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Abstract. Determination of whether soil erosion can consti- 1  Introduction
tute a net terrestrial carbon dioxide (@sink continues to
suffer from lack of sufficient focused studies and field data.Soil erosion is a ubiquitous process that redistributes topsoil
Two of the major gaps in our understanding of the erosionand associated soil OC within and out of watersheds. Over
induced terrestrial carbon sink issue include rate of erodedhe last 15 years, it has become clear that improved under-
soil organic carbon replacement by production of new pho-standing of how soil OC is detached, transported and de-
tosynthate and stability of eroded organic carbon (OC) posposited over the landscape, and the factors that can cause
deposition. Here we examined the effect of erosion processetlis to change, is essential to close the global carbon bud-
and land use change on the stock, type, and stability of O@et (Berhe et al., 2007; Stallard, 1998). Moreover, there is a
in two medium-sized subcatchments (18 and 50 ha in size) iréritical need to get better understanding of the stability and
SE Spain. We analysed soil samples from drainage areas argiabilization mechanisms of eroded OC in depositional sites
depositional settings for stock and isotopic composition ofand to what extent OC lost from eroded slopes can be re-
OC (“C and3C), and particle size distribution. In addition, placed by new OC input from vegetation (Berhe et al., 2008,
we conducted land use change analysis for the period 19562012, and Van Oost et al., 2007).
2008 and a geomorphological survey of the current erosion Proper identification and accounting of the source and fate
processes taking place in the slope-streambed connectionsf eroded soil OC arriving at different types of depositional
Our findings demonstrate that land use change influencegnvironments remain among the most significant gaps in our
the dominating erosion processes and, thus, the source @ility to accurately quantify the contribution of soil erosion
eroding sediments. Carbon isotopes used as tracers revealtl terrestrial CQ sequestration (Berhe et al., 2007, 2012;
that in one of the subcatchments the deposited sedimentdarden et al., 1999; Van Hemelryck et al., 2010). Identifica-
were derived from deep soil (average“C of —271.5%0) tion of sediment sources (from different parts of a catchment)
through non-selective erosion processes and channel inchnd factors that control source variability are critical since the
sion. In the other subcatchment, topsoil material was pre-concentration and composition of OC in the mobilized sedi-
dominantly eroded and the averagé*C in sediments was ment, the rate of OC enrichment in sediments (Collins et al.,
—64.2 %0. Replacement of eroded soil OC was taking placel997) and the fate of the mobilized OC depend on the char-
in the analysed soil profiles in the slopes suggesting that eroacteristics of the source material—which can include soil,
sion processes do not necessarily provoke a decrease in sgilant debris, litter, and bedrock. Lithology and geomorphic
OC stock over time. variables, such as slope gradient and length, exert a primary
control on the type of erosional processes and the rate of
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sediment redistribution (Romero-Diaz et al., 2007). Land usevaluable tool to assess different aspects of OC dynamics as it
changes and changes in precipitation regimes also stronglgan provide information on OC input to soil and be used to
influence the nature and rate of erosion through their effectrace sources of sediment at the same time.
on hydrological and sedimentary dynamics at the catchment In this study we used a combined approach based on a
scale (Boix-Fayos et al., 2007) and, consequently, the conearbon isotope study:¥C and'“C), geomorphological sur-
centration and composition of OC in the exported sediments/eys and land use change analysis. We aimed to (i) identify
can vary depending on the nature of the prevailing erosionakources and fate of OC affected by soil erosion processes in
processes (Nadeu et al., 2011). Additionally, shifts in watertwo Mediterranean catchments and (ii) analyse the implica-
flowpaths over time can also lead to changes in amount andons of OC redistribution on C£sequestration at two land-
composition of eroded OC (@nez et al., 2010; Hilton etal., scape positions (eroding and depositional sites).
2008; Raymond and Bauer, 2001; Schiff et al., 1997) with
implications for greenhouse gas emissions in source soils and
depositional settings. 2 Study site and methods

Determination of the fate (post-detachment decomposition
kinetics) of the eroded OC during transport and deposition2.1  Study site
(Berhe, 2012) and its rate of replacement in the soils of
eroded landform positions (Berhe et al., 2008) are key for im-The study was carried out in two subcatchments of the Rog-
proved understanding of the role of erosion in carbon sequesativa catchment~50kn?) located in Murcia (SE Spain)
tration. The criterion for soil erosion to constitute a net car- (Fig. 1). The region is characterized by a Mediterranean
bon sink states that dynamic replacement of eroded carbon inlimate with a mean annual temperature and precipitation
eroding sites, and protection from decomposition upon burialof 13.3°C and 583 mm, respectively. The area has un-
at depositional sites must together more than compensate fatergone considerable land use changes in the last thirty
erosional losses of soil OC from the catchment (Berhe et al.years, through decreasing proportion of land area used for
2007). Thus, only if at least some of the eroded OC is pre-+ainfed agriculture and increasing proportion of area cov-
served in depositional sites, and/or replaced by new photoered by secondary forests as a result of both natural suc-
synthate at eroding slopes can soil erosion constitute a natession and reforestation. \Vegetation is currently domi-
CO, sink (Berhe et al., 2008; Stallard, 1998). Therefore, innated by forest coverP nigra-salzmanii, P. halepensis,
order to assess the effect of different factors on OC sequedsP. pinaste} (Boix-Fayos et al., 2007). Two contrasting sub-
tration and replacement, catchment scale studies are neededtchments with the same pluviometric conditions, at a dis-
to complement and verify laboratory based results, which, intance of 6 km from each other, were selected for this study:
some cases, mismatch field observations (Van Hemelryck eBubcatchment C51 (50 ha), ravine of “La Suerte Estrecha”
al., 2011). (38°8 11" N, 2°13 42" W,) and subcatchment C24 (18 ha),

