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Abstract
The purpose of this research was to determine the historical evolution of different sources of sediment by land uses in a forest
catchment, through the combination of two isotopic techniques: (i) fallout radionuclides (FRNs) for dating sediment cores and (ii)
compound-specific stable isotope (CSSI). Ten 30-cm-deep sediment cores (taken in a meander at the outlet of the forest
catchment) were used to reconstruct the sediment delivery history for around 67 years before present (BP), i.e., 2012. Five land
uses were considered as potential sources in this analysis: forest roads, pine trees, eucalyptus trees, native forest (buffer or riparian
zone), and wheat. Forestry activities incremented the sedimentation rate by about 17% compared to wheat production. Results
were consistent with the historical land uses in the catchment. The analysis showed an important sediment contribution of
farmland used for wheat from 1945 to about 1974 (~ 20–80%). After the implementation of the public bill, the sediment source
changed into the exotic plantations (pine and eucalyptus trees) until present, where harvesting periods were clearly seen as an
increment of sediment delivery from the source.
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1 Introduction

The progressive clearance of native forest to grow wheat in
central Chile (from the mid-eighteenth century to the early
twentieth century) caused severe degradation of soil, water
resources and the landscape (Gysling et al. 2016). Wheat cul-
tivation was the main agricultural activity until mid-twentieth
century (Brunel et al. 2013). These agricultural practices
caused severe deterioration of land productivity mainly due
to gully erosion. Between 1940 and 1950, several investiga-
tions were conducted to evaluate the severity and the effects of

soil erosion in the Central Chile region. These studies sug-
gested that production forestry would reduce soil erosion
and generate a more suitable land use for these low-fertility
soils. The tree species selected for production forestry were
Pinus radiata and Eucalyptus globulus, being fast-growing
species that could grow in low-fertility soils. The Chilean
Government approved a public bill (No. 701) in 1974 that
promoted the establishment of these degraded lands for for-
estry production. About 1.2 million ha of forest were planted
during the first 20 years, and this increased to 2 million ha by
the late 1990s. Currently, about 23% of the total land area of
Chile is forested, of which 85% is native forest and 15% is
forestry production (Gysling et al. 2016).

The production forestry sector has become one of main
economic activities in Chile. Despite the original motivation
to reduce soil erosion, particularly in steepland catchments,
this production forestry has led to a significant increase in soil
erosion and sediment loads to receiving water bodies. These
adverse effects largely coincide with road construction and the
use of heavy machinery and clear-cut harvesting (Schuller
et al. 2013).

Conventional techniques (e.g., GIS techniques, ero-
sion pins, erosion plots) have been used by Chilean
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land management agencies to identify soil erosion
hotspots in the landscape, including geographical infor-
mation system (Bonilla et al. 2010) and other conven-
tional techniques such as sediment traps (Tolorza et al.
2014; Pepin et al. 2010). Nowadays, these conventional
techniques are being complemented by isotopic tech-
niques, which are becoming more accessible and afford-
able tools to evaluate spatial and temporal patterns of
soil erosion in the landscape (Brandt et al. 2018a; Mabit
et al. 2018; Upadhayay et al. 2017; Smith and Blake
2014; Schuller et al. 2013). These isotopic techniques
are particularly useful for identifying soil erosion
hotspots. Fallout radionuclides (FRNs), including
beryllium-7 (7Be), caesium-137 (137Cs), and excess
lead-210 (210Pbex), have been widely used as tracers to
estimate soil erosion and deposition rates at multiple
spatial and temporal scales at limited cost and without
major time investment (Smith and Blake 2014; Dercon
et al. 2012; Mabit et al. 2013; Taylor et al. 2013).
Complementary, compound-specific stable isotope
(CSSI) analysis of soils and sediments has emerged as
a very useful technique to trace the sources and fate of
eroded soils in the landscape (Mabit et al. 2018; Blake
et al. 2012; Gibbs 2008). The CSSI sediment tracing
method can be applied to a number of biomarkers (fatty
acids, n-alkanes, etc.) and different isotopes (δ13C and/
or δ2H) (Bravo-Linares et al. 2018; Brandt et al. 2018a;
Mabit et al. 2018; Upadhayay et al. 2017; Cooper et al.
2015). The CSSI sediment tracing technique can also be
used to reconstruct changes in the contributions of land
use sources from sedimentary records by correcting the
δ13C isotopic values of the fatty acid biomarkers for the
Suess effect. The Suess effect accounts the depletion of
the δ13C values of atmospheric carbon dioxide due to
burning of fossil fuels and the subsequent uptake by
plants (Verburg 2007).

