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A B S T R A C T   

Soil loss has become one of the main problems associated with global change over the last decades. New as-
sessments are needed in order to improve our understanding of the real impacts of human productive activities 
on the natural dynamics linked to erosion in lake basins. We analyzed the recent and historical dynamics of soil 
loss in a coastal lake basin of central Chile (Lanalhue lake), evaluating land use impacts and proposing man-
agement changes to control erosion and restore the soil. We implemented two approaches: A) Using a high- 
resolution sedimentological proxy and a high-accuracy chronology of cores to determine the sediment accu-
mulation rate, organic/inorganic matter and granulometry for the last 120 years; and B) applying the Universal 
Soil Loss Equation to estimate erosion of soil from hills during the last 32 years, considering a combination of 
satellite, climate, soil, and land-cover topographic data. We found that the sedimentation rates, as well as the 
concentration of organic matter in lake sediments, were relatively constant from 1900 to 1950; after that, they 
experienced a significant increase. The same pattern of rapid increase was found for sand content. We found that 
erosion during the last 30 years has been high and constant, especially in bare soil (mainly clear-cutting areas) 
and exotic forest plantations. Erosion has been significantly higher within exotic forest plantations, reaching 31 
ton/ha/yr in clear-cutting areas. Three industrial forestry companies accounted for 61.5% of the basin surface 
where urgent erosion control is needed. Our findings support the indication that industrial forestry is the main 
activity affecting erosion dynamics in the basin; secondarily, earthquakes have been important modulators of the 
sediment dynamics in Lanalhue during these last 120 years.   

1. Introduction 

During the last decades, global change has generated a dramatic 
transformation of the land cover on the planet’s surface. Among these 
effects, the increase in erosion stands out as a particularly concerning 
issue (Borelli et al., 2017), because soil is considered a non-renewable 
resource on a human time scale, and because the lost soil increases 
sedimentation and eutrophication in different bodies of water (Owens 
2008). For this reason, a series of efforts has been developed globally to 
detect and control soil loss (Borrelli et al., 2017) as well as to develop 

new methodologies and frameworks for prioritizing areas for restoration 
(Geneletti et al., 2011; Crossman and Bryan, 2006). These methodolo-
gies include long-, medium-, and short-term analyses. Long-term studies 
are based on paleolimnology analysis, which reconstructs past envi-
ronments by quantifying observed changes over time in factors like 
sedimentation rates, sedimentology, and biological proxies) (Larocque- 
Tobler, 2016). The medium-term analysis uses algorithms such as the 
Universal Soil Loss equation (USLE) to estimate the potential soil loss 
across a spatial expanse based on a series of hydrometeorological, 
physiographic, and land-cover factors (Wischmeier and Smith, 1978). 
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This methodology can be applied by using satellite data in combination 
with edaphic cadasters to generate erosion assessments (Alewell et al., 
2019). It is not possible to compare long- and medium-term methods 
directly, because USLE cannot estimate the total yield of sediment that 
enters into a lake, since part of it is retained in valleys or creeks. Boyle 
et al. (2011) discussed the SEDEM model, which was developed to es-
timate the fraction of soil that is not deposited in the lake, concluding 
that this method is difficult to apply because it requires high quantity 
and quality field information (short-term erosion studies), unlike the 
USLE method. Because of the lack of short− term erosion studies, Boyle 
et al. (2011) proposed an alternative approach based on the results of 
Vandenberghe et al. (1998) in Belgian lakes: discard that quantity of 
retained sediment, especially in the case of small catchments (< ~ 100 
km2) because it is a small amount, and use USLE to estimate the sedi-
ment deposited in lakes (see Table 1). 

One of the main sources of disturbance and soil loss is the replace-
ment of natural land cover by forestry plantations (Grace, 2004; Huber 
et al., 2010). Chile has been one of the countries most affected by this 
type of land-cover change, especially in its south-central coastal area 
(Miranda et al., 2015, 2017). In Chile, the species used for forestry 
plantations are mainly exotic; Pinus radiata was the first species to be 
massively planted, followed by Eucalyptus globulus. Forestry activity has 
been considered one of the most environmentally harmful activities in 
Chile since 1974, when the government offered subsidies for private 
owners to plant exotic species, producing an exponential expansion of 
plantations (Leyes de Chile, 2019). Industrial plantations use a clear- 
cutting system in which large stands of plantations are cut at once, 
leaving soil exposed to dramatic erosion by precipitation (Gayoso and 
Iroumé, 1995). In addition, the hydrophobic condition of Pinus species 
hinders water infiltration into soil, affecting water balance (Huber et al., 
2010). Erosion is also promoted by the mountainous topography and 
heavy rain characteristic of south-central Chile (Oyarzun and Peña, 
1995). The aim of this study is to estimate the impact of the forestry 
industry on soil loss by combining sedimentological and USLE methods 
in a medium-sized lake basin located in central Chile, and to propose 
priority sites for soil restoration and erosion control. Sedimentology 
allows us to estimate long-term changes of sedimentation rates before 
Pinus and Eucalyptus plantations (the background conditions), and 
comparing these results with the present soil loss obtained from the 
USLE model allows us to estimate the quantity of soil that is transported 
from nearby hills into the lake as well as the activity associated with soil 
loss. 

We specifically address the following questions: A) Have sedimen-
tation rates changed during the last 120 years in Lanalhue lake? B) What 
was the timing of these changes? C) Which of the factors of the USLE 
analysis had the greatest influence on erosion for each type of land 
cover? D) What type of land cover and property type has caused the 
greatest soil loss in the basin? E) Where is it most necessary to imple-
ment restoration actions? We propose that sedimentology and USLE 
models, working together, give us a powerful tool, because sediment 
analysis tells us the comparative quantity of sediment deposited in the 
bottom of the lake and its temporal changes through centuries and even 
decades, and the USLE method gives us information about the land use 
that produced this sediment, as well as the quantity of sediment in tons 
per area per year that arrived to the lake. The USLE model also tells us 
the origin (anthropogenic or not) and the land use that are producing the 

greatest amount of sediment. USLE models, validated by sedimentology, 
allow us to propose management actions to control soil loss. We also 
present a series of methodological advances which could be used to 
replicate USLE analysis. 