Carbon isotopestC and14C) are of special interest for ravine of ‘Loma Parrilla’ (386 3’ N, 2°14 15’ W). In gen-
catchment scale assessments of OC erosion, deposition amdal terms, C51 has a larger drainage area, while average
replacement. On the one hand because bidth,and“C, slope of the drainage area and the stream are similar for both
can be used as tracers of sources of sedinfé@thas been  subcatchments (Table 1). Lithology at both sites is char-
used to trace soil erosion processes in a qualitative wacterized by a mixture of marls, limestones and sandstones
(Alewell et al., 2008) and its applications and those of thefrom the Cretaceous (IGME 1978) in addition to an outcrop
radioisotope“C are increasing: (i) establish OC sources andof quaternary glacis in C24 (Table 1). The two subcatch-
flowpaths in riverine sediments (Alin et al., 2008; Gomez ments differ with regards to the nature of erosion processes.
et al,, 2010; Hilton et al., 2008; Lambert et al., 2011; Water flows through the streams very seldom throughout the
Masiello and Druffel, 2001; Schiff et al., 1997) and, from year with a strong dependence on the occurrence of precipi-
them, qualitatively assess the intensity of erosion processestion events. The subcatchments are delimited by a check-
(Wei et al., 2010); (ii) discriminate between autochthonousdam at their outlet that was built following hydrological cor-
and allochthonous OM in rivers and estuaries (McCallisterrection works that were promoted by the government during
et al., 2004) (iii) reconstruct sediment transport and deposithe 1970's. These check-dams, built in 1977, have a trap-
tion rates in basins (Kitagawa et al., 2010; Saint-Laurent efping efficiency of 71 % and 87 %, for C51 and C24 respec-
al., 2010) and (iv) trace land use changes and their effect otively (Boix-Fayos et al., 2008). C51 and C24 were cho-
SOC (Harrison et al., 1993; Katsuno et al., 2010). On thesen for this study because they represented contrasting his-
other hand, the radioactive isotope can also be used to tradery of land use changes and, therefore, allow examination
carbon cycling (Gaudinski et al. 2000; Marzaioli et al., 2010; of the effect of different land use histories on OC dynamics.
Masiello and Druffel, 2001) and determine OC turnover ratesC24 represented a relatively stable land use situation of semi-
and input to soil. This last application can be used to esti-continuous forest cover during the whole period of observa-
mate OC replacement rates on eroded slopes when coupldn, from 1956 to 2008. In contrast, C51 experienced reduc-
with erosion rates (Berhe et al., 2008). Therefdf§ is a  tion in agricultural land over the last 40 years (Boix-Fayos
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respectively) and at the end of the sediment wedge (B pro-
file) (reaching 50 cm depth in C51 and 20 cm depth in C24).
A replicate was taken for both locations (A and B in each

subcatchment) in 15 cm increments.

2.3 Geomorphological mapping and land use change
A geomorphological survey based on the methodology pro-

posed by Hooke (2003) was conducted in each subcatchment
to identify dominant erosion processes and current sediment

24 source areas along the slope-streambed connections. The
x 0 500m whole stream was characterized in C24 (430 m aprox.), while
AL || only two thirds of it were mapped in C51 (500 m aprox.).

Processes were classified as: interrill erosion, rill erosion,
Fig. 1. General location and details of the two subcatchments (C51gullies, creeping, mass waste and bank erosion. Further, the
and C24), the check-dam (black circle) and of the soil pits (black streambed was surveyed to detect aggradation and degrada-
triangles). tion features in the channel such as depositional bars, rock
outcrops, incision, slope breakdowns and pools.
Land use data was derived from manual digitalization of

et al., 2008). Soil OC erosion rates for the sampled loca-three orthophotos from 1956 (American flight, spatial resolu-
tions were calculated from mean annual erosion rates deriveion 1 m), 1981 (General Directorate of Landscape Planning,
from the estimation of the volume of sediments depositedRegion of Murcia, spatial resolution 1 m) and 2008 (Natmur-
behind the check-dams (Table 1) and the application of thé8 Project of the General Directorate of Natural Heritage and
WATEM/SEDEM model in a previous Study (Boix-Fayos et Biodiversity, Region of Murcia, Spatial resolution 0.45 m)

al., 2008). Land use units were digitalized and coded using GRASS
software and classified into one of these five categories: high
2.2 Sampling of soils and sediments density forest (HDF), low density forest (LDF), reforested

