 2008, Coughlan, Nelson et al. 2017), we attempt to 

remotely identify minimally eroded reference watersheds by locating contiguous areas 

where gullies and associated microtopographic roughness are absent (Brubaker, Myers 

et al. 2013).  Minimally eroded reference watersheds and their hillslopes  are understood 

to have retained a smooth microtopographic surface, which should be characterized by 

having low local variability in slope. Meter -scale variability in local slope steepness, 

rather than absolute steepness in hillslopes, is analyzed because the goal is to exclude 

gullies, gully -edges, old roads and trails, terraces, ruts, drainage ditches, and other 

microtopographic disturbances linked to anthropogenic land management, not just 

steep hillslopes. Local variation in slope is a practical metric for analyzing 
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microtopography (Dikau 1990, MacMillan and Shary 2009, Brubaker, Myers et al. 2013), 

and tools and coding functions are readily available for estimating both terrain slope as 

well as local raster statistics within user -defined variably -sized focal windows in GIS 

and statistical programs (ESRI 2014, Lindsay 2014, Hijmans 2015, Evans 2016, QGIS 

Development Team 2016, R Core Team 2016).  

Though the CCZO landscape is today blanketed by forests, they are almost 

entirely secondary forests. Beneath these forests, areas with higher local variation in 

slope across several meters can be identified and are thought to reflect rougher  terrain 

with evidence of erosive advective water runoff from historic fields. Alternately, low 

local variability in slope should be indicative of smooth, un gullied  terrain .  The resulting 

microtopographic  roughness analysis (MTRA) is used to index the degree of human 

disturbance such that relatively low values of terrain watershed standard deviation of 

slope (measured in degrees) indicate relatively smooth surfaces primarily  shaped 

primarily by diffusion processes that ope rate on geologic time scales. 

3.2 Methods 

3.2.1 Characterization and identification of minimally-eroded 
reference terrain 

To identify minimally disturbed reference watersheds across hundreds to 

thousands of square kilometers, Micro -Topographic Roughness Analysis (MTRA) was 

employed using ArcGIS 10.2.2. The CCZO landscape terrain analysis did not include 

floodplains along major rivers and streams prior to MTRA analyses as these areas are 
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almost all filled with large volumes of legacy sediments deposited from the erode d 

uplands (Hansen 1991, Trimble 2008, James 2013). MTRA was used to calculate the 

standard deviation (SD) of LiDAR -derived terrain slope at 1m 2 resolution within a 7m x 

7m focal window moving across ~117km2 of the publicly -owned CCZO (ESRI 2014, 

USFS 2016). The LiDAR data are publicly available at OpenTopography as a product of 

the Calhoun Critical Zone Observ atory (NCALM 2014) . The MTRA-derived SD(slope) 

analysis of the CCZO landscape varied across a continuum from highly eroded and 

gullied to minimally disturbed.  

In order to characterize minimally -eroded reference terrain, three reference 

hardwood training areas in research areas 2, 4, and 5 (~24ha total) (Figure 1.2), 

previously identified over decades of research in and around the Calhoun Experimental 

Forest (Metz 1958, Richter and Markewitz 1995, Richter and Markewitz 2001, Richter 

and Billings 2015) were compared to adjacent non-reference areas (~34ha total). The 

SD(slope) values of these areas, which did not all encompass discrete geomorphic units 

of watersheds or hillsheds (Brecheisen, Richter et al. 2018), were compared between 

reference vs. non-reference terrain using 1m2 resolution within 7m x 7m f ocal windows 

(Figure 3.1). Based on pooled terrain data, the mean reference SD(slope) value (rounded 

to 2.25°) was used as a cutoff in the search for minimally-eroded reference terrain.  
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Figure 3.1: Pooled 1m2 resolution raster SD(slope) histograms from 7x7 moving 

focal window data from three previously identified reference hardwood (HW) 

locations and adjacent non -reference areas in similar topographic settings. Reference 

HW data presented here was used as training data to determine a conservative cutoff 

by rounding up the HW reference mean value of 2.22°. In this way, across the ~190km 2 

CCZO landscape, only terrain grid cells with SD(slope) < 2.25° were retained in the 

search for new minimally -eroded HW refe rence areas. The HW reference histogram is 

contrasted with pooled data from adjacent non -HW reference areas in similar 

geomorphic settings. Average values are indicated by solid lines and median values 

via dashed lines.  

Potential reference watersheds and hillslopes can be identified by scanning the 

SD(slope)<2.25° raster overlain by contour lines to identify likely reference watersheds, 

or by employing sequential filtering to the SD(slope)<2.25° raster. Candidate areas that 

encompassed entire watersheds were then delineated. Even extremely smooth terrain 

will have greater local slope variation near valley bottoms and hilltops, where terrain 

curvature changes over relatively short distances. In cases where this occurred, these 
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areas were included in final wat ershed delineations even when SD(slope) was greater 

than 2.25°. 

3.2.2 Reference vs random watershed comparisons 

In order to describe the surface roughness of reference watersheds identified via 

MTRA, they were compared to 26 randomly delineated watersheds  across the CCZO 

(Figure 1.2). Random watersheds are considered to represent average Southern 

Piedmont conditions of first -order catchments with more erosive land management over 

the last 200 years. Watershed analysis of SD(slope) as well as historic and contemporary 

landcover were contrasted between the reference vs. random watersheds. Further 

analyses were conducted to ensure that watershed area, slope, and elevation were not 

confounding factors. The randomly selected watersheds were delineated using contour 

and DEM maps across the CCZO landscape. Landcover validation datasets include 

georectified 1933 black and white aerial photography (Brecheisen, Cook et al. 2015), 1m2 

resolution 2014 LiDAR canopy height (NCALM 2014) , and February 20th, 2015 LandSat 8 

red-band data (scene ID: LC80170362015051LGN00) (USGS 2016). 

