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Introduction and setting:
	Quantifying natural, or background rates of sediment generation and landscape erosion is imperative to the design and implementation of realistic resource management strategies.  In contrast to these background process rates, human activities, such as landclearance for agriculture, can dramatically elevate the pace at which sediments move across hillslopes and into river systems (e.g. Hooke, 1994, 2000).  Traditional approaches used to quantify the mass of sediment moving through fluvial systems, such as contemporary sediment yield data, often fall short of capturing natural rates of erosion due to their limited duration and the underlying assumption that such records reflect the undisturbed sediment load of rivers (Meade, 1969; Trimble and Crosson, 2000; Wolman and Miller, 1960; Kirchner et al., 2001).
	Trimble’s investigation of erosion along the southern Appalachian Piedmont demonstrated the errors associated with inferring rates of regional denudation from the present mass of sediment carried by large rivers draining continental landmasses (Trimble, 1977).  By contrasting the degree of soil truncation resulting from cotton and tobacco production during peak agricultural use around the turn of the century with the sediment yields recorded at the Piedmont-Coastal Plain transition for 10 large-scale (104 – 105 km2) catchments (Figure 1), Trimble clearly established the discordance of hillslope erosion and sediment yields in large, low-gradient river systems.  At the time, these findings challenged the long-held assumption that the mass of material eroded from hillslopes was in equilibrium with the mass of sediment carried by rivers, an assumption of landscape steady state (e.g. Judson and Ritter, 1964; Menard, 1961; Dole and Stabler, 1909).  While Trimble’s argument was compelling and consistent with those of many others (e.g. Meade, 1969; Anhert, 1970; Walling, 1983) as well as unsettling, at the time there were no techniques capable of reliably quantifying background rates of erosion.  In the absence of this information, there was no way to quantify the degree to which human landuse practices during the peak agricultural period increased erosion above natural, background rates.
	Here, we present new in situ cosmogenic 10Be data (n=24) and use those data to infer natural drainage basin erosion rates from the same low-gradient southern Appalachian Piedmont catchments studied by Trimble (1977).   These data allow us to quantify the erosive effects of human landuse practices and compare erosion rates calculated from sediment yields to long-term, background 10Be rates of erosion.  The region has a profound and well-documented history of landscape disturbance resulting from land clearance for agriculture over the past several centuries (Dole and Stabler, 1909; Meade, 1969; Wolman, 1967; Costa, 1975; Trimble, 1977; Walter and Merritts, 2008).  Consequently, our 10Be result provide a rare opportunity to compare directly background rates of denudation to estimate of human-induced erosion based on contemporary sediment yield data and measurements of upland erosion.  These comparisons elucidate both the value of establishing “natural” rates of erosion as well as the potential pit-falls of inferring rates of denudation from contemporary methods of erosion rate measurements in humid, temperate environments such as the Appalachian Piedmont.
	Concentrations of in situ-produced 10Be measured in fluvial sediments can be used to estimate spatially averaged, millennial-scale rates of sediment production and landscape erosion (Bierman and Steig, 1996; Brown et al., 1995; Granger et al., 1996).  The concentration of 10Be is homogenized in the upper ~1m of Earth’s surface as hillslope materials are stirred by bioturbation (Jungers, et al., 2009) making erosion rate estimates insensitive to all but the most deeply penetrating forms of mass wasting (Niemi, 2005).  Thus, in most instances, erosion rates modeled from 10Be measurements still record the isotopic signature of a longer-term (103 – 106 years) exposure and erosion history than the post-colonial era, and constitute a useful metric for comparison to human-induced rates of erosion (von Blackenburg et al., 2004).