areas (REF), shrubland (SH) and dry-land agriculture (DLA)
To trace the erosion process and determine mean residen¢Boix-Fayos et al., 2007). Geology and lithology were de-
time of OC, two landform positions were selected: erodingrived from the digital geological maps of the IGME (1978)
slopes and depositional sites. The sediment wedge retaineat 1:50000 in combination with own field observations.
behind the check-dam present at the outlet of each catchment
was defined as the depositional site at the subcatchment scafe4 Particle size distribution and OC
and was covered with annual grasses and sparsely distributed
shrubs at the time of sampling. In each subcatchment, fouAll soil and sediment samples were oven-dried &&dyen-
soil profiles and two sediment profiles were sampled (sedly crushed and passed through a 2 mm sieve. Samples for
Fig. 1). Soil pits were dug on slopes (20—-30 % steepness)exture analysis were treated withp®, to oxidate organic
that had a stable land-use history since 1950 and that kephatter and were later chemically dispersed by a mixture
a maximum distance of 50 m to the depositional site. Theof sodium hexametaphosphate and sodium carbonate anhy-
last premise assured that the selected profiles were well cordrous for 18-24 h. After this, particle size distribution was
nected to the depositional site and were a potential source afetermined using a combination of wet sievisgs@ um par-
sediments during the studied period. All soil pits were lo- ticles), for the sand fraction, and laser diffractometry tech-
cated under pine forest cover, representative for more thamiques 63 um) for the silt and clay fractions in a Coul-
80 % of the area in each subcatchment, except one locatetgr LS200 (Miami, USA). Samples for analysis of total car-
under shrub in C51. From each soil profile, samples werebon and N were ground using a 8000M SPEX mill before
taken in 5c¢cm increments for the topsoil (0-5, 5-10), thenthey were analysed by the dry combustion technique using
every 10cm (10-20, 20-30) and finally every 15cm downa Costech ECS 4010 at UC Merced (Berhe et al., 2008).
to 90cm or until the saprolite boundary was reached. InC:N ratios were calculated based on the %OC and %N in
total 32 in-depth soil samples were collected in each subeach sample. Particulate organic carbon (PO&3 um) was
catchment in spring 2010 (8 for each profile). Bulk density separated from mineral-associated organic carbon (MOC;
cores (100 crf) were taken for each sampled depth. Sedi- <53 pm) by wet sieving after dispersion with sodium hex-
ment samples were taken in Summer 2009 in bare patcheametaphosphate and organic carbon was determined through
within the sediment wedge in 5 cm increments until bedrockthe wet oxidation method (Yeomans and Bremner, 1988).
was reached in two locations (Fig. 2): behind the check-damEnrichment ratios in sediment samples for a given parame-
(A profile) (down to 70 and 80 cm depth for C51 and C24, ter were calculated as the ratio between the value measured
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Table 1. Morphological and land use change characteristics of study subcatchments C24 and C51 (positive land use change values indicate
increase in 2008 and viceversa). SLN: average slope of the drainage network, SY: sediment yield, HDF: high density forest, LDF: low
density forest, SH: shrubland, DLA: dry-land agriculture, *average values reported.

Morphological variables Land use change 1956-2008
Id Area Slope* Elevation* SLN SY HDF LDF SH DLA
(ha) ®) (m) ©) (tnyr ) (%) (%) (%) (%)
C51 50 16.4 1213.2 11.5 45.7 1.4 25.6 —-1.4 —-25.6
C24 18 17.8 1274.7 104 34.4 2.2 -2.8 8.4 -7.8

50m
ﬂk‘"'t,
E “O
A
fEmmmmne check-dam
aggradation mmm bed erosion = sesss: sediment wedge  A,B depositional profiles

Fig. 2. Schematic geomorphological representation of the two streams indicating the main erosion and depositional processes.

in sediments to the average parameter value computed frorooupled with isotope ratio mass spectrometer (IRMS) (Finni-
soils sampled in the drainage area (reference values from Ogan Delta Plus) while the\'*C was determined by accel-

10 cm topsoil). erator mass spectrometry (AMS) on graphite, following the
methods of Xu et al. (2007) and Southon and Santos (2007).
2.5 13C and 1C analysis The obtained data were corrected for isotopic fractionation

according to the conventions of Stuiver and Polach (1977).

. . . . The AYC ands'3C values reported here are the %o devia-
One sediment profile and one soil profile under forest cover,

. . tion of a standard corrected t0sa3C of —25%. and they

n poth sul?gatchments were selectedig analysis on bulk represent a mean of the OC pools present in each bulk soil
soil OC. Visible roots were rem_oved from the sgmple; to en-2nd sediment samples’3C and AL4C values are reported
sure Saf“p'e homoggneny. This was done during a fixed PEith an analytical uncertainty of 0.15 %o and 1.5—-2 %o respec-
riod of time by one single person. After root removal, sam- tively:

ples were ground to fine powder using a 8000M SPEX mill '

and washed with 1N HCI to eliminate carbonates. The car-

bonate free samples were processed at the KCCAMS lab at

UC Irvine. §13C was measured on GQusing a gas bench

Biogeosciences, 9, 1099411, 2012 www.biogeosciences.net/9/1099/2012/
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2.6 Profile-integrated OC input and OC 3 Results

decomposition rate

3.1 Land use changes, erosion processes and sediment

To obtain soil OC input (§3)—the fraction of net primary pro- sources
ductivity that, after rapid initial decomposition, remains as
actual input of carbon to the soil OC pool- the rate of OC ac- The two study subcatchments had different land use history,
cumulation in the soil profiles was reconstructed accordingbut both experienced a greening-up and densification of veg-
to a first order model of OC accumulation (Trumbore and etation cover since 1956 (Table 1). About 14 h&28 % of
Harden, 1997). This model assumes that OC in soil accumuthe total area) of dry-land agriculture of C51 present in 1956
lates preferentially from top to bottom, where the inventory were reforested in 1981. By 2008, the vegetation in the refor-

of OC is calculated as: estation terraces had grown and was classified as a low den-
sity forest. In contrast, C24 remained mostly under a contin-

