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ABSTRACT

The net effect of soil erosion on global carbon cycling, especially asraesousink for greenhouse gas
emissions has been theubject of intense debate. The controversy arigea large degredrom the inadequate
understanding athe variationof soil organic carbon (SOC) in eroded sediment, famu the limited informationon
thefate of eroded SOC whilsttmansit from thesite of erosion to the site of depositi@uring a slopescale erosion
event, soil fractions and associated SOC will be transported away from eroding sites mainly by overland flow. If by
interrill erosion,eroded sediment is often enriched in S@¢hile the reported SOC enrichment ratios B are
mostly greater than unity, thexary widely. Conservation of mass dictates that theJgRf sediment must be
balanced over time by a decline of SOC in the source areas material. Although the effectd@froatisnon SOC
erosion have beeatliscoveregda systematic study on crust formatmver timeand interrill SOC erosion has not been
conducted so fain addition, the inherent complexity of soil properties and SOC erosion process may inevitably
introducevariations between replicates in SOC erosion data. Yet, the significance of such variation has not been

systematically investigated.

Even after erosion, SOC distribution in eroded soil also can change during traRggandlessf selective
interrill erosion or norselective rill erosion, erodesboil will be either gradually releposited along hillslopes or
further transferred to river systendnder given flow conditions, the site 80Cdeposition depends on the transport
distances of sediment particleghere the SOC is storedery often, soil and SOC erosion risk is assessed by
comparing the SOC stock on eroding and colluvial depositional sites, or by applying the mineral particle specific
SOC distribution observed from either site to estimate the 80¢k of its counterpartiowever, sil is not always
erodedasdispersed mineral particlesutomostly in form of aggregatesggregategossiblyhavedistinct settling
velocity from individual mineral particles, which may considerabhangethe transport distance of the associated
SOC.In addition, SOC concentration in different aggreggmedablydiffers from soil average SOC concentration
which also complicates the spatiatdistribution of eroded SOCvet, little has been known aboutettpotential
effects of aggregation onto the movement and fate of eroded Ii8i@€ralization during transport may add an extra
risk to SOC lossSome reports claimed that most of the SOC transfer occurs duringsieage erosion events,
rapidly transportig eroded SOC into depositional sites. Mineralization of eroded SOC dwrahgapid transport,
therefore, is of minor importance and thus can be ignored when calculating carbondlaéaween eroding and
depositional sites. Meanwhile, some other repartgied that erosion and transport tend to break down aggregates,
expose previously protected SOC to microbes and atmosphere, and hence accelerate mineralization of eroded SOC
during transport. To solve this discrepandl is requiredto understand the soeptibility of eroded SOC to
mineralization during transporéespecially for erosion events that mobilize soil but do not necessarily move it far

enough to reach permanent depositional sites

The abovedescribeddebate on the fate of eroded S@@hlights four knowledge gaps: 1) hodoesSOC
enrichmentin eroded sediment warwith crust formation over rainfall time, and how the accordingly derived
systematic variability affects soil and SOC erosion predict®ynrhow does the inherent complexity of intérri

erosion processes affect the variability of SOC enrichment in eroded sed8hémiw aggregation affects likely
|



transport distance of eroded SOC; 4) whetbemot erosionand transporinduce acceleration of eroded SOC
mineralization.n this study, a&eries of experiments was conducted to address the-admvédied knowledge gaps
SOGVariability experiment, SOGSettling velocity experiment SOCGSettling, SOCAggregation effects
experiment 1 $OCAggegation ) and SOCAggregation effects experimed (SOCGAggegation 2.

The SOCVariability experiment was conducted identify the temporal variation of SOC enrichment with
crust formation during prolonged rainfall timigy applying asimulated rainfall to two silty loamglaced in round
flumesfor 6 hours A two-step erosion modelagdevelopedbased on therosional responstata obtained from six
selectedsubevens, to examine the systematic variability derived from crusting evolvement over rainfallltime
addition, he simulated erosion evisiwere repeated ten times, enabling reliable statistical analysis foréplerate
variability. Key results are: 1) the temporal variation of SOC enrichment ratio shaivERoc of eroded sediment
cannot be always greater than unity, butieswith rainfall time, in agreement with conservation of ma&};the
gradually improved systematic variability of SOC erosion prediction over rainfall time showdbdeavations from
short events cannot be directly extrapolated to predict soil and SOC lossa@weegpd events and vice ver§ the
significant intefreplicate variability at maximum runoff and soil erosion rates suggests that variability remains
significant evenunder ideal laboratory condition®\ settling tube apparatugzas built up in theSOCSettling
experiment to fractionated soil samples accordingpgéopotential transport distancefvarious fractionsTo further
examine the aggregation effects onto the likely transport distance of erodedHsOsRttling tube apparatus was
then appliedin the experimenSOGAggregationl, to fractionate eroded sediment generated feosilty loam.
Results show that aggregation of source soil considerably reduclisetiidransport distance of eroded SOC, and
potentiallyincreases its likelihood to lre-deposited along hillslopes. Based this observation on a single soil in
the experimenSOCGAggregationl, SOCGAggregation 2vas then carried ouwtith two types of soilsa silt loam and
silt clay. Furthermore, the fractionated sediments were inculfaté&® days to assess their letggm mineralization
potential.Key results fromthe experimenSOCAggregationl, and SOGAggregation 2show that: 1) Aggregation
of source soil andrpferential deposition of SOfich coarse sediment fractiopstentiallyskew the redeposition of
eroded SOC into the terrestrial syste2h) Erosion and transport temad accelerate mineralization of eroded SOC,

demonstrating their potentitd contribute additionaCO, to the atmosphere

Overall, this study demonstrates that both the temporal variation of SOC erosion and the spatial variation of
SOC deposition on hillslopgsave to be considered when assessing the role of soil erosion on netnSions.
Appl ying ficonst aratibsin e®$08 malels will tehdnebias estimation of SOC loss. Aggregation
effects of source soil considerably reduce the likely transport distance of eroded SOC, potentially skewing the re
deposition of SO@ich coarse sediment fractions towards téreestrial system. Erosion and transport processes tend
to accelerate mineralization of eroded S@fg hence potentially contribute additional 3®the atmospher&uch
findings may profoundly alter our current accounting for erosinduced lateral SC transfer, further suggesting
that currentecognitionon deep burial of SOC on lofigrm depositional sites and the accordingly derived §iak
strength would be ovezstimated. Significantly accelerated mineralization of eroded SOC during transgsra ad
further errorinto current carbon sink balareeTherefore results from this study suggest that soil erosion is more

likely to be a source of atmospheric £0
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Chapter 1
Introduction

1.1.Soil erosion and global carbon cycling

1.1.1Global carbon budget

The terrestrial carbon pool is the third largest carbon pool on the Earth. Within in the terrestrial
carbon pool, dead organic matter in litter and soils contain about 1500 to 2400 petagram carbon (Pg C),
three times as organic compoundgiving biomasg450 to 650 Pg CJIPCC, 2014) In addition, the soll
carbon pool is actively interconnected with other carbon pools. For exathpleumulative net CO
emissions from land use changes between 1750 and 2011 are estimated at 180 +(B®0CEg £204).
Accelerated soil erosioas one of the most widespread forms of soil degradation in the terrestrial system,
is potentially responsible for the net €@mission of about 1 Gt-@™(Lal etal., 2004) Quinton et al.
(2010) estimated that globally about 0.08 Pg C is delivered ter rbystems every year by soil erosion.
Van Oostet al. (2007)proposed that if 26% of the lost carbon is replaced on eroding sites through
biomass incorporation, a global carbon sink of 0.12 RgCc oul d r esul t from erosi
agricultural landscapes. All these observations suggestattyachanges in soil erosion processes, no

matter being alleviated or accelerated, will have a significant impact onto global carbon cycling.

1.1.2Soil erosion

There are four manners of soil erosion: mass wasting, water erosion, wind erosion and tillage
erosion. In this study, we mainly investigate soil erosion by ws#hin soil erosion by water, three
typesare generally recognized: interyillill and gully erosionLinear erosion by concentrated flow on
agricultural land is called rill erosion, waierosion by noiwoncentrated runoff, enhanced by the impact
of raindrops, is referred to as interrill erosigfuhn et al., 2012)When the volume of runoff is further
concentrated, the rushing water cuts deeper into the soil, deepening and coalescing the rills into larger

channelsermed gulliegBrady and Weil, 2002)Gully erosion is ouof the scope of this study

1.1.3General impacts of soil erosion onto global carbon cycling

Substantial literature has discussed the impacts of soil erosion by water onto global carbon cycling
(Pimentel et al., 1995; Stallard, 1998; Harden et al., 1999; Smith et al., 2001; Jacinthe and Lal, 2001,
Jacinthe etl., 2001; Lal, 2003; Berhe et al., 2007; van Oost et al., 2007; Kuhn et al., 2009; Lal and
Pimentel, 2008; Quinton et al., 2010; Berhe, 2011; Nadeu et al., 2012; Doetterl et al.TA8Xfjects of
soil erosion on soil organwarbon(SOC) dynamicgan be summarized into seven processes (Figlje 1

1) slaking or disruption disintegrates maaggregates into smaller and easily transportable fractions by
1
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Figure 1-1 Processes affecting soil organic carbon (SOC) dynamics. Arrows pointed upward indicate emissiongaf (OO
atmosphere. This figure is adopted frbai et al. (2004)

runoff (Le Bissonnais et al., 1989; Le Bissonnais, 1990; Darboux and Le Bissonnais,i@Q@igition,

slaking or disruption of aggregates exposes the previously protected SOC accessible to microbes and
hence acceleratingineralization(Six et al., 2002; Lal and Pimentel, 2008; van Hemelryck et al., 22} 0)
preferential removal of carbon in runoff water or dust storms, facilitating soil carboandssgnificantly
deterioratingsoil quality (Sharpley, 1985; Moore and Singer, 1990b; Singer and Shainberg, 2004; Kuhn,
2007; Schiettecatte et al., 2008; Kuhn et al., 20@9)partial replacementf lost SOC by inputs of
decomposing plants on the surface of eroding $&¢slard, 1998; Harden et al., 1999; van Oost et al.,
2007) 4) redistribution ofdisplaced SOC over the landscape and transported in rivers, resulting in a great
scale of lateral transfergStarr et al., 2000; Lal, 2003; Mora et al., 2007; Dlugol3 et al., 2(3)2)
mineralization of SOC on eding sites, during transport and on depositional (§tesgyorich et al., 1998;

van Hemelryck et al., 2010, 2011; Fiener et al., 2062ye-aggregation of soil through foration of
organemineral complexes at the depositional sites, protecting the freshly deposited SOC back into
aggregategBerhe et al., 2007; Berhe, 201%) deep burial carbeenriched sediments in depositional
sites, flood plains and reservoirs and ocean fi&allard, 1998; van Oost et al., 2012; Hoffmann et al.,
2013) Although a great amount of reselarhas been devoted to study these processes, our knowledge on
SOC dynamics is still very limited. A detailed discussion on the knowledge gaps in current studies of SOC
erosion on hillslopes will follow in section 1.3. Out of the numerous unaddressedekigendaps, crust
formation evolvement over time, the accordingly induced variations of SOC erosion, and the
biogeochemical fate of displaced SOC during transport, will be the major issues addressed in this study.

2
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1.2.Carbon dynamics in the terrestrial system

1.2.1Carbon dynamics on eroding sites

A considerable amount of literature has reported that SOC erosion is dependent on numerous
factors: 1) soil erodibility which is related to soil texture, aggregate stability, initial SOC content, and soil
moisture(Tisdall and Oadesl982; Le Bissonnais et al., 1995; Fitzjohn et al., 1998; Barthes and Roose,
2002; Darboux and Le Bissonnais, 2007; Zehe et al., 2@)0ainfall erosivity associated with intensity,
kinetic energy, frequency, raindrop size and distribu{Beuselinck et al., 2000; Jathe et al., 2004,
Kuhn and Bryan, 2004; Assouline and Bedar, 2006; Jin et al., 2009; Berhe et al., 2012; Martidena
et al., 2012; Iserloh et al., 2013) soil surface conditions such as crust formation and surface roughness
(Moore and Singer, 1990b; Le Bissonnais et al., 1998; Rémkens et al., 2002; Kuhn and Bryan, 2004; Le
Bissonnais et al., 2005; Anderson and Kuhn, 20@8)topography such aslope gradient, length and
connectivity(Cerda and Garcikayos, 1997; Fox et al., 1997; Fox and Bryan, 2000; Assouline and Ben
Hur, 2006; Olson, 20X, Armstrong et al., 2011 and 5) land uséBradford and Huang, 1994; Govers et
al., 1996; Jacinthe et al., 2002b; van Oost et al., 2005;Bajws et al., 2008; Wang et al., 2008; Olson,
2010) By integrating these factors ione way or another, different approaches have been developed to
predict SOC erosion. For instance, SOC loss can bnlegrly related to soil loss, or simply obtained by
multiplying soil loss with the percent of SOC in the nearface soil and a SOChichment ratio
(Sharpley, 1985; Schiettecatte et al., 200&) estimated by extrapolating particle size specific SOC
distribution in a runoff plot scale to that in river watershed sqiflessey and Jackson, 19%arr et al.,
2000) Parameters in these approaches are often based on average values obtained over a certain
monitoring setting. But both soil loss and the percent of SOC insweface soil may change with time
(Vanmaercke et al., 2012)ainfall conditions(Jacinthe et al., 2004}opography(Le Bissonnais et al.,
2005; Armstong et al., 2011)and land uséLeys et al., 2007)Furthermore, given the inherent complex
interactions between soil properties and erosion process, variation between replicates may also inevitably
compromise the reliability of soil and SOC erosion data@st to erosion models. In addition, these SOC
erosion models are often too specialized in SOC loss prediction to incorporate the partial replacement of

lost SOC by inputs of decomposing plants into calculations (Fig@je 1

Harden et al. (1999nfter comparing soil samples from undisturbed slopes and slopes cropped for
100 years, statetthat soil erosion amplifies both SOC loss and SOC recovery. On one hand, soil erosion
decreases soil productivity by reducing available water capacity, decreasing effective rooting depth, and
reducing water and nutrient use efficiendieal, 2003) Declined prductivity then reduces the amount of
plant residues, thus less organic SOC is returnable to the soil, which could have partially replaced the lost
SOC. This ultimately depletes SOC stock on eroding sites (FigRyeQn the other hand, the removal of

topil material from eroded sites exposing subsoil material can also lead to rapid SOC replacement
3
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through roots and litter input in the soil (hereafter termed as dynamic replacement) (F2y(8tallard,

1998; Harden et al., 1999; Berhe et al., 200h)s is because manyimeral surfaces in the deeper layers

of the soil profile are undesaturated with SOC, as little SOC input from plants occurs in these deeper
layers (van Oost et al., 2012However, the magnitude of dynamic legement rates reported in the
literature varies largely. For instanc&mith et al. (2001assumed a steady state SO@teat at eroding

sites (i.e., 100% replacement of eroded SOC), when calculating the budgets of SOC erosion and
deposition across United States. Bah Oost et al. (2008uggested that dynamic replacement of eroded
carbon is limited to the active carbon pools, i.e. pools have relatively high av&itdgatios and short
half-lives. These active carbon pools constitute on the order of 25% rather than 100% of the eroded carbon.
Different replacement rates then result in widely varying €6k strength ranging from 1 to 0.12-pg"

(Stallard, 1998; van Oost et al., 200The field investigation bBerhe et al. (20123nd the modeling

results fromBillings et al. (2010)both suggested that higher rates of plant productivity are needed to
create and maintain a G@ink in eroding watershed$hisat least in part isnanaged by adding artificial
fertilizers. However, greenhouse gases generated during artificial fertilizers production potentially
correspond to 15 to 30% of the organic carbon buried owing to soil efggibn, 2010a) This would, to

a certain extent, offset against the £€nk effectspotentially induced by soil erosion. Meanwhile,
Billings et al. (2010)also stressed that the sink strength resuttesh dynamic replacement of eroded

SOC could be cancelled out by the fraction of eroded SOC oxidized during transport and burial. Therefore,
it requires accounting for all the lateral and vertical fluxes of SOC during erosion, transport and deposition

to accurately identify the contribution gbil erosion to global carbon cycling.