For each of the individual  reference and randomly selected watersheds, area (ha), 

median elevation (m),  median slope (degrees), average 1933 image brightness, average 

2014 canopy height (m), and average 2015 winter redness were estimated using the 

Raster package (Hijmans 2015) to read watershed shapefiles and SpatialEco (Evans 2016) 

(zonal.stats function) package in R (R Core Team 2016). Mann-Whitney -Wilcox rank -



 

39 

sum tests (wilcoxȭÛÌÚÛɯÍÜÕÊÛÐÖÕɯÐÕɯɁÚÛÈÛÚɂɯ×ÈÊÒÈÎÌȺ were then conducted in R (R Core 

Team 2016) to check for terrain and landcover differences between reference watersheds 

and randomly delineated watersheds .  

3.2.3 Historic landcover data 

In 1933 the U.S. Forest Service conducted aerial photographic surveys of the 

study area which was to become the Enoree District of the Sumter National Forest. This 

imagery, having been georectified and mosaiced previously (Brecheisen, Cook et al. 

2015) black and white aerial photographs of the study area, forests and trees appear dark 

or black and so have lower pixel brightness values than areas with open canopies, sparse 

vegetative cover, or bare agricultural fields. Areas determined to be minimally eroded 

by farming via MTRA hypothetically have low 1933 aerial image brightness compared 

to randomly delineated watersheds as they are expected to have more intact forest 

canopies relative to other portions of th e landscape. Present-day CCZO forests are 

typically pine or mixed deciduous -pine, with much of the post -agricultural forest 

dominated by loblolly pine, Pinus taeda. Reference watersheds identified via MTRA are 

expected to have more deciduous forest cover than randomly delineated watersheds. As 

such, randomly delineated watersheds should absorb more of the red portion of 

photosynthetically active radiation (PAR) in winter months than reference watersheds 

whose deciduous trees will have shed their leaves. Tree age is expected to be lower in 
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randomly delineated watersheds with shorter canopy heights, especially if there was 

timber harvest in the last several decades.  

3.2.4 MTRA sensitivity to terrain raster resolution 

Gully and rill erosion occur on the order of meters in breadth and depth (James, 

Watson et al. 2007) and so terrain raster data of this resolution should perform best f or 

detecting these features. In order to evaluate the sensitivity of the MTRA technique to 

DEM raster resolution, the  reference and randomly delineated  watersheds were re-

analyzed for MTRA SD(slope) at three coarser spatial resolutions: 1.52m, 5m, and 10m. 

Both the 5m and 10m datasets were generated by resampling the 2014 1m2 LiDAR DEM 

using bilinear interpolation with slope calculated in degrees using ArcGIS 10.2.2 (ESRI 

2014). These both underwent MTRA using 3x3 focal windows to capture the finest 

spatial resolution possible of slope variation at 5m and 10m resolutions. To demonstrate 

a robustness in our methods, we compared our analysis of the 2016 high resolution 

LiDAR data with a 1.52m resolution DEM, which was extracted from the statewide 

South Carolina 2008 LiDAR DEM and analyzed using a 5x5 raster cell focal window 

approximately equal in area (7.6m x 7.6m) to the 7x7 focal window used in the 1m 2 

resolution MTRA.  

 



 

41 

3.3 Results 

3.3.1 Identification of minimally-eroded watersheds via MTRA  

Though terrain microtopographic roughness falls along a spectrum from 

extremely rough to smooth, the mean SD(slope) cutoff value of 2.25° from the training 

dataset (Figure 3.1) effectively identified small, minimally disturbed reference 

watersheds amidst a much larger expanse of historically disturbed and gullied terrain 

(Figure 3.2). This was possible as we were able to preferentiall y exclude ~67% of non-

reference terrain while retaining ~62% of potential reference terrain across the CCZO 

landscape (Figure 3.1). The remaining landscape terrain data, with  SD(slope) values less 

than 2.25°, was then analyzed to identify areas encompassing entire watersheds for 

further consideration.  Twelve new minimally eroded reference watersheds were 

identified and delineated within the public lands of the CCZO, totaling ~38ha out of a 

total 11,700ha analyzed. Reference watersheds are comparable with the randomly 

delineated watersheds in median elevation (156.7m SD±7m for reference, 148.0m 

SD±10.2m for randomly delineated) and median slope (Figure 3.2a). The MRTA-

identified reference watersheds were smaller in area (average 2.9ha SD±2ha) but not 

significantly smaller compared to the randomly delineated watersheds (4.5ha SD±3.2ha). 
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Figure 3.2: a) CCZO research area 8 identified at the CCZO via 

microtopographic roughness analysis: a) 2014 LiDAR canopy height terrain surface 

colored with National Agricultural Imagery Program (NAIP) landcover data, b) 2014 

bare earth LiDAR terrain surface with elevation ranging from ~120 -160m, c) 1933 

aerial imagery terrain surface, d) standard deviation of s lope at 1m2 resolution within 

a 7X7 window. 2014 SD(slope) >2.25° is black and SD(slope) <2.25° is white. A cluster 

of minimally impacted reference watersheds (A) are outlined in blue, with dense 

forest landcover in 1933, surrounded by rough gullied terrai n visible in the bare earth 

surface and dark black areas in the SD(slope) panel. This is linked to historic 

agriculture and reduced soil -protecting vegetative cover in the past. These 

surrounding areas are now blanketed by mixed community forest cover domi nated by 

loblolly pine, with increased microtopographic terrain roughness linked to LULC 

histories and a legacy of anthropogenic erosion.  