2. Methods 

2.1. Study area 

Lanalhue basin is located in the Biobío Administrative Region, 
southwest of the Nahuelbuta coastal range (73◦ S, 37◦ W, Fig. 1). This 
coastal basin flows into the Pacific Ocean; it is surrounded by mountains 
composed of metamorphic rocks that rise from 500 to 800 m in the east 
(with minimum valley elevation of 21 m) and in the west rise up to 1065 
m (SERNAGEOMIN, 2003). The average slope is 15◦ ± 9.9◦, with a 
maximum of 63.3◦ . The basin has an area of 365.4 km2. The lake is 9 km 
long and 4.3 km wide, with 4 m and 26 m minimum and maximum 
depth, respectively. It was formed when the older river valley was 
dammed by uplifted swells around 8000 years calibrated before present 
(thereafter yrs cal BP) (Stefer et al., 2010). Lanalhue lake is located in 
the transition between Mediterranean and temperate climate types (Csb 
Köppen-Geiger climate classification). The basin has a mean annual 
precipitation of 1090 mm, frequently presenting fog; snow occasionally 
covers the top of the mountainous area (Huber et al., 2010). The mini-
mum average monthly temperature is 8 ◦C (austral winter) and the 
maximum is 17 ◦C in summer. From 2010 to 2016 mean temperatures 
increased by 0.4 ◦C compared to the historical mean (12.1 ◦C), while 
annual precipitation decreased 173 mm from the historical mean. The 
National Soil Survey identifies “Nahuelbuta” as the main soil type in an 
86.6% of the basin (mesic Typic Paleudults; CIREN, 1988) which has 
metamorphic origin from shale rock and is preset in mountain section of 
the basin with good external drainage and moderate internal drainage 
(Stolpe, 2006). On the other hand, in the western zone of the basin (4.7 
% of the basin) the dominant soil corresponds to “Antihuala” (mesic 
Humic Hapludults; CIREN, 1988), which has a quaternary origin from 
marine sandstone with good drainage (Stolpe, 2006). Finally, in the 
eastern zone of the basin (8.7% of the basin) “San Esteban” soil is present 
(Ultic Palexeralfs; CIREN, 1988) which has a granitic origin from the 
mountainous section of the basin with good drainage (Stolpe, 2006). A 
detailed description of each soil type is presented in Table S1. 

Many of the exotic plantations of Pinus and Eucalyptus are in their 
third rotation cycle (M. Malibur, pers. com.). The agricultural area is 
mainly used as pasture for cattle. One small town, Contulmo, is located 
to the southeast of the lake. The native forests are dominated by 
Nothofagus obliqua (Nothofagaceae), Persea lingue (Lauraceae), and Luma 
apiculata (Myrtaceae), while in degraded areas, Chusquea (bamboo, 
Poaceae) species and Aristotelia chilensis (Elaeocarpaceae) have estab-
lished themselves; the invasive Acacia dealbata and A. melanoxylon are 
also present. 

3. Sediment sampling and chronology 

Fieldwork was carried out during January 2019 (austral summer). 
Lake bathymetry was explored with an echo sounder (Garmin 
echoTM100) and sediment cores were collected from four sites along the 
lake, following the principal streams and variable maximum depths 
(Licahue, 3 m; Lincuyin, 15 m; Huilquehue, 24 m and La Vaina, 24 m) 
(Fig. 1 and S1). At each site, four 1 m-long sediment cores were collected 
using an Uwitec gravity corer. Each core was sliced at 1-cm intervals, 
except for the La Vaina core, which was sliced in 2-cm intervals. Samples 
were stored in ziploc bags and transported to a cold room (4 ◦C) at the 
Universidad Austral de Chile. One core was exclusively used for radio-
nuclide analyses (210Pb, 137Cs, 7Be, and 14C), while a second core was 
used to estimate organic matter and granulometry. For radionuclide 
analyses, each bulk sample was dried, pulverized, weighed (dry and wet 
weight), and stored in plastic bags. 

Table 1 
Potential impact according to land cover.  

Land cover Potential impact 

Native vegetation Low 
Croplands / grassland Medium 
Exotic plantations High 
Bare land High 
Building and sterile High  
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210Pb, 226Ra, 137Cs, and 7Be were measured on the first 30 cm of the 
cores, from 1 cm- contiguous up to 3 cm- discrete intervals, and analyzed 
with an HPGe Well Detector (with measuring time of 2–3 days) at the 
EAWAG Surface Water Department in Switzerland. The samples were 
stored for at least 21 days to allow 226Ra and 210Pb to reach equilibrium. 
Both radionuclides were used to date recent sediments and estimate 
sedimentation rates (210Pb half-life of 22.3 years), using 226Ra to support 
210Pb activity. Also, the basal ages of the cores were estimated with 14C 
dating methods, which were calibrated with the Southern Hemisphere 
curve, SHcal20 (Hogg et al., 2013). From previous work on Lanalhue 
lake sediments, we expected to reach at least 500 years up at 70 cm 
depth, meaning 200 years at the first 30 cm depth for 210Pb date in-
terpretations (Stefer et al., 2010). The anthropogenic radioisotope 137Cs 
(half-life 30.17 years) originated from nuclear tests between the late- 
1950s and mid-1960s is well detected in soils and lake sediments in 
south-central Chile (Cisternas and Araneda, 2001; Schuller et al., 1993; 
Schuller et al., 2002; von Gunten et al., 2009) and can be used as a 
chronostratigraphic marker to support the lead-based dating (Arnaud 
et al., 2006; von Gunten et al., 2009). Finally, the presence of the short- 
lived cosmogenic radionuclide 7Be (half-life 53.3 days) in surface sedi-
ments helps to document the occurrence of recent soil erosion events in 
the surroundings of Lanalhue lake (in the few months before coring). 
After the fallout, 7Be is rapidly and strongly fixed by the surface soils and 
serves as a useful approximation of soil redistribution and losses (Blake 
et al., 2002; Walling et al., 1999), especially after harvest operations in 
forestry activities (Schuller et al., 2006). The occurrence of 7Be in sur-
face sediments is also linked to anthropogenic activities (like watershed 
erosion) and modulated by the occurrence of intense rainfall events 
(Sepulveda et al., 2008) that help its mobilization, in this case, toward 
the lake (e.g. Bai et al., 2002). 

The age-depth models were calculated using the Plum model 
(Aquino-López et al., 2018). Plum is a recent Bayesian approach to 210Pb 
dating which can be used to integrate chronologies (e.g. 14C, 137Cs, 
calibrated ages, etc.) without pre-modeling the 210Pb dates. The data 
input includes bulk dry densities, sample thickness, and the raw total 
210Pb and 226Ra concentration data (or any other good approximation of 
supported 210Pb) with their respective lab errors. Plum is based on the 
fundamental equation of Krishnaswamy et al. (1971) and the Constant 
Flux model principles (also known as CF models or Constant Rate of 
Supply) (Appleby and Oldfield, 1978; Robbins, 1978). However, Plum 
solves some disadvantages of CF modeling such as the artificial incre-
ment of sediment rates in deeper parts of the cores (associated with 
logarithmic approximation). In addition, Plum can infer 210Pb fluxes to 
date cores with incomplete inventories (e.g. background not reached) 
(Aquino-López et al., 2018; Aquino-López et al., 2020). 