Carbon dynamics along a slope profile lateral C-Flux g
vertical C-Flux s
vertical C-exchange e

soil formation,
weathering

I mineralization
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and transport EQ' al
deposition HOpss
Plomass respiration
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Figure1-2 Carbon dynamics along a slope profile, showing interactions between biomass production, soil formation, erosion and
deposition processes and their effects on lateral and vertical carbon fluxes on landscape scale in a terrestrial sggtem with
adjacent agatic environment. This figure is adopted from Kirkels et al. (submitted).
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1.2.2Carbon fate during transport

In-transit from eroding sites to depositional sites, eroded SOC will be gradudiyposited after
different transport distances (Figure2)l Undersinding the fate of eroded SOC during transport is an
essential component to close our carbon balances, but so far no compatible perception has been achieved
on its significanceThe e-distribution of eroded SOC during transport is not always uniform, vieuy
often affected by preferential depositi(luhn et al., 2009; Hu et al., 2013a; Kuhn, 20Id)e site of
deposition is dependent on the transport distance of timeatdfraction containing a specific amount of
SOC The potential transport distances of sediment fractions are reflected by their settling velocities
(Beuselinck et al., 1%¥&; Loch, 2001; Trompan Meerveld et al., 2008as wellaffected by sediment
discharge and hydraulic conditiofBeuselinck et al., 1998, 200(tarr et al. (200Q)after comparing
stable aggregate size distribution in the runoff from plotsthatinrivers in watersheds, inferred that
more than 73% of eroded SOC is likely to be deposited on the landscape because it is associated with
aggregates greater than 62 um. Only 8% of eroded SOC has the highest likelihood to be lost from
watershed soils to aquaecosystem with fine silt and clay domain. HoweW¥gng et al. (201Q)based
on the aggregation index derived from dispersed mineral particle size distribution, found thattitve car
delivery ratios out of the two small agricultural catchments in the Belgian Loess Belt ranged from 48.6 to
82.4%. These inconsistent observations, to a large extent, result from different assessments on transport
distance of eroded sediment and the@eissed SOC.

The fate of SOC during transport is also determined by its susceptibility to mineralization.
However, current investigations time fate of eroded SOC are either deduced from SOC stock on eroding
and depositional sites, or conducted afteiitaty transport distances, and thus cannot reflect the actual
mineralization potential of SOC during transport. For instadeejnthe et al. (20049nly measured
respiration rates of SOC collected from outlets at the end of each watershed, conveniently disregarding
potential effects of various transport processes on accelerating SO@lmat®n. In another cas@/ang
et al. (2014)monitored the irsitu respiration rates of SOC on different positions of a 3.75 m long flume,
each time after it was subjected to simulated rainfall events. Even though this methodology is improved
compared to that idacinthe et al. (2004%o0il in Wang et al. (20149nly experienced arbitrary transport
processes f@rtain slope gradient and length). Thus, observations from such experiments are of little
relevance to predidhe fate of eroded SOC in other erosion and transport scenarios. This requires an
approach to effectively fractionate SOC according to transgistance to identify the mineralization

potential of different SOC fractions during transport.

1.2.3Carbon dynamics on depositional sites

Decompositiorof SOCin the buried sediments of depositional basins is generally accepted to be

slower thanthat in the souce profileson the eroding slope§Figure 12). Deposition of eroded SOC
5
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downslope is often accompaniadth increased water content, reduced oxygen availability, compaction,
and physical protection within int@r intraaggregates spaceghese conditiancollectively can retard

the decomposition rate of buried SO@erhe et al., 2007)Postdeposition remobilization and
transformations are alsoeduced in wetter depositional basins, favoring SOC preservation over
mineralization(Stallard, 1998; Harden et al., 1999; McCarty and Ritchie, 2002)ever, oher reports

argued that SOC in depositional sites may be more biologically active than in erosional sites because of
the accumulation of light and small paréis(Gregorich et al., 1998; Fiener et al., 201&)egorich et al.
(1998)reported that labile fractions of organic matter such as mineralizable carbon reflected the effects of
soil redistribution, with theowest levels found at the miglope position and highest levels at the lowest
slope positionSimilarly, Fiener et al. (2012)bserved a tendency that £€¥fluxes at erosional sites were
smaller thanthat at depositional sites in a small agricultural watershed subjected to water and tillage
erosion processes. After a controlled experimental stualy, Hemelryck et al(2010) agreed that a
significant fraction of eroded SOC was mineralize@rafteposition. However, they also pointed out that
deposition produced a dense stratified layer of sediment that capped the soil surface, leading to a decrease
in SOC decomposition in deeper soil layers. These diverging views highlight our limited knewledg
carbon dynamics at depositional sites, demanding great efforts in the future to enhance current
understanding. Howeveryen if carbon dynamics on depositional sibesl been thoroughlnvestigated,
because of the unaccounted SOC loss during trandpolding upslopescalecarbon balancemerely

based on observatiorisom depositional sitestill bearsgreat uncertaties. This, thereforerequiresa

comprehensivenderstanding of all theossibleSOCfluxes duringerosion, transport and deposition

1.3.Four knowledge gaps in current studiesf SOC erosionon hillslopes

1.3.1Crusting and erosionrinduced temporal variation of SOC erosion

Findingson SOC erosion reported the literature discussed in section 1.2Mave often been
observed on a wide range of soils under relatively tight patterns of rainfall conditions (selected literature
in Table 11), without adequately accounting for the potential effects of crustiagtime The results of
such tests are useful, whe compari ng the reaction of a soil to
snapshot out of all possible soil and rainfall scenarios. Such snapshots may therefore not be reliable to
predict the reaction of soils to a wider range of naturally ocoymainfalls, let alone the rainfall scenarios
of future climate and land ug&leyer, 1994) This problemextends to the quality of eroded sediments
(Palis et al., 1990; Kinnell, 2012particularly those from selective interrilasion. Although orsite soil
loss by interrill erosion is many times smaller than that from rill erosion when both occur at the same

eroding site, it literally affects all arable land (globally, 14.2 millior®)k@uhn et al., 2009)Due to
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limited raindrop kinetic energy and lack of contated runoff, interrill erosion is associated with
selective entrainment and transport of sedinjPatson and Abrahams, 1992k a consequence, fine and

/ or light particles and associated substances (e.g., soil organic carbon, phogpldonisogen) are
entrained and transported away from eroding sites in greater proportions than their concentration in the
source soil suggests. The eroded sediment is thus generally enriched in substances, su¢SleS30C

1985) phosphorougQuinton et al., 2001 nitrogen(Teixeira and Misra, 2008nd clay(Warrington et al.,

2009) when compared to the source soil. Overall, between 0.57 andPd.83yi* may be affected by
interrill erosion, potentially influencing global carbon cyclifiguhn et al., 2012)The delivery of SOE
enriched sediments into wetlands and water courses can also have profesiteiofpactgLal, 2003)
However, most of the recently published data on sekdnterrill erosion (reviewed byuhn and
Armstrong, 2012)show only snapshots of SOC enrichment in eroded sediment, ynagaekions to a
particular rainfall out ofcomplete crust formatiorWhile most studies report a positive enrichment of
SOC in interrill sediment, the enrichment ratios of SERsod) varies largely in the literature, ranging

from 1.0 to 6.2(Kuhn, 2007; Polyakov and Lal, 2004b; Schiettecatte et al., 2008; |&haf®85)
Discrepancies are attributed to soil properties, such as texture, aggregation, initial SOC content or initial
soil moisture(Darboux and Le Bissonnais, 2007; Heil et al., 1997; Kuhn and Armstrong, 2012; Kuhn and
Bryan, 2004; Ramos et al., 2008} well as to rainfall intensities, kinetic energyration(Jacinthe et al.,

2004; MartinezaMena et al., 2012; Palis et al., 19%0)d, finally, to diverse local micsimpography and
deposition processéke Bissonnais et al., 200Buhn, 2010b)

Table 1-1 Selection of literature studying enrichment ratio of soil organic carbogd&Rand the rainfall and slope conditions
used in these investigations.

Rainfall Rainfall Slope

Literature Soil type intensity duration gradient IenSI;p?m) SE;SiCI;‘?(;:t
(mm h'%) (min) (%) 9

Jacinthe et al., 2004 Silt loam Natural rainfall Natural rainfall Not reported Not reported 1.2t02.9
Kuhn 2007 Silt 45 120 10 1 1.2t01.49

Polyakov and Lal, 2004 Silt loam 80 90 1to8 lto4 1to 1.70
Polyakov and Lal, 2008  Clay loam  Natural rainfall Natural rainfall 41010 10 to 30 1.10to 1.89
Kuhn agc(')lAzrms"ong’ Sandy loam 25, 45 120, 180 10 1 0.77 to 1.46

Wang et al., 2010 Loess 45 Not reported <10 0.85 1.2t0 3.0

Wang et al., 2014 Silty loam 42 18 2t015 1.75t0 2 0.941.67

Apart from the factor&dentified above, some of the uncertainties on SOC ergsfedictionare
introduced by extrapolating constant or average SOC enrichment ratio ttetomgr largescale SOC

erosion. The practical limitations of using one enrichment value for SOC in sediment are questioned from
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a theoretical point of view: conservation ofags dictates that perpetual enrichment is not possible.
Polyakov and Lal (2004bfBchiettecatte et al. (2008s well aKuhn and Armstrong (2012)bserved
decreasing ERcin sediment after certain rainfall durations. This is in accordance with the conservation
of mass, which dictates that the observed enrichment of particles must beseadystate phenomenon
(Kinnell, 2012) Failure to recognize this among other factors may lead to overesgnihé loss of
organic carbon, fine mineral particles, nutrients and other chemicals when soil is eroded by interrill
processegKinnell, 2012; Kuhn and Armstrong, 2012gnoring crustnduced temporalariation of

ERsoc is also likely tointroduce systematicvariability when compamg SOC erosionobserved from
rainfall events of distinct durationgdowever, such systematic variability has not been adequately

accounted for in current erosion models.

1.3.2Inter -replicate variability induced bythe inherent complexity of interrill erosion

The second knowledge gap identified in this study is the potestigbility between replicates
which also questions thaccuracy of usin@n average ERcto assess SOC erosion. Major variability
between replicates caused by differences in soil properties, rainfall conditions or plpt lset been
extensively discusse@gassi and Bradford, 1999Jhe interrill erosion processes arsalery sensitive
to minor interactions between the impact angle, speed, and size of individual rai(@gagsi and
Bradford, 1999)the characteristics of particle units resulting from aggregate breakd@aBissonnais,
1990) the changes of surface roughngssderson and Kuhn, 20083s vell as initial soil moisturélLe
Bissonnais et al., 1998jeil et al., 1997)Uncertainties coming from these sourcesitnerent in erosion
processes, which aimpossible or very difficult to eliminate even under ideal experimental conditions
(Bryan and Luk, 1981; Nearing et al., 1999; Wendt et al., 18B&h uncertaintidsereaftearetermed as
inter-replicate variability.In addition, he signifcance of intereplicate variability on runoff ratekas
beenreported tddiffer from that on soil erosion ratagspectively up to 75% and 3586Luk and Morgan
(1981) while up to 105% and 173% Rttimann et al.(1995) This may imply a differentextent of
variability on SOC erosion ratéeanon runoff orsoil erosiorrates, as SOC erosion involves more factors,
such asSOC distribution in eroded sedimemind mineralization during crustingHowever, the

significance of intereplicate variability on SOC erosion has not yet been systematically investigated

1.3.3Aggregation effects onto the likely transport distance of eroded SOC

As discussed in section 1.2.2, no g@atible perception has been achieved on the fate of eroded
SOC during transport. The major difficulty is to acquire thédistribution pattern of eroded SOC, which
is strongly related to the transport distance of the sediment fraction where the SQ€disltaer given
overland flow conditions, the transport distances of displaced soil particles are strongly related to their
settling velocities(Dietrich, 1982; Kinnell, 2005, 2001)The settling velocity of mineral particles is
determined by their size, density asiutape(Dietric8h, 1982) But soil particles are mostly eroded in the
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form of aggregates rather than as mineral partidMalling, 1988; Slattery and Burt, 1997; Beuselinck et

al.,, 2000) For eroded soil particles composed of aggregates, settling velocities generally do not
correspond to the average miedian mineral grain sizdoecauseaggregates differ in size, density and
shape from mineral particldSohnson et al., 1996; Troayan Meerveld et al., 2008Hence, the third
knowledge gapdentified for this study is thepotential effects of aggregation onto tiieely transport
distance of eroded SOC on hillslopes.

The distribution ® settling velocities based on mineral particle size classes has already been
included in some erosion / deposition modélksoy and Kavvas, 2005; Fiener et al., 2008a; Morgan et
al., 1998; an Oost et al., 2004However, inconsistencies such as eperdiction of clay in sediment
fractions or undeprediction of sand and silt in sediment samples are often present in their results
(Beuselinck et al.1999b; van Oost et al., 2004)his is because soil particles are mostly eroded in the
form of aggregates rather than as mineral partithalling, 1988; Slattgr and Burt, 1997; Beuselinck et
al., 2000) The average or median mineral particle size can be the same for a range of soils, but the
aggregate size distribution can differ, especially when clay enhances the formation of aggregates.
Furthermore, SOC isnore likely to be accumulated in maeaggregateqTisdall and Oades, 1982;
Cambardella and Elliott, 1994yhich probably have different settling velocities from individual mineral
particles. This implies that aggregation can potentially change thegetiocities of individual mineral
particles that are clued into aggregates, and thus alter the likely transport distance of the associated SOC.
As a consequence, aggregation can lead to aggregate specific, rather than mineral grain specific SOC
distribuion across a landscape by preferential depositiurhn, 2007; Kuhn and Armstrong, 2012)
However, potential effects of aggregation on the likely transport distance of eroded SOC on hillslopes

have not yebeen investigated.

1.3.4Mineralization of eroded SOC during transport

The fourth knowledge gap identified for this studyttie mineralization of eroded SOC during
transport. Many reports had described accelerating SOC mineralization during the detachmdent a
transport of eroded soilbecaussstructural aggregates are broken down, thereby exposing the previously
protected SOC to microbial proces¢&éx et al., 2002; Lal and Pimentel, 2008; van Hemelryck et al.,
2010) Lal (2003) estimated tht with 20% mineralization of the displaced carbon, eresidoced
emission may be 0.8 1.2 PgC yr' on the earthTherefore, Lal and his colleagues proposed that SOC
mineralization during transport should be included in SOC erosion médmtithe and Lal, 2001;
Jacinthe et al., 2004; Polyakov and Lal, 2008ai other reports argudtiat large loads of sedimeate
moved during rapid transport, thus SOC loss by mineralization during transpémnisor importance
and hence could be ignored when calculating carbon balarare©ost et al., 2007; Quinton et al., 2010)

To solve these discrepancies, it is required to identify the quality of eroded SOC of different transport
9
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distancesAs discissed in section 1.3.3, under given overland flow conditions, the transport distance of
eroded SOC is strongly related to the settling velocity of sediment fraction that carries the SOC. Therefore,
in this study, the quality of eroded SOC can be identifigdractionating sediment according to settling
velocity and measure the mineralization potential of fractionated sediment.