3.3.2 Landcover analyses of reverence vs. random watersheds 

Landcover analyses showed that MTRA-identified reference watersheds had 

significantly lower aerial image brightness in 1933 than randomly delineated watersheds 

(Figure 3.2c, Figure 3.3b), clearly demonstrating that reference watersheds had higher 

density and more intact deciduous tree canopies nearly 85 years in the past (W=52, p < 

0.05). Considering that these deciduous stands would have likely been many decades 

old, this strongly suggests much more limited agricultural impacts based on history of 
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vegetation cover. Today, the average age of the reference hardwood stands is 108.5 years 

(n= 71 trees cored at breast height) while non-reference trees average 72.8 years (n=211 

trees cored) (t= 6.73, df=89.39, p = 7.9e-10). Moreover, contemporary mean 2014 canopy 

height (W=299, p < 0.05) and mean 2015 winter redness values (W=328, p < 0.05) are both 

significantly higher for reference watersheds than the randomly delineated watersheds , 

indicating predominate deciduous hardwood cover over reference watersheds , with 

older and taller trees (Figure 3.3 c & d).  

 

Figure 3.3: boxplots and Wilcox -tests of reference (n=13) vs. random watershed 

(n=26) comparison: a) median watershed slope, b) mean watershed 1933 image 

br ightness (vegetation is dark, bare earth is bright), c) mean watershed 2014 canopy 

height, and d) mean watershed 2015 winter redness.  
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Plotted together, average canopy brightness of watersheds in 1933 aerial imagery 

and 2015 winter redness data show some overlap between MTRA-identified reference 

and randomly delineated watersheds as forest cover and human activity both vary in 

their nature and intensity (Figure 3.4). Nonetheless, there are statistically significant and 

readily interpretable differences betwe en the historic and contemporary land covers of 

the reference watersheds and the randomly delineated watersheds representative of the 

broader Piedmont (Figure 3.4). 

 

Figure 3.4: scatter plot of watershed ave rage 1933 aerial imagery brightness and 

2015 winter redness from Landsat TM8 with watershed points scaled to their 1.52m 

SD(slope) values with 95%CI ellipses for combined 1933 and 2015 landcover 

variables.  
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3.3.3 MTRA sensitivity to terrain raster resolution 

MTRA DEM sensitivity analysis results indicate that both 1.52m and 5m 

resolution average watershed MTRA values are significantly different between reference 

vs. random watersheds (Figure 3.5). We attribute the ~1° decrease in SD(slope) when 

resolution drop s from 1m to 1.5m to the 1.5m data losing smaller terrain irregularities. 

Additionally, even though the 1.52m resolution focal widow covers a similar spatial  

area, it has fewer raster cell data points (25 cells for 5x5 analysis) and so variation within 

the window is less  than the 1m resolution MTRA results generated from the 49 cells for 

7x7 analysis. This pattern repeats again with still lower SD(slope) values at 5m 

resolution, where reference watershed SD(slope) values are generally similar to 

randomly de lineated watersheds (Figure 3.5).  We attribute this pattern to reduced 

ability to capture features such as rills and gullies at 5m resolution. At 10m resolution, 

watershed-average SD(slope) values increased, likely due to the increasingly large area 

of the window (30m x 30m) that may capture larger -scale topographic changes in slope. 

These include transitions from hilltops, to nose slopes, to toe slopes, to valley bottoms 

and back uphill again in areas with many relatively small first -order interfluves and  

drainages (Brecheisen, Richter et al. 2018). These larger-scale terrain roughness patterns 

appear to be disconnected from erosive land use history, as reference watersheds were 

indistin guishable from random watersheds in the 10m resolution analysis (W=150, 
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p=0.59) (Figure 3.5). This indicates that microtopographic rill and gully terrain features 

are lost at this relatively coarse level of DEM resolution (James, Watson et al. 2007). 

 

Figure 3.5: sensitivity analysis of reference watersheds vs. randomly 

delineated watersheds from: a) 2014 1m DEM, b) 1.52m 2008 DEM, c) 2014 5m DEM, 

and d) 2014 10m DEM comparing watershed -averaged SD(slope) values. 
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3.4 Discussion 

Microtopographic Roughness Analysis (MTR A) conducted via meter -scale 

measurements of slope variability is sensitive to erosional and other disturbance 

characteristics left behind by historic land uses in the geomorphic surfaces of hillslopes. 

Reference watersheds and their hillslopes identified by MTRA not only had minimal 

anthropogenic disturbance, but also had Gaussian diffusion -mediated characteristic 

slope and local SD(slope) distributions (Figure 3.1). These smooth hilltops transition to 

slopes such that the shift from diffusive to advective  flow paths near the base of hills is 

clear as flows accumulate into valleys (Dietrich , Wilson et al. 1992, Fernandes and 

Dietrich 1997). The majority of the CCZO landscape, however, was subjected to erosion-

enhancing agricultural practices that concentrated water flowing off of fields and gullies 

cut towards the tops of hills in many pl aces (Metz 1958, Montgomery and Dietrich 1992, 

Coughlan, Nelson et al. 2017). This resulted in a fundamental shift in microtopography, 

no longer Gaussian in the distribution of  slope or local SD(slope) values, instead being 

strongly right -skewed, with a greater abundance of local terrain slope variability due to 

gully and rill erosion and other anthropogenic structures (Figures 3.1 and 3.2). There is a 

great potential to underst and what magnitude of human impacts are required to shift 

previously stable hillslopes and hilltops by accelerated erosion and what timescales are 

required to regenerate Gaussian microtopographic structure. We suggest the surface of 

this landscape will rem ain altered for many centuries, possibly millennia.  
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The range and magnitude of SD(slope) values characteristic of minimal or highly 

impacted terrain in other landscapes will vary according to the intensity of human 

disturbance, the nature and distribution of the original terrain surface, and DEM 

resolution. Nonetheless, it can be readily calibrated using hillslope or watershed terrain 

training data or adjusted iteratively in exploratory MTRA. Further, MTRA DEM 

sensitivity analyses highlight the great utilit y of high resolution digital elevation data to 

characterize and quantify anthropogenic disturbance across large areas. Remarkably, 1m 

resolution MTRA analysis was best able to differentiate reference watersheds from 

random watersheds and resolutions of 5m or higher would likely be too low to have 

identified such watersheds a priori.  