%0G uous cover of forest and shrubland, and the small patches of
OCiny = ZAZ" X pi X (1= Ri) x( 100 ) 1) agricultural land present in 1956 were converted to high den-

sity forest cover by 2008 (Table 1). These changes observed
Where OG is the OC inventory for the whole profile in both subcatchments are in agreement with the general pat-
(gm~2), AZ; the depth of layer:” (m), p; bulk density of  tern of afforestation and agriculture abandonment described
the “i” layer (g m3), R; the rock fraction and %OC the OC in the region (Boix-Fayos et al., 2008).

content in the [” layer. The OGyy on a certain momentin  The geomorphological survey indicated that gully erosion

time OGny(7) is expressed as: and bank and river erosion were the main erosion processes
supplying sediments to the stream channel in C51. The chan-
_ _ GCin Kt nel presented signs of degradation (an average incision of
OCGw()=—|1-¢ 2 : :
k 60 cm and an armour layer) in several reaches. Interrill ero-

) ) ) ) ~sion was identified on south facing slopes of the channel
Where G is the input rate of OC into the soil matrix i those slopes appeared often disconnected to the channel
(@m~?yr~!) andk is an average coefficient of first-order car- gue to a continuous shrub cover at the bottom of the slopes
bon loss for all soil layers (yr') that can be further splitted  \hich acted as sediment trap (Fig. 3). C24 was character-
into two components: loss by oxidatioky{ and loss by ero-  jzed by the dominant presence of non-point sources of sedi-
sion (e), when OC erosion rates are known. TheiQ@as  ment. The lateral slopes of the channel were well connected
plotted in a graph against the me&i€ age in each soil layer, g the streambed through interrill erosion processes and the
calibrated to calendar years using OxCal (OxCal-IntCal09ntrance of debris from the colluvial/glacis slopes. The chan-
from Oxford University, Bronk Ramsey, 2009). The plotted ,g| showed aggradation in many reaches (Fig. 3).
data were fitted in Eq. (2) and solved using a least squares
approach with the solver function in Excel (MS Office 2003) 32 OC concentration, OC fractions and particle size
to obtain the G andk parameters, assuming that tHeC distribution
signature of the OC input remained constant over the years.

The G, thus, represents a mean carbon input throughout theyc stocks were higher in the soils of C24 than in those of
whole period of formation of the soil profile and it can be c51 (, < 0.001) but no differences were found in soil parti-
combined with an erosion rate to obtain an estimate of OCge size distribution between them. The data also indicated
replacement (Berhe et al., 2008). high spatial variability in the measured variables in the soil
In addition, the storage effectiveness of the eroding vs.profiles at similar depths in each subcatchment (Table 2).

depositional positions for OC in the soil and sediment pro-All soil and sediment samples had silt to loam particle size
files, respectively, was determined according to methods otistribution, with no significant differences between them.
Masiello et al. (2004) and Berhe et al. (2008): OC concentration in soils was negatively correlated to clay

content at both sites (for C51= —0.99, p < 0.001 and for
1 'ZFM' OCyy 3) C24r =—0.89 p < 0.005) and decreased with depth in both
" OCnv.tt LS C51 and C24 (from 2.8 % and 3.8 % in the topsoil to 0.9 %

and 1.6 % in the deepest soil layer in C51 and C24, respec-
Where FM is the fraction modern of OC, FMs the mean tively). POC represented 374911.9 % of total OC mea-
value of the FM weighted with the OC content; QG the sured in the soils of both subcatchments and decreased with
total OC inventory, FM the fraction modern of OC in the depth as well. When soil and sediment samples were com-
“i" depth and OG ; the OC inventory in thei” depth. The  pared, significant differenceg & 0.01) among the measured
FM,, value is comprised between 0 and 1, where 0 representgarameters were found in C51 for the sand and silt content,
the maximum OC storage effectiveness (storage of old OC}he first one being higher in soils and the second one higher
and 1 represents the opposite, least OC storage effectivenesn. sediments. In C24, significant differences € 0.001)

FM,,
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Fig. 3. A (C51): (a) low density forest(b) vegetation encroachment and channel incis{ohtalus slope with input of sediments by mass
waste processes afd) vegetation in the inner plain and at the slope base retaining eroded material. B (@24gh density forestf) talus
slopes with a concave bagg) well-connected lateral slopes with interrill erosion and litter input to the channdhdwetiannel aggradation.

concerned: higher OC, POC and MOC concentration and3.3 Isotopic composition of soils and sediments and C:N
sand content in soils, and higher silt content in sediment. ratio
We observed important differences in particle size distri-

bution in the profiles at the depositional landform positions. t1a radiocarbon composition of the soil profiles in C51 and
Silt was the dominant particle size fraction in the sediment-54 indicated that near surface OC was modern (post 1963

samples collected behind the check-dams (A profiles) beppotosynthate produced after the atmospheric thermonuclear

ing sand content very low<(20 %), especially in C51 sed- pop tests, positive or near zeAd4C values) andy14C got

iments. The sediment wedge was not homogeneous in party oqressively more negative, possessing longer mean resi-
cle size distribution in C51 as significant differences in sand,jonce times with depth (Fig. 4). The'“C analyses con-

silt and clay content were found between the A and B pro-,cted on bulk soil samples reflect an average radiocarbon
files (p <0.001). In the opposite, no significant differences .,centration in all OC pools and do not enable determi-

were observed between A and B profiles in C24 for particlenaion of loss or enrichment of OC from specific fractions.
size distribution. POC contributed to 34 % of total OC in p;qre negativeA4C values were found in the deeper layers
C51 sediments and its contribution was signific_antly higherof the C51 soil profile than in the soil profile at C24. Sed-
(50%) in C24 (Table 3). In the sediment profiles of C51 jnant profiles sampled just behind the check-dams (A pro-
(A and B) OC concentration was positively correlated to silt files) showed very differena14C values between both sub-
and clay content/ =0.510 andp =0.547,p < 0.05) while  cochments. The A profile in C51 contained OC associated
in C24 only MOC was correlated to silt content £0.714, a very negatives4C on the surface that gradually became
p <0.01). less negative (from-400 %o to—170 %o) with depth. In C24