1.4.0bjectives of this study

After identifying the four knowledge gaps in section 1.3, the two main aims of this study can be
identified as: 1)to evaluate the potential impact of the temporal variation of SOC erosion on estimating
slopescale SOC loss; 2p investigate the influence of the potential spatial variation of depositimn on

the fate of eroded SOC. Six objectives were fortealan order to address the two aims:

1. To capture the crustinand erosiofinduced temporal variation of SOC enrichment ratio in eroded
sediment;

2. To assess the potential risk lmfis estimation induced tprustinginduced systematic variability
in SOC eromn prediction;
To examine the significance of inheremariability of runoff, soil and SOC erosion rates
To establish an approach tofegftivdy fractionate aggregated soils according to their likely
transport distances;
To examine the potential effea§aggregation on the likely transport distance of eroded SOC;
To detect the susceptibility of eroded SOC to mineralization during erosion and transport.

1.5.Experiments rationale

All the abovelisted objectives were investigated in this study by a seriegg#riments (Table-1
2). The first three objectives of this study, namely crusting and erasituced temporal variatioof SOC
enrichment ratio in eroded sediment, the potential risk of systematic variabBC erosion prediction
and the significace ofinter-replicate variability of runoff, soil and SOC erosion ratesre investigated
by theSOGVariability experiment The fourth objective, to establish an approach to efficiently fractionate
aggregated soils according to their likely transportadises, was addressed by buildingettling tube
apparatus in thBOCSettlingexperimentThe fifth and sixthobjectives to examine the potential effects of
aggregation on the likely transport distance and the mineralizabilityoded SOC were investigated in
the SOGAggregation 1 and.2n order toexclusively monitoithe specific variations during SOC erosion,

transport and deposition (i.e., temporal, systematic,-iefgicate and spatial variation), which otherwise
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might be disguised or interfered by complex situations on natural field, all the experiments in this study
were carried out under controlled laboratory conditions. Field investigations will be carried out in the
future research, once all the presumed variatidh$SOC erosion have been detected in laboratory

experiments.

In the SOCGVariability experiment simulated rainfalls were applied for six hours on two silty
loams of different tillage managemen&mall round flumesachwith an opening in the center were
chosen to limit the effect of increasing flow depth and transport process on interrill erosion, as well to
ensure a sufficiently large area to generate sediment for sampling and further aBmiydeted rainfalls
were on purpose prolonged to six houwsensurethe completion of crust formatioi©n one hand, this
enabledthe occurrence ofemporally varyingSOC enrichment ratios eroded sediment; on the other
hand, six hours of rainfall allowed the possibility to divide the entire event into seodeative sub
events, and hence to investigate the potential of crustihgced duratiomelated systematic variability.

In addition, theSOGVariability experimentas repeated for ten times under the most achievably uniform
conditions, whichalso offes a possibility toevaluate the significance tiie interreplicateunder ideally
controlled conditions.

Table1-1 An overview on the aims, experiment rationale, objectives and chapter structure of this study.

Aim Experiment Objective Chapter

To capture the crusting and erosioduced temporal variation

. SOGTemporalVariability of SOC enrichment ratio in eroded sediment 2
Potential
temporal To assess the potential risk of crustinduced systematic
variation of ) o variability in SOC erosion prediction
SOC erosion SOGSystematic Variability - — - - — 3
To quantify the significance of inteeplicate variability of
runoff, soil and SOC erosion rates
. . . To establish an approach to efficienfilsictionate aggregated
Potential SOGSettlingVelocity soils according to their likely transport distances 4
spatial - - . .
variation of SOGAggregatiorEffects1 To examine the potential effects of aggregation on the likely 5
SoC transport distance of eroded SOC
deposition SOGAggregatiorEffects2 To detect thesusceptibility of eroded SOC to mineralization 6

during erosion and transport

In order to reflect the actual settling behavior of aggregated fractiati®r than rely on bias
estimation derived from mineral particle size distributiorsettling tubeapparatusvas designedh the
SOGCSettlingexperimento fractionate aggregated soils according to their settling velocitiesoffared
an opportunity to assess the quality of soil fractions of different likely transport distances. The distinct
distribuions of SOC by aggregate size and by mineral particleilkizgratethat aggregation effectsan
facilitate the settling velocity of individual particle, and thus reduce the likely transport distance of the

associated SO@ssuming similar effects woulalso occur to eroded sediment fractidhgs settling tube
11
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apparatusvas then applied in thEOCAggregation lexperimentto fractionate eroded loeggnerated

froma 1.5m long flume. A flume of this length was chosen to generate sufficient runoff to initiate non
selective erosion, meanwhile to limit the effects of transport process onto preferential deposition of eroded
sediment. Key results show that aggregate effectsreduce the transport distance of eroded SOC and
thus potentially skew the redeposition of eroded SOC towards the terrestrial sysiased onthe
findings of theSOGAggregationl, the SOGAggregation 2aimed at assessing the likely fate of SOC
eroded fom two types ofsoils with different textures, structures and SOC corg€ftte susceptibility of

eroded SOC to mineralization was also determined by measuringngaeitm mineralization potentiaif
fractionated SOC.

1.6.Thesis structure

The remaining parof this thesis consists of six chapters, which are outlingd thefollowing:

Chapter 2 presents the firpart results observed fronthe SOGVariability experiment the
temporal variation of SOC enrichment from two silty loams. This chapter wasipedblas an article in
Agriculture (Agriculture 2013, 3, 726740; doi:10.3390/agriculture30407)26

Chapter 3 is a manuscript describing the seqmartiresults observed frotihe SOGVariability
experiment the significance ofinter-replicate variability andtrustinginducedsystematic variability of

SOC erosionThis manuscript is planned to submitltmurnal of Soils and Sediments

Chapter 4 describes the design and operation rationalesettling tube apparatua the SOG
Settlingexperiment Different distributions of SOC between aggregdtastionated by the settling tube
apparatusand mineral particledispersedy ultrasound were then compared to examine the efficiency of
such fractionation approaciThis chapterwas published as a technique note Geomorphological
Techniques (Online EditiorfHu et al., 2013. Section 1.1.1: Particle size analysis. In: Clarke, L.E & Nield,
J.M. (Eds.) Geomorphological Techniques (Online Edition). British Society for Geomorphbtogion,

UK. ISSN: 20470371)

Chapter 5 presents the results frim experimenSOGAggregation 11t mainly discusses the
effects of aggregation to reduce the likely transport distance of SOC, and the potential of such reducing
effects to skew the rdeposition of eroded SOC into the terrestrial system. This chaptepublishedas
a research article iBiogeoscienced 1,62096219 2014

Chapter 6 is a manuscript presenting the results thmrexperimenSOGAggregation 2 As an

extension of the SOCAggregation 1 this experiment compares the skewing effects of different
12
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aggregationdegreesonto the spatial redistribution of eroded SOC. It also focuses on the enm
mineralization potential of eroded SOThis manuscript is planned to subnatGlobal Biogeochemical
Cycles

Chapter 7 summaries the primary results observed from each experiment, and £ialidte
knowledge gapsdentified in Chapter 1 are properly addressed. General conclusions are then drawn to
stress thecontribution ofthis study to current understanding of erosdiwtuced carbon sink or source

effects At the end, potential research opportunities in the future are discussed.
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Chapter 2

Temporal Variation of SOC Enrichment from Interrill Erosion over
Prolonged Rainfall Simulations

Yaxian Hy Wolfgang Fister antllikolausJ. Kuhn

Publishedn Agriculture, 3(4), 726 740, 2013

Abstract: Sediment generatedoly interrill erosion is commonly assumed to be enriched in soil organic
carbon (SOC) compared the source soil. But the reported SOC enrichment ratiogddERary widely.

It is also noteworthy that most studiesported that ERc is greater than unity, while conservation of
mass dictates that ER- of sediment must be balanced over time by a decline of SOC in the source area
material. Although the effects of crusting on SOC erosion have been recognized, a systematic study on
compkte crust formation and interrill SOC erosion has not been conducted so far. The aim of this study
was to analyze the effect of prolonged crust formation and its variability on tkg &Rsediment. Two

silty loams were simultaneously exposed to a rdisfatulation for 6 hours. ERcin sediment from both

soils increased at first, peaked around the point when steady state runoff was achieved and declined
afterwards. The results show that crusting plays a crucial role igcERRvelopment over time, and i
particular, that the conservation of mass applies tgoEBf sediment as a consequence of crusting. A

i con st adof sedimeém is therefore possibly biased leading to an overestimation of SOC erosion.
The results illustrate that potential site dfects of selective interrill erosion require considering the
crusting effects on sediment properties in the specific context of the interaction between soil management,

rainfall and erosion.

Keywords: interrill erosion; SOC enrichment ratio; temporal variation; crust formation; prolonged

rainfall duration

15



Chapter 2SOCErosion- TemporalVariability

2.1.Introduction

Although the orsite soil loss by interrill erosion is many times smaller than that from rill erosion,
it literally affects all arable land (glatly 14.2 mil. knf) (Kuhn et al., 2009)Due to the limited raindrop
kinetic energy and lack of concentrated runoff, interrill erosion is associated with selective entrainment
and transport of sedime(Parson and Abrahams, 1992k a consequence, fine and/or light particles and
associated substances (e.g. soil organic carbon, phosphorus and nitrogen) are entrained and transported
away from eroding sites in greater proportions than ttaicentration in the source soil suggests. The
eroded sediment is thus generally enriched in substances such as soil organic carboiSlSME)y,
1985) phosphorougQuinton et al., 2001 nitrogen(Teixeira and Misra, 2008nd clay(Warrington et al.,
2009)when compared to the source soil. Interrill erosion may therefore play a great role as souree of non
point pollution for rivers and laked.al, 2003) In addtion, a potentially significant amount of between
0.6 to 1.3 Pgof organic carbon is affected annually by interrill erosion processes including aggregate
breakdown, crust formation, rainsplash and rainwistinn et al., 2009)The susceptibility of soil organic
carbon in interrill sedimertb mineralizationlvan Hemelryck et al., 201@Iso emphasizes the necessity
to improve our understanding of the role of interrill erosion and the associated crust formation onto

interrill SOC enrichment.

The reported SOC enrichment in sedithcompared to source area soil, expressed as enrichment
ratio (ERso0), varies largely in the literature, ranging from 0.74 to6& u h n 2007, 2010b;
Lal, 2004b; Rodréguez Rodré&juez et al., 2004; Schiettecatte et al., 2008; Wang et al., 2010). Discrepancies
are attributedo soil properties such as texture, aggregation, initial SOC content, or initial soil moisture
(Darboux and Le Bissonnais, 2007; Heil et al., 1997; Kuhn and Armstrong, 2012; Kuhn and Bryan, 2004;
Ramos et al., 2000ps well as to rainfall intensities, kinetic energy and durdtiacinthe et al., 2004;
MartinezMena et al., 2012; Palis et al., 199@nd finally to diverse local micAmpography and
deposition processé€ke Bissonnais et al., 2005; Kuhn, 20)0ERsqcalso varies during an erosion event
as a consequence of selective erosion and crust fornfeirsine et al., 1999; Palet al., 1990; Walker
et al., 1978) While most papers report E&in sediment greater than unityplyakov and La{2004)
Schiettecatte adl. (2008)as well akuhn and Armstrong2012)observed decreasing E& in sediment
after certain rainfall durations.his is in accordance with conservation of mass, which dictates that the
observed enrichment of particles must be asteady state phenomen(itinnell, 2012) particularly on
the eroding site where no repletion comes from adjunctive areas (e.g. slope shoulder). Failure to recognize
this among other factors may lead to overestimating the loss of organic carbon, fine mineral particles,
nutrients and other chenailc when soil is eroded by interrill procesg&snnell, 2012; Kuhn and
Armstrong, 2012)
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The enrichment and subsequent depletion of SOC in interrill sediment is attributed to crust
formation as well as the duration of erosittuhn, 2010b) Chen et al(1980)developed a threstage
conceptual model of crust formation by interrill erosion processes: at the beginning of an erosion event,
the formation of a structural crust is initiated by the aggregate slaking and-araciong. Patches of
depositional crust are formed by displdcemall stable particles composed of miner@gdshn and
Armstrong, 2012pr aggregateglLe Bissonnais, 1996; Slattery and Bryan, 1992¢ latter of which are
often enriched in SOC. As rainfall proceeds, the loose depositionatiatas removed by raindrep
impacted flow and structural crust grows, progressively covering the soil surface. Its cohesive surface
reduces the erodibility of the soil surface, but also increases runoff and thus flow e(asiBigsonnais,

1996) After achieving steady state runoff, the equilibrium between crust formation and removal is
achieved for the given rainfall and runoff ditions (Moore and Singer, 1990bchieving the dgyamic

balance between soil erodibility and runoff erosivity is thus highly likely to cause changesdeoER
sediment. As long as rainfall and runoff have not produced a steady state crust, the increasing runoff
transport capacity and abundant erodib@CSich particles easily lead to a E&R of sediment greater

than unity(Kuhn et al., 2012)Once the crust formation has reached a steady statgc BRsediment

should develop towards unity between crust and sediment because the amount of easily erodible particles
enriched in SOC madeclined(Kuhn and Armstrong, 2012Apart from the few studies on declining
sediment SOC cited above, the effect of crust compl@tioBER;oc of sediment has not been investigated
systematically. Therefore, this study aims to analyze the effect of prolonged crust formation and its

variability on the ERBoc of sediment.

2.2.Experimental Section

2.2.1. Soil samples and preparation

Two silty loams f om M° hl in (47¢ 3306 N, 7¢ 506 E) neart
conventionally managed (CS) Baumlihof Farm and the second from the organically managed (OS)
Eulenhof Farm, were used in this study. Soils ehdkizons (about 100 kg for each) from antje
shoulder slope (< 5 %) were sampled in April 2010 on each farm. Previous research conducted in the
region of Mohlin showed that the silty loams used in this study are of structural stability and prone to form
crusts(Hu and Fister, 2011)The two soils were of almost identical texture @aietving after dispersion
by 1% Sodium hexametaphosphate), but differentdCS cont ent (LECO RC 612 at
stability (method adapted frofhNimmo and Perkins, 200Pand tillage managemefiable 21).
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Figure2-1. Distribution of soil organic carbon concentration in aggregate size classes of conventionally farmed (CS)
and organically farmed (OS) silt loams. Aggregates were fractionated by settling velocities following the method
described irfHu et al. (2013c)Error bars indicate the minimum and maximuatues observed during three replicate
measurements.

In addition, SOC was not equally distributed in aggregate classesndma concentrated in small
particles (< 22A@gempataend (Macl60 ¢ nijguret2l)aBimilarn ot he
distribution, but less SOC concentratoninmaarggr egates (> 250 em), was al
fractions of eroded sedime(lu and Kuhn, 2014)Their similarity in texture, but different aggregation
was considered suitable to observe the differencesusting and thus EfR&cin eroded sediment, as well
as to ensure that during the rainfall simulation the presumed declinesgé BBReroded sediment would
occur. After sampling, the soils were dr Biewel at 40
to 1 to 8 mm. On one hand, this resembled the seedbed conditions on the field. On the other hand,
excluding oversized clods largely reduced the variation of surface roughness both within each flume and
between replicates, ensuring the dominanceafrill erosion processes rather than the differences in

initial roughness in the results.