Previous studies have determined that the CSSI technique
using δ13C of fatty acids was able to discriminate different
types of land use including forested catchments (Bravo-
Linares et al. 2018; Brandt et al. 2018b). However, the recon-
struction of historical land uses using combined isotopic tech-
niques has not previously been applied in a production forest-
ry catchment and only in a tropical agricultural catchment
(Brandt et al. 2018b). Consequently, the main aim of our study
is to evaluate how the combined use of CSSI and FRN can
assist to reconstruct sedimentary records and how historical
land use changes in a production forestry catchment has influ-
enced soil erosion and land degradation over time.We hypoth-
esize that both techniques and the historical antecedents of the
land uses in the catchment will correspond each other, making
the combined approach a feasible tool to evaluate sediment
redistribution in a historical prospective, especially when the
historical uses of a catchment are not available or well known.

2 Material and Methods

2.1 Study Site

The study site is the Nacimiento catchment, which is situated
in the Bio-Bio Region, some 36 km west of Los Angeles city
(south-central Chile, Fig. 1). The catchment has the following
characteristics: annual mean precipitation of 1200 mm, sur-
face of 12.7 ha, mean altitude (m a.s.l.) of 328 m, mean slope
19%, ~ 1 km of length of the main stream and no more than
2 m in the widest part, 0.3 km of road length and 33% of
slopes, annual mean sediment yield of 600 kg ha−1—under
no harvest condition and mature forest(Schuller et al. 2013)—
a climate temperate semi-oceanic and the main soil type
(WRB) is Vitric Andosol.

The land use history of this catchment since the early 1960s
is summarized in Table 1. Five potential historical and con-
temporary sources of eroded soils were identified from this
record: unpaved forest roads, native forest (buffer or riparian
zones), eucalyptus plantations, pine plantations, and wheat.
With the exception of wheat (which is no longer grown in
the region), soil samples to develop a source library for model-
ling were collected from the study site (Nacimiento catch-
ment). The CSSI isotopic fatty acid composition for wheat
was obtained from the National Institute of Water and
Atmospheric Research (NIWA, New Zealand) from a soil
sample that had the wheat planted in Chile (winter wheat)
and collected in a similar latitude to the study site. Previous
research demonstrated (unpublished results) that isotopic
composition for other land uses within Chile and New
Zealand were similar because they have common species
grown in both countries (e.g., pine, eucalyptus).

In all other respects, the catchment represents the typical
land uses that were implemented, as previously described in
Chile, during the last 50 years.

2.2 Sample Collection

For CSSI source sampling, 13 samples were collected.
Samples of topsoils (~ 2 cm) were collected from each land
use from different parts of the catchment (4 samples of pine, 3
samples of buffer zone, 3 samples of road, and 3 samples of
eucalyptus). Before sampling, the litter on the surface was
removed with metal spatulas. Each source sample was gener-
ated from 5 composite samples taken at the corners and center
of a 10 × 10 square, then were placed in a metal bucket and
mixed, a subsample of ~ 1 kg was taken into the lab in double
plastic bags for further analysis (Bravo-Linares et al. 2018).

For mixtures, ten replicates of core samples for CSSI and
FRN techniques were taken in 2012 in 5-cm-diameter PVC
core liners to 30-cm depth in the substrate. The core site was
30 m downstream from the end of the catchment, in an area
were a meander was formed and in the border of the main
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stream channel. The distance between each core sample was
< 10 cm. Sediments were removed from the PVC tubes and
placed in aluminum trays, where they were sliced into 2-cm-
thick sections. The 2-cm-thick slices from each depth in each
core were combined into a bulk sample, which was mixed and
treated as a single sample for different analysis. Samples were
composite to provide sufficient material for analysis (< 63 μ
fraction) for FRN, CSSI, and other analyses (bulk δ13C, %C,
δ15N, and %N).

2.3 Sample Preparation and Analysis

2.3.1 CSSI Analysis

Samples for sources (13) and for the final mixture (15 core
combined slices) were oven dried at 60 °C, then first sieved
through a 2.0 mm mesh and finally through a 63-μm sieve.
The fatty acids were extracted from 20 g of dry soil samples
using an accelerated solvent extractor (Dionex ASE 200) and
dichloromethane (DCM) as the extraction solvent. The

samples were heated to 100 °C and raised to a pressure of
2000 psi for 10 min; this extraction procedure was repeated
twice. The extracts were concentrated using a rotary evapora-
tor at 35 °C and then taken to dryness under stream of oxygen-
free dry nitrogen. Fatty acids were converted to their methyl
esters (FAMEs) by methylating the dry extract with 5% BF3
catalyst in pure methanol solution and heating for 20 min at
70 °C (Bravo-Linares et al. 2018).