Study Site:
	The broad low-slope southern Piedmont region of the Appalachian Mountains (Figure 1), with its subdued topography, humid temperate climate, and rich soils was subjected to intensive European agricultural practices beginning in the 1700’s (Trimble, 1974).  The headwaters of the most large catchments (10,000’s km2) draining the Piedmont originate inland in the much higher slope Blue Ridge province.  Prior to settlement, much of the sediment traveling through the Piedmont drainages originated from infrequent but geomorphically significant mass movements in the upstream regions (e.g. Neary, 1986).  Beginning in the 1700’s and peaking in the early 1900’s, extensive clearance for cotton and tobacco production increased dramatically resulting in widespread erosion of Piedmont hillslopes (average erosion depth of ~180 mm; Trimble, 1977) and aggradation of river channels, valley bottoms, and toe slopes (Meade, 1974; Trimble, 1974 and 1977; Costa, 1975; Phillips, 1992).
	Hillslope erosion and fluvial sediment transport during the time of intensive Piedmont agriculture were largely disconnected.  For example, the degree of soil truncation in the ten studied basins (Trimble, 1975 and 1977) suggested an area-weighted erosion rate of ~950 m/My.  In contrast, the area-weighted sediment-yield-derived erosion rates (~53 m/My) at the river outlets reflected a sediment delivery ratio (Walling, 1983) of only ~6 percent (Figure 2).  Much of the hillslope soil eroded during the peak agricultural period is stored as alluvial and colluvial deposits along these low-gradient Piedmont river and valley systems (e.g. Meade and Trimble, 1974; Trimble 1977; Walters and Merritts, 2008).
In the decades following the early 1900’s, substantial reductions in the mass of sediment carried by these southern Piedmont rivers were largely the result of Soil Conservation efforts and the construction of hydroelectric dam reservoirs (e.g. Meade and Trimble, 1974).  While the sediment yield data used to infer denudation rates here are short in duration (~1 year; Dole, 1909; Dole and Stabler, 1909), they presumably provide a reasonable estimate of the peak rate of sediment output from these ten large drainages during peak agriculture (Trimble, 1977).  Deposition of sediment in the Lloyd Shoals Reservoir, completed in 1910 along a tributary of the Ocmulgee River in GA, between 1910 and 1934 infers an erosion rate of ~73 m/My (Meade and Trimble, 1974), in fairly good agreement with the average rate of ~53 m/My for the entire study area in 1909.  Between 1967 and 1972, following extensive soil conservation improvements within the watershed, sediment deposition in the reservoir dropped by nearly 7 fold inferring an erosion rate of ~10 m/My.  While the findings from this one focused study are encouraging, they tell us little of the larger-scale spatial distribution of the degree to which agricultural practices elevated erosion rates above natural rates.

Sampling methods:  (all lab methods are currently nested in data table footnotes).
In December 2006 and June 2008, we returned to the ten Southern Piedmont drainages studied by Trimble.  We collected and field sieved samples of active channel sediment or recent overbank deposits to a grain size fraction of 1000-250 µg for in situ 10Be analysis.  To compare human-induced rates of erosion presented by Trimble (1977) to our 10Be background rates, we (1) sampled the outlets of the 10 Piedmont drainages (n=10) for comparison to post-colonial erosion rates and sediment yields, (2) sampled the higher-slope Blue Ridge portions of many of the same basins (n=8) to investigate the influence of slope at large spatial scales, and (3) sampled approximately mid-way down several of the trunk streams (n=6) to determine if sediments mix predictably downstream.  Our sampling approach allows for a three-tiered spatial and temporal comparison of erosion along the southern Appalachian Piedmont.  Resampling the basin outlets provides insight into the difference between human-induced and background erosion rates through time, while the spatial extent covered by the study area allows us to consider differences in erosion rates from north to south along the range.  Sampling down the trunk streams provides us the ability to detect spatial differences in erosion within several of the ten large basins.