Table 2-1 Texture, percentage of stable aggregates greater thaan2560il organic carbon concentration (SOC),

and tillage management of conventionally farmed (CS) and organically farmed (OS) silt loams. Different
superscripted letters in each column indicate significant differencess{PO 0. 05) . Thebesafterscr i pt e
each average value show the standard deviations (n=10).

Stable aggregates

cly ol | greater than 250

o Tillage operation Rotation Fertilizer

() 0 () .ol
® Lerinan 29 (mgg
CS 16.80%;3371.47%; 511,50 66.85° 10.9° 22,";:35:55233\,% Maize, rape, fe(r:tnii?ricz;:d
O 138 T 176 24 1.00 oY 047 2005 other tillage wheat, grass
R manure
Operatlons

Non-plowing,  Pumpkin, carro Sheepmanure,

b b b b b
0S  14.39705,75.847 056 9.77 038 77767157 16.9%0.10 harrowing salad, pea, be: horn shavings
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Dry soils were placed in a round flumEidure 2238 with an outside diameter of 50 cm and a
center opening of 10 cnfrigure 22b). These flumes were designed to limit the effect of increasing flow
depth on interrillerosion, as well to ensure a sufficiently large area to generate sediment for sampling and
further analysis. To assist drainage, the floor of the flume was perforated, covered by a fine cloth and a
layer of sand (~ 2 cm). The soils were placed on the @atiagnolded into a straight slope of 10% between
the outer and inner rim. Preliminary tests had shown that to achieve a complete crust, indicated by
constant runoff rates, required more rainfall than that could be feasibly applied aiueinigy. Therefore
a 30 min rainfall corresponding in intensity to the one used for the actual test (described below) was
applied one day prior to the simulation event. This shorizatging, on one hand, enabled the observation
of the effects of aggregate breakdown dgranusting process; on the other, an initial crusting and soll

settling was induced, which facilitated the faster runoff development during the actual test.

Figure2-2. Conventionally farmed soil (CS) and organically farmed soil (OS) in round flumes were simultaneously
subjected to rainfall simulation. (a) Two round flumes filled with soils; (b) the ®stion profile of the round
flume; (c) the layout of rainfall simation experiment. The white containers were used to monitor the rainfall
intensity.

2.2.2. Rainfall simulation

Two flumes, one of each filled with CS and OS, were exposed to a rainfall of 30'rfon-6
hours simultaneously (180 mm rain in totéfigure 2-4c). An event precipitation of 180 mm is not a
frequent phenomenon in Basel region. The monthly precipitation during April, May and June
(corresponding to periods with bare soil after tillage) varied widely over the past three decades, ranging
from 6 to 24 mm (MeteoSwiss, 2013)Preliminary tests and field observations had shown that the two
silty loams used in this study required between 90 and 120 mm rainfall (i.e. 180 and 240 min) to complete

crust formation, and roughly 180 mm rainfall (i.e. 360 min) to develop the prestecedasing SOC
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erosion rategHu and Fister, 2011)The return frequency of such monthly rainfall is 0.65 years @or 9
mm, 1 year for 120 mm, and 7 years for 180 mm. The selected rainfall therefore suited the objective of
this study to observe the effect of prolonged crust formation gadtRing rainfall intensity and kinetic
energy as well as an amount that can beeea&pced by the soil in Basel region. This therefore leads to a
guastnatural sequence of crust formation, except for the effect of drying between rainfall events. Drying
is likely to rejuvenate the granular structure of the cfikishn and Bryan, 2004however, the effects of

drying on ERqc are unknown. Ignoring the drying effect does not limit the objective of this stidgh

aimed at testing the sensitivity of ER to crust fornation in principle.

A FullJet nozzle (Y2 HH14WSQ), installed 2 m above the soil surface, was used to generate
multiple-sized raindrops (£ of 2.3 mm). Kinetic energy of raindrops was detected by a\ladgdvoget
Distrometer (average energy of 113.9 3-n{). Tap water was used for each rainfall. The electric
conductivity of tap water was 2220 ps-¢nwhich was five times higher than the rainwater in Basel (462
us-cm). In general, increased electric conductivity of tap water enhances dispersion dumiiag r
simulation testgBorselli et al., 2001)A comparative aggregate stability test (Wet Sieving Apparatus,
Eijkelkamp, Netherlands) using tap water and rainwater from Basel had shown that tap water had only a
minor effect on aggregates greater than 250 um after 20 min of continuous osailatiement (67.24 %
in rainwater and 73.59 % in tap water for CS, while 70.60 % and 68.84 % for OS). Therefore, the use of
tap water was considered acceptable. During the simulation event, runoff and sediment were sampled in
intervals of 30 minutes and allmoff and sediment generated during the interval were collected. Sampling
at intervals of 30 min produced enough runoff and sediment for further analysis and still enabled to record
the temporal changes of erosional response. In addition, no supplemeappliad to replenish the en
site soil and SOC loss, which although unlike natural conditions (i.e. with vegetation or litter input or
upland deposition), served our purpose well to observe the potentialseé ERying against time. The
rainfall simulaton tests wereepeated 10 times for each soil (two pairs of flumes used for 5 times) to

generate a data set that would enable the statistical analysis of the variability of the erosional response.

2.2.3. Soil and sediment analysis

The runoff samples were weighdthmediately after collection to acquire the amount of
discharge. Sediment transported by splash was not considered relevant in this study, since a preliminary
test revealed that its effect was negligible to merit carrying out further measurements.eA$ienudtation
events, sediment in all runoff samples was allowed to settle for more than 48 hours. The supernatant was
then decanted off and the sediment was dried at
index of crust formation. Twentgentimeter transects from the outside rim to the center of the flume were
scanned stepwise at a 1 mm resolution by a laser scanner before and after each rainfall simulation. The

scanner was controlled by Stepper Motor Controller CSD 315 (Isel Automation, Ggrraad
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programmed using MatLab 2007. The surface relative roughness was expressed as the standard deviation
of the differences between the actual height of the individual point and its theoretical height along a
straight slope. The flumes were also drigd a40 e C wunt i | constant dry we
aggregates left on the dry soil surface were swept and collected by a vacuum pump.mrilayer of

dry crust was carefully scratched off the soil surface. The thickness of crust, as a secondargfsour
confirmatory information, was measured using a ruler. Soils below the crusts were also collected for each
replication, for use as a reference to the original soils. Soil organic carbon concentration of the original
soils, eroded sediment, loose aggtes on surface, and crusts were measured by LECO RC 612 at 550

eC. Enrichment ratios were calculated between SOC
soil, between the crust and the original soil, and between the soils below the drtis¢ amiginal soil.

The grain size distributions of sediments and crusts were measured with a Mastersizer 2000 (Malvern,
Germany) after dispersion withml of sodium hexametaphosphated ultrasound at 9 J-t(i.e. energy

= output power 30 W x time 308/ suspension volume 1000 ml). Statistical analyses were calculated

using Microsoft Excel 2010 and SPSS.

2.3.Results

2.3.1. Erosional response during rainfall time

Both CS and OS showed a similar temporal pattern of runoff and ef@sgure 23). However,
CS responded more rapidly and significantly pronounced than @8s(fJPO 0. 05) . The runo
started after 60 min and kept increasing until a steady state was achieved at 1&0gura 23a),
indicating the completion of structural crust formagohen et al., 1980; Moore and Singer, 1990lhe
runoff on OS started 60 min. later than for CS, and reached a steady state after 240 min of rainfall, but
with a relatively lower runoff rate than G6igure 23a). By the end of the 6 hour raififaimulation, the
runoff coefficients of CS and OS were on average 29.4 % and 18.1 %. Soil erosion from CS was also
higher than from OS. The temporal pattern of soil erosion rates for both soils corresponded with their
runoff rates(Figure 23b). The slidit decline of soil erosion rates on CS implies the depletion of erodible
materials. The sediment concentration of CS and OS roughly stayed constant after runoff reached steady
state conditiongFigure 23c). Due to limited amount of soil erosion at the i@gng of the tests, the
sediment concentration could not be calculated accurately and is therefore not shown here.-The inter
replicate variations of runoff and soil erosion rafeslicated by the error bars figure 23a b and
standard deviation ifade 2-2) were between 10 and 38% after reaching runoff steady state. This is
mostly due to the unavoidable inherent variability of erosion prd@sgan and Luk, 1981; Wendt et al.,

1986) However, the emporal patterns of runoff, soil erosion rates andsdzPof each replicate
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corresponded with each other (detailed data showfHin et al., In preparation) Meanwhile, the
erosional response for CS significantly differed from that for OS in almost all the (Gadds 22). The
erosiondata observed in our study is, therefore, considered capable of drawing representative conclusions
on the effect of crusting on ER. Detailed erosional responses during the 360 min rainfall simulation are
summarized imable 22.
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Figure 0-1. Development of (a) runoff rate, (b) soil erosion rate and (c) sediment concentration of conventionally
farmed soil (CS) and organically farmed soil (OS) over 360 min of rainfall time. Error bars indicate the standard
deviation. n=10.

2.3.2. Temporal variation of ERsoc in sediment during rainfall time

ERsoc in sediment changed for both CS and OS during the simulated ralfifgliré 24). On
both soils, ERBoc in sediment initially increased, peaked around the time when steady state runoff was
achieved and therftar declined. Maximum ERc¢in CS sediment was 1.86 and occurred between 120
and 150 min., while the peak E& of OS sediment was only 1.37 and occurred around 240 to 270 min.
At the end of the simulated rainfall, the CSdsRof 7 out of 10 replicates approached unity. Enrichment
of SOC in sediment < 1 compared to the original source soil was observed for the remaining three
replicates. Overall, the total amount of eroded SOC was 369.1 mg for CS and 326.0 mg for OS, which
werenot significantly different from each othert@st,P > 0.05, n=10). Detailed data on SOC erosion are

shownin Table 22.
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Table2-2. Summary of erosional responses of conventionally farmed soil (CS) and organically farmed soil (OS) over

360 min of rainfil time (average of 10 replicates). The erosion area is 1884.8ifferent superscripted letters in

each column indicate the significant differenced¢3t,PO0 . 05) . The subscripted number s
show the standard deviation (n=10).

Steady state Total Runoff Total soil Soil conc. ir Total SOC SOC conc. ir

Soil Time Runoff raie Erosion rale _Sediment runoff coef. erosion runoff erosion runoff
o/ . -1 . -1
(mln) (mm_h-l) (g'm-z'h-l) conc. G'l-l) (mm) ( 0) (g) (mg mm ) (mg) (mg mm )

CSs 180 12.9ato_2 31.7a12.5 2.4a10.2 55.6atgll 29.4at5‘0 27.4ai7.6 484.7a159‘1 369.1a185.1 6.6aio_6

OS 240 10.7°,, 20.3°,5 1.9°.0 34.1°.0 18.1°.50 16.1°.5, 476.1%.57; 326.0%50; 9.6%.10
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Figure 2-4 Development of enrichment ratio for soil organic carbon {&Rin eroded sediment from a
conventionally farmed soil (CS) and organically farmed soil (OS) over 360 min of rainfall time. Error bars indicate
the standard deviatigm=10).

2.3.3. Interrill erosion al response and SOC erosion

The relationship between runoff and soil erosion rates differed noticeably for CS afigQr@ (
2-5a, b): soil erosion rates for the CS increasgaidly from 20 to 50 g-rif-h™ afterrunoff rates exceeded
10 mm-h', while thesoil erosions rate for OS stabilized around 20 ghnfor runoff rates ranging from
2 to 14 mm-H. The power regression between runoff and soil erosion rate also showed that CS was more
sensitive to runoff erosivity (exponent 0.34 vs. 0.28) and sodibility (constant factor 12.12 vs. 10.27)
than OS Figure 25a, b). In addition, the constant relationship for OS and cloud above the tail of the
power regression line of the CS imply that the erosion wassalattive Figure 25a). There was no
consistent relationship between &Rof sediment and runoff rate or erosion rate for either Eajufe 2
5¢, d, e, ¥, indicating that there must be some other factors (e.g. duration or stage of crust formation

(Kuhn and Armstrong, 2012; Kuhn, 201phaffecting the EBoc of sediment than just the runoff erosivity
or soil erodibility.
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Figure 2-5. Correlation of soil erosion rate with runoff rate (a, b), correlation ofcERith runoff rate (c, d) and
correlation of ERoc With soil erosion rate (e, f) of conventionally farmed soil (CS) and organically farmed soil (OS).
Data from all 10 replicates are presented.

2.3.4. Crust formation and surface properties

Both soils experienced the formation of distinct crust features durngjrtiulation. After 6 hours
of rainfall, only a limited amount of large aggregates remained embedded on the CS, surrounded by a
coherent depositional crugtiQure 26). In contrast, the extent of the structural crust on the OS was much
greater than CS arttie depositional crust also contained visibly distinguishable aggredédese 26).
This indicates that the crusting process on CS progressed further than that on OS. A typical pattern of
surface roughness changes is showRigure2-7. The differencén surface relative roughness before and
the CS,

result reflects the progressed crusting on the CS, which generated a stronger elevation contrast between

after all rainfall events was significant (Makivhitney TestPO 0. 05) f or but

flat extended depositional crusts and embedded crumbs. On the OS, the soil surface was still interspersed
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by more coarse aggregates and a smaller area was covered by depositional crust. A similar effect of

crusting on roughness was observedAimglerson and Kuh2008) The texture of sediments and crusts

was similar to the original soil, which indicates re®lective erosion. ThR8OC content in the crust after 6

hours of rainfall was not significantly different from that in their original source for eitherPeilQ.47
for CS andP = 0.08 for OS)Figure2-8).

Figure 2-6. Soil surface after-Bour rainfall onconventionally farmed soil (CS) on the left and organically farmed
soil (OS) on the right. On both soils, the dark patches are formed by structural crust consisting of degraded crumbs.
Light-colored areas are depositional crusts consisting of fragmeiaisheett from structural crust by raindrop impact
and wetting. (Picture size: 10 cm x 10 cm).
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Figure 2-7. Typical pattern of surface roughness on the flume transects before and after rainfall. The 10th replicate
from conventionally farmed soil &) on the left and organically farmed soil (OS) on the right are shown here as an

example.
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Figure 2-8. Enrichment ratio of soil organic carbon (SOC) in soils below the crust, depositional crust and eroded
sediment at 360 min. from a conventionddymed soil (CS) and from an organically farmed soil (OS) compared to
their initial SOC contents. Error bars indicate the standard deviation. n=10.