While historic erosion, 1933 canopy cover characteristics, current forest 

phenology and canopy height, and hardwood stand age all fall along a continuum from 

more to less impacted by human alteration,  some areas fall far toward the minimally -

impacted end of the metrics analyzed. The oldest reference hardwood trees date from 

the 18th and 19th centuries, with the average age being ~110yrs. Such reference forests 

and watersheds are incredibly rare across the Southern Piedmont of the USA. They 

occupy only ~0.3% of the public-owned CCZO landscape and are of high scientific and 

aesthetic value. The discovery of sites such as these and the broader characterization of 

human impact legacies in microtopography is  valuable for study and conservation in the 

fields of environmental archeology (Hightower, Butterfield et al. 2014) , geomorphology  
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(James, Watson et al. 2007), ecology (Barbosa, Melendez-Pastor et al. 2014), pedology 

(Dialynas, Bastola et al. 2016), and other critical zone sciences (Brecheisen, Richter et al. 

2018) around the world.  
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4. Development and deployment of a field-portable O2 
and CO2 gas analyzer and sampler 

4.1 Introduction 

Measurement of soil CO2 fluxes from soil surfaces and, to a lesser extent, 

concentrations within soil profiles  have been utilized for many years and the tools and 

methodologies for their  measurement include field -based manual sampling and 

monitoring , to laboratory analyses, to real-time data-logging capabilities (Davidson and 

Trumbore 1995, Hall, McDowell et al. 2012, Hasenmueller, Jin et al. 2015, Richter and 

Billings 2015, Brantley, DiBiase et al. 2016). We are, however, beginning to recognize a 

great deficit in our understanding of soil respiration when only CO 2 is monitored and 

not O2 as CO2 is much more soluble in water than O2, yet both gasses can be transported 

into and out of systems via groundwater and gas diffusion (Mayorga, Aufdenkampe et 

al. 2005, Johnson, Lehmann et al. 2008, Angert, Yakir et al. 2015). CO2 further undergoes 

a series of equilibrium reactions that enhances its potential for storage and reactive 

transport in soil water (Brantley, Lebedeva et al. 2014, Angert, Yakir et al. 2015, 

Hasenmueller, Jin et al. 2015, Kim, Stinchcomb et al. 2017). Oxygen measurements are 

done infrequently in soil monitoring setups, except in the case where O 2 measurement 

probes are buried in the soil (Silver, Lugo et al. 1999, Liptzin, Silver et al. 2010, Hall, 

McDowell et al. 2012, Angert, Yakir et al. 2015). While there are products on the market 

targeted for portable field use that measure both CO2 and O2 via aspirated flow -through 

analysis, they are prohibitively expensive for many researchers , are often very heavy 
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precluding remote field use in excess of 15kg, and do not include an internal battery 

which may add an additional 10kg or more. Existing products infrequently offer the 

ability to collect of gas samples in the field for laboratory analyses. The field-portable 

gas sampler and analyzer (FPGA) platform described herein is less than 10kg including 

internal battery power , allows for sample collection, and can be constructed from 

materials totaling less than two  thousand USD. 

4.2 Materials & methods 

4.2.1 Design and construction of the FPGA 

The FPGA platform integrates several off-the-shelf components to form a robust 

ÈÕËɯÙÌÓÐÈÉÓÌɯÚàÚÛÌÔɯÍÖÙɯÍÐÌÓËɯËÌ×ÓÖàÔÌÕÛɯÐÕÚÐËÌɯÈɯ/ÌÓÐÊÈÕɚɯModel 1400 case (Figure 4.1). 

At the core are three products around which  everything else operates: a Cole Parmer 

Air -"ÈËÌÛɚɯÝÈÊÜÜÔ-pressure pump (model EW-07532-25), Vaisala GMP 221 CO2 probe 

with GMM220 transmitter module, and an Apogee MO220 O 2 meter (Figure 4.2). The 

Apogee MO220 meter can be ordered with a flow-through head directly, but a flow -

through adapter must be ordered from Vaisala or manufactured by the user . Both 

approaches have worked well in our applications. A generic 7ah 12V battery is used to 

power the Cole-Parmer pump and Vaisala probe, each with dedicated power  control  

switches and is generally able to last for a full day of sampling more than 50 gas wells 

(Figure 4.3) with a fully charged  battery. The Apogee oxygen meter and digital 

voltmeter have internal battery power.  
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Figure 4.1: Frontal view of FPGA closed and ready for transport . 