Usually, in this classical CF method, unsupported 210Pb is computed 
by subtraction between total 210Pb and 226Ra. However, Plum uses 226Ra 
(and its variability with depth) to calculate the posterior distributions of 
the supported 210Pb. The same process is used to calculate the posterior 
distributions of the 210Pb flux. These parameters are integrated into a 
forward model and, together with the parameters of an independent age- 
depth function, autoregressive gamma processes are calculated using 
Markov Chain Monte Carlo (MCMC) techniques (Blaauw and Christen, 
2011). Since Plum can integrate other chronological markers, we con-
structed the age-depth models for each core, combining the 210Pb, 137Cs 
activity, and 14C dates. 137Cs’ peaks markers have been integrated into 
the age-depth model after verifying that the age-depth model without 
this radionuclide has provided a reasonable result. By integrating the 
137Cs into the chronology, we have obtained more accurate and precise 
chronologies, especially between CE 2019 and 1960 for cores collected 

Fig. 1. Lanalhue Basin (yellow), Chile, in the international and national geographical context. The administrative divisions are shown by white dashed lines. Points 
show the sites of sediment extraction in La Vaina (A), Huilquehue (B), Lincuyin (C), and Licahue (D). 
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at Huilquehue, Lincuyin, and Licahue. Given the low values of 137Cs in 
the La Vaina core, we assume that the maximum concentration (asso-
ciated with the 1950-1960s) is below 30 cm depth, so we used a non- 
isotope marker to support this chronology. At 10 cm, a maximum of 
sand content is noted (~10%) which is linked to a coseismic uplift of the 
littoral zone in the northwest of Lanalhue lake (where La Vaina site is 
located) caused by the recent Maule earthquake in 2010 (Mw 8.8) 
(Quezada et al., 2012; Moernaut et al., 2017). 

Once the age-depth models were constructed, thousands of MCMC 
iterations were used to calculate their corresponding credible intervals 
(95% probability) and also used to analyze other parameters. These it-
erations were used to create ghostplots for the sediment accumulation 
rates for each core and their appropriate uncertainty for the last 120 
years. Both age-depth models and sedimentation rate ghostplots were 
constructed using the rPlum package (Blaauw et al., 2020) designed for 
the R platform (R Core Team, 2019). 

3.1. Grain size and loss-on-ignition analysis 

A textural analysis (Folk, 1980) was performed by wet sieving with 
standard meshes to separate two main components: mud (<63 µm) and 
sand (63 µm − 2 mm). To perform this analysis, a volume of 10 ml of wet 
sediment was taken every 2 cm for each sample, which were screened 
with a 63 µm mesh and whose resulting fractions were poured into 50 ml 
beakers. Subsequently, the samples were dried at 60 ◦C for 48 h and then 
burned at 550 ◦C for 4 h to remove the organic matter content (Heiri 
et al., 2001). Before and after each of these processes, each sample was 
weighed to obtain the difference in percentages of sand and mud by 
weight. 

3.2. USLE analysis 

The USLE is composed of five main factors as follows (Wischmeier 
and Smith, 1978). 

A = R*K*LS*P 

Where A is the annual average soil loss (ton / ha / yr), R is the rain 
erosivity (MJ mm / ha / h / yr), K is the soil erodability factor (t / MJ / 
mm), LS is the topographic factor (dimensionless), C is the vegetation 
cover factor (dimensionless) and P is the conservation practice factor 
(dimensionless). This equation was calculated for six time periods cor-
responding to 1987, 1999, 2005, 2009, 2015, and 2019, from Landsat 4, 
5, 7, and 8 images. Temporal analysis was carried out in order to address 
the rotating silvicultural clear-cut dynamics (10 to 15 years per stand). 
The soil loss was analyzed and compared within and outside of large 
exotic plantation properties in the basin (belonging to the forestry 
companies Mininco as well as, Arauco, and Terranova and Company). 
The information on exotic plantation properties were provided by the 
director of the Forestry Dialogue Team (Olga Verdugo Pers. comm.). The 
following describes how each of these factors was obtained (Fig. S2): 

Rain erosivity (R) corresponds to the kinetic energy of rainfall and its 
potential to generate erosion through the surface runoff process 
(Wischmeier and Smith, 1978). There are multiple methodologies to 
calculate the annual rainfall erosivity factor (Parveen and Kumar, 2012; 
Panagos et al., 2017). Among these, Bonilla and Vidal (2011) identify 
the following method based on annual precipitation, for Chile. 

R = 0.028P1.534 

where R is the annual erosivity factor (MJ mm / ha / h / year) and P 
is the annual precipitation (mm), while 0.028 and 1.534 are the adjusted 
parameters for central Chile. Annual precipitation was calculated using 
the TerraClimate dataset at 4 km2 pixel resolution. The equation of 
Bonilla and Vidal (2011) was fully implemented in Google Earth Engine 
(GEE; code in Figure S2; Gorelick et al. 2017; Abatzoglou et al., 2018; 
Fig. S3). 

The soil erodibility factor (K) is associated with edaphological 
characteristics that influence its potential water erosion. This compo-
nent considers textural and structural characteristics of soil, as well as 
the proportion of organic matter content (OM) (Auerswald et al., 2014). 
It requires the use of National soil profiles to capture the characteristics 
of each profile (Shabani et al., 2014). The following equation has been 
applied in climatically and geologically similar zones in Chile by Bonilla 
et al. (2010): 

K =

{
2.1*10− 4*(12 − OM)*M1.14 + 3.25*(s − 2) + 2.5*(p − 3)

}

759  

where s is the soil structure and p its permeability; both are defined 
based on a series of parameters already established. The OM and M sub- 
factors are linked to textural soil characteristics; OM is the percentage of 
organic matter and M the percentage of clay, defined as: 

M = (silt%+ sand%)*(100 − clay%)

For the calculation of K, it was assumed that this factor remained 
stable during the analyzed period, due to non-existence of multiyear 
edaphological data for Chile. Two main sources of information were 
used: A) the agrological study by CIREN (2014) was used to estimate the 
parameters p and s, which were defined based on soil type and land 
capability class (I to VIII) considering the study of Bonilla et al. (2010) in 
Chile (Table S1), and B) the SoilGrid250 project calibrated for the case of 
Chile at 250 m2 pixel resolution (Padarian et al., 2017; Hengl et al., 
2017) to estimate the textural properties (M) and organic matter (OM) 
(Figs. S4 and S5). The code to generate subfactors OM and M sub-factors, 
as well as clay, sand and silt content, was fully implemented in GEE 
(code in Figure S2). 

The topographic factor (LS) combines the slope length gradient (L) 
and the slope (S) (Panagos et al., 2015). This factor is associated with the 
effect of physiography on potential soil loss (Alewell et al., 2019). LS 
factor was calculated by using a digital elevation model (DEM) pro-
cessed in a geographic information system (GIS), applying the following 
equation based on Simms et al. (2003): 

LS =

{
FA*cellsize

22.13

}m

*
{

sinsin(slopeangle)/0.01745
0.09

}n  

where FA is the flow accumulation, the cell size corresponds to the DEM 
pixel size, the slope angle is in degrees (◦); 0.01745 is a constant to 
convert degrees to radians; m and n are constants assigned the values 0.5 
and 1.3, respectively (Liu et al., 2009; Pham et al., 2018). We used the 
ALOS-PALSAR sensor for input information at 12.5 m pixel resolution 
(156.25 m2). It was assumed that this factor had not been modified 
during the study period (Fig. S4). 