The δ13C isotopic values of the resulting FAMEs (δ13C-
FA) were determined using gas chromatography-combustion-
isotope ratio mass spectrometry (GC-c-IRMS). The chromato-
graphic conditions were as follows: column BP-5 (SGE),
30 m, 0.25 mm O.D., 0.25 mm film; constant flow 1.4 mL/
min. The injector temperature was 280 °C; splitless (1 min).
The instrument usedwasAgilent 6890GC gas chromatograph
coupled to a Thermo MAT 253 through a GC-C-III combus-
tion interface. Combustion was done at 950 °C with NiO/CuO
catalyst and reduction at 650 °C with Cu. The temperature
program was as follows: 110 °C (hold 1 min); 220 °C
(4 °C/min); 290 °C (10 °C/min, hold 10 min).

Nomenclature

Pines

Eucalyptus

Roads

Buffer zone

Core Sample

Table 1 Historical land use
history of the Nacimiento
catchment (1960–2020)

Time period* Historical land use

2020 Expected year of harvesting

1986–1987 Harvesting and 2nd Pinus radiata planting

1974 Executive order N° 701 that promoted forestry plantations

1960–1974 1st Pinus radiata planting

?–1970 Wheat plantation

*Estimated dates provided by the forestry company Mininco

J Soil Sci Plant Nutr (2020) 20:83–94 85

Fig. 1 Location of studied forest catchment in south-central Chile: Nacimiento (37° 29′ S, 72° 44′ W)



The isotopic results were methanol corrected to allow for
the isotopic signature of the methyl radical added during
methylation. The following equation was used (Gibbs 2008):

δ13C ¼ δ13CFAMEs− 1−Xð Þδ13CMethanol

X
ð1Þ

where X is calculated using the total number of carbons of
the original fatty acid divided by the number of carbons of the
derivatized molecule (FAME).

A further correction was made for the Suess effect based on
the core slice dating from the FRN analysis of the core (further
details are shown later). These δ13C-FA data were then
deconstructed into their source components using the mixing
model CSSIAR V2.0 (de los Santos-Villalobos et al. 2017)
applying the contemporary land use sources as the reference
library. The resulting isotopic proportions were converted to
soil proportions using a linear scaling equation and the %C
content as a proxy (Gibbs 2008).

2.3.2 FRN Measurements

The core slices were oven dried at 60 °C for 4 days and
disaggregated, then sieved through a 63 μm sieve. An aliquot
of ca. 80 g of each sample was sealed in a Petri dish and stored
for 3 weeks prior to radiometric assay using an ORTEC high-
resolution, extended range Ge detector of 53% relative effi-
ciency. Count times were in excess of 72,000 s per sample,
providing results with analytical precision of ca. 10% at the
95% level of confidence. The efficiency of the detector system
was assessed using standard samples prepared by adding
known quantities of mixed reference solutions provided by
Eckert & Ziegler Nuclitec GmbH (type QCYB400 for the
46–122 keV energy range and type QCYB410 for the 122–
1836 keV range). The total 210Pb activity of the samples was
measured at 46.5 keV, and the 226Ra activity was obtained by
measuring the activity of 214Pb at 351.9 keV. The in situ 226Ra
supported 210Pb concentration was derived from the measured
226Ra concentration, using a reduction factor of 0.8 observed
for samples collected in Nacimiento catchment. This reduc-
tion factor accounts for the loss of 222Rn from the soil by
fugacity to the atmosphere with the result that 210Pb might
not be in equilibrium with 226Ra. The 210Pbex concentration
associated with a sample was calculated by subtracting the
226Ra-supported 210Pb concentration from the total 210Pb con-
centration. Further details of the analysis are described in the
literature (Schuller et al. 2013).

2.3.3 Complementary Analyses for Core Samples and QA/QC
Protocols

Further analyses were done with the fractions used for CSSI
and FRN analysis. Carbon and nitrogen percentages as well

bulk δ13C and δ15N were measured on a Delta Plus/Delta V
plus after combustion in a NA 1500/Flash 2000 Elemental
Analyser. For carbon, the carbonates were eliminated by
adding 10% chlorhydric acid solution to the soil samples (this
procedure was done twice, then samples were centrifuged and
dried) prior to analysis in order to only consider the organic
fraction.