Carbon concentration was highly reduced in the sediment, o A14¢ vajues of the A profile varied with depth and ranged
profiles in comparison with the soil profiles as evidenced bypanveen—150 %o and 0 %o showing no specific trend.

the low enrichment ratios<0.5) (Table 4). The reduction in hes13C si fh i les b |
OC concentration was greater in C24 than in C51, especially. T e_ah q S|rg]1r_1a:;1reho the S?j' s;mp es’ ec?me es:z nega-
for the A sediment profile. Reduction in MOC concentration tive with depth in both C51 and €24, ranging fron26. 1 %

was lower than POC concentration. In both, C51 and in co4l0 —23.7 (Table. 2). The enrlqhment ot C.W'th depth ha.s.
sediments were enriched (ER) in silt and had clay content been rel_ated to: (1) the fractlonfa_tloq during decomp03|tlon
similar than that of the soils sampled in the drainage area. \Pf organic matter and, thus, stabilization of OC fractions that
C51, the sediments just behind the dam (profile A) had arf"® On average harder to decompose than bulk OC, and (2)
ER<1 for sand content and an ER for silt and clay con- to the c red.ucpon in the atmosphere and plants due to
e i hos remaining i th back part o e sedmenfSEE 4%, STssne (1o 2, 20, e Suses e
wedge had an ER1 for sand content. In C24, no.signi'ficant depth and. overall, the meart¢td de\%ation)sn C value

(p < 0.05) differences could be found in the particle size ER P ! ' y

between A and B sediment profiles in soils (—24.8+ 0.2 %o) was not significantly different than

that in sediments424.74+ 0.1 %.). SedimentAlC, §13C

and OC concentrations were within a range of soil values
below 30 cm in C51 (Figs. 4, 5) but in C24,1“C ands!3C
values of sediment samples corresponded, in all cases, to val-
ues found in the top 30 cm of C24 soil samples (Fig. 4). Also

Biogeosciences, 9, 1099411, 2012 www.biogeosciences.net/9/1099/2012/
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Table 2. Bulk density (BD), clay content, OC concentration, C:N ratio, POC % (percentage of83@m),s13C, AT4C and calibrated age
(yr B.P.) in soil samples (standard error in brackets).

Depth Clay oc OC stock C:N POC %% §13¢cb Al4ch Calibrated age

(cm) (%) (%) @m2 ratio (%) (%o) (%o) (yrB.P)
C51 05 11 (1) 28(0.9) 1704 (328) 17(2) 48 (6) —26.1 78.0 27

5-10 12(2) 19(0.6) 985(111) 15 (2) 40 (8) _252 59.9 110

1020  12(2) 1.7(0.4) 2426 (547) 16 (2) 35(7) _254 —23 110

20-30  13(2) 1.4(0.4) 1857 (242) 15 (2) 33 (6) ~250 ~60.9 564

30-45  13(2) 1.4(04) 3180 (813) 15(2) 29 (8) _248 ~103.9 791

45-60  12(2) 09(0.2) 1902 (225) 14(2) 29 (9) —24.2 —203.2 1730

60-75 10 (2) 08(0.4) 2312 (601) 12(2) 25 (6) _238 —3442 3617

75-90  14(6)  09(0.2) 1932 (838) 12 (3) 24 (4) _23.9 —433.0 5230

mean 12 (8) 15(14) 162083705) 15 (6) 33 (20) _248(08) —126.2(61.8) 1522 (636)
C24 0-5 11 (1) 3.8(0.7) 2406 (114) 21 (2) 54 (4) —-25.4 —-4.0 57

5-10 10 (1) 3.2(0.4) 2137 (172) 21 (2) 47 (4) —-25.3 —-6.0 57

1020  12(1) 25(04) 3419 (579) 20 (2) 49 (2) —24.9 ~59.0 555

2030 12(1)  2.0(0.2) 2754 (416) 20 (1) 40 (6) —242 —1246 998

3045  11(1) 20(02) 4125 (288) 20 (2) 44 (9) —242 ~184.0 1526

4560  11(1)  15(0.1) 3668 (258) 20 (2) 38(7) _24.1 _235.9 2133

60-75  12(1) 1.3(0.0) 3434 (233) 18 (1) 37 (1) ~23.9 ~136.9 1080

7590 12 (1) 16(0.2) 3665 (193) 20 (5) 36 (2) —237 ~167.4 1379

mean 11(3)  2.2(10) 256682253) 20 (7) 43 (14) _251(0.6) —1147(28) 972 (240)

aAverage from 2 soil profileé’,Data from 1 soil profile, standard deviation reportgthtal value for the profile.