,ÈÚÛÌÙÍÓÌßɚɯ/ÓÈÛÐÕÜÔɯ3ÜÉÐÕÎɯȹ+ɤ2əɯƖƘȺɯÐÚɯÜÚÌËɯÍÖÙɯÈÓÓɯÊÖÕÕÌÊÛÐÖns inside the 

FPGA due to its tolerance for repeated long-duration bending and flexing without 

forming kinks. Water traps have been fashioned from a variety of vessels and should be 

configured such that inflow enters the bottom of the trap and outflow occurs towards 

the top. A water trap with a volume of 250ml or greater has been sufficient to give users 

ample warning and time to turn off the pump in the event that flooded or saturated soil 

conditions are encountered and water is pumped into the system out of the ground. A 

vacuum gauge with a range of -100 to 0 kPa should be used so that in the event of a 

clogged, kinked, or flooded input line, the user will be alerted to vacuum pressures 

dropping below -20kPa and can shut off power to the pump to avoid stress or damage to 

the pump and avoid overfilling the water trap if soils are saturated  with water .  
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Figure 4.2: a) annotated FPGA components as seen during field deployment b) 

closeup view of hypodermic needl e used to fill gas sample collection bags, c) 

plumbing diagram of the FPGA indicating flow directions through different 

components of the FPGA for regular use as well as water -trap evacuation . Numbered 

3-way valvÌÚɯÞÐÛÏɯɁ\ɂɯÚàÔÉÖÓÖÎàɯÐÕËÐÊÈÛÌ the closed li ne during normal use. d) 

Circuitry  wiring  diagram for the FPGA.  See Appendix B  for itemized  parts list.  
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Upon flowing through and past the Vaisala and Apogee meters, gas passes 

through a 1-way check-valve to ensure that no backward flow or diffusion of 

aboveground air is possible during the flushing stage of analysis and sampling. 

Numbered 3-way valves are used to direct and control air flow pathways as necessary 

for flow -through gas analysis, circulating gas analysis, and sample collection via 

hypodermic 26ga needle. It is also possible to reverse the flow direction of pumped air in 

order to empty the water trap if water is drawn in during use (Figure 4.2b). A short 

segment of 6.35mm outer diameter bev-a-ÓÐÕÌɚɯtubing is inserted into the end of the 

,ÈÚÛÌÙÍÓÌßɚɯÛÜÉÐÕÎɯÈÍÛÌÙɯÝÈÓÝÌɯƚɯÈÕËɯÊÖÕÕÌÊÛÌËɯÛÖɯÈɯ)ÈÊÖɯƚȭƗƙÔÔɯÐÕÕÌÙ-diameter nylon 

bulk -head junction for connection to the gas-well outlet port. Though the particular 

design and installation of buried soil gas wells or other sampling points does not 

directly influence the design of the FPGA, we have found that 750ml volume PVC 

chambers open on the bottom and buried vertically in the soil with bev -a-ÓÐÕÌɚɯÛÜÉÐÕÎɯ

entering from the top and running to the soil surface in a closed loop with plastic Jaco 

6.35mm inner-diameter nylon union fittings function very well with this setup  (Figure 

4.3).  

4.2.2 FPGA field deployment 

%ÖÜÙɯ%/& ɀÚɯȹ%ÐÎÜÙÌɯ4.1) have been constructed over the last 3 years and have 

been used to monitor soil O2 and CO2 dynamics in the Southern Piedmont of the US as 

well as the eastern foothills of the Pfälzerwald mountains located in southwestern 
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Germany. Most measurements are confined to the upper 5m of soil (Figure 4.3), though 

extend down to 8.5m in two US plot locations and further to 10m in one plot location in 

Germany which have been sampled successfully during periods when the ground water 

table was below those depths. Gasses are sampled and analyzed from buried PVC soil 

gas wells with bev -a-ÓÐÕÌɚɯÛÜÉÐÕÎɯÙÜÕÕÐÕÎɯÛÖɯÛÏÌ soil surface and connected to the 

FPGA using Jaco nylon unions (Figure 4.3). This procedure has worked well in a variety 

of remote field settings including agricultural fields, managed timber pine forests, 

natural hardwood forests, and vineyards.  

 

Figure 4.3:  a) Field installation diagram of soil gas wells and b) PVC -

constructed gas well (left) and soil incubation chamber (right) . 



 

56 

Oxygen, carbon dioxide, and optional aboveground atmospheric temperature 

data are recorded manually using field notebooks and datasheets in the current FPGA 

platform and entered into spreadsheets upon return from the field. Field measurements 

of O2 and CO2 made by:  

1) powering on the CO2 and O2 meters (switch 2) and running the pu mp (switch 

1) for 30-45 seconds with nothing attached to the FPGA intake and outflow ports . This is 

done to calibrate the Apogee oxygen meter to ambient atmospheric conditions taken to 

be 20.95% O2 (Figure 4.2a, 4.2c, 4.2d). Vaisala recommends a 1-minute w arm-up period 

for the CO2 sensor to stabilize. The CO2 probe should return an analog voltage signal 

read via a voltmeter (Figure 4.2a, 4.2b, 4.2d) translating to approximately 0.04% CO2. 

Exact analog voltage signals reported by the GMM220 series component board vary 

depending on the configuration ordered from Vaisala. Specific voltage multipliers (e.g. if 

1V=2% CO2, %CO2=2*Vanalog) may be required depending on requested specifications. A 

direct 1V=1% CO2 or 0.1V=1%CO2 is a convenient configuration for  data collection.  

2) Connect the gas reservoir lines to the intake and outflow ports.  

3) Flush the FPGA system with 1L or more of soil gas (~45 seconds) to saturate 

the entire system volume with soil atmosphere having valve 6 closed towards the gas-

well outle t port and open to the free-air outlet port (Figure 4.2a, 4.2d).  
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4) Optionally collect  a sample for laboratory analysis by turning valve 4 to needle 

ÖÜÛÍÓÖÞɯȹÝÈÓÝÌɯƘɯɁÖÍÍɂɯÚÏÖÜÓËɯÉÌɯ×ÖÐÕÛÐÕÎɯÛÖÞÈÙËÚɯÛÏÌɯ".2 probe line) (Figure 4.2a, 4.2b, 

4.2c).  