Results discussion and conclusions:
	Big picture findings:
Our 10Be analyses indicate that the more steeply sloping Blue Ridge portions of the 8 basins sampled naturally eroded faster than the lower slope Piedmont-dominated outlets of the 10 basins (13.4 vs. 8.8 m/My respectively; Figure 3; Table 1 (supp. mat.)).  Samples collected from mid-way down the trunk streams (n=6) suggest that, at large spatial scales (102 to 104 km2), sediments mix predictably as they travel from higher-slope headwater regions to their Piedmont outlets (Figure 3).  While Trimble’s work did not parse human-induced rates of either hillslope erosion or sediment-yield-derived erosion from different parts of each basin, our 10Be erosion rates suggest that under pre-colonial conditions, the higher-slope Blue Ridge portions of the landscape naturally erode more quickly over millennial time-scales; a finding suggestive of theories of landscape evolution posited by Hack (e.g. 1960; 1975).  
When compared to the data compilation presented in Trimble (1977), the true extent of landscape disturbance during the peak agricultural period becomes evident.  Our results suggest that during peak agricultural disturbance in the early 1900’s, aerially averaged rates of hillslope erosion (~950 m/My) exceeded 10Be-derived background erosion rates (~9 m/My) by more than a hundred fold (Figure 2; Table 1 supp. mat.).  Even with an aerially averaged sediment delivery ratio of only ~6 percent (Trimble, 1977), streams were yielding nearly 6 times their normal, or “equilibrium” sediment mass due to land clearance (Meade, 1969).  These findings unequivocally demonstrate the devastating effects that human landuse practices have had on natural systems of sediment generation and erosion along the southern Appalachian Piedmont; a condition that has been studied extensively world wide, yet rarely quantified (e.g. Hicks, 2000; Gomez, 2003; Kirchner et al., 2001; Syvitski et al., 2005).   
Spatial and temporal patterning of erosion:
Taken as a whole, the three datasets show a remarkably similar pattern between background and human-induced erosion rates across the nearly 100,000 km2 study area (Figure 2).  We can draw several first-order conclusions about erosion through time for all 10 basins; (1) during peak agriculture, human-induced landclearance effectively elevated rates of hillslope erosion by more than 100 fold, (2) the rivers of the southern Piedmont were unable to transport the entire load of sediment fed to them from eroding hillsides.  When compared to our aerially averaged 10Be background erosion rates (~9 m/My), sediment-yield derived erosion rates (~53 m/My) suggest that landclearance caused only a 6 fold increase in erosion.  Clearly a large proportion of the eroded material remained on the landscape.  While the exact differences between peak agricultural hillslope and sediment load inferred erosion rates, and our 10Be background erosion rates vary to some degree from the north to the south, the similarity in pattern from basin to basin provides strong evidence that the effects of human landuse practices were felt system wide across the entire southern Piedmont.
Sources and sinks:
With the discrepancy between rates of hillslope and sediment-yield-derived rates of erosion suggesting a sediment delivery ratio (Walling, 1983) of only ~6 percent, much of the sediment loosed during peak agriculture went into to storage across the landscape (Trimble, 1977; Meade, 1982).  Presumably, over time, these legacy sediments relict of past erosional disturbances will work their way out of fluvial systems draining the Piedmont (e.g. Walter and Merritts, 2008).  As a consequence, the load of sediment carried by many tributary and trunk streams will remain elevated (Phillips, 2003).  Further complicating these systems lags, most piedmont drainages harbor any number of hydroelectric dams with sediment trap efficiencies of up to 95 percent (Brune, 1953).  Thick sediment deposits within the dam reservoirs will likely remain trapped on the landscape for the lifespan of the hydroelectric stations (Trimble, 1977).
Utility of 10Be for land management:
The greatest utility of 10Be background erosion rates is that they provide the context from which to assess nearly all other measures of erosion germane to the human timescale.  Understanding what constitutes “natural” rates of erosion in any region is prerequisite to designing realistic landscape management strategies.  In the case of the southern Appalachian Piedmont, Trimble’s work and that of others clearly demonstrated that in the face of human-induced landscape disturbance, hillslope erosion is dislocated from the mass of sediment carried by fluvial systems.  While these findings established the dangers inherent in inferring erosion rates from sediment yields, they were incapable of providing any information concerning background erosion rates or the ability to quantify to degree of landscape disturbance.  
Due to effective soil conservation measures across the southern Appalachian Piedmont in the mid 1900’s, sediment yields in many tributary streams have indeed been substantially reduced (Meade and Trimble, 1974).  The 7 fold decrease in sediment deposition rates in the Lloyd Shoals Reservoir following soil conservation improvements discussed above demonstrates the importance and effectiveness of landscape management.  However, prior to our work with 10Be, no method was capable of determining just how effective.  While the scales are vastly different, work from this reservoir study infer an erosion rate of ~10 m/My, in good agreement with our average rate of background erosion of ~9 m/My across the entire study region.  
Due to the large size of the drainage basins presented in this study, our data constitute a wide-angle view of the degree to which peak agriculture elevated erosion rates above background. 10Be erosion rate studies can also be conducted at smaller spatial scales to investigate the variability in background erosion across a region for the purpose of generating targeted management strategies, or to inform TMDL levels in managed watersheds (e.g. Mukundan, 2011).  NEED ONE FINAL WRAP UP SENTENCE…OR A REDO OF THIS GRAPH.
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Figure Captions:

Figure 1 - Location map of the Southern Appalachian Piedmont field area along the southeastern seaboard of the United States.  River basins 1 through 10 are the same basins studied and presented in Trimble (1977).  “Blue Ridge,” “Mid-basin,” and “Outlet” denote the locations of insitu 10Be sample sites within each large-scale catchment.  Figure modified from Figure 1 in Trimble (1977).