2.4.Discussion

Our results confirm the a priori rationale thatdis influenced by crusting. For both soils used
in this study, a cohesive structural crust and a depositional crust were fi@figuac: 26). This pattern of
crust formation follows the model developed Gfen et al.(1980) The loose particles forming the
depositional layer were eroded once runoff started. This leads to a distinct pattern of soil erodibility during
the simulation event: increasing until shortly after the runoff rate reaches maximum, and declining when
the depositional layer is removedFigure 23). The erodibility peaks shortly after the steady state runoff is
achieved, because runoff becomes more competent and the preceding destruction of aggregates has
produced a temporally unlimited supply of particles tten be eroded by raindrop impacted flow. The
erodibility peak was less pronounced and delayed on the OS compared to (R@8 23). Such
differences are attributed to the greater aggregate stability of th@db& 21), which leads to slower
aggreyate breakdowrgFigure 2-8), less erodible particles, slower crusting, and less ruiBzfthes and
Roose, 2002; Le Bissonnais et al., 2005; Singer and Le Bissonnais, 1998)

The ERoc showed a similapattern: increased firspeaked around when steady state runoff
conditions were obtained, and declined afterwdgFdgure 24). We attribute this pattern to the depletion
of SOC in source soil induced by the effect of crusting on selectivity of erosion. At the end of the rainfall
event, texture and SOC content of the soil and sediment did not differ fi¥igiBe 28). This indicates
that erosion was neselective, and therefore soil and sediment also had the same SOC contentoke. ER
of 1. Schiettecatte et al2008) also observed ERc equal to 1 on a silt loam when unit sediment
discharge exceeded a certain rate (1.7-gi3). They attributed this to the decreasing selectivity of the

erosion process at greater sediment transport rates. We speculate that in our study at the béginning
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interrill erosion the soil surface consisted of a mixture of aggregates of various sizes, promoting selective
erosion of small and light particles. As indicated by the high SOC concentration irs&zedlbggregates

in the originalinFgoré 21pas (vaellasgn eroded sdimest fuata not published),
sediment enriched in smalized aggregates was also likely enriched in SOC. This explanation is
consistent with the observation Bghiettecatte et §2008)

Kuhn and Armstrond2012)also reported selective erosion of fine particles from a sandy soil.
However, in their study a negrodible sandy layer was developed on the surface, armoring the lower
lying soil, and thus preventing the achievement of-selective erosion. In the end, provided no
supplement from adjacent areas or litter input, interrill soil and SOC erosion eledidined to zero.

On the soils used in this study, aggregate destruction continued as the rainfall proceeded. Therefore, the
particles forming the depositional crust became finer, while erosivity increased with higher runoff. As a
consequence, erosiornaw increasingly noselective and ERc declined over time again. This declining

trend suggests that the ERin sediment must be balanced over time by a decrease of SOC in the source
area material. It further implies that scaling thesgFobtained fromshort rainfall events up to overall

SOC erosion may be misleading. Similar declining pattern afoEBver time was also observdxy

Polyakov and La{2004b)on both the erosional and depositional positions on a 4 m long slope. Although
the temporal variation of Efgc observed in our study apply, in strict sense, only to laboratory conditions
(without effects of dryig, vegetation growth and pronounced roughness elements), they point to the
necessity of assessing the degree of crust formation in the field, so as to determine the relevance of

crusting for ERocunder more complex natural conditions.

The effect of soimanagement practices on crusting also affected SOC. The SOC concentration in
the runoff of the OS was greater than on the CS (9.6 vs. 6.6 my-Table 22). While such a difference
in concentration reflects the SOC of the two soils (16.9 thof €S vs.10.9 mg-g'of OS, Table 21), it
does not correspond to the observed total soil erosion of 16.1 g from OS and 27.4 g floabl€27). .
As a consequence, total SOC loss from the OS (326.0 mg) was only slightly lower than from the CS
(369.1 mg) Table 2-2). Overall, the loss of SOC from the OS is greater than its lower soil erodibility
would suggest, highlighting the necessity to include the effect of crusting, which is often ignored in
current SOC erosion modeling, into the assessment of SOC erosorattibute the difference in
erosional response of CS and OS to the stronger aggregation on the OS, which delayed the crust
formation. This reduced, but stretched the peak glbEEbmpared to the Cigure 24).
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2.5.Chapter conclusion

Interrill erosion, die to its universal occurrence, location at the-atilosphere interface and the
assumed preferential erosion of SOC, potentially plays a great role in global carbon @¢chnget al.,
2009) The enrichment of SOC in interrgediment observed in several studies is thus a potentially crucial
parameter to assess sdiimate interaction, as well as edite impacts of interrill erosion to water courses.
However, ERqc of sediment is temporally variable as a consequence of fmusation and erosion.
Conservation of mass also questions the use of a-qomsiant average (annual) value of sERof
sediment to estimate the carbon erosion for a prolonged erosion tigg, dRediment must be balanced
over time by a decline of SDin the source area material. Therefore, extrapolation of enrichment ratios of
organic carbon (ER¢ obtained from short rainfall events up to overall SOC erosion may bear non
ignorable errors. The results of this study confirm these risks by illugfitititht ERoc is closely related to

the duration of rainfall events and the associated extent of crust formation and erosion.

While the prolonged rainfall (6 hours) applied here is very limited in its feasibility under natural
conditions, the temporal vatian of ERsoc of sediment proves that ER-is dependent on the degree of
crust formation and interrill erosion during the period when the soil is vulnerable to erosion by raindrop
impacted flow. Comparing our results with other observat{igin and Armstrong, 2012; Polyakov and
Lal, 2004b; Schiettecatte et al., 2008) ER;oc dynamics caused by crusting, we observe two basic
patterns: 1) particles at the surface eventually become small enough feelactive transport du®
continuous aggregate breakdown, so thatgMill achieve unity; or 2) The erosion remains selective
and a norerodible layer (e.g. armored by crust or by esiged particles) is formed at the surface. In this
case, provided that no supplement frodjgaent areas occurs, interrill and SOC erosion will eventually
decline to zero. For Jwftsédiment is naaed,ileading to @ overestimasiana nt 0
of SOC erosion unless ER was determined for the entire crust formation. This keion applies in
strict sense only to laboratory conditions without effects of drying, vegetation growth and pronounced
roughness elements. Observations in the field are now required to determine the relevance of crusting for
ERsoc under more complex natl conditions. Nonetheless, the results of our study show the need for
assessing the degree of crust formation in the field, both to ensure that rainfall simulation in the field
reflects a typical degree of crust formation under given natural rainfadlittmrs and that monitoring

covers the entire crusting process.
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Chapter 3

Inter -Replicate Variability and Crusting-Induced SystematicVariability in
Organic Carbon Erosion Modeling

Manuscript in preparation, planned to subtmilournal of Soils and Sediments

Abstract: Sediment generated Iyterrill erosion processes is often reported to be enriched in soil organic
carbon (SOC). To assess SOC loss by erosion, the amount of eroded sediment is often multiplied with the
average organic carbon content in the eroding soil and the average enrichmeait3&® in sediment.
However, the complex interaction between rainfall, runoff and soil crusting renders SOC erosion is highly
variable over time. Apart from the inherent variability of crust formation and soil erosion that may affect
SOC enrichment, consation of mass dictates that the enrichment ratio of SOC in sediment must be
balanced over time by a decline of SOC in the source area material. The use of averhgeertvialues

or valuesfrom short erosiorevens is theefore likely to generate a gteancertainty in estimating SOC

loss over longer events. Similar errors are also likely to oiécapplying SOC erosion data based on

current rainfall characteristics to estimate SOC loss in the future with changing rainfall magnitudes.

To evaluate the etevance of inherenvariability, crusting evolvement over time and the
accordingly derived systematic variability to soil and SOC erosion, two silty lesressubjected to a
simulated rainfall of 30 mm-hfor 360 min. Runoff and soil erosion rates were recorded every 30 min.
The whole rainfall event was repeated 10 times to enable statistical analysis of the variability of the
erosional response. Twaiep erosion models were developed based on the iidittraunoff and soil
erosion data obtained from six selected event durations: 60, 120, 180, 240, 300 and 360 minutes. The
results show that) the enrichmentatios of SOC dropped to unity or even below 1 during prolonged
crusting, confiming that preferential erosion is limited by depletion of SOC on the eroding soil suirfface;
the interreplicate variability of runoff and soil erosion rates considerably declined over rainfall time. Yet,
even after maximum runoff andasion rates were reached, the inplicate variability still remained
between 15 and 39%, indicating the existence of significant inherent variabilityij Jatiek increasingly
improved predictions with extending event durations ssiggkthat observations from short events cannot

be directly extrapolated to predict soil and SOC loss over longer events, and vice versa.

Keywords: interrill erosion, soil organic carbon enrichment, inherent variability, systematic variability
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Chapter 3: SOC ErosiorSystematic Variability

3.1.Introducti on

Soil erosion by water is strongly influenced by rainfall characteristics and thus potentially affected
by climate changéVioore and Singer, 1990a; Parson and Abrahams, 1992; Wang et al., 2012; Wan et al.,
2013) Runoff and erosion generally occur within the domain of one omptwoessesnon-concentrated
and raindrogmpacted sheet flow, aroncentratedlow with sufficient shear forces to incise into rills.

Both processes, in sequence, involve the effects of raindrop impact, wetting, soil resistance to erosion
(erodibility) and the erosivity of the floWGovers and Poesen, 1988; Kimaro et al., 2008)ring a

rainfall event, the soil surface is affected by the temporal pattern of infiltration, runoff grasid soil
erodibility. One of the most obvious changes of a soil surface during a rainfall event is the crusting
process. Crust formation not only alters the surface roughness, infiltration, runoff speed and runoff
erosivity (Moore and Singer, 1990a; Kuhn et al., 2Qaa)t also affects thabundance of depositional
particles, selective entrainment and transport of depositional particles, as well as the SOC erosion over
rainfall time(Kuhn and Armstrong, 2012; Hu et al., 2013a)this study, all the processes influencing soil
surface changes are summarized as crusting. However, current findisgd andSOC erosion irnthe
literaturediscussed aboveaveoften been observed on a wide range of soils under relatively tight patterns

of rainfall conditions, without adequately accounting for the potential effects of crosingime(Bryan

and de Ploey, 1983; Agassi and Bradford, 1999; Iserloh et al.,.Z8Yesults of such tests are useful,
whencomparng t he reaction of a soil to a fistandardo
possible soil and rainfall scenarios. Such snapshots may therefore not be reliable to predict the reaction of
soils to a wider range of naturally occurring ralid, let alone the rainfall scenarios of future climate and

land usgMeyer, 1994)

The problem of inaglquately accounting for the potential effects of crusting over time also
extends to the quality of eroded sedimefRalis et al. 1990; Kinnell, 2012) particularly those from
selective interrill erosion. Although esite soil loss by interrill erosion is many times smaller than that
from rill erosion when both occur at the same eroding site, it literally affects all arabi@lebally, 14.2
million km?) (Kuhn et al, 2009) Due to limited raindrop kinetic energy and lack of concentrated runoff,
interrill erosion is associated with selective entrainment and transport of se@aestn and Abrahams,
1992) As a consequence, fine and / or light pagchnd associated substances (e.g., soil organic carbon,
phosphorus and nitrogen) are entrained and transported away from eroding sites in greater proportions
than their concentration in the source soil suggests. The eroded sediment is thus genetadlg enric
substances, such as S@&harpley, 1985)phosphorougQuinton et al., 2001)nitrogen(Teixeira and
Misra, 2005)and clay(Warrington et al., 2009whencompared to the source soil. Overall, between 0.57
and 1.33 Pg C yrmay be affected by interrill erosion, potentially influencing global carbon cycling

(Kuhn et al., 2012)The delivery of SO&nriched sediments into wetlands and water courses can also
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have profound ofkite impactg(Lal, 2003) However, most of the recently published data on selective
interrill erosion (reviewed bKuhn andArmstrong 2012)show oty shapshots of SOC enrichment in
eroded sediment, namely reactions to a particular rainfall oanbmiplete crust formatiorWhile most
studies report a positive enrichment of SOC in intesglfliment the enrichment ratios of SOERsoQ
varies largely in the literature, ranging from 1.0 to @Barpley, 1985; Polyakov and Lal, 2004b; Kuhn,
2007; Schiettecatte et al., 2008piscrepancies are attributed to soil properties, such as texture,
aggregation, initial SOC content or initial soil moist(ieil et al., 1997; Ramos et al., 2000; Kuhn and
Bryan, 2004; Darboux and Le Bissonnai§02; Kuhn and Armstrong, 2012as well as to rainfall
intensities, kinetic energy, duratigRalis et al., 1990; Jacinthe et al., 2004ri¥hezMena et al., 2012)
and, finally, to diverse local micyimpography and deposition procesf@es Bissonnais et al., 2005; Kuhn,
2010b)

Apart from the influences of soil properties, rainfall properties and local fopagraphy, some
of the uncertainties on SOC erosiprediction are introduced by extrapolating constant or average SOC
enrichment ratio to longerm or largescale SOC erosion. The practical limitations of using one
enrichment value for SOC in sediment are questioned from a theoretical point of view: comsefvat
mass dictates that perpetual enrichment is not pos$iblgakov and Lal (2004b)XSchiettecatte et al.
(2008) as well asKuhn and Armstrong (20129bserved decreasing ER in sediment after certain
rainfall durations. This is in accordance with the conservaifomass, which dictates that the observed
enrichment of particles must be a retradystate phenomendiinnell, 2012) Failure to recognize this
among other factors may lead to overestingathe loss of organic carbon, fine mineral particles, nutrients
and other chemicals when soil is eroded by interrill procdsesell, 2012; Kuhn and Armstrong, 2012)
Ignoring crustinduced temporaVariationof ERsqc is also likely tointroducesystematiovariability when
compaing SOCerosionobserved from rainfall events of distinct duratiorgwever, such systematic

variability has not been adequately accounted for in current erosion models.

The potentialvariability between replicates also questions the accuracy of using an avekage ER
to assess SOC erosion. Major variability between replicates caused by differences in soil properties,
rainfall conditions or plot saip has been extensively discusgadassi and Bradford, 1999 he interrill
erosion processes are also very senstvainor interactions between the raindrop impact angle, speed,
and size of individual raindrog#gassi and Bradford, 1999%he chaacteristics of particle units resulting
from aggregate breakdowfhe Bissonnais, 1990jhe changes of surface roughngssderson and Kuhn,
2008) as well as initial soil moistur@.e Bissonnais et al., 1995; Heil et al., 199hcertainties coming
from these sources are inherent in erosion processes, which are impossible or very difficult to eliminate
even underdeal experimental conditiorfBryan and Luk, 181; Wendt et al., 1986; Nearing et al., 1999;

Hu et al., 2013a)Such uncertainties hereafter are termed as-iaficate variability. In addition, the
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significance of intereplicate variability on runoff ratekas beerreported to differ from thatro soil

erosion rates, respectively up to 75% and 35%ukand Mogan (1981)while up to 105% and 173% in
Rattimann et al. (1995)This may imply a different extent of varility on SOC erosion rates than on
runoff or soil erosion rates, as SOC erosion involves more factors, such as SOC distribution in eroded
sediment, SOC characteristics in the particle units resulting from aggregate, and availability of SOC
fractions duringcrusting. However, the significance of inteplicate variability on SOC erosion has not

yet been systematically investigated.

The aims of this paper are therefore: 1) to capture the temporal variation of SOC erosion, and then
evaluate the effects of thaecordingly derived systematic variability onto SOC erosion prediction; 2) to
identify the significance of the inherent complexity of interrill erosion processes onto theeplieate
variability of SOC enrichment in eroded sediment; and 3) to assesssk of linearly scaling models
developed from current rainfall characteristics up to predict the SOC erosion under climate conditions in
the future.