51*) for non-circulating gas measurement, turn off power to the pump using 

switch 1 (Figure 4.2a, 4.2d) and record the maximum concentration value observed for 

both CO2 and O2 within 1 minute.  There is a protective PTFE sleeve inside the outer shell 

of the GMP221 CO2 probes which protects and shields the NDIR sensor, but it also 

slightly delays equilibration of pumped soil gas after flushing the system . Because of 

this, it is typical  to observe a gradual increase in reported CO2 concentration to a peak 

typically followed by a gradual decline in CO 2 concentration. This pattern assumes gas 

well sampling progresses from soils with lower CO 2 concentrations (e.g. shallow soil 

depth) to higher CO2 concentrations (e.g. deeper soil depths).  

52*) If it is necessary to evacuate a smaller volume of gas from the soil gas 

reservoir and surrounding soil volume (Figure 4.3a, 4.3b), the user may limit step 2 to 

flushing the system for a shorter period of time (at least 10 seconds is necessary to flush 

the water trap, pump, tu bing, and probe volumes) and then close valve 6 towards the 

free-air outlet port and opening it towards the gas -well outlet port  for circulatory gas 

analysis. We have observed an apparent dilution effect of up to 0.1-0.2% CO2 decrease 

using this gas circulating methodology and so prefer the 51* procedure. Procedure 52* is 
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often necessary, however, when sampling low diffusivity saprolite or soils with high 

clay content when partially saturated  with water .   

6) Proceed to measuring/sampling the next gas well in the plot. It is not necessary 

to recalibrate the O2 meter after every gas well measurement, but it should be 

recalibrated after every ~5th soil gas measurement. It is not necessary to flush the system 

with atmospheric air after each gas well measurement unless the user is using a very 

brief flushing period as in circulating analysis in *5 2, in which case it is advisable to flush 

with aboveground atmospheric air between samples to ensure there is no well -to-well 

measurement bias. An example of this would be if a gas well with high CO 2 (e.g. >5%) 

was measured immediately before a gas well with low CO 2 concentration (e.g. <0.5%). 

After the final measurement and sampling is complete at a site, and if the time until the 

next measurement will be taken is more than 10 minutes, it is recommended to turn off 

power to the Vaisala GMM220 (switch 2) until the next sampling as it will draw down 

battery power considerably if left turned on consistently.     

In addition to on -site field gas analysis, the FPGA can collect samples in the field 

for laboratory  gas chromatography analyses of gasses such as methane, nitrous oxide, 

and others as well as bench-top isotopic analyses (Figure 4.2b, 4.2c). This is 

accomplished with inflatable sample bags made of foil and plastic  material  ÖÙɯ3ËÌÓÈÙɚɯ

with 100ml or more  sample volume  which have a septum punctured and inflated using 

a 26-gauge hypodermic needle on valve 4. For analyses or schedules requiring samples 
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to be stored for periods longer than a few days, it is recommended to transfer gas 

samples from sample bags into evacuated glass vials using a closeable syringe to 

minimize potential ËÐÍÍÜÚÐÖÕɯÖÍɯÚÈÔ×ÓÌËɯÎÈÚÌÚɯÛÏÙÖÜÎÏɯÚÈÔ×ÓÌɯÉÈÎÚȭɯ%/& ɀÚɯÏÈÝÌɯ

further been developed for bench-top laboratory applications for soil incubation 

experimental analyses targeting aerobic respiration rates (Figure 4.3b) using small 

circulating hand pumps widely available such as ÛÏÖÚÌɯÖÍÍÌÙÌËɯÉàɯ,ÐÛàÝÈÊɚȭɯ(ÕÊÜÉÈÛÐÖÕɯ

experiments have been conducted on soils simulating terra-formation studies with Deep 

Space Ecology LLC as well as sediment carbon quality incubation experiments in the 

Duke University Wetland Center. FPGA measurements of soil gas concentration data 

from forests and agricultural fields as well as data generated from gas samples collected 

and analyzed for isotopes of 18O in CO2 and O2 as well as 13C and 14C in CO2 at the 

Calhoun CZO are in two manuscripts currently under review (Billings, Hirmas et al. 

2018, Cherkinsky, Brecheisen et al. 2018). 

4.2.3 Measurement validation, data plotting, and calculation of 
Apparent Respiratory Quotient (ARQ) 

Data analysis and plotting outlined herein was conducted us ing R statistical 

software (R Core Team 2016) and the fields package (Nychka, Furrer et al. 2016). 

Comparison and data quality analyses were conducted via the collection of field 

samples for every belowground soil CO 2 measurement conducted over more than 2 

years of analysis via laboratory GC analyses. Agreement between field CO2 

measurements and laboratory GC CO2 measurements was accomplished via linear 
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regression in R (R Core Team 2016) whereby a very high R 2, a slope approximately equal 

to 1, and an intercept of approximately 0 indicate equivalence between measurement 

techniques. Both O2 and CO2 measurement accuracy of the FPGA were periodically 

tested using standard gasses in the lab. One Apogee MO120 meter was replaced in early 

2016 when it was discovered that standard gasses below 15% O2 were consistently 

reported lower than their true value. Because periodic testing of the FPGA caught this 

problem quickly and O 2 measurements below 15% are infrequent, this is not believed to 

have significantly  affected data measurements from this period. 