Figure 2 – Summary of all erosion rates for large-scale catchments presented and discussed in this paper.  Refer to figure 1 for the location of each of the ten catchments.  Dark and light grey bars are from data presented in Trimble (1977).  Black bars represent insitu 10Be background erosion rate estimates.  

Figure 2 – Mean basin slope – erosion rate relationships for all insitu 10Be samples presented in this study.



[image: ]



[image: ]






[image: ]















[bookmark: _GoBack][image: ]


16

image3.jpg
Erosion Rate (m/My)

20

Large-scale Piedmont drainages (10%-10* km?)

O- Outlet samples (n=10)
© - Mid-basin samples (n=6)
@ -Blue Ridge samples (n=8)

y=051x+648

s 10 15 20
Mean Basin Slope (degrees)

Figure 3
Reusser, Bierman, and Rood, 2013

25




image4.jpg
‘uIseq Yoea 107 SI'IH 9ANOHS payySom A[reomswosdAy Sursn (/npa uo)3urysem- ssa°ssayy//:dny) J018[NoTed SUIUO SANOYD Y3 YIIM PI[APOU S31BI UOISOI] 75
“(LOOT “TE 10 ‘TWINZIUSIN)
prepuels 0T TEQLSNL0 MaU SY) 0] PIZI[TBULIOU 3 6/(T JO SONLI PAINSES "SSMUTEIIS0UN JUSWAINSEAW pue A1ojeoqe] pajeSedold apnyour SUONENUSOUOD SPHONU UF SIOLY F
*A03"s3sn ssa[ureas//:dny WoI pSpeo[uUMOp S[SPOW UONBAI[S [BISIP (WEZ~) PUOdSsITe ¢/] Suisn @SIDOIY UI P3JR[no[ed a1om sonsne)s orqder3oss v &
“UISeq 1SOUILISISIMIINOS A1) J0J SUOZ UF 33UeYD A1) 0N "SANOD £8AVN IALLN UT papraoid suoneoo] SI0 MV #
*SUONEOO] [ENSIA 10 | I3y 0] I9Joy "IUSWYDIED Yors SUUTRIP SWEaNS YunI oy} umop Kem-pru Asyewrxoidde pajos[[oo s1om sojdures urseg-prAl “SIUSWYOIED
Jo suontod ureansdn adofs 10ySry oy WOy pajoay[oo arom safdures aFpry an[g UONISUEN ULR[J [21SE0)-IUOWPAl] A Aferewrxoidde 18 paloay[oo arom safdures 1opnQ §
“WOIJ PAIIIN[0d Sem J[dTWES Yora SIUSWYOIEd JUOWPILJ S[eds-05Ie[ 0T S JO YOTyMm s3JeuSIsop urseq S[qUIL],
*107810qET [BUONEN AIOULISATT S0UAIME'T ) I8 JuswaInseauw Suumnp pag3o] Sey uoneoynuapt ofdwes o) $a10USp JqUINN A s