The plant cover factor (C) is related to the influence of vegetation on 
erosion control generated by rain; it is associated with the land cover 
type and its chlorophyll content (Almagro et al., 2019) due to the effect 
of canopy interception and the role of roots in soil (Borrelli et al., 2018). 
This factor was determined as follows (Durigon et al., 2014): 

C =
(− NDVI + 1)

2  

where NDVI is normalized vegetation index, which provides a measure 
of the balance between the chlorophyll and beta-carotene pigments 
related to plant activity (Almagro et al., 2019). Median NDVI was 
calculated from Landsat 5 TM (years 1987, 1999 and 2005), Landsat 7 
ETM+ (year 2009) and Landsat 8 OLI (years 2015 and 2019) images 
with<10% of cloud cover at a pixel resolution of 30 m. We calculated 
the median of all available scenes for the corresponding year, aiming to 
reduce the bias derived from the use of only one scene (Table S2). The 
Durigon et al. equation (2014) was fully implemented in GEE (code in 
Figure S2; Fig. S6). 

The mechanical practice factor (P) is related to the management 
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practices of different land covers, as well as the implementation of 
mechanical measures to reduce erosion in certain areas (Pham et al., 
2018). It ranges from 0 to 1, where 1 is equivalent to having no man-
agement practice or simply letting the soil erode. Considering that each 
land cover has different effects on erosion determined by its manage-
ment, we visited the study area in April (autumn) and June 2019 (winter 
season, when high precipitation occurs) during six days in total. We 
found that some industrial forestry areas had small palisades to control 
erosion in large gullies, but they were collapsed; drainage to streams 
partially covered by sediment. We also saw small plantations (no>30 
individuals) of native trees in one of these gullies. The most effective 
erosion control that we saw was not cutting plantation trees close to 
some roads and allowing regeneration of native species in small areas 
(no more than three ha); we did not see erosion control measures within 
any other land use, except the only paved road. We assigned P values 
based on our field experience. Five land cover types were distinguished 
assigning a P factor to each; native vegetation (0.2), agricultural/ 
grassland cover (0.4), exotic plantations (0.6), sterile constructions 
(0.8), and bare soil (normally associated with clear-cuts in exotic plan-
tations; 1.0). We decided not to give agriculture and clear-cutting 
similar values, because agricultural areas have permanent pasture 
cover. It is also important to clarify that the croplands / grassland 
category corresponds mainly to annual crops and small-scale livestock. 
To estimate P factor, annual land cover maps were generated using the 
same Landsat images as were used for the C factor (Table S2), applying a 
Random Forest classification algorithm in Google Earth Engine (code in 
Figure S2; Gorelick et al. 2017; Teluguntla et al., 2018) (Fig. S7). The 
resulting supervised classification maps were validated by 1000 random 
points distributed across the basin, comparing true and false positives by 
photointerpretation of high-resolution images in Google Earth Pro. 
Confusion matrices were generated for each year, except 1987, 1999 and 
2005, due to the non-availability of high-resolution images for 
validation. 

Once each factor was calculated, USLE analyses were performed for 
each year, and an averaged USLE was generated for the complete time 
frame. The resulting USLEs were categorized using the thresholds pro-
posed by Sewnet and Sewnet (2016) to identify potential soil loss levels. 
These levels consider soil loss in tons per hectare per year (ton / ha / 
year) corresponding to: low (<7), moderate (7–15), high (15–25), very 
high (25–45), severe (45–60) and very severe (>60). 

3.3. Statistical analysis of erosion 

We calculated the total (tons) and mean (tons/ha) of soil loss per 
land cover type, and analyzed the differences between them. First, we 
used the zonal function in the Raster library to estimate soil loss per unit 
land cover, and then an analysis of variance (ANOVA) was applied to 
identify significant differences between land covers, using Tukey as a 
Post-Hoc test. 

We generated Gaussian Generalized Additive Mixed Models (GAMM) 
to estimate the effect of each factor and land cover type on soil loss. We 
generated 2000 random points, extracting the USLE value as the 
response variable, the USLE components as predictive variables, and 
land cover type as factor, evaluating potential interactive effects. The 
statistical significance of the relationships was evaluated using the p- 
value < 0.05, and the effect of each variable on the soil loss through the 
coefficients. Then, we used an information-theoretic approach based on 
the Akaike Information Criterion to identify the most parsimonious set 
of candidate models. The models were selected considering the ΔAICc 
using the MuMin R package, which explores all possible combinations of 
predictor variables. The best model was selected by applying a threshold 
of 2 < ΔAICc. Finally, a two-way ANOVA was used to assess differences 
in the rate of erosion inside and outside forest plots in the three main 
land cover types in the basin (exotic plantations, native vegetation, and 
bare soil). 

3.4. Priority sites for soil restoration 

We assigned a level of potential impact on soil to each land cover as 
low, medium, or high (Gao et al., 2019). The three levels of soil 
vulnerability were generated considering the potential soil loss levels 
from Sewnet and Sewnet (2016) on the averaged USLE: low / medium 
(low and moderate erosion), significant (high and very high erosion), 
and severe (severe and very severe erosion). Both maps (potential 
impact and soil vulnerability) were multiplied using a double entry 
matrix, then an activity or goal (preservation, conservation, sustainable 
use, restoration, or urgent soil control), was assigned to each resultant 
category (Figs. S8 and S9; definitions of categories are in Table S3). 
Finally, we discuss the combination of the results obtained from sedi-
mentation rate changes from paleolimnological analysis with the remote 
sensing results, and examine the impacts of the forestry industry on soil 
loss in the basin during the last decades. 

4. Results 

4.1. Age model and radionuclide data 

The age model created by Plum presented a good performance for the 
period 1960–2019 CE, which is the main temporal focus of this research. 
However, based on the basal radiocarbon ages from each core, we can 
extend the chronologies up to 1090 CE for Lincuyin, 330 CE for Huil-
quehue, 440 CE for Licahue, 1270 CE for La Vaina (Fig. S10, Table S4). 