3.2.Materials and Methods

3.2.1So0il samples and preparation

Two silty loams from Mohlin( 4 7e 3306 N, 7e 5006 E) near Base
conventionally managed (CS) Baumlihof Farm and the second from the organically managed (OS)
Eulenhof Farm, were used in this study. The conventionally managed farm has plantederajgcades,
and has beeapplied chemical fertilizer and plowed at least once a year (Tab)e Meanwhile, the
organically managed farm mainly plamegetables and apesonly organic fertilizer (Tabl&-1). Soil of
A-horizon (about 100 kg for eachjpm a gentle shoulder slope (< 5%) was sampled in April 2010 on
each farm. Previous research conducted in the region of Mohlin showed that the silty loams used in this
study are likely to experience ngelective erosion, as raindrappacted flow is suftiently competent
to remove all the transportable materi@itki and Fister, 2011)The two soils were of almostddtical
texture (wetsieving after dispersion by 1% Sodium hexametaphosphate), but different in SOC content
(LECO RC 612 at 550 ecC), and a@ognme and Peekinss 2002p i | i t y
Therefore, their siftarity in texture but unalikeggregation was thus considered suitable to observe the
differences on crusting, as well as to ensure that during the rainfall simulation the presumedoflecline

ERsocin eroded sediment would ocofitu et al., 2013a)
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Table3-1Text ur e, percentage of stable aggregates greater t
and tillage management of conventionally farmed (CS) and organi€aitged (OS) silt loams. Different
superscripted letters in each column indicate the significant differeRces .05, Ftest). The subscripted numbers

after each average value show the standard deviation (n=10).

Stable aggregées

Clay (%) Silt(%) Sand (%) gr eater th SO(_:l Tillage operation Rotation Fertilizer
(%) (mgg )
Plowing (at least onc Maize. rape Chemical
CS 16.80%;3371.47%1,5411.50% oo 66.85% 47 10.9%05 a year) together witt +1aPE, 4o rtilizer and

wheat, grass

other tillage operatior manure

0S 1439 45,7584 55 9.77° 77.76" 16.9° Nonplowing,  XMPER: | Sheep manur
T s TTEE 080 TIT 0% B 010 harrowing : " horn shaving:
pea, bean
After sampling, the two soils were dried at 4C¢C

sieved to 1 to 8 mnExcluding oversized clods largely reduced the variation of surface roughness both
within each flume and between replicates, ensuringdtminance of interrill erosion processes in the
results rather than the differences in initial roughness. Then, dry soils were placed in a round flume with
an outside diameter of 50ncand a center opening of 10 cithese flumes were designed to limit the
effect of increasing flow length and thus depth on interrill erosion, as well as to ensure a sufficiently large
area to generate sediment for sampling and further analysis. The soils rested on the sand andadere mol
into a straight slope of 10% between the outer and inner rim. Preliminary tests had shown that slight soll
compaction/settlement via preetting was necessary to ensure that once subjected to rainfall, soils would
not to sink below the center rim ahdnceblock the transportation path. Besides, preliminary tests also
indicated that achieving a crust with constant runoff on such dry silt loams required more rainfall than that
could feasibly be applied during one da@jerefore, a 30 min rainfall of 30rmHh*, corresponding to the
intensity used for the actual test, was applied one day prior to the simulation event. This shettipge

on one hand, enabled the observation of the effects on aggregate breakdown during crusting process; on
the other, indced an initial crusting and soil Hitg, which facilitated the faster runoff development

during the actual test

3.2.2Rainfall simulation

Two flumes, one of each filled with CS and GSg(re 31), were simultaneously exposed to a
simulated rainfall of 30 mr™ for 360 min (in total about 180 mm of rainfall). An event precipitation of
180 mm is not a frequent phenomenon in the region of Mohlin.mdwhly precipitation during April,
May and June (corresponding to periods with bare soil after tillage) vargsdy over the past three
decades (Figure3-2), ranging from 6 to 241 mniMeteoSwiss, 2013)Preliminary tests and field
observations had shown that the two sittgms used in this study required between 90 and 120 mm
rainfall (i.e. 180 and 240 min) to complete crust formation, and roughly 180 mm rainfall (i.e. 360 min) to

develop the presumed decreasing SOC erosion (diesaind Fister, 2011)The returnperiod of such
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monthly rainfall is 0.65 years for 90 mm, 1 year for 120 mm, and 7 years for 180 mnselEloted
rainfall, therefore, was suitable to observe all the potential effects of prolonged crust formation onto the
variability of erosional response that would possibly be experienced by the soil in the region of Mdhlin
except for the effects of drying between rainfalerts. Drying is likely to rejuvenate the granular
structure of the crugtKuhn and Bryan, 2004however, the effects of drying on E&R are unknown.
Ignoring the drying effect doesnlimit the objective of this study which aimed at testing the sensitivity

of ERsocto interreplicate and systematic variability in princiglikewise stated irHu et al., 2013a)

Figure 3-1 Conventionally farmed soil (CS) drorganically farmed soil (OS) in round flumes were simultaneously
subjected to simulated rainfall. The white boxes were used to monitor the rainfall intensity. This picture was also
presented ifHu et al., 2013a)
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Figure 3-2 Monthly total precipitation during April, May, and June in the region of M6hlin ovep#st 28 years.
Three lines mark the monthly precipitation of 90 mm, 120 mm and 180 mm, respectively. Data source: Station
Arisdorf (47°30"' N, 7°46' E, the closedimatestation near Moéhlin, Switzerland), MeteoSwiss, Federal Office of
Meteorology and Climatology, Zirich, Switzerland.
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A FullJet nozzle (Y4aHH14WSQ), installed 2 m above the soil surface, was used to generate
multiple-sized raindrops (B3 of 2.3 mm). The rafall intensity was measured every 30 minutes by
monitoring the rainfall amount collected in four gauges (area: 0.1 m x 0.1 m) that were placed on the four
corners of each flume (Rige 3-1). Kinetic energy of raindrops was detected by a-Vdésklvogel
Distrometer (average energy of 113.9 3-if). The preliminary tests had showed that the nozzle used in
this experiment was by nature apt to produce spatially varying raindrop distribution. Therefore, the two
soils were alternatively placed on the left aigtht positions for five times (positions as noted inuFe3-

3). This manner ensuretiat the any distinct patterns observed in erosional responses were reflecting the
actual differences in soil properties between CS and OS, rather than being miglegbysistent spatial
variation of rainfall properties. Howevedping somay, as a side effect, introduce extra inmgplicate
variation within each soil. In order to minimize such variation, strict operations were carried out with
greatest care, sucts &entical preparation for each replicate, application of the rainfall with accurate
pressure, and precise installation of the cleaned and dried nozzle with the same oriéhiatemnically,

the spatial variability ofhe rainfall intensity within eachif u me was O Stiékineta ergrgyt h a t
was about 15%. Such spatial variability persisted in the same pattern between different replicates, leading
to low interreplicate variability of rainfall intensity and kinetic energy the same positiofFigure 3-3,

Table 32). Moreover, h order to provide the most constant conditions practicably achievable in

laboratory, all the experiments were conducted by the same operator using the same flumes

3.2.3Soil and sediment analysis

During the simulation eventa]l the runoff and sediment dischaigeeresampled in intervals of
30 min. Sampling at intervals of 30 min produced enough runoff and sediment for further analysis and
also enabled to record the temporal changes of the erosional response. The runoffvsaraphesghed
immediately after collection tcecordthe amount of discharge. After the simulation events, sediments in
all runoff samples were allowed to settle for 48 h. The supernatant was then decanted off, and the
sedi ments wer e dhed &dil organic chrbaoacéntration of orgmal soils and eroded
sediment weraneasurecby aL ECO RC 6 1 2 The terichnieri rateo ©f SOGERso) was
calculated between the SOC concentration of eroded sediment and origigas stgscribed iku et al.,
2013a)
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Rear Rear

Front Front

Left Right
Figure3-3 The spatial distribution of rainfall intensity (RI, miit) and kinetic energy (&, Jm?h) in the area of
the two round flumes centered by the position of nozzle. Lowerrhasbers indicate the standard deviation at each
corner between 10 replicates.

Table 3-2 The correlations of runoff and erosion rates with the spatial distribution of rainfall intensity (RI) and
kinetic energy (k). Values in the table represent the Bearproducinoment correlation coefficientr)( For
conventionally farmed soil (CS), only runoff and erosion rates after 180 min were procassed0Of, and
accordingly the critical value afis 0.235 at significance level of 0.05 for a tiedled test. For organically farmed

soil (OS), only runoff and erosion rates after 240 min were processefid), and accordingly the critical valuerof

is 0.279 at significance level of 0.05 for a tiedled test. The shaded values indicate the significant correlations at
significance level of 0.05 for a twiailed test.

Correlation coefficient (r) of Rainfall intensity (RI) Kinetic energy (Egn)
Pearson productmoment | Front Front Rear Rear Average of | Front Front Rear Rear Average of
Left Right Left Right fourcorners| Left Right Left Right four corners

cs Runoff | 0.123 0.403 -0.078 -0.183  0.127 |0.420 0.497 -0.414 -0.142  0.319
(0=70) | soil Erosion| 0.245 0.501 -0.060 -0.309  0.165 |0.233 0.658 -0.478 -0.381  0.159
0s Runoff | 0426 0.531 -0.058 0.045  0.503 |-0.419 0520 -0.509 -0.458  -0.121
(n=50)

Soil Erosion| 0.158 -0.018 -0.031 0.118 0.078 0.381 -0.062 0.166 0.080 0.335

3.2.4Variability analysis

Analysis of nter-replicate variabilityby ten replicates
The whole rainfall simulation experiment was repeated 10 times (two pairs of flumes used for 5

times) to generate a large enough datadsenablethe statistical analysis of the variability of erosional
responseGenerally, greater numbers refplicatesmprove the accuracy of erosion data, especially when
erosion loss is relatively smgMearing et al., 1999)en replicates were thus considered esrapromise
between beig sufficient to obtain reliable statistics abdingfeasible to be conductd@ryan and Luk,
1981; Rittimann et al., 1995)he mefficiert of variation (CV), i.e.thestandard deviation divided ke
mean value, was applied to evaluate the irdgplicate variability of rainfall intensity, kinetic energy,
runoff rates, erosion rates and 4R Since the coefficient of variion (CV) is irdependent of
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measurement unitghe intefreplicate variability (i.e., CV) othe abovementioned parameters can be

directly compared.

Analysis of gstematic variabilityof soil erosional responsbky erosionmaodeling
In order to assess the relevancecnistinginduced systematic variability tpredict erosional

response and SOC erosion, the entire rainfall event (360 min) was divided into sxesih with
increasing durations: 60, 120, 180, 240 and 360 min. Erosion data from the beginning (i)eu® taithe

end of each of the six stdvents weraisedto develop modelfor runoff, soil erosion and SOC erosion

Six sets of models were then respectively extrapolated to estimate the erosional response of the entire 360
min event. All the modeling anstatistical analyses were carried out by R Stsittware packages (R

version 2.15.1)

The modeling comprises two steps (kig3-4): first, aninfiltration modelwas developed based
on the regression between the measured runoff and rainfall time-{fq. 3

E, =|=Z.'ééééééééééééééé. é &q. 3-1)
Where,"O= infiltration rate (mmh™) at timeo, 6= erosion time (min)(= constant value
dependhg on the initial and final infiltration ratéQ= infiltration decay factorThe besfiitted exponential
curve (Eqg.3-1) from each suleventwas then applied to predict infiltration and in turn runoff rates over
the entire 360 min evenffterwards,r was used to represent the coefficient of determinatiothef
infiltration model from each sulevent R indicateshow well the predicted runoff rates match the

measured values by pairwise comparison.

The secondtep involved developing a model for soil erodi@sed on the regression between the

measuredunoff andmeasured so#rosion rates during each swvent (Figire 34).

Yo 2 2 2 2 2 2 2 2 2 2 2 2 2

Where,j = soil erosionrate (gm?-h™), 1§ = runoff rate (mrrh™"), Q= constant factor for
erodibility, i = constant factor for runoff erosivity. The bdisted power functionfrom each sulevent
(Eq. 3-2) was driven by the previously predicted runoff rates (from3b) to predict the soil erosion
rates over the entire 360 min evefhe same as for runafates r was used to represent the coefficient of
determination of erosion model from each ®went, andR was to indicate how well the predicted soll

erosion rates match the measured values by pairwise comparison.

Analysis of gstematic variabilityof SOC erosiorby erosionmodeling
The SOC erosion rates were computed by multiplying the predicted soil erosion rates with the

measured ERcand the soil original SOC content at each runoff collection interval (FigdjeThe total

SOC losses from #hentire rainfall events were calculated by summing up the SOC loss from all intervals.
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The systematic variability of SOC erosion induced drysting evolvement over timean then be
evaluated by comparing the measured SOC erosion with the SOC erosictedrbg models developed
from the six sukevents (Figure -3). Such modeling approach (Figuré) although not exquisite, serves
well enough to capture the relevance of crustimfyiced systematic variability to soil and SOC erosion.
Where other erosioacenarios are of interest, different models should be developed acco(diggbsi
and Bradford, 1999)

[ Measured infiltration rate] [ Rainfall time ] [ Measured runoff rate] [ Measured soil erosion ra]
\ 4 y \4
[ Infiltration model ] [ Erosion model ]
[ Rainfallintensity ]_p[ Predicted runoff rate] :{ Predicted soil erosion rat]

[ Measured soil erosion rat] [ Enrichment ratio of SOC]

|

?
[ Measured SOC erosior] _ [ Predicted SOC erosior]

A 4

Figure 3-4 Flow chart of the modeling procedure. The box on upper left represents the packagénbiftrdueon
model. The dshlined box on upper right represents the package ofrttetonmodel. The daslined box at bottom
represents the outcomes of the whole modgiingess.

3.3.Results

3.3.1Soil erosional responses over rainfall time

Runoff and soil erosion ame conventionally managed soil (O8sponded more pronounced and
rapidly thanon the organically managed soil (Oigure 3-5a, b, ¢, d). The runoff started after 60 min
for theCS and 120 min fathe OS, then increased and achieved steady state after 180rrttie CS and
240 min forthe OS (Figure 35a, b). Thesoil erosion rates fothe CS peaked around runoff steady state
and slightly decreased afterwards (Fig 35c), whilst thesoil erosion rates fothe OS roughly
maintained steady until the end of the rainfall evéigure 35d). The declining trend cfoil erosion rates
onthe CS from 300 to 360 min (Fige 3-5c), as opposed tihe steady runoff rates (Fige 3-5a), reflects
the depletion of erodible materials. The gRon both soils increased at first, peaked around the
achievement of runoff steady state,dadeclined afterwards (Fige 3-5e, f). This indicates that

preferential erosion of SOC depends on the extent of crusting and the associated aggregate breakdown
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over rainfall time(Hu et al., 2013a)lt also highlights the deficiency of applyinge» average or annual
ERsocto assess SOC erosion ol@mnger events
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Figure3-5 Comparisons between conventionally farmed soil (CS) and organically farmed soil (OS) over 360 min of
rainfall in terms of runoff rates of 10 replicates and their average (a, b), erosion rates of 10 replicates and their
average (c, d) and ERSOC of 10 replicates and their average (e, ).

3.3.2Inter -replicate variability

The interreplicate variability (coefficiet of variation, CV) of runoffatesas well as soil erosion
rates considerably decreased with rainfall time for bbhCS andthe OS (Figire 3-6a, b). At the
beginning ofthe rainfall events, the intareplicate variability otthe runoff rateswas high up to 82%or
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the CS and 163%for the OS. But they ket declining to 18 and 17%, untihe runoff rates reached
maximum (around 180 minof the CS and 240 min fahe OS) (Figure ®a, b). The intereplicate
variability of soil erosion rates exgpienced a similar trenbut with smaller differences, decreasing from
48 to 39% forthe CS, and from 51 to 18% fahe OS (Figure3-6a, b). However, even with 10 replicates
underthe most ideally controllehboratory conditions, thiewest achievablater-replicate variability of
runoff rates and soil erosion raiesthis studystill remained as high as 12 to 19% the CS, and 9 to 15%
for OS (Figure3-6a, b). Relatively, the inteeplicate variability of EBoc did not vary that much over
time (Figure3-6a, b), ranging between 8 and 20%tfeeCS, 7 and 27% fahe OS.
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Figure3-6 Variability (coefficient of variation) of runoff rates, variability of erosion rates and variability g &t
(a) conventionally farmed soil (CS) and (b) organically farmed soil (OS) over 360 min of rainfall.