Table 3. Bulk density (BD), clay content, OC concentration, C:N ratio, POC% (percentage of %3@m) and13C in the A profile of the
sediment samples (standard error for the whole profile reported).

Depth Sand Silt Clay oc OC stock POC% s13¢c C:N
(cm) (%) (%) (%) (%) @m2) (%) (%o) ratio
C51 0-5 1 86 13 1.1 716 15 —24.0 18.6
5-10 0 84 16 0.8 546 19 —24.2 15.7
10-15 4 83 13 1.3 520 27 —24.2 19.3
15-20 6 81 13 1.2 1113 39 —245 19.5
20-25 4 82 14 1.1 800 33 —24.4 19.2
25-30 5 81 14 1.1 1056 36 —24.6 17.9
30-40 12 75 13 1.4 2315 53 —24.9 22.1
40-50 6 81 13 1.1 1589 38 —24.2 21.6
50-55 7 81 12 1.0 1332 37 —24.2 20.3
55-60 7 80 13 1.2 967 46 —245 21.3
60-70 4 82 14 1.0 753 33 —245 19.2
mean 5(1) 81(1) 13(0) 1.1(0) 11 712* 34(3) —24.4(0.2) 19.5(1.8)
c24 0-5 16 72 12 1.4 1093 60 —25.1 17.1
5-10 16 73 11 1.6 1295 63 -25.0 19.6
15-20 7 80 13 15 1523 48 —25.3 16.1
20-25 8 80 12 1.4 1091 49 —25.0 15.4
25-30 9 79 12 21 1495 63 —25.3 20.8
35-38 10 78 12 15 346 56 —25.1 17.9
38-43 17 73 10 1.7 1360 58 —25.2 18.8
43-48 14 75 11 1.6 1164 55 —25.2 19.3
48-53 9 79 12 1.3 1051 41 —25.1 16.3
58-63 10 81 9 1.2 1013 37 —24.8 14.7
68-73 7 81 12 1.0 877 29 —24.9 12.9
75-80 - - 0.7 809 42 —24.9 18.2
mean 11(1) 77(2) 12(0) 1.4(0.1) 13 118 50(3) —25.1(0.2) 17.3(2.3)

*Total value for the whole profile
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Table 4. Mean Enrichment Ratio (ER) and associated Standard Error (SE) for A and B profiles (taking topsoil 0—-10 cm as reference soll
values).

A B
Sand Sit Clay OC POC MOC Sand Silt Clay OC POC MOC
C51 ER 0.18 137 112 0.48 040 0.84* 158 0590 050 0.34 0472 039
SE 0.03 0.01 0.02 0.02 0.04 0.08 0.05 0.04 0.05 0.02 0.03 0.03
C24 ER 0.38 133 1.09 040 032¢ 045 052° 1268 100 0.28 o0.1d* 0.31*
SE 0.04 0.02 0.03 0.04 0.02  0.02 0.02 0.00 0.02 0.03 0.03 0.03

ab. significant differences within A sediment profiles in C51 and C24 (per columns)0(05); *significant differences between profiles A and B in each wegge@.05).

A"™C (%o) A"™C (%o) A"C (%) A"™C (%o)
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Fig. 4. ATAC (%) values at the different depths in the soil (soil) and sediment profiles (sed).

in C24 sediment samples with an OC concentration similar3.4 OC input, outputs and burial efficiency

to that of other soil samples had more negastC and less

negativeA'4C values (Fig. 5). The OC input (G,) obtained by our calculations was similar
The C:N ratio decreased in depth in the soil profiles of C51for the slopes of bgth slubcatchments (CS1: 22gmt

and C24 ranging between 21.4 (topsoil) and 9.8 (deep soilgnd C24: 24gm<yr~) and always higher than the

in C51, while in C24 the ratio ranged between and 24.4 (top-€stimated erosion rates, whether these came from the WA-

soil) and 17.1 (deep soil). The sediments at the depositional EM/SEDEM model «1g m2yr~Y) or field-estimated

site in C51 showed a mean C:N ratio that was significantlysediment yield (1.9 and 5.6 grAyr—, for C51 and C24,

higher (p < 0.05) than that of soils, whereas in C24 no dif- respectively) (Boix-Fayos et al., 2008). The first-order loss

ferences were found between both. constantsk) obtained with the model were 1.43102 and
Table 5 shows correlation coefficients for the analysed0-96x 10-3yr—* for C51 and C24, of which the erosion

profiles between carbon isotopes and OC, POC, C:N an#omponent represented 8 and 22 %, of the field estimated

clay content. We observed a significant negative correla£rosion rates for C51 and C24, respectively.

tion (p < 0.05) of §13C with AC, OC and POC and a The OC inventory was higher in soils than in sediments

positive correlation with clay content though only signifi- in C51 and C24 (Fig. 6) due to the higher OC concentration

cant (p < 0.05) in soil samples. Further, by taking all sed- in soil profiles. Burial efficiency, that depends alsosH'C

iment samples together, an adjuste#l of 0.48 (p < 0.01) values, was greater in sediments in C51 (lower,Fiélue)

was found betwees!3C and C:N values, but it was not sig- While in C24 it was greater for the soil than the sediment

nificant for soil samples. profile.
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Fig. 5. AYc,613C, and OC % in C514 andB) and C24 C andD). Black dots represent soil samples and white squares sediment samples.