The mean unsupported 210Pb fluxes inferred by the Plum model were 
58.7 Bq/m2 yr− 1 for Lincuyin, 50.1 Bq/m2 yr− 1 for Huilquehue, 22.5 Bq/ 
m2 yr− 1 for Licahue, and 71.3 Bq/m2 yr− 1 for La Vaina. The unsupported 
210Pb concentration displays values below 10 Bq/Kg in the deepest 
samples (under 20 cm depth) in Lincuyin, Huilquehue, and Licahue 
(Fig. 2 and Table S4), suggesting that the 30 cm analyzed on each core 
did not reach a constant equilibrium. The 137Cs activity reached a clear 
peak in the Huilquehue core (LAN1902) at 16.5 cm depth, corre-
sponding to 1963 ± 1 CE, the year when the ban test treaty was signed 
(Fig. 2). In the Lincuyin core (LAN1901) this pattern is less clear with 
two peaks around 25 and 19 cm depth, so we did not consider 137Cs for 
this age/depth model. In the Licahue (LAN1903) and La Vaina 
(LAN1904) cores, the 137Cs activity was very low, where vertical 
mobilization and/or bioturbation processes may have occurred. The 
small peak in the Licahue core at 16.5 cm depth can be considered as 
mid-1960s and included in the age-depth model. The La Vaina core was 
not long enough to reach the mid-1960s 137Cs peak (Fig. 2 and Table S5). 

Notice the presence of 7Be in surficial sediments in three cores 
(except in Licahue), indicating recent soil mobilization toward the lake, 
associated with late spring 2018 to early summer 2019 rainfall events 
(>20 mm/day, http://explorador.cr2.cl/) (Fig. 2 and Table S4). 

4.2. Sediment accumulation rates 

All cores from Lanalhue lake display an increase in sediment accu-
mulation rates between 1990 and 2019 CE (from 0.4 to 0.6 cm/yr in 
Lincuyin, from 0.4 to 0.5 cm/year in Licahue, from 0.3 to 0.5 cm/year in 
Huilquehue, and 0.3 to 1.2 cm/year in La Vaina) (Fig. 3)—an up to 
500% increase from the basal values found before 1950 CE (<0.15 cm/ 
year). Particularly, Lincuyin and Huilquehue cores exhibit an abrupt 
increase around 1960 CE (~0.5 cm/year), then a slight decrease during 
the 1970 s (~0.25 cm/year). The Licahue core shows a slight increase in 
the sedimentation rate since 1940 until 1990 CE (from 0.1 to 0.36 cm/ 
year) (Fig. 3). 

4.3. Grain size, organic matter content (OM), and inorganic density 

Cores from Lanalhue lake are mainly composed of silty clay sedi-
ments that fall in the mud and sand grain sizes, indicating a low-energy 
environment with certain episodes of higher energy reflected in an 

A.J. Alaniz et al.                                                                                                                                                                                                                                

http://explorador.cr2.cl/


Catena 207 (2021) 105660

6

Fig. 2. Unsupported 210Pb (blue circles), 137Cs (brown triangles), 7Be (yellow squares) activities, and dry bulk densities for each core at Lanalhue Lake. Note the 
analyses were conducted for the first 30 cm depth. 

Fig. 3. Sedimentation rates between 1900 and 2019 for the four cores at Lanalhue lake computed in rPlum (Blaauw et al., 2020). Red dotted lines represent the mean 
sedimentation rate (cm/yr), whereas the greyscale shadows correspond to the posterior probabilities of the sedimentation rates. Black dotted lines represent the 95% 
confidence intervals. 
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increased the percentage of sand (Fig. 4). Sand stayed constantly very 
low at 0.1–0.7% in Lincuyin and Huilquehue cores. On the contrary, the 
proportion of sand increased up to 16% in Licahue between 1950 and 
2000 CE, a time when it reached 12% in La Vaina (Fig. 4). 

The percentages of organic matter content (OM) in the four cores 
show a marked increasing trend towards the present up to 18–19%. The 

basal values vary around 11–14% among the cores from 1900 to 1980 
CE (Fig. 4). In contrast, inorganic density (gr/ml) displays higher vari-
ability, following similar trends between cores. 

Before 1980 CE inorganic densities fluctuated around 0.3 g/ml, 
while the decline reached approx. 0.1 g/ml by the present, which sup-
port the OM content results. 

Fig. 4. Organic matter content (%), inorganic density (g/cm3), and sand fraction (%) between 2019 and 1900 in the four cores of Lanalhue Lake.  
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4.4. USLE analysis 

Land cover in the basin has remained relatively stable for the past 30 
years, with the two main categories corresponding to forest plantations 
(37.6% ± 7.2 of basin area) and native vegetation (37.8% ± 4.4). 
However, it should be considered that the invasive Acacia dealbata and 
A. melanoxylon cover could be confused with native forest; therefore, the 
native forest coverage may be overestimated. Bare soil surfaces repre-
sent 12.2% ± 4 of the basin area and are associated with clear-cuts of 
forest plantations (Fig. S11 and Table S6). We found that soil-loss rate 
was relatively constant during the last 32 years; 2005, 2015, and 1999 
were the years with the highest soil loss, with losses of 24.13, 20.37, and 
15.71 tons/year, respectively. The years with the lowest soil loss were 
1987, 2009, and 2019 with 11.97, 12.96 and, 13.42 tons, respectively 
(Fig. 5 and Fig. S12). 

The GAMM analysis explained 94.6% of the variance, showing a 
good adjustment level (Fig. S13). Native vegetation (represented by the 
intercept) showed a negative effect on soil loss. The vegetation cover 
(factor C) in constructions and bare ground also had a negative effect on 
soil loss (C * bb), as did as the slope in exotic plantations (LS * ep). All 
land covers except for the constructions / sterile (bb), and native 
vegetation were positively related to soil loss. Similarly, the slope 
interacting with cropland land cover (LS * cg) is also positively associ-
ated with the soil loss, which means that croplands with high slope 
generated higher soil loss (Table S6). The best model scenario a weight 
of 79.3%, composed by the land cover type as a factor and the variables 
erodibility (K), slope (LS), and annual erosivity (R) with a positive effect 
on erosion, and the land cover type interacting with vegetation cover (C) 
and slope (LS) factors (Table S7 and S8). 

The land cover that generated the highest erosion per hectare was 
bare soil (mainly clear-cut areas) with a rate of 31.1 ± 12.5 ton/ha/yr, 
followed by plantations and sterile/constructions with 21.5 ± 6.8 and 
18.9 ± 6.7 ton/ha/yr, respectively (Fig. 6 and S14A; Table S9). The land 
covers that generated the least amount of erosion were native forest and 

cropland, with 6.1 ± 1.1 ton/ha/yr and 7.2 ± 1.9, respectively (Fig. 6A 
and Table S9). According to accumulated annual soil loss, the land-cover 
type that produced the highest erosion at the basin scale was plantation, 
presenting an annual loss of 9,975 tons/yr, followed by bare soil with 
6,006 tons/yr (Fig. 6B and Table S8). Exotic plantations and native 
forests did not show a significant difference in erosion rates within and 
outside of industrial forestry properties, while erosion rate produced in 
bare soil cover did show a significant difference, generating two times 
more soil loss within as compared to outside of large forestry properties 
(Fig. 6C and S14B; Table S9). 