Quality assurance and quality control (QA/QC) procedures
were applied to different stages of this research. For the δ13C
of FAMEs, average standard deviations of reference replicate
measurements no greater than ± 0.5 across FAMEs were ac-
ceptable. Internal standard of C12:0 and a reference mixture
were added to each sample. Additionally, two reference mix-
tures (containing pure FAMEs of calibrated δ13C) were co-
analyzed with the samples. Additional FAME mixtures were
analyzed to confirm retention times.

The mixing model employed was validated using artificial
mixtures. This was done by generating artificially made mix-
ture of the same land uses in this study and mixed artificially
in known proportions. This provided a good validation of the
mixing model used, concerning the ability to deconstruct
known values (%) of artificial mixtures. The results of this
analysis are presented in Bravo-Linares et al. (2018).

The δ13C of fatty acids selected to run the mixing model
were the higher molecular weight of even carbons within the
analysis performed (C-18 to C-24). It has been suggested by
the literature the use of highmolecular weight fatty acids (> 20
carbon atoms) to ensure that these molecules are more related
to plant-derived organic matter (Blake et al. 2012; Upadhayay
et al. 2017). However, at the time of the analysis done in a
commercial laboratory (Stable Isotope Facility at UC-
DAVIS), they only offered analyses of δ13C for fatty acids
ranging from C-14 to C-24 and no data was obtained from
molecules above C-24.

2.4 Statistical Analysis

For soil apportionment, the data was analyzed using the soft-
ware CSSIAR v.2.00. This software is a mixing model that
works under a Bayesian framework with isotopic values for
soil erosion apportionment studies. Further details of the soft-
ware can be seen on the literature (Bravo-Linares et al. 2018;
de los Santos-Villalobos et al. 2017). One of the key aspects of
the soil apportionment calculations is the selection of the most
suitable fatty acids for source discrimination (de los Santos-
Villalobos et al. 2017). In this study, the fatty acid selection to
perform the fingerprinting calculation was carried out by eval-
uating the validity of the point-in-polygon criterion (Phillips
et al. 2014).

Regarding sample analyses, due to the samples were com-
posite (reason explained in previous section) the error bars
(when present) represent the analytical error.
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2.5 Core Dating

Time-average sediment accumulation rates (SARs) were esti-
mated from excess 210Pb activity concentration (210Pbex,
Bq kg−1) profiles using the constant flux-constant

sedimentation (CFCS) model (Robbins 1978). The CFCS
model assumes a constant atmospheric flux of 210Pbex, so that
sediments have a constant 210Pbex at the sediment/water inter-
face, with exponential decay over time. If sediment accumu-
lation is the dominant process, steady-state conditions are as-
sumed, and post-deposition mixing is negligible then the SAR
(S, mm year−1) can be estimated from a least-squares fit to the
210Pbex profile using Eq. (2):

Cz ¼ C0 e
−λz=S ð2Þ

where C0 is the excess
210Pbex activity concentration at the

top slice of the core (first 2 cm) and Cz is the
210Pbex value at

depth z, λ is the decay constant for 210Pb (0.03114 year−1).
The apparent age of sediment at a given depth is therefore an
exponential function of the surface 210Pbex value and S, as-
suming that sediment mixing and compaction is negligible. As
described below, 137Cs was present in the basal sediments of
the dated core, so that confirmation of that 210Pb dating using
an independent FRN was not possible. In this case, the appli-
cation of more complex dating models that assume temporal
variation in 210Pb flux and/or sediment supply (e.g., constant
initial concentration (CIC) or constant rate of supply (CRS))
was not justified (Turner and Delorme, 1996). Furthermore,
although soil erosion rates could be expected to vary season-
ally with rainfall and river discharge, these short-term varia-
tions are not resolved at the temporal resolution of the 210Pb
dating (i.e., years to decades). The two regression fits to the
210Pbex data also span several decades both before and after

Fig. 2 Profiles of 210Pbex in the
core sample (error bars represent
the analytical error)

Table 2 Estimated age of the sediment slices by the CF-CS model

Range date Range depth (cm) Mid-depth (cm) and mid-year*

2008–2012 0–2 1 (2010)

2004–2008 2–4 3 (2006)

2000–2004 4–6 5 (2002)