Table 5. Correlation coefficients betwesh3C, A14C and selected variables (Spearman’s rho reported)
*p <0.05,"*p <0.01

4 Discussion

4.1

s13C (%)  OC (%) POC (%) MOC (%) C:Nratio Clay (%)
Soil 51
Al4c —0.932* 0.964* 0.872* 0.969* 0.524 —0.97%*
s13c —0.973* —0.925* —0.954*  —0.371  0.977*
Sediment 51
Aldc —0.789* 0471  0.824 —0.736 0.631  —0.356
s13c —0.499 —0.748* 0.563 —0.381 0.129
Soil 24
Alic —0.878*  0.784* 0.80T 0.750° —0.219  —0.687
§13c —0.860* —0.895*  —0.81& 0.467 0.780
Sediment 24
Alc —0.797*  0.837*  0.758* 0.253 0.702 0.178
§13c —0.784*  —0.73% —0.218 —0.557 —0.530

Identification of OC sources

different geomorphological processes in the channel and the
slope-streambed connections. Autochthonous input of OC
at the depositional settings was not quantified but it was as-
sumed to be of equal importance for the profiles in both sub-

The geomorphological survey, OC concentrations, OC distri-catchments (same vegetation close to the sampled locations)
bution among fractions (POC versus MOC) and the isotopeand of little significance for the total OC stock compared to
signatures suggested that C51 and C24 had diverging erosiogbil OC input by lateral redistribution.

dynamics and sediment sources at the time of the study due to

www.biogeosciences.net/9/1099/2012/
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3.0 3.0 4.1.2 Young OC sources
mm OC,,

o 257 = FM, 25 The slopes of C24 were well connected to the stream deliv-
g ering topsoil OC through interrill and rill erosion processes,
5 20 2.0 causing aggradation of the channel. This subcatchment was
< 151 16 = characterised by few changes in shrubland and forest over
5 - the previous 50 years and by a very small presence of agri-
g 107 1.0 cultural land, and, given the absence of any climatic trends,
5 it is also unlikely to have experienced a shift in the dom-
G B&r H B inant erosion processes during this time period. The very

A an small changes im14C,g313C and OC values with depth in

C51so0il  C51sed C24soil C24sed the A sediment profile also point towards the input of sedi-

ments with uniform characteristics. This input was also in-
Fig. 6. Organic carbon inventory and FM(see Sect. 2.6) at the fluenced by the outcrop of quaternary glacis that resulted in
eroding (soil) and depositional sites (sed). a high input of coarse particles and rocks (debris) that were
incorporated into the channel by rill erosion and gravity and
led to channel aggradation. Evidence for the mobilization of
4.1.1 Old OC sources topsoil material in the sediment wedge also came from the
matching of the sedimemi!4C, §13C and OC values with
In C51, sediments reaching the check-dam were mainly dethose in the top 20 cm of the sampled soil profiles in the erod-
rived from deep soil through processes such as mass wasting)g subcatchment and the fact that in this subcatchment the
bank erosion, gullies and bed erosion. The occurrence oPOC fraction represented 50 % of total OC (while in C51 it
erosion processes that transport deep soil in C51 was relatedas only 34 %), and the POC fraction was higher in the upper
to land use change and lithology, both of which can greatlysoil horizons (Table 2).
influence the characteristics of the mobilized OC in catch-
ments (Longworth et al., 2007). Lithology, a key compo- 4.2 Mineralization, selective deposition, and
nentin sediment delivery (de Vente et al., 2011; Haregeweyn preservation of buried OC
et al., 2006) was sensitive to the formation of gullies and
mass movements in the slope-streambed connection of C5Ithe OC enrichment ratios observed in the sediment profiles
On the other hand, the land use change analysis indicateith our subcatchments were low compared to those observed
a conversion of dry-land agriculture to forest through refor- in sediments of other drainage areas of similar size (Avnim-
estation from 1956 to 1981, and an increase in forest coveelech and McHenry, 1984; Chaplot et al., 2005; Fiener et
density from 1981 to 2008. Those changes suggest that rilal., 2005; Jacinthe et al., 2004). Low OC enrichment ratios
and interrill erosion of topsoil are likely to have decreasedat transitory depositional sites can indicate that selective de-
due to the disappearance of dry-land agricultural areas angosition of coarse mineral particles with low OC content is
the recovery of vegetation in former agricultural land. Thesetaking place while fine mineral particles rich in OC are ex-
shifts may have led to a decreased input of sediments fronported with runoff (Fiener et al., 2005; Starr et al., 2000;
the slopes to the river channel causing a sediment deficitWang et al., 2010) or that OC is being mineralized before or
in fluvial transport while activating other erosion processesafter deposition (Gregorich et al., 1998). At our depositional
such as river bed erosion and bank erosion, as seen in thates, the use of OC and particle-size enrichment ratios
morphological cartography and in agreement with other ar-and C:N ratios as indicators of mineralization (Wang et al.,
eas of the Rogativa (Boix-Fayos et al., 2007). This change2010) did not clarify the role of mineralization processes on
in sediment sources, and sediment availability, is consisten©C loss at depositional sites.
with the AC signature in the A sediment profile of C51.
In this profile, less negativaC values were found at the 4.2.1 Particle-size selectivity and OC export
bottom of the profile and gradually shifted towards more neg-
ative AYC values close to the surface. These sediments preAt the depositional sites, selective deposition of soil parti-
sented OC characteristica {*C, §13C) that matched those cles, pebbles and rocks was observed. Based on Stocke’s law,
of deeper soil layers (i.e-30cm) of the drainage area in coarser particles settle before finer ones (Gee and Bauder,
the subcatchment, an observation that is in agreement witi986) and because finer particles are associated with higher
other studies that report transport of old OC in rivers whenOC contents, it can be expected that sediment exported
the dominant erosion processes deliver material from deepdveyond depositional sites will often be C-enriched, while
soil layers and bedrock in the source areas into river chansediment remaining at these sites can become C-depleted
nels (@mez et al., 2010; Longworth et al., 2007; Masiello (Wang et al., 2010). In our case, a slightly higher propor-
and Druffel, 2001). tion of fine particles was found in sediments, compared to
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the soils in the drainage area, but they were not associated.3 OC replacement in eroded slopes