4.5. Spatial prioritization for soil restoration 

We found a total of 14,096.3 ha of native vegetation should have a 
preservation aptitude, while 10,176 ha should be a priority for conser-
vation actions and 463.7 ha for restoration (for definition of the actions 
see Table S3). With regard to the complete basin, 12,974 ha allow sus-
tainable use, while in 11,268.9 ha control erosion is required, and in 
another 2,483.3 ha it is urgent (Fig. 7). Large forestry properties 
comprise 28.5, 29.1%, and 48.5% of the preservation, conservation, and 
restoration areas of the basin, respectively. They also make up 47.7% of 
the areas for sustainable use, 55.9% for erosion control, and 61.5% for 
urgent erosion control. 

5. Discussion 

5.1. Integrated insights from sedimentological analysis 

Sedimentological proxies from Lanalhue lake presented here (sedi-
ment accumulation rates, organic matter content, and grain size) 
showed three main depositional phases over the last 120 years. From 
1900 to 1950 CE, the lake had very low accumulation rates (<0.15 cm/ 
year) in the four studied cores (Fig. 3). Although the accumulation rates 
from any core may differ greatly from the historical sedimentation of a 

Fig. 5. Average soil loss for the period 1987–2019 based on the USLE analysis (annual USLE available in Fig. S9).  
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lake, we have not found large differences between cores during this time 
period, as we will comment further below. Previous studies in Lanalhue 
lake also documented a low accumulation rate of 0.1 cm/yr between 
3700 and 200 cal. yr BP (Stefer et al., 2010). During this first phase the 
sediments are characterized by low organic matter content (<14%) and 
grain size dominated by the mud fraction (silty clay 98–99%). We 
interpret the lake conditions as a low-energy system, possibly related to 
the low erosion in the catchment area. Despite Lost on ignition method is 
a qualitative technique, it is widely used to estimate the total organic 
carbon content on soils and sediments (Heiri et al., 2001). All cores have 
very similar values at the base and the growth pattern is relatively 
consistent among cores. The low percentage of organic content between 
1900 and 1950 CE of all Lanalhue lake cores is supported by the higher 
values of inorganic material density. The main source of the OM mate-
rial is mainly related to the input of mineralogic content from the 
watershed and, to a lesser extent, production within the lake, as has been 
documented in another lake in the region which presented similar OM 
results (Cisternas et al., 2001). The slight increase of OM in Licahue core 
since 1930 CE can be explained by the soil contribution from erosion, 
biological activity within the lake water, and also the rapid population 
increase (from 9,520 to 14,812 inhabitants between 1920 and 1930 CE) 
in the nearby town of Contulmo, the most populous urban center in the 
Lanalhue basin (MacCaa, 1971). 

The second phase occurred between 1950 and 1990 CE, when an 
increasing trend in the accumulation rates was observed at different 
magnitudes for all cores (Fig. 3). Lincuyin and Huilquehue clearly show 
an early peak of sediment accumulation rate around 1960 CE that could 
be related to the Valdivia earthquake (Mw 9.5), which severely impacted 
south-central Chile. The effects of this coseismic event on Lanalhue lake 
are poorly known, although the rupture zone included the tectonic fault 
(Lanalhue fault) that runs from the northwest of the lake towards the 
southeast for 200 km (Glodny et al., 2008). Comparing with other large 
seismic events such as the recent Maule earthquake in 2010 (Mw 8.8), 
the tilting of land in this catchment and significant streamflow in-
crements in the region (during and after the event) were reported. The 
land deformation caused unequal water-level changes between the east 
and west borders of Lanalhue lake, by terrain uplift in the western area 
(Quezada et al., 2012; 2020). The increase of river discharges is asso-
ciated with several processes including increased vertical permeability, 
promoting an excess water release from both saturated and unsaturated 
soils (Mohr et al., 2012, 2015, 2017). Despite the existence of a short 
pulse of sediment accumulation rate in the four cores during the Maule 
earthquake 2010 (Fig. 3), further studies are necessary to evaluate the 
complete seismic record from Lanalhue lake. 

In addition to the increase of sediment accumulation rates in 
Lanalhue from 1950 CE, the sand fraction also displays a significant 
increase, mainly in the Licahue core (Fig. 4). Grain size reflects the 
hydrodynamic conditions during particle transport and sedimentation 
(Folk, 1980); high proportions of sand indicate more energetic condi-
tions associated with erosional events. It has been identified that the 
valleys of the southeastern area of Lanalhue lake are highly susceptible 
to debris flows; recurrent floods have been recorded since 1970 CE, 
mainly caused by extremely rainy winters and possibly also by human 
settlements (uncontrolled hillside interventions) that can promote local 
debris flows (HABITERRA, 2017). Urban development and land-use 
changes would be the main source of sand and OM content in this 
area of Lanalhue lake, as we will discuss in our comments about the next 
phase, linked to the USLE results. 

The third phase of sediment accumulation rate changes started in 
1990 CE, with an abrupt increase of OM content in all cores, especially in 
Licahue (Fig. 4). In a simultaneous research, it has been discovered that 
a major input of nutrients (such as nitrogen from 3000 to 8000 mg/Kg in 
recent times), derived from farm and forestry activities, promoted 
enhanced productivity that led to eutrophic conditions in the lake (data 
available in Abarzúa et al., 2020). 

The sand fraction in La Vaina reached its maximum after 2000 CE 

Fig. 6. A) average annual soil loss per hectare in each land cover type, B) 
average accumulated soil loss across the complete basin per year within each 
land cover type, C) soil loss in the three largest land cover types within (red 
lines) and outside (black lines) industrial forestry properties. Post-hoc Tukey 
test is available in Table S9. 
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(Fig. 4), which would suggest that the main modulators of the sedi-
mentation patterns in the northern part of Lanalhue are erosion and 
increased human activity (farming, settlements, and forestry), including 
the impact of the Maule earthquake 2010 that promoted the uplift of this 
area (Quezada et al, 2012; 2020). As we discussed in the USLE methods, 
this area has been extremely sensitive to erosion during the last decades; 
it features large areas with exotic plantations, clear cuts, and bare soils 
that discharge huge amounts of sediments directly to the lake. The 
sediment accumulation rate observed in the other three cores (Lincuyin, 
Huilquehue, and Licahue) has also been exacerbated in the recent years, 
consistent with increased land-use changes associated with the arrival of 
forestry activities. This interpretation can be supported with the pres-
ence of 7Be in the surface sediments in those three cores, suggesting that 
watershed erosion remained active in those areas during 2018–2019. 