T F 9TLL 800 F STE L6l 618 0S TOPLY8E  LO99YT LT o8pryonig  3dydoooyeney) TeLszad 09dVS
SLO F 056 mo + Iy LA LSS 06€ YySYC8e  SYTOET LT o8pryonig  3dydoooyeney) 81L87HE 95dVS
€T F 1091 800 F vEE €91 SSL 89% PET8YBE  €VTO8T LT o8pryonig YeuweAes S0L8THE Tdvs
8€T F T8I LO0 F 05T L LSy 999 €EELIBE  8LLOYE LT o8pryong EpnEg TyLLTaE 92dVS
98T F 68T 900 F TIT 891 879 LTS €TLS96E  TTLSEY LT o8pryong QaralEM, EYLLTHE LTAVS
S80 F S¥O1 PI0 F ovEY (42 o1s 1761 8Y1900v  81S66Y L1 o8pryong 9 d €88L7HE TEdVS
S60 F 607CI 0ro * 8L Ser SLy 19§ OLLTLOY ~ Th¥88S L1 <8pryong ueq T68LTHE SYdvsS
SLO F 616 PI0 F 6£S 0sT €9 999 TPIICIY  9€9TLS LT o8pryong joueoy 888LTHE 1vdvs
S60 F v¥TI 800 F 6C¢ €9 89¢ L¥T9 SLO9OLE 980569 91  USBG-PIN  29Yd00UENEY) ¥L8THE 69dVS
650 F I€L 0 F o8y (44 8T 8EVT 9T9EELE  LLSLST LT umseg-pIN 29u02Q 91.87HE 75dVS
6I'T F 7961 800 F 18T 6 44 9TYs 906208€  T08TEE LT umseg-pIN YeureAes 9ELLTAE L1dVS
S80 F I0°TI 600 F S9¢ TL 8vE S6v1 ¥ST908€  €0SL8E LT umseg-PIN EpnEg €0L8THE €1dVS
8T0 * 1II't STO F 6L6 6T €81 99¢ TSTITOY  TSL689 LT umseg-pIN 9snaN 8L9LTHE S0dvS
¥S0 F 9€9 810 F S€9 96 L8€ €19% P06LOTY  PEOTS9 LT umseg-pIN oueoy L88LTHE 6€dVS
960 F BETII Y0 F 8Y'¢ Ls (433 0068 6VTEVIE  $L0699 91 Re) 93Y00YENEYD) 106Lza9 99dVS
L80 F 8601 0ro * et 8'€ 1€ 8EVS T9¥959€  TOESHT LT epno 998nuoQ S68LTHE 0SdVS
€EL0 F YE6 0ro * 8L Lre 002 6VSL §99L99¢€  0TYY6T LT Re) 23u02Q STL8THE 16dvS
Iy * vl 800 ¥ TLT 143 S9T 0L8ST ST8YTLE  TH988E LT 1epno YBUUBABS L1L8THE €5dVS
IS0 * 609 ST0 F S5 6¢€ (414 ¥LT9 68TLILE  T9ET8Y LT Re) epnEg 89LTHE T1dvs
050 * 86 LT0 * 019 9 90€ oLzer 1T166LE  TL9LTS L1 1epno o0IaEM 89LTHE 01dvSs
950 F 8L9 Y0 F 0v'S 8¢S 082 9LEJT ¥68788€  98TI6S LT Re) 9 %ed 189Lza 60dVS
SE0 F 06€ 1T0 F $LL 143 621 L86T 0S6LY6E  0T6VEL LT pe) asnaN 6L9LTHE L0dVS
LSO F 6L9 910 F 0SS 99 98¢ 9899 86950y LELOLY LT pe) e LL9LTAE Y0dVS
wo F Lr9 810 F ¥T9 6L (443 9L9L 8S8L80Y  9ETIOL LT Re) ooueoy 9L9LTHE €0dVS
& (AW/m) %(sa213ap) A (u) auoz §adAT,

378y UOISOIF [PPOIA (01 X 3swoe) o ado[S ueay UOHEBAS[Y UBIA

AGuny) waxy  gBunsey  #SurpaoN jupseg AU, yJoquInN g (I A[dures

WL ddues

SJUSUIYD)BD JUOWIPILJ S[eIS-95Ie[ JOJ UOTJRULIOJUI ATeWIuung :T S[qRL




image1.jpg
1- Roanoke

2-Dan

3- Neuse

4- Pee Dee

5- Wateree

6- Saluda

7- Savannah

8- Oconee

9- Ocumulgee

10- Chatta-
hoochee

7 i 7+ - Blue Ridge
4 ; 4 O - Mid-basin
A\-Outlets

3N

Blue Ridge

Figure 1
Reusser, Bierman, and Rood, 2013




image2.jpg
Erosion Rate (m/My)

10*

10" =

joueoy ‘|

ueg 'z

asnaN '

230 93d ¥
221930 'S
epnjes ‘9
Yeuueaes *z
23U030 '8

Figure 2
Reusser, Bierman, and Rood, 2013

@abjnwindQ ‘6

sw

a3ypooyeneyd ‘oL

All Basin
Averages

I - Post-colonial rates
of upland hillslope erosion
from Trimble (1977).

[ - Post-colonial sediment
yield derived erosion rates
from Trimble (1977).

M - *Be model background
erosion rates from outlet
samples in this study.





gt o it i b

[N ———
NS L, S Ui e e o, Gl 7.
rte—

et e —
iz