3.3.3Prediction of erosional responsd®y modek

Results of thenfiltration and erosion models are presented in TaBl8 and Table3-4. The
infiltration decay factors() for the CS increased first when the sabents extended from 60 to 180 min,
and then declined when the setent durations prolonged from 180 to 360 min (T&s8. Similar, but
delayed andh lesser extergattern was also observedr the infiltration decay factdRon theOS (Table
3-3). In addition the erodibility factofQincreased with extending durations for bttie CS andthe OS
(Table3-4). A similar pattern was also observi the runoff erosivity factoli (Table 3-4), illustrating
the relevance afrusting evolvement over time to predict erosional resp@wth the erodibility factofQ
and the erosivity factar for the CS were greater than that filme OSfor almost all the sulevents (Table
3-4).

In boththe infiltration anderosion models, the? (coefficient of determination of the modeling)

increased with prolonging stévent durations (Tabl8-3 and 3-4), illustrating the improved modeling
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efficiency. TheR? of the pairwise comparison between the predicied measured values also increased
(Table3-3 and3-4), showing that the quality ehodelpredictions was also improved with extending-sub
event durations. However, even the besbf soil erosion rates fathe CS was rather low (only 0.257
from subevens of 360 min) (Table-4), implying the existence of other elements than event durations
affecting erosional response (e.g., the counterbalance between runoff erovisity and soil eyoHibitty

al. (2013a)explained that the loose particles fomgn the depositional layer were eroded once runoff
started, leading to a peak in soil erodibility shortly after the stetatg runoff was achieved. With the
removal of the depositional layer, soil erodibility declined as runoff speed and thus erosigsied

Table 3-3 Parameters ofinfiltration models developed from six sebents of different durations fothe
conventionally farmed soil (CS) anthe organically farmed soil (OS). The? represent the coefficient of
determination of thénfiltration models, anch mean the sample size for modeling. Rfeéndicate the coefficient of
determination by pairwise comparison between the predicted and measured runoff ratesieamdthe sample size
for pairwise comparisan

Duration - cs — - - 03 — -

of sub- Modeling Pairwise comparison Modeling Pairwise comparison
events Inflltr%té?grd-ecay 2 n R? N Inflltrfa:lté(t)grd-ecay 2 n R? N

60 min pg p T -0.056 20 | -0.305 120 oy pm -0.056 20 -0.698 120
120 min ¢ opm 0.545 40 0.741 120 ¢ pm -0.026 40 -0.675 120
180 min o® pTm 0.781 60 0.680 120 @ p 0.298 60 -0.135 120
240 min ¢ opm 0.790 80 0.726 120 P p T 0.649 80 0.780 120
300 min & pm 0.762 100| 0.719 120 p& p T 0.800 100 0.646 120
360 min pg p T 0.702 120| 0.596 120 P p T 0.839 120 0.791 120

Table 3-4 Parameters odrosionmodels developed from six sidventsof different durationgor the conventionally
farmed soil (CS) andhe organically farmed soil (OS). The represent the coefficient of determination of the
erosion models, andn mean the sample size for modeling. TReindicate the coefficient of determination by
pairwise comparison between the predicted and measured soil erosion ratésneaud the sample size for pairwise
comparison

CS oS
Duration . Pairwise . Pairwise
of sub- HaeiEig comparison Mg comparison
events | Erodibility Erosivity 2 0 R? N Erodibility  Erosivity 2 N R? N
factor @  factor » factor @  factor »
60 min 10.809 0.268 0.305 20| -0.471 120 2.296 -0.106 -0.002 20| -0.526 120

120 min| 11.464 0.292 0.793 40 | -0.296 120 6.281 0.123 0.045 40| -0.755 120
180 min| 11.602 0.305 0.802 60 | -0.175 120 10.264 0.282 0512 60| 0.733 120
240 min| 11.907 0.325 0.788 80 | 0.066 120 10.176 0.279 0.644 80| 0.716 120
300 min| 12.114 0.339 0.792 100| 0.230 120 10.233 0.281 0.703 100, 0.731 120
360 min| 12.130 0.342 0.796 120| 0.257 120 10.269 0.283 0.729 120, 0.739 120
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Figure 3-7 Comparison between the measured amounts of soil organic carbon (SOC) eroded from the entire event
(360 min) and the amounts predicted by models based on seveualbs (60 min, 120 min, 180 min, 240 min, 300

min and 360 min) fronconventionally farmed soil (CS) on the left and the organically farmed soil (OS) on the right.
The black line right through the diagonal of each figure implies the 1:1 ratio of the predicted values to the measured
values. The other dashed line represdmsaspects of the regression lines (y intercept = 0) formed by the predicted
values and the measured values.
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3.3.4Prediction of SOC lossesy models

The quality of theprediction of SOC erosion rates wasogressively improved with increasing
subevent duratioa (Figure 37). If the models were built on the data frohe subevents of 60 min, the
SOC erosion rates would have been umtedicted by 30% fothe CS, and even by 90% fdine OS (see
the aspects of the dash lines inUig 37a and b). Considerablmprovement on SOC erosion prediction
occurred when the durations of seleents exceeded 120 min fitre CS (Figure 37c¢). Similar patterns
were observedor the OS when the durations of swwvents were longer thab80 min (Figire 37).
Similar to the measad ERoq the predicted SOC erosion ratles the CS and the O8&lso showed
temporal patterns over rainfall tin{fEigure 38a, b):increased first, peaked around the achievement of
runoff steady state (after 180 min fime CS, and 240 min fothe OS), and declined afterwards. Overall,
the total amount of SOMsses predicted from siprolonging sukeventwas progressivelyadvancing
towardsthe totd amount of measured SOC losg€able3-5).
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Figure3-8 Comparison between the temporal patterthefmeasured amounts of soil organic carbon eroded over the
entire rainfall events (360 min), and the temporal pattern predicted by models based oresienssit§60 min, 120
min, 180 min, 240 min, 300 min and 360 min). Figure on the left is from theentiomally farmed soil (CS) and

figure on the right is from the organically far med

standard deviatigof 10 replicates.
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Table 3-5 The comparison between measured total soil organic carbon loss over entire 360 min rainfall and the
predicted loss by models of six different durations (60 min, 120 min, 180 min, 240 min, 300 min and 360 min) for
theconventionally farmed soil (CS) atigk organically farmed soil (OS).

Total soil organic carbon loss (mg)

Soil

Measured 60 min 120 min 180 min 240 min 300 min 360 min
CS 342.67 254.50 286.35 298.64 321.78 338.72 341.66
OS 303.36 30.46 129.22 292.35 287.70 290.90 292.99

3.4.Discussion

3.4.1Inter -replicate variability introduced by inherent complexity of interrill erosion

The existence of higinter-replicate variability of runoff and erosion ratelearly demonstrates
the significance of the inherent variability in affecting interrill eras{bigure 36). The interreplicate
variability declined over timerimarily because the numerically increasing runoff and erosion rates
(Figure 35) lead to a decreasing ratio of the standard deviation to the meanMaduefore, as a result of
the barty detectable runoff and erosiont&a at the initial stage (Figure53, b, c, d)the interreplicate
variability of erosional response was fairly higafore 90 mirfor the CS and 150 min for the OS (Figure
3-6). Nevertheless, even after runoff and @nsates reacheithe maximumvalues(after 180 min fothe
CS and 240 min fathe OS), the intereplicate variability stilremainedLO to 18% for runoff rates, and 15
to 39% soil erosion rates (Figure6ad, b). About 5 to 10% of such integplicate vaability can be
explained by the spatial and irt@plicate variation of the applied rainfall (Figuret3Table 32). But
there still remained 5 to 29%ter-replicatevariability unexplained. Similar unexplained variability was
also reported bryan and Luk(1981)andWendt et al(1986) They attributed it tahe minor variables
in interrill erosion processuch as changes aggregate size on the soil surface;neliefcand aggregate
stability. Armstrong et al. (2011also reported that interrill soil erosion of a silt loam at low slopes is
highly variable, and attributed it to variation in soil properties, variable surface sealing and connectivity
controlled by the micrdopography. The relevant dominance of these factors is impossible or very
difficult to determine, as they are interrelated and oaire controlled independently. The high inter
replicate variability of erosional response in this study confirms such conclusion, and proves the existence
of inherent complexity of interrill erosion processes even under sophisticated experiment colittns
inherent complexity could be even more significant on natural field, where far more complicated factors
are involvedto affect the intereplicate variability in soil erosion dafg/endt et al., 1986; Rittimann et
al., 1995; Nearing et al., 1999)
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3.4.2Systematic variability induced by crusting development over rainfall time

The predictions of runofoil and SOCerosion rates were systematically improvimigh models
developedrom short to long suevents (Tabl&-3, 34, and 35, Figure3-8 and3-9). This illustrates the
relevance of crusting evolvement and the accordingly derived systematic variability tot [meitli
erosional response and SOC erositdawever, even based on the data from thmyést sukevent(360
min), the soil erosion rates ftihe CS were still poorly projected®t from the pairwise comparison was
only 0.257) (Table3-4). This seems conflttng with the good prediction of total SOC loss filve CS
(Table 3-5). It may result from two factors: 1) the failure of the erosion modekpresent the rapidly
increase of soil erosion rates after the runoff rates on the CS exceeded I0(asui$cussed ifHu et al.,
2013a) Therefore, lie erosion model used in this stu¢lgg. 3-2), albeit best fittedis apt to undepredict
soil erosion at great runoff rates, while opeedict soil erosion at low runoff rate8) The temporal
variation of ERso¢, induced by crusting formation and thus the depletion of SOC on the eroding site over
time, resulted in great values at low runoff rates and dropped to unity at great runoff rates {Sigure 3
This meansthe undeipredicted soil erosiomates hadERsoc of unity (Figure 35), while the over
predicted soil erosiomates featuredhigh ERsoc (Figure 35). As a consequence, the poor estimates
introduced by the erosion model were cancelled out by the temporally varyigg, EBsulting in
practicable preidtions on SOC lossedhis, therefore, gives a general precaution tmastinginduced
systematic variability of soil erodibility, runoff erosivity and SOC availaldhiguld be taken into account

wheninterpreting erosion data from events of differemtadions

3.4.3Potential systematic variability to predict soil erosion in the future

Systematic variability is also likely to occur when extrapolating the models generated from
current rainfall characteristics to predict soil and SOC loss under future conditions. As observed in this
study,thereturn periof the critical monthly rainfalamount undecurrent precipitation conditioria the
region of M6hlin is quite highi.e., 0.65 years for 90 mm to start crusting, and 1 year for 120 mm to
complete crust formatioherefore soils in the region of Méhlinrmay experience different progressions
of crusting duringdifferent tillage seasond hisrendes thebare soils after tillage very sensitive to even
minor differences in rainfall amourand intensity In the future further uncertainties may be brought
about by the high likelihood of increase in the frequency, intensity, and/or amount of heavy precipitation
(IPCC, 2014) These uncertainties may not only exacerbate the extent of soil and SOC erdsiaviby
or more frequenprecipitation, but may ab alter the crusting procesby complicating the history of soil
surface, e.g., different pseetting rates, aging durations, or drying cycles between stfienBissonnais
et al., 1989; Kuhn and Bryan, 2004; Levy et al., 199#}hout determining the dominance séil surface
changes during crustingr the preceding history of the soil surfasgpsion datamay bear great

systematiovariability, and thudead to biased estimatiamn soil and SOC erosioSuch biaseéstimation

45



Chapter 3: SOC ErosiorSystematic Variability

on SOC lossesn further step, wouldnislead the assessmenttéimpact of SOC erosion dihe aquatic

systemand global carbon cycling

3.5.Chapter conclusion

This study aimed at eltmting the relevance of inherent variability, crusting formation over time
and the accordingly derived systematic variability for soil and SOC erosion prediction. Two silty loams, of
different structures and SOC contem&re subjected to a simulated n&ll of 30 mm A for 360 min.

The results show that the inteplicate variability (coefficient of variation between ten replicates) of both
runoff and soil erosion rates considerably declined over rainfall time. But even after runoff and soil
erosion ates reached maximum values, the mnéglicate variability of soil erosional response still
remained between 10 and 39%. This indicates the existence of inherent variability during interrill erosion
process, and also points out that the complex interaeti the soil surface remains significant even under

ideally controlled laboratory conditions.

The enrichment ratios of organic carbon dropped to unity or even below 1 during prolonged
crusting, confirming that preferential erosion is limited by depledioarganic carbon on the eroding soil
surface. While the continuous 360 min rainfall (more than 180 mm) applied in this study is very limited in
reality under natural conditions, the progressively improved predictions with extendirgvesutb
durations dmonstrate the relevance of crusting evolvement and the accordingly derived systematic
variability to soil and SOC erosion assessment. Similar variability may also occur when models built
based on current rainfall characteristics are used to predict sbif@& erosion loss in future events.
Simple extrapolation of the parameters may not be sufficient to reflect the potential influence- of ever
changing rainfall magnitudes and frequencies onto the soil and SOC loss in the future. The preceding
history of thesoil surface and the potential evolvement of crusting over time should also be accounted for,

to accurately assess the-site and offsite impacts of SOC erosion onto global carbon cycling
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Abstract: In a given layer of surface runoff, particle transport distance declines with increasing settling
velocity. Settling velocity itself is determined by the size, density and shape of the particles. For sediment
composed of aggregates, settling velocity dogisonly vary due to texture, but also due to aggregation,
aggregate size and stability. Therefore, aggregation can strongly affect the transport distance of the
sediment and the substance specific redistribution of the eroded material, such as orgi@nic ma
Understanding the effect of aggregation, for example, on redistribution of eroded organic matter is
therefore essential for understanding local, regional and global carbon cycles. To capture and establish the
relationship between aggregation, sefflimelocity and aggregate specific organic matter content, a
settling tube apparatus, based on a previous design, was constructed and applied to fractionate soils by
water stable aggregate size classes. To illustrate the effect of aggregation on sétihg thee results

were compared with mineral grain sizes after ultrasound dispersion. Five settling velocity classes were
di stingui shed based on the Equivalent Quartz Size
Om, 32 to 63 .Guactionationdf aGilty3oam Y settling tube illustrates that aggregation
strongly affects settling velocities and should be considered in erosion models, as opposed to the texture of
mineral grains. An analysis of sediment organic matter in the &ttéing velocity classes also showed

that settling velocity is a suitable parameter to physically connect the redistribution of eroded soil organic

matter to overland flow transport processes.