1996–2000 6–8 7 (1998)**

1992–1996 8–10 9 (1994)

1988–1992 10–12 11 (1990)

1983–1988 12–14 13 (1985)

1979–1983 14–16 15 (1981)

1975–1979 16–18 17 (1977)

1970–1975 18–20 19 (1973)

1965–1970 20–22 21 (1968)

1960–1965 22–24 23 (1963)

1955–1960 24–26 25 (1958)*

1950–1955 26–28 27 (1953)

1945–1950 28–30 29 (1947)

*These values were used for plotting some figures presented that repre-
sents the intermediate value of the selected layer

**Segments that were not able to be used to estimate soil contribution
with CSSI
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the mid-1970s when forestry plantation was promoted by the
government (Table 1), so that we are able compare changes in
time-average sedimentation rates. Consequently, for these rea-
sons, the assumption of constant sedimentation (CFCSmodel)
is a reasonable first-order approximation of the system.

3 Results

3.1 Core Dating

The profile of 210Pbex data is presented in Fig. 2. The results of
least-square fits of the CFCS model to the Nacimiento sug-
gested two episodes of sedimentation at 0–18 cm and 19–
30 cm, with similar sediment accumulation rates of 4.8 (r2 =
0.75, P < 0.01, n = 9) and 4.0 mm year−1 (r2 = 0.89, P < 0.005,
n = 6), respectively. The discontinuity in the excess 210Pbex at
18–19-cm depth proposes a (short) interruption in sedimenta-
tion and/or change in sediment source with a less-enriched
210Pbex content. This change in the sedimentation regime is
coincident with the implementation of the executive order No.
701 that promoted the plantation of introduced trees. For ex-
ample, the bottom layer could contain more eroded topsoil
than the top layer. Applying these SAR values to the entire

profile yields ages of 37 years at 18-cm depth and 64 years at
30-cm depth.

137Cs occurred to the base of the core (data not shown), so
that independent dating using this FRN to verify the 210Pbex
was not possible (Fig. 2b). Its presence to the bottom of the
core may suggest that these sediments are at least up to
60 years old. It was not possible to determine the expected
peak of 137Cs during the 60’s as expected and to corroborate
the dating with 210Pbex (Benoit and Rozan 2001).

The calculated years according to the SAR modelling are
shown in Table 2. The years estimated went back in time up to
67 years. This time was enough to cover a very important part
of the history of the dramatic changes of land uses that oc-
curred in Chile during the last 50 years.

3.2 Core Complementary Analyses

Carbon and nitrogen content (%) tended to be lower and
constant the last 15 cm (Fig. 3). An increment was ob-
served for the first top 10 cm with a marked changed from
the 13 cm depth upwards. During this period the forestry
company reported that the catchment was harvested and
planted with pines during 1990, and the use of artificial
nutrients during this process is a common practice. This
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Fig. 3 Core profile for total organic carbon, nitrogen content (%), and δ15N values (no replicates were done as composite samples were analyzed and
axes were cut to improve the view of small changes in values)
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process can be confirmed by the lower isotopic values of
δ15N (from 13 cm upwards) that are an indicator of the
use of artificial nitrogen containing nutrients (Hoefs 2009;
Bateman and Kelly 2007) (Figure 3). Nevertheless, this
difference in δ15N values was not strong enough to make
significant correlations with known processes (e.g., use of
artificial nutrients) occurring in the catchment.

3.3 Suess Effect

The CSSI values of the δ13C-FA for the core sections were
corrected by the isotopic depletion value calculated from
the 6th polynomial equation from Verburg (2007), and with
the absolute value of 8.5‰ (obtained by the equation) of
the date were the core was taken (year 2012). After this
correction (Table 3), the isotopic values changed as seen in
Fig. 4. The original curve presented values of bulk of δ13C
from − 27.9‰ (top) to − 27.2‰ (bottom) and after the
Suess correction changed to − 28.0‰ (top) to − 28.8‰

(bottom). The original curve presented bulk δ13C values
more depleted at the surface that were closer to C3 plants
angiosperms (e.g., wheat), with δ13C values close to the
values reported by the literature for this land use of −
32.8 ± 2.5‰ (Reiffarth et al. 2016; Chikaraishi and
Naraoka 2006). At the surface, the values were closer to
C3 plants gymnosperms (e.g., pine) with values closer to
the reported in the literature of − 26.9 ± 1.1‰ (Reiffarth
et al. 2016; Chikaraishi and Naraoka 2006).