Timeseries datasets of gas concentrations measured across multiple depths can 

be plotted and interpreted using heatmap plots (Johnson, Lehmann et al. 2008, Richter 

and Billings 2015). There are many ways to accomplish this in statistical or mathematical 

ÚÖÍÛÞÈÙÌɯÌÕÝÐÙÖÕÔÌÕÛÚȮɯÛÏÖÚÌɯ×ÙÌÚÌÕÛÌËɯÏÌÙÌɯÈÙÌɯÎÌÕÌÙÈÛÌËɯÜÚÐÕÎɯÛÏÌɯɁÍÐÌÓËÚɂɯ×ÈÊÒÈÎÌɯÐÕɯ

R (Nychka, Furrer et al. 2016, R Core Team 2016) using the Krig function ( covariance= 

Ɂ,ÈÛÌÙÕɂȮɯÛÏÌÛÈǻƕƔȮɯÚÔÖÖÛÏÕÌÚÚǻƕȺɯÍÖÙɯÒÙÐÎÐÕÎɯÐÕÛÌÙ×ÖÓÈÛÐÖÕɯÖÍɯÛÏÌɯ9-axis gas 

concentration values which are colored in the heatmaps. The Krig object can be plotted 

for quality assurance that the interpolated values are in agreement with the or iginal 

data. Soil sampling depth is plotted on the y-axis and date is plotted along the x-axis. 

Date was converted to a consecutive integer format and scaled to be of similar range to 

values in the y and z axes (~0-10) prior to kriging. After k riging, the surface plotting 
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ÍÜÕÊÛÐÖÕɯÞÈÚɯÜÚÌËɯÞÐÛÏɯÛà×Ìǻɂ"ɂɯÐÕɯÖÙËÌÙɯÛÖɯ×ÓÖÛɯÊÖÕÛÖÜÙɯÓÐÕÌÚɯÐÕɯÈËËÐÛÐÖÕɯÛÖɯÊÖÓÖÙÌËɯ

heatmap plotting.  

 While both O 2 and CO2 timeseries concentration data are very valuable 

individually, they can be integrated through the calculation of the Apparent Respiratory 

Quotient (ARQ) which is calculated as the increase in soil CO2 concentrations above 

ambient atmospheric conditions (0.04%) divided by the reduction in soil O 2 below 

ambient atmospheric conditions (20.95%) and then multiplied by a d iffusivity coefficient 

(0.76) (Angert, Yakir et al. 2015). The equation is thus: 

ARQsoil ǻɯƔȭƛƚɖȹͅ".2ɤͅ.2) 

The soil ARQ will tend to equal approximately 1 assuming a carbohydrate 

substrate for autotrophic and heterotrophic respiration (Masiello, Gallagher et al. 2008) 

and also assuming no other biotic or abiotic  sources or sinks for either O2 or CO2 in the 

ecosystem. Both of these assumptions are frequently violated (Angert, Yakir et al. 2015) 

which makes the ARQ a valuable tool for linking soil gas dynamics to soil organic 

matter quality, soil moisture and infiltrating precipitation, and the nature of weatherable 

redox-active soil minerals.  

4.3 Results and discussion 

4.3.1 FPGA platform validation 

Four FPGAs have been deployed to date requiring less than $2,000 each in 

materials. They have proven to be practical for field use in rugged terrain . Over 1600 gas 



 

62 

samples were measured by FPGA and by gas chromatograph in the laboratory and a 

linear regression of the CO2 estimated in lab and field has a slope of 1.017, an intercept of 

-0.033, and an R2 of 0.956.  The range of CO2 concentrations in the regression were from 

0.25 to 7.75% CO2.    

 

Figure 4.4: Carbon dioxide measurement comparison between FPGA and 

laboratory gas chromatography . 

4.3.2 Temporal observations and ARQ 

Plotted as a timeseries, seasonal dynamics of soil respiration are prominent  

under replicated hardwood forest soils in both the accumulation of CO 2 and the decline 

of O2 during warmer spring and summer months with the pattern r eversing in the fall 
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and winter (Figure 4.5). Apparent in the timeseries when plotted alongside publicly -

available precipitation data is an apparent decline in soil CO 2 concentrations during high 

precipitation time periods which is not reflected by an incr ease in O2. This deviation 

from a 1:1 tradeoff between the two gasses is presumably due to CO2ɀÚɯÎÙÌÈÛÌÙɯÚÖÓÜÉÐÓÐÛà 

in water  than O2 and a subsequent series of chemical equilibrium reactions generating 

carbonic acid and bicarbonate (Mayorga, Aufdenkampe et al. 2005, Johnson, Lehmann et 

al. 2008, Angert, Yakir et al. 2015).  

 

Figure 4.5: timeseries heatmap plotting of (top) FPGA -measured CO2 and O2 

averaged across three replicate hardwood forests and (bottom) FPGA -measured 

aboveground temperature and NOAA precipitation. Precipitation data was generated 

at a local NOAA weather station in nearby Spartanburg, S C. Time is on the x -axis on 

all plots while redder colors indicate higher CO2 and O2 and bluer colors are lower 

for each. Black points correspond to mean daytime temperature during the course of 

sampling in the field and grey bars indicate total daily prec ipitation.  

This deviation from the 1:1 gas ratio of CO2 gain and O2 loss can be quantified 

through the calculation of the ARQ which is used to color points in a scatterplot of 

observed CO2 and O2 data in Figure 4.6. This suggests that the FPGA has high potential 

to enhance field observations and monitoring of the consumption, production, and 
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transport of metabolic gasses. Because ARQ is a function of the deviation of measured 

soil atmosphere from ambient aboveground atmospheric concentrations of O 2=20.95% 

and CO2=0.04%, ARQ calculations from gasses which are very close to ambient 

concentration in either CO2 or O2 can be easily skewed by small inaccuracies. A 

measurement error of ±0.1% CO2 is proportionately much greater if the true 

concentration is 1.1% as compared to 5.1%. Because of this and for illustrative purposes, 

the plotted ARQ values in Figure 4.6 are plotted with ARQ values below the 2.5 nd 

quartile and above the 97.5th quartile omitted.  