Over the past 50 years, the hydrographic basins in the northern 
sector of the Nahuelbuta Range, where Lanalhue lake is located, have 
experienced changes in around 50 to 90% of their surfaces, which has 
modified slope gradients, increasing and altering the sedimentation 
patterns and nutrient contributions into the lakes (Parra et al., 2003). 
Palynological records show a significant increase of Pinus, which is 
directly linked to the expansion of the forestry industry since the 1970s 
in south-central Chile (Lara et al., 2012; Fuentealba et al., 2020; Abarzúa 
et al., 2020). The Matanzas lagoon record from central Chile shows that 
the largest changes in nitrogen dynamics occurred in the mid-1970s, 
driven by the replacement of native forests and grasslands by 
government-subsidized tree plantations of introduced P. radiata and 
E. globulus (Fuentealba et al., 2020). Changes in sediment and nutrient 
cycles have also been identified in terrestrial ecosystems dating as far 
back as the Spanish Conquest, related to fire clearance and wood 

extraction from native forests (Armesto et al., 2010). 
Though landscape transformation has occurred in south-central 

Chile derived from long-term human activities, with major accelera-
tion in the last 2000 years (Gayo et al., 2019; Abarzúa et al., 2014), and 
land-use changes have been reported since Spanish colonization in the 
16th century in the Lanalhue basin (Lara et al., 2012). The largest 
changes in sediment accumulation rates at Lanalhue lake appear during 
the last 30 years. The increase in forest plantations seems to be the most 
important factor responsible for increased lake productivity, accumu-
lation of organic matter, and increased sedimentation rates in recent 
times. 

5.2. Medium-term insights from USLE analysis 

We found that forestry cover has produced more erosion than the 
other types of land cover. The erosion produced by exotic plantations 
plus the remains after their harvesting (bare land cover in clear-cut 
areas) is around 16,000 tons annually (9,975 tons/yr from bare soil 
plus 6,006 tons/yr from exotic plantations), which flows to creeks and 
water courses. We cannot assume that all sediment produced by USLE- 
estimated erosion is transported toward the lake (as we mentioned in 
the introduction following the analysis of Boyle et al., 2011), but most of 
it likely is, because Lanalhue is a small-medium lake with only one large 
valley to catch sediments (Elicura valley), though small valleys such as 
Peral creek in southern Lanalhue also catch sediments. 

Here we have analyzed forestry clear-cut areas (bare soil); however, 
forestry roads have not been included, which could mean an underes-
timation of the total erosion produced by forestry. Forestry roads have 
been considered an important erosion source in forestry, because of the 

Fig. 7. Spatial prioritization of areas according to the potential impact of current land uses and loss of historical land (Fig. S9). The industrial forestry stands are 
shown in black lines. 
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building, maintenance, and machine operation that they entail (Gayoso 
1994, Gayoso and Iroumé, 1995). Hence, considering that Lanalhue has 
around 662 km of road covering an area of 3310 ha (density 200 m/ha; 
MMA, 2019), the lake sedimentation could be receiving input from a 
more acute erosion scenario. Following the calculation made by Fahley 
and Coker (1989), only the density of forestry routes in Lanalhue could 
produce 4.6 to 10.7 tons/ha/year of soil loss. This type of erosion occurs 
through deforestation, cuts, and movement of soil to fill and give form to 
slopes and rebuild roads, as well as dust and soil drag, especially during 
the harvesting period (Beschta, 1978; Reid and Dunne, 1984; Ramírez 
et al., 2005; Akay et al., 2008). Clear-cuts and roads could present a 
synergistic effect, producing soil compaction due to machine activity 
that decreases soil hydraulic capacity, prevents water infiltration into 
the soil and increases the erosive processes (Fahley and Coker 1989; 
Gayoso and Iroumé, 1995,; Croke et al., 2001; Lane and Sheridan, 2002; 
Motha et al., 2003). In Lanalhue basin, a heavy rain in winter 2002 
produced massive soil slippage from roads with low maintenance, which 
infiltrated into the potable water of a town (Abarzúa et al., 2020). 

The amount of soil loss in the forestry areas that we found agrees 
with or is less than similar estimations previously made in Chile, but 
these previous studies have significant variations among them (Álvarez, 
1988; Iroumé et al., 1989; Peña et al., 1993, Huber et al., 2010). In a 
study that combined USLE with experimental data, Aburto et al. (2020) 
found that exotic plantations in central Chile (north of our study area) 
produce 68.8 ton/ha/year of soil loss. In the Koga Lake basin in Ethiopia, 
whose main land covers are agriculture and, secondarily, native 
shrubland and forests, the reported average soil loss was 47-ton ha/year 
(Sewnet and Sewnet, 2016). This amount of soil loss is less than those 
reported by our results. 

Local people informed us that Pinus plantations arrived in Lanalhue 
during the mid-1980s (Smith-Ramírez et al., 2020). We found that the 
erosion rate has been constant during the 32 analyzed years; this pattern 
may be correct since the land use (surface and distribution) did not 
change almost at all from 1987 until 2019. Our results suggest that 
different land covers are experiencing dissimilar soil loss; however, the 
influence of productive practices and management associated with in-
dustrial forestry induced a notable change in the level of soil loss. The 
clearest example of this is the difference in bare soil land cover within 
and outside of industrial forestry properties, which could be linked to 
the impact of these productive practices on soil. The same conclusion 
was identified in previous studies in Chile (Toro and Gessel, 1999; 
Cooper, 2010) and other countries (Chirino et al 2006; Martín-Peinado 
et al., 2016). 

Spatial priorities for the reduction of soil erosion and sediment inputs 
to the lake should be focused on restoring 2,500 ha and then imple-
menting measures to control erosion for 11,300 ha. Most studies that 
generate spatial priority analysis are focused on biodiversity, ecosystem 
services or hydrological issues (e.g. Meinke et al., 2009; Egoh et al., 
2008; Trabucchi et al., 2013); however, soil should be incorporated in 
this framework, which has been done in few published studies, among 
them a catchment analysis of the Narmada River, India (Gajbhiye et al., 
2013). Restoring native forest will not in itself stop erosion, since 
erosion occurs over all types of land cover, but as we demonstrate with 
these new sedimentological data, the erosion rate from native forest is at 
least three times less than that of forest plantations. Additionally, it is 
well established in existing literature (Huber et al. 2010) that native 
forests consume less water than plantations, and hence benefit water 
supply and quality. Also, the impact of earthquakes on the loss of soil- 
related ecosystem services has been previously documented (Wang 
et al., 2012); in some cases, these losses could probably be prevented 
with adequate soil management strategies, which is especially important 
for Chile, one of the most seismically active countries in the world. For 
these reasons, we recommend focusing erosion control within industrial 
forestry properties, which presented the highest level of soil loss over the 
last 30 years. 