3.4 CSSI Values

Source apportionment of the historic land uses according to
the estimated date in the core samples are shown in Fig. 5. It
was not possible to estimate soil proportions for core depths at
6–8 cm and 24–26 cm because the available isotopic values of
these core slices did not meet the point-in-polygon criterion
(Phillips et al. 2014). The kite graphs (Fig. 5) indicate the
historical contributions of the five land uses during the last

Table 3 Isotopic values for
calculation of source
apportionment including sources
after Suess correction (pine, road,
buffer zone, and wheat) and
mixtures (core profile)

Sample δ13C bulk C18:0 C18:1 C18:2 C20:0 C22:0 C24:0

PINE-1 − 27.5 − 28.9 − 30.0 − 31.1 – − 30.7 − 30.9
PINE-2 − 27.5 − 28.6 − 29.9 − 31.4 – − 30.5 − 30.9
PINE-3 − 27.3 − 29.0 − 30.3 − 32.4 – − 30.0 − 31.1
PINE-4 − 27.0 − 28.0 − 29.7 − 31.5 – − 30.7 − 31.1
ROAD-1 − 26.8 − 29.0 − 28.6 − 30.3 – − 28.7 − 28.8
ROAD-2 − 27.0 − 29.8 − 31.1 − 31.7 − 33.1 − 32.5 − 32.5
ROAD-3 − 27.8 − 29.1 − 29.7 − 31.6 − 28.8 − 31.8 − 32.1
BUFFER ZONE-1 − 26.8 − 29.2 − 28.5 − 31.2 – − 31.9 − 32.1
BUFFER ZONE-2 − 27.2 − 28.5 − 29.5 − 31.3 – − 31.4 − 31.8
BUFFER ZONE-3 − 27.3 − 28.2 − 31.1 − 33.2 – − 32.5 − 33.3
EUCALYPTUS-1 − 27.2 − 30.4 − 30.1 − 32.2 − 33.8 − 31.3 − 31.6
EUCALYPTUS-2 − 27.5 − 29.2 − 29.3 − 30.9 – − 30.8 − 31.5
EUCALYPTUS-3 − 27.4 − 29.5 − 29.3 − 31.0 – − 31.3 − 32.6
WHEAT – − 30.3 − 31.5 − 31.2 − 31.9 − 33.2 − 31.9
CORE-0002 − 27.9 − 28.8 − 28.6 − 29.0 − 33.9 − 32.4 − 34.0
CORE-0204 − 28.2 − 27.0 − 27.0 − 28.4 − 29.6 − 30.9 − 31.7
CORE-0406 − 28.3 − 26.6 − 29.2 − 28.4 − 29.2 − 29.1 − 31.6
CORE-0608 − 28.5 − 26.5 − 26.7 − 26.4 – − 29.0 − 31.0
CORE-0810 − 28.6 − 27.4 − 27.4 − 27.3 – − 28.7 − 30.4
CORE-1012 − 28.6 − 27.7 − 29.6 − 27.2 – − 29.8 − 31.6
CORE-1214 − 28.6 − 28.6 − 26.4 − 29.8 – – − 31.4
CORE-1416 − 28.5 − 29.5 − 27.7 − 28.5 – – − 31.4
CORE-1618 − 28.3 − 29.5 – − 30.4 – − 31.0 − 31.9
CORE-1820 − 28.4 − 28.3 – − 28.2 – – − 31.0
CORE-2022 − 28.5 − 28.2 − 28.1 − 29.3 – – –

CORE-2224 − 28.5 − 28.1 – − 31.1 – – − 32.1
CORE-2426 − 28.6 − 30.7 – – – − 27.5 − 30.2
CORE-2628 − 28.7 − 25.1 – − 30.9 – – − 31.2
CORE-2830 − 28.8 − 27.8 − 25.8 − 28.7 – – − 30.8

– no data
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67 years. These show that the wheat contribution was con-
fined to the dates where historically wheat cultivation was
present in the catchment (1945 to ~ 1974). From that date,
the wheat was not planted again, and the isotopic signature
of wheat gradually reduced to below detection level from
1977 onwards. This is expected, as the executive order No.
701 that promoted the plantation of exotic trees was
established around this year, and made a significant change
in the land use of this region (from wheat to exotic tree
plantation).