 

Figure 4.6: Scatterplot of FPGA -measured CO2 and O2 colored according to 

their Apparent Respiratory Quotient values. ARQ values indicate that the apparent 

consumption of O 2 is not always balanced 1:1 by observed CO 2 concentrations in soil 
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profiles.  This indicates significant (a)biotic interactions for either or both of these 

gasses are present in the systems being monitored.  

4.3.3 Potential for innovation, improvement, and future development 
of FPGA platform 

While current FPGAs are robust and function re liably in their operation, they are 

unrefined in their use of separate screens for monitoring and data collection of O 2 and 

CO2 data. Further, the use of a voltmeter for the monitoring of CO 2 analog data and data 

collection via manual writing of data measu rements indicate a need for electronic data 

recording . We are currently developing means to directly interface CO 2 and O2 probes 

ÞÐÛÏɯ1ÈÚ×ÉÌÙÙàɯ×ÐɚɯÔÐÊÙÖÊÖÔ×ÜÛÌÙÚɯÈÕËɯÛÖÜÊÏÚÊÙÌÌÕɯgraphical user interface for on-

demand recalibration and operation of the FPGA platform as well as automatic 

calculation of soil ARQ and data export to .csv file. An additional area of development is 

the configuration of the FPGA for use in measuring CO 2 fluxes from the soil surface. We 

are also committed to enhancing the expansibility and modularity of the FPGA platform 

and receiving feedback from the scientific community on how we can further develop 

and enhance the utility of these devices into the future.   
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5. Beneath a blanket of green: shallow and deep 
legacies of landuse in old-field secondary forests 

5.1 Introduction 

5.1.1 Overview of Southeastern Piedmont landuse history 

This investigation seeks to quantify the below -ground effects of ~80 years of old-

field succession at the Calhoun Critical Zone Observatory (CCZO) (Figure 5.1). The 

Calhoun Critical Zone Observatory (CCZO) is located in the Sumter National Forest in 

South Carolina, a region with deep and highly weathered Ultisol soils  millions of years 

old (Bacon, Richter et al. 2012). It lies in one of the most highly degraded and 

impoverished regions of the US with the Southeastern Piedmont soils having lost much 

of their surface horizons to 200+ years of erosive ante- and post-bellum  plantation 

agriculture  (Richter and Markewitz 2001, Coughlan, Nelson et al. 2017). Hardwood 

forests were cleared from nearly all arable land, even expanding into marginal areas 

(Hansen 1991, Richter and Markewitz 2001). Farmers and workers expanded cultivation 

onto steeper slopes as fields eroded and lost fertility in the face of repeated plowing. 

This resulted in the destruction and alteration of many physical structural soil 

characteristics including the loss of macropores (soil pores >0.075mm dia.) (Schaetzl and 

Anderson 2005, Luo, Lin et al. 2010), reduced soil aggregate stability and enhanced 

erosivity in a region with high precipitation (Krishnaswamy and Richter 2002, Bin and 

Xin-Hua 2006, Duchicela, Sullivan et al. 2013, Devine, Markewitz et al. 2014), and 
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general soil compaction resulting in increased soil bulk density (Richter and Markewitz 

2001, Krishnaswamy and Richter 2002, Strickland, Callaham et al. 2010).  

Greatly accelerated erosion across the Southeastern Piedmont (Hansen 1991, 

Trimble 2008) forced debt-ridden farmers to sell their lands to the US Forest Service 

which was then establishing the Sumter National Forest in northern South Carolina. 

With  the collapse of plantation agriculture, reforestation spread across the Sumter 

National Forest and, more generally, across the entire Southern Piedmont region of the 

United States. Planted and naturally -seeded forests dominated by loblolly pine ( Pinus 

taeda) reclaimed the landscape. Many of th ese secondary forests are now on the order of 

60-80 years old having reduced the rate of gross soil erosion (Richter and Markewitz  

2001). Different measurements within the soil environment are explored to quantify the 

vertical propagation of forest regeneration fronts downward into soil profiles.  

The soil profiles across landuse history replicates are of the Ultisol order with 

wel l-developed Bt-horizons enriched in clay content in upland environments (Figure 

5.2). Soil texture (Figure 5.2) plotted from published data at the CCZO (Heine 2018) 

indicate greatest depth to maximum clay content under hardwood forest and the 

shallowest depth to peak clay content under cultivated agricultural fields with old -field 

pine forests being intermediate. This is presumably due to greater vertical topsoil 

erosion under the persistently cultivated field complex and a legacy of erosion in  old-

field pine forests. 
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Figure 5.1: Overview of landuse and landcover transitions in the SE US A) pre -

European contact hardwood (HW) forests which were converted to B) plowed 

agricultural plantations (CF) which were C) severely eroded before being D) 

abandoned and re-colonized by Loblolly Pine forests (OF).  

5.1.2 Reference hardwood vs. old-field forest vegetation comparison 

Old -field secondary forests are considered to be in a transition-stage with tall 

mature loblolly pine ( P. taeda) forming the emergent canopy with an incipient hardwood 

understory developing (Figure 5.2) (Peet and Christensen 1980, Xi and Peet 2011, 

Christensen 2014). Reference hardwood forests, despite having had minimal 

anthropogenic erosive impacts as discussed in chapter 3, were not free of human 

landuse. These areas were frequently grazed and selectively logged for timber and 

firewood  (Richter and Markewitz 2001) . Nonetheless, the trees in these reference 










































































































