with an increase in OC concentration. Selective deposition

was best observed when comparing the two sediment proPynamic replacement of eroded OC in soil profiles, one
files (A and B) in each wedge. In C51, an enrichment in finercomponent of the criterion for erosion to constitute a car-
particles was observed in the wedge front (A) whereas, arPon sink (Berhe et al., 2007; Harden et al., 1999; Stallard,
enrichment in coarser particles indicating a gradual deposi1998), was met in the soil profiles of C51 and C24. Mean
tion within the sediment wedge was observed in the back (B)plant derived-OC input (e.g. leaf-litter and fine root detritus)
Preferential deposition of coarser particles at the back of thavas higher than currently eroded soil OC suggesting that dy-
sediment wedge was not observed in C24. Suspended sediamic OC replacement was taking place in the studied soil
ment may have been an important source of material in th@rofiles. In fact, the estimated current erosion rates repre-
depositional site of C24 while bedload, carrying coarser par-sented less than 0.5% of the soil OC stock in the upper 5
ticles, was relatively more important in C51. In both cases,Cm. The effective replacement rates indicated as well that
an unknown percentage of the OC in runoff may have beerthe Soil profiles were not in equilibrium and, thus, that ero-
exported downstream of the check-dam, but the percentag&ion rates might have been higher in the past. These results
of fine particles in the sediment wedge, similar to that in are in accordance with Berhe et al. (2008) that reported ef-
the sampled subcatchment’s soils, showed no evidence of &ctive replacement of OC transported from upland eroding

strong particle-size selectivity on export. landform positions using the same carbon isotope approach,
and with other studies at different spatial scales (Liu et al.,
4.2.2 Fate of buried OC 2003; Quine and van Oost, 2007; Smith et al., 2005) indicat-

ing that the first part of the criterion for erosion to constitute
OC mineralization is always considered an important factora sink can be met in a variety of ecosystems.
affecting sediment OC content although it has very seldom yUnanswered questions remain as to whether the rate of re-
been assessed at a field scale due to the influence exerted Blacement of eroded OC is equally distributed in different
_several factors (moisture, pOI’OSity, temperature) that interac@c poo|s, orif, as Van Oost et al. (2007) suggest, it can 0n|y
ina complex way (Van Hemelryck et al., 2010, 2011). By us- pe effective for certain carbon pools (those more active) re-

ing an indirect approach (as in Wang et al., 2010) we discussjucing the capacity of the sink and its temporal significance.
the importance of mineralization at our study sites based on

C:N ratios, OC and clay enrichment ratios attdC values.

Considering that the C:N ratio tends to decrease when miner® ~ Conclusions

alization takes place (Conen et al., 2008), the lower or equal oo . . . .

C:N values found in soil samples compared to sediment sam@ur findings underline the importance of tracing sediment

ples in both subcatchments, indicated non important minerSources when studying the redistribution and fate of soil OC

alization processes in sediments. Similash?C values tend by water erosion. In the studied subcatchments two different

to become less negative as OC decomposes but no diﬁe,s_cena.rios are'likely to have t.aken.place:.(i) a d_ominance of
ences were observed between soil and sedigiféfitvalues  Selective erosion processes (interrill and rill erosion) in a sub-
in both subcatchments. Therefore, we found no evidences gfatchment with a relatively dense and stable vegetation cover,
significant mineralization by using C:N an#C despite the that delivered material to the streambed and transported it in

difference observed between clay and OC enrichment ratioSUSPension before being deposited behind a check-dam, and
that could lead to an opposed conclusion. (i) processes of concentrated erosion (mass waste, gullies,

Finally, further studies on the effect of erosion on OC channel erosion) in a subcatchment where reforestation of
dynamics could benefit from consideration of stability and @9ricultural land and greening up took place over the past 50

stabilization mechanisms of eroded OC after it is depositecyears' leading as well to channel incision. These differences

downslope or downstream that constrain OC decomposition!n th€ type of erosion processes were confirmed by a geomor-

In our study, reduced accessibility to OC through burial ap-Phological survey of the slopeigtreambed connections. The
pears to have served as an effective mechanism of OC sta!Se of carbon 'SQtODeéAC and=C) as tracers exemplified

bilization in the sediment profiles. The effect of this mech- NoW differences in the sources of sediment may lead to very
anism was enhanced in C51 by the contribution of old ocdifferent sediment OC characteristics in depositional sites,

from channel incision leading to a higher FMit the depo- with important implications for OC preservation. A profile-
sitional profile than that found in C24. integrated carbon input in combination with current erosion

rates showed that dynamic replacement was taking place in
the two analysed soil profiles. Assessments of the overall
carbon budget at the catchment scale should consider which
sources are responsible for the main part of sediments and
how these may vary over time due to land use changes.
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