On the other hand, pine became an important source of
sediment following the introduction of that specie in 1963.
From the soil proportion estimates (Fig. 5), the impact of
sediment delivery from the pine plantation can be followed
through the 1st harvesting, replanting and 2nd harvest period
during 1960 and 1986, respectively. However, the results
showed slight discrepancies in the dates for these actions,
showing an increment in the pine signature from 1977 that
denoted an impact of the bare soil being affected by erosion
from the 1977 up to 1985, when the second plantation oc-
curred and the trees matured and the sediment mobilization
became lower (Schuller et al. 2013). From 1994 to 2012, the
signature of pine has reduced, because the catchment has not
been harvested and the canopy and pines needles provide a
very good protection from erosion (Bravo-Linares et al. 2018;
Doerr et al. 1998).

Regarding the eucalyptus signature, it is important to clar-
ify that the studied catchment has not been planted with this
specie. However, the neighboring catchment did. It is possible
that sediment from the eucalyptus forest planted in the

neighbor catchment has reached the stream channel where
the sediment samples were taken as observed in the results
(see Fig. 6).

The eucalyptus signature showed an increase in sediment
delivery between 1973 and 1981, possibly due to the neigh-
boring catchments being planted with eucalyptus, then har-
vested and planted again during this period. Subsequently,
the eucalyptus signature became lower for 10 years to 1994
and then increased again associated with the harvesting and
second planting in the neighbor catchment. The second har-
vesting and plantation of the paired catchments can be seen on
satellites images from Google Earth (Fig. 6). These images
proved evidence that the paired catchment (to the right) was
harvested during 2007 to 2010 and planted again from 2010.
According to this, there is a discrepancy of 3 to 6 years with
the calculation and estimated dates of this study and the ob-
served sediment delivery from this source. These discrepan-
cies are expected as different models get different results and
are estimations of the reality (Brandt et al. 2018b).

Moreover, the buffer zone (that represents the native forest
that grows naturally in this catchment) remained stable during
the whole period. This area is not expected to contribute much
sediment as it is not meant to be affected by harvesting during
the period covered by this research. Nevertheless, soil erosion
was probably very high when the native forest was removed to
plant wheat. As the buffer zone (native forest) in forest catch-
ment is normally used to protect the water bodies from sedi-
ment impacts (leaving 10 m in both sides), this area traps the
sediment coming from other sources (Cuevas et al. 2018).
However, when storms events occur the sediment trapped
can be washed out providing a delayed increase in sediment
delivery from this source (Marutani et al. 1999). The same is
true for earthquakes; three big earthquakes were recorded dur-
ing the study period (in 1960, 1981, and 2010 with epicenters
close to the study area). These episodes can increase the
stream flow and, subsequently, increase the sediment delivery
from the buffer zone (Schuller et al. 2013; Wang and Manga
2010). Both processes can be seen in Fig. 6, during 1960 a big
earthquake and some storms affected the area and the contri-
bution of the native forest increased from 5.2 to 28%. Similar
earthquake responses occurred during 1981 from 1.1 to 25%
and 2010 from 4.5 to 42.2%.

Forest roads are expected to contribute from 1960 or near
dates, when the forest roads may be constructed to plant and
harvest the pines trees. Roads are built by digging the soil
(around 30 to 50 cm) to have access to the catchment. This
source, in a contemporary point of view, can represent the land
uses that were in the past. This effect can be seen during 1947
to 1963, where wheat was the main source followed by road
contribution. However, the name stated by this research as a
contemporary source called Broads^ fits only after road build-
ing. Before that, the sediment coming from this source may
represent other historical land uses that were previously
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present in the catchment. This may explain why roads were
present in the bottom segment of the core. On the other hand,
the road signature increased again after 1990, this is expected
after forest stabilization (mature forest) are not prone to ero-
sion and roads become the main source of sediment in this
catchment (Bravo-Linares et al. 2018; Schuller et al. 2013).

4 Discussion

4.1 Sediment Dating

The absence of the historical 137Cs early-1960 deposition peak
has several potential explanations. Firstly, the 30-cm sedi-
ment-core length may not have been sufficient to sample the
137Cs deposition peak. Alternatively, atmospheric deposition
rates in this area of the southern hemisphere may have been

too low. It is more likely that sediments at the core site, de-
posited in the main stream bed, are substantially composed of
eroded catchment soils and subsoils with low 137Cs activities
(i.e., rather than direct atmospheric deposition). Consequently,
the 137Cs profile reflects the soil erosion sources rather than
the historical 137Cs atmospheric deposition record (Swales
et al., 2002). By contrast, a core taken by our group in an
Antarctic lake (unpublished results) with similar deposition
rate (5 mm year−1) contained a 137Cs peak and was used to
verify the 210Pbex dating results.