Keywords: settling tube apparatus, settling velocity, trangmbstance, aggregate fractionation
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4.1.Introduction

Soil particles displaced by erosion experience selective deposition along their flow paths across
watershed¢Walling, 1983) Understanding the effect of this selectivepdsition on the redistribution of
particlebound substances (e.g. soil organic carbon, phosphorous or other contaminants) within watersheds
requires a discrimination of particles and their properties by their respective transport distances. The
transportdistances of displaced soil particles are related to their settling veld@iegsich et al., 1992;

Kinnell, 2001, 2005}-or eroded soil particles composed of aggregates, settling velocities gedenadyy
correspond to the average or median mineral grain size, because aggregates differ in size, density and
shape from mineral grainglohnson et al., 1996; Troayan Meerveld et al.,, 2008The average or

median grain size can be the same for a range of soils, but the aggregate size distribution can differ, e.g.
when clay enhances tifermation of aggregates. The distribution of settling velocities therefore can
provide more accurate information on the quality and behavior of eroded and aggregated sediment than
just texture(Loch, 2001) The distribution of settling velocities based on gradize classes has already

been included into some erosion / deposition mofMtzrgan et al., 1998; van Oost et al., 2004; Aksoy

and Kavvas, 2005; Fiener et al., 20Q8blpwever, inconsistencies such as epmrdiction of clay
fractions or undeprediction of sand and silt fractions in sediment samples are oféserrin their

results (Beuselinck et al., 1999b; van Oost et al., 20MBcause soil particles are mostly eroded as
aggregates rather than as individual mineral gf/alling, 1988; Slattery and Burt, 1997; Beuselinck et

al., 2000) Aggregation potentially increases settling velocities and reduces transport distances. As a
consequence, aggregation can lead to aggregate specific, rather than mineral grain specific, misfributio
particlebound substances across a landscape by selective depg@sition) 2007; Kuhn and Armstrong,

2012) The settling velocities of aggregates are therefore crucial to determine the effectian @m
redistribution of substances (such as eroded soil organic carbon, phosphorous, nitrogen or metals) across
landscapes, as well as their delivery into aquatic systems. By further identifying the lability of the eroded
soil organic carbon, and quaryiiig the relative proportion mobilised into or out of different ecosystems,

it also can substantially improve our understanding of the role of erosion / deposition on global carbon

cycling.

The settling velocity of mineral particles is determined by thiee, density and shajBietrich,
1982) For aggregated seil their irregular shape, porosity, permeability, interaction with organic matter
of low density, aggregation, and the relative fragility of wet aggredgatesBissonnais et al., 1989;
Dietrich, 1982; Johnson et al., 1996; Trongn Meerveld et al., 2008)an all affect their settling
velocities. Therefore, a conceptual approach based on Equivalent Quartz Sizes (EQS), modified from the

equivalent sand sizased byLoch (2001) is developed to address the effect of aggregation on the
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potential redistribution of eroded soil organic matter across-alope. EQS represents the diameter of a
spherical quartz particle that would fall with the same velocity as theegatgd particle for which fall

velocity is measure@Loch, 2001) Therefore, EQS represents an integrated index to indicate the settling
behavior rather than to represent the specific size of the soil particles. In this manner, our current
understanding of theffects of mineral grain size on sediment behavior can be applied to aggregated
sediment particles based on the concept of EQS. Although the accurate size of aggregated particles needs
to be validated by field data, the accuracy of soil erosion modeklsame largely improved by applying

the distribution of settling velocities based on EQS compared to grain size distribution.

4.2.Use of settling tubes to fractionate sediment particles

The settling tube (column) is a traditional technique used to measusettling characteristics of
aguatic solidg¢Droppo et al., 1997; Wong and Piedrahita, 20®€x and Petticrew, 2008)ut the settling
tubes used in river and marine environment are often short and with small openings. Consequently, they
are unable to allow coarse particles to pass through, so they cannot be directly applied to fractionate
sadiment that is often in the form of aggregates. Settling tubes, such as the 20 cm long example used in
(Johnson et al., 19963annot be used to fractionate the aggregated sediments either, because such a short

settling distance is not capable of accurately distinguishing the velatfifiest settling particles.

In order to fractionate aggregated soittgirsine and McTainsl{1986) desgned a togentry
settling tube appa@r,atwhi dhlr heasiGadddtigac fThydBm t he A ¢
(1934) In this design, soil samples were introduced into a 200 cm long vertical tube from theawop by
injection barrel. After falling through the static water column by gravity, soil fractions were collected over
predetermined time intervals into sampling dishes situated in a turntable under theopatelyottom of
the tube. This design was then imped byKinnell and McLachlar{1988)using a more reliable injection
barrel, and further by.och (2001, who employed an electric motor to raise the tube and rotate the
turntable. Unlike other physical fractionation methods, for instance, wet and dry i@aimipardella and
Elliott, 1994; Christensen, 20QXyhere aggregates would inevitalyperienceabrasion, settling through
a water column preserves fragile aggregates. However, such a technique has not been widely
implemented, beesse the lack of details in describing the existing settling tube apparatus makes it very
difficult to reconstruct one without detailed knowledge of their design specifications. Such information
could only be obtained by personally contacting the authdnghwis often not possible. In particular,
measurements linked to modeling the redistribution of organic carbon and their implications on the carbon
cycle are missingKuhn, 2013) It is also noteworthy that soilapticles depositing through a column of

static water neglects the potential effects of, for instance, flow turbulence during transport processes.
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Other information (e.g. topography, and flow velocity) is required, therefore, in order to further calibrate
the realistic transport distances of eroded soil particles.

4.3.Settling tube apparatus developed by Basel University

The settling tube apparatus built at Physical Geography and Environmental Change Research
Group from Basel University consists of four components (Figuta): the settling tube, through which
the soil sample settles (Figuéelb); the injection device,yowhich the soil sample is introduced into the
tube (Figured-2); the turntable, within which the fractionated subsamples are collected (Bigyrand
the control panel, which allows an operator to control the rotational speed and resting / mowviadgsinter
of the turntable (Figuré-4).

@ (b)

Figure4-1 (a) Overview of the complete setup of the Basel University settling tube apparatus; (b) The settling tube.
Measurement units in mm.

4.3.1The settling tube

The settling tube is made of transparent PVC, has a length of 180 cm and an internal diameter of 5
cm (Figure4-1b). The tube can hold approx. 4 liters of water, through which the soil sample is free to
settle. In most cases, the soil particles are smihlégr 2 mm in diameter, so the diameter ratio of the tube

(50 mm) to a particle (< 2 mm) is greater than 25 to 1. Accordirigptt (2001) such a ratio largely
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eliminates concerns associated with edge effects and the variability introduced by wall effectstesdexp
to be < 10%.

4.3.2The injection device

An injection device is used to insert the soil sample into the top of the settling tube. It consists of a
central chamber and a ca. 30 cm long metal rod connected to a Teflon cone at the lower end, a Teflon
piston n the middle and a rubber plug attached to a handle at the upper end &&jusased on the
design of(Kinnell and McLachlan, 1983)

Push down

Plug

Metal Rod

hamber

Al

Figure4-2 The injection device used in the Basel University settling tube apparatus. Measurement units in mm.

The soil sample is placed into the central chamber before injection, the*@@gacity of which
limits the mass of dry soil to 25 g. This leads to a soil concentration of approximately i ghie water
column. FollowingLoch (2001) the concerns associated with particle interactions during settling are
therefore minimal. The metal rod passing through the chamber opens the Teflon cone at bottom of the
chamber, releasing the soil sample while the piston and plug keep the chamlbtseadyent water
flowing out at the bottom of the pipKinnell and McLachlan1988)used apin inserted into the rod to
prevent the piston from moving downwards before release. In our injection device the deformation of the
Teflon is used to seal the chamber and prevent the movement of the piston 4FRAgufdis design seals
the chamber moreffectively; however, it requires a much greater force to open it. A slow opening of the
chamber can lead to inaccurate settling times. It is also noteworthy that the cone frequently represents an
obstacle in the pathway of falling particles and smallam® (< 1 g) have been observed on the surface
of the cone. Further improvements on the design of the injection device are required in order to solve this

problem.
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4.3.3The turntable

The turntable is placed under the settling tube and is used to collectltFracmns that settle
out of the tube. It consists of a circular tank (Figd#®a, PVC transparent), and a set of sampling dishes
(Figure4-3b, PVC grey). The circular tank is 50 cm in diameter, 20 cm deep, and has a volume of 40 L.
The net volume of e& sampling dish is ca. 290 &nwhen settling, the water level in the tank must be
higher than the bottom opening of the tube to prevent the water from flowing out of the tube. The
turntable tank rests on a layer of plastic ball bearings placed in bar@aath the tank. This tray rests on
three pillars (Figure-3c). An electric motor, affixed to the pillars, enables a timed and stepwise rotation
of the turntable and thus places each respective sampling dish precisely underneath the settling tube, e.qg.
at time intervals corresponding to the settling times of the EQS. Where motor installation is not available,
manual operation to replace the sampling dishes is also feasible.

4.3.4The control panel
A plug-in time delay relay (© Comat, RS 12D is used to conttothe rotational speed and
resting / moving intervals of the turntable (Figdrd). The control panel primarily consists of three parts:

the main switch, the speedntrol knob, and the intervabntrol buttons.

|———Water tank

ollow plastic balls

|—Fan-frame

Supportive pillar

(b)

Figure4-3 The turntable (a), theamplingdish (b), and the supporting frame (c) of the Basel University settling tube
apparatus. Measurement units in mm.

Variable adjustment of
Speedcontrol _| resting intervals
Variable adjustment of
moving intervals
Main switch —f—— Grades ofesting intervals

Grades of moving intervals

Figure4-4 The control panel of the Basel University settling tube apparatus
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4.4.Potential transport distance of eroded organic carbon based on texture and
aggregation

4.4.1Soil selection and preparation

A silty loam from M°hlin, nort hwest Switzerl an
differences between theotential transport distance of eroded organic carbon predicted based on soil
texture and that predicted laggregate fractionatiomhe soil was sampled froBéaumlihof Farmwith a
wheatgrassmaize rotation in August 2011. Sampling directly from the field, rather than from
depositional sites after a certain extent of preferential transportation, providepatunijpy to evaluate
the likely transport distance of all classes of eroded patrticles. Its total organic carbon concentration is 10.9
mg ¢', and the aggregate stabilitpased onNimmo and Perkins, 20025 66.85%. This degree of
aggregation and organic carbon content were considered appropriate to investigate the effects of
aggregation onto the potential redistribution of eroded soil organic carbon by deposition across the
landscape.

4.4.2Calculation of Equivalent Quartz Size

Stokesd Law covers t he dommaimgtheosflty Iaam esednior thisr a | g

study. Their terminal settling velocities can be calculated by:
0w - — (Eq. 41)

Where:o = settling velocity (rvs?), 'Q= settling distance = 180 cm witthis settling tube

apparatusy = settling time (s)Q= diameter of settling particle (mmY)= gravitational force = 9.81 N-kg
1

,—= Vviscosity of pwaNsaerf, Oa averayd densi§ ofthe solid particles, for most
soils = 2.65 10°kg-m*, 'O = density of water = 1.010° kg-m*,

A~

The use of Stokesd Law t eensglanited tolpaticles <B.@Q@Smi s , i
(Rubey, 1933) For soils dominated by larger mineral grains, different relationships should be used
(Ferguson and Church, 2004; Wu amang, 2006) Five size fractions were selected according to their
likely transport distance once erod&farretal., 2000) O 250 Om, 125 to 250 Om,
Om, O 32 4@m (Tabl e

4.4.3Soll fractionation by settling tube and wet sieving

The soil samples were dried ated@ unt i | c o n fadhiavedand theni ggnlyt dryw a s
sieved with an 8 mmieve to avoid ovesized clods. Prior to settling / wsieving, 25 g of dry soil were
immersed into 50 ml tap water for 15 min. This fastiting emphasizes slaking and slight clay dispersion

and simulates the destruction of aggregates during an erosan(kee Bissonnais, 1996for all tests,
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tap water was use@he electric conductivity of tap water was 2220 us‘cmhich was fie times higher

than the rainwater in Basel (462 ps:9min general, increased electric conductivity of tap water enhances
dispersion during rainfall simulation teq@orselli et al., 2001)A comparative aggregate stability test
(Wet Sieving Apparatus, Eijkelkamp, Netherlands) using tap veatérainwater from Basel had shown

that tap water only had a minor effect on aggregates greater than 250 um after 20 min of continuous up
anddown movement (67.24% in rainwater, 73.59% in tap water). Therefore, the use of tap water was

considered to be aeptable.

Table4-1 Settling times and velocities of the Mohlin silty loam, based on the Equivalent Quartz Size (EQS) classes,
and the likely transport distance of soil particles once eroded based on the conceptual function developed by Starr et
al., 2000.The settling distance is8m.

EQS (um) Settling velocity (m-s') Settling time (s) Likely transport distance
> 250 >18 pm <40
125- 250 PR pm-T® pT 40- 120 Deposited across landscapes
63-125 o3t pmM-p® pTI 120- 600
32-63 p&t pm-08t pT 600- 1800 Possibly transferred into rivers
<32 <p8t pTm > 1800 Likely transferred into rivers

A 25 g of fastwetted soil sample was fractionated using the Basel University settling tube
apparatus into five settling velocity classes (TablB. A typical settling pattern of soil particles in the
water column is shown in Figu#e5. The finest parties correspond to those that remain in suspension
after 1800 s of settling (i.e. EQS < 32 um). Fractionated samples were dried at 40°C and dry weights as

well as total organic carbon concentration (by Leco RC 612 at 550°C) were measured.

A second 25 g ofastwetted soil sample was subjected to ultrasound using a Sonifier 250 from
Branson, USA. The energy dissipated in the water / soil suspension was ca. '60.6:fhergy = output
power 70 W x time 85 s / suspension volume 100(Mdrth, 1976) According toKaiser et al(2012)
although the aggregates were probably not thoroughly dispersed at this level of energy, ¢heiceass
and organic particles (> 250 um) were prone to be damaged if higher energy than 6&aksrflirther
applied. The dispersion energy level of 60 J:wihs thus considered to be satisfactory, in the context of
distinguishing the size distributioof aggregates from grains. The dispersed fractions were then wet
sieved into the five size classes corresponding to the five EQS classes used for the fractionation by settling
tube. The weights and total organic carbon concentrations of each classeaweneetisured in the same

way as for the settling tube fractionated samples.
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Figure4-5. A typical settling pattern of soil particles through the water column: coarse particles settle fastest, while
the fine particles stay suspension at upper part.

4.5.Effect of aggregation on settling velocity

The results of the two fractionation approaches are shown in Hgur&éhe effect of aggregation
on settling velocity is pronounced: 68.61% of the aggregated soil behaved like particles of EQS greater
than 63 um (Figre 4-6a). The mineral particle size distribution, on the other hand, shows that 89.65% of
soil grains were smaller than 63 um (Figuk&a). This difference between proportion of EQS and
corresponding mineral grain size classes illustrates that aggredasoa great effect on the particle
settling velocity of the silty loam tested in this study.

The relevance of this finding is further illustrated by the distribution of total organic carbon in
aggregates and mineral grains. The distribution of total argaarbon concentration follows a similar
pattern for both grain size and aggregate size classes (Hdibe However, multiplying the organic
carbon concentration of each size class with its weight (Fig6 shows that 73% of the organic carbon
sto is contained in particles > 63 pum, while 79% of the organic carbon stock was associated with grains
< 32 um. This implies that aggregation strongly affects the potential transport distance of the eroded
organic carbon. Basically, the amount of depositonoss the landscape would be tripled as the soll
texture suggests. By contrast, the exportation of eroded organic carbon to watercourses would be reduced
to a third. In consequence, the effect of aggregation on transport distances would fundamentgdly cha
our perspective on the environmental impact of eroded organic carbon as well as other nutrients and

contaminants.

55



























































































