Postdepositional mobility of 137Cs can also occur in some
environments (Foster et al. 2006). Reference sites around the
Nacimiento catchment showed a maximal depth of 137Cs at 12
and 15 cm, respectively. Consequently, 30 cm core profiles
were taken to ensure the presence of this chemical in the
deposition area. Nevertheless, the selected deposition site
may not be the most appropriate in terms of the
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conservativeness of an undisturbed sedimentation process.
However, the sample was taken in very narrow stream channel
(with low flow) and in an area that somehow represents a less-
disturbed part (meander). Additionally, due to this stream is
not a river system, the sediment conservativeness in this sys-
tem is expected to be more stable. Despite of this limitation,
the relationship with the obtained results and the known ante-
cedents of a very small catchment worked quite well as pre-
sented in the article.

Regarding the Suess effect correction, the original values
(with no correction applied) were not in agreement with the
antecedents recorded to the history of the land uses of the
catchment. The land uses in the studied catchment (see
Table 1) had a transition from angiosperms to gymnosperms,
and this situation was isotopically seen when the Suess effect
correction was applied to the bulk δ13C. The samewas true for
all the δ13C-FAvalues, which were initially not able to be used
to calculate the soil apportionment using contemporary
sources, due to the shift in the isotopic values of the core
fractions when no Suess correction was applied. This implies
the importance of using this correction when a temporal as-
sessment of source contribution is done using core samples.

4.2 Plantation Forestry and Soil Erosion

Commercial forest plantations cover a vast territory in Chile.
Despite plantation forestry being a solution to past soil erosion
and unsustainable land use practices (i.e., wheat plantation);
inappropriate management practices have resulted in forestry
plantations substantially contributing to soil erosion in upland
catchments. The impacts of forest plantations on sediment

delivery and in-stream water quality during the different road
building and forest-harvesting phases are important factors
that need to be addressed. Sediment delivery as stated in this
research can change in time according to the process involved
within the catchment. Clear-cutting has been shown to cause
deterioration of water quality even when a 10-m buffer zone is
used. Previous research in Nacimiento catchment (comparing
the pre-harvest and post-harvest situations) showed that the
amount of sediment delivery after clear-cutting were three to
seven times higher compared to pre-harvest conditions
(Schuller et al. 2013).

Here, the combined techniques of CSSI-FRN has enabled
the source apportionment different land use types to down-
stream sediments over a time scale of several decades (i.e.,
mid-1940s to 2012). This historical perspective enables the
persistence of the various land use sources to soil erosion over
time-scales relevant to land uses changes, climate, erosion, and
cycles to be evaluated. These techniques have already shown to
be useful in assessing soil erosion in forestry catchments and
targeting improved management of sediment sources (Hancock
and Revill 2013). However, the articles published using com-
bined isotopic techniques are very limited. These isotopic tools
can be used to assess how historical land uses have impacted an
area and provide the information required to evaluate how mit-
igation actions have been working.

5 Conclusions

Combined isotopic techniques (compound specific stable
isotopes-fallout radionuclides) allowed determination of the

Fig. 6 Satellite images from
Google Earth showing how the
neighboring catchments planted
with eucalyptus where again
harvested and planted. Red dot
indicates the downstream mixture
and red arrow signs the influence
of sediments that may be
originated from the neighbor
catchment
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proportional contribution of different land use types to sedi-
ments from the study catchment in a time scale of 67 years,
and the results were similar to the historical records of the land
uses in the study site.

Nevertheless, when using this combined isotopic approach,
it is important to correct the data for the changes in the isotopic
signatures of the sources that will change through the time,
due to the isotopic changes in the δ13C of the carbon dioxide
(CO2) used by the plants to synthesize organic molecules
(Suess effect).

Policy making did not affect sedimentation significantly in
this study site. However, it is not possible to extrapolate the
same situation to all the rest of the territories that had a change
from wheat to exotic trees plantations. Nevertheless, if the
situation is the same, it is possible to conclude that despite
of the public bill No. 701 of being a solution to a very bad
land management, the sediment delivery did not change sig-
nificantly, and the problem of erosion persisted through the
time.

Finally, this approach is a good opportunity for land man-
agers to evaluate how their land uses have been affecting the
sediment delivery outside the catchment and to obtain better
information about the off-site impacts of the erosion process.
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