6. Assumptions, limitations and future potential 

It has been found that USLE, RUSLE, and WEPP models may over-
estimate erosion in zones with high erosion (usually related to plots with 
high slope), and underestimate it in plots with low erosion (Tiwari et al., 
2000, Aburto et al. 2010). The documented differences between real 
plots and models from previous studies suggest that WEPP models 
generate more uncertainty, while USLE and RUSLE produce more 
similar results in comparison with field plots (Tiwari et al., 2000). Since 
the Lanalhue basin has a low-medium mean slope (15◦ to 26.8 %), we 
may be underestimating the real erosion in low slope areas dedicated to 
agriculture and forestry, overestimating in high slope areas dedicated to 
forestry and where native forests remain. High-slope areas are less 
common than areas with low-medium slope, so we are probably 
underestimating soil loss in plantations and agriculture areas. On the 
other hand, it should also be considered that grassland and croplands 
were not differentiated due to methodological limitations from land 
cover classification, which could generate uncertainty regarding soil loss 
due to differences in their management. The main portion of this area 
lies in lowland valleys (~94%), which correspond mainly to pastures, 
according to our field observations. 

We have used different methods, including the sedimentology and 
chronology of sediment cores, to estimate long-term changes in sedi-
mentation rates before Pinus and Eucalyptus plantations (background 
conditions) and compare these results with the present soil loss obtained 
from the USLE model. As the scope of this paper is the last 120 yrs (and 
especially the last 50 yrs), the age-depth model based on 210Pb and 137Cs 
presented good accuracy for this time frame. Although the four studied 
cores did not reach equilibrium (between total 210Pb and 226Ra), the 
Plum model allowed for the calculation of the age-depth model with 
realistic and coherent results (see Aquino-López et al, 2018; 2020). We 
were able to detect in the depth/age model the presence of mega 
earthquake events like those in 2010 and 1960, revealing the low impact 
of bioturbation on Lincuyin and Huilquehue cores. However, in the La 
Vaina and Licahue cores, this assertion should be taken carefully. The 
sediment accumulation rates provided coherent results with the land use 
changes of the Lanalhue basin during the last decades reported by the 
USLE analysis. 

The combination of sedimentological and USLE analyses allowed us 
to reconstruct 120 years of history associated with erosion in the basin, 
identifying clear impacts derived from human activities (mainly indus-
trial forestry). In fact, our results support the idea that soil loss has been 
worst during the last decades, which suggest that humans have pro-
duced a serious alteration of this geomorphological process during the 
Anthropocene (Vanwalleghem et al. 2017; Poesen 2018). New studies 
that combine different frameworks could provide better understanding 
of the impact of human activities on ecosystems, which could represent a 
new tool for decision-making in soil conservation (Poesen 2018). 

7. Concluding remarks 

Our approach allowed us to estimate and map the dynamics of soil 
loss on historical (long-term) and recent (middle-term) time frames, 
helping to understand the trends and impacts of landscape trans-
formations on the basin. The insight obtained from the sedimentological 
record can extend our understanding of landscape evolution developed 
from the USLE method previous 1985 CE, and is a useful and novel tool 
in ecosystem restoration planning. These approaches provided consis-
tent results: the recent pressure generated by the arrival of industrial 
forestry to the basin changed its existing patterns, modifying sediment 
accumulation rates, organic and inorganic concentrations, and grain size 
of sediments in the lake. Seismic events also amplified short-term 
erosive processes. These new patterns are completely different from 
the historical behavior of these variables previous to 1950 CE. We 
identified that industrial forestry is generating the highest levels of soil 
loss in the basin, underscoring the urgent necessity of the 
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implementation of management actions linked to restoration control 
and conservation. 
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Fuentealba, M., Latorre, C., Frugone-Álvarez, M., Sarricolea, P., Giralt, S., Contreras- 
Lopez, M., Prego, R., Bernádez, P., Valero-Garcés, B., 2020. A combined approach to 
establishing the timing and magnitude of anthropogenic nutrient alteration in a 
mediterranean coastal lake- watershed system. Sci. Rep. 10, 5864. https://doi.org/ 
10.1038/s41598-020-62627-2. 

A.J. Alaniz et al.                                                                                                                                                                                                                                

https://doi.org/10.1016/j.catena.2021.105660
https://doi.org/10.1016/j.catena.2021.105660
http://refhub.elsevier.com/S0341-8162(21)00518-X/h0005
http://refhub.elsevier.com/S0341-8162(21)00518-X/h0005
http://refhub.elsevier.com/S0341-8162(21)00518-X/h0005
https://doi.org/10.1002/Idr.3700
https://doi.org/10.1038/sdata.2017.191
http://refhub.elsevier.com/S0341-8162(21)00518-X/h0040
http://refhub.elsevier.com/S0341-8162(21)00518-X/h0040
http://refhub.elsevier.com/S0341-8162(21)00518-X/h0040
https://doi.org/10.1007/s13253-018-0328-7
https://doi.org/10.1007/s13253-018-0328-7
https://doi.org/10.1016/j.catena.2014.01.008
https://doi.org/10.1016/j.catena.2014.01.008
https://doi.org/10.1214/11-BA618
https://doi.org/10.1214/11-BA618
https://doi.org/10.4067/s0718-58392010000100017
http://refhub.elsevier.com/S0341-8162(21)00518-X/h9000
http://refhub.elsevier.com/S0341-8162(21)00518-X/h9000
http://refhub.elsevier.com/S0341-8162(21)00518-X/h9000
https://doi.org/10.1038/s41467-017-02142-7
https://doi.org/10.1038/s41467-017-02142-7
http://refhub.elsevier.com/S0341-8162(21)00518-X/h0135
http://refhub.elsevier.com/S0341-8162(21)00518-X/h0135
https://doi.org/10.4067/S0716-02082001000100006
https://doi.org/10.4067/S0716-02082001000100006
https://doi.org/10.1002/1096-9837(200101)26:1&percnt;3C63::AID-ESP157&percnt;3E3.0.CO;2-J
https://doi.org/10.1002/1096-9837(200101)26:1&percnt;3C63::AID-ESP157&percnt;3E3.0.CO;2-J
http://refhub.elsevier.com/S0341-8162(21)00518-X/h0185
http://refhub.elsevier.com/S0341-8162(21)00518-X/h0185
https://doi.org/10.1038/s41598-020-62627-2
https://doi.org/10.1038/s41598-020-62627-2


Catena 207 (2021) 105660

13

Gajbhiye, S., Mishra, S., A., Pandey, A., (2013). Prioritizing erosion-prone area through 
morphometric analysis: an RS and GIS perspective. Appl. Water Sci., 4: 51-61. 
https://doi.org/10.1007/s13201-013-0129-7. 

Gao, L., Ma, C., Wang, Q., Zhou, A., 2019. Sustainable use zoning of land resources 
considering ecological and geological problems in Pearl River Delta Economic Zone. 
China. Scientific Reports 9, 16052. https://doi.org/10.1038/s41598-019-52355-7. 
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response in small upland catchments in the Chilean coastal range to the MW 8.8 
Maule earthquake on 27 February 2010. J. Geophys. Res.: Earth Surface, 117: 
F02032. http://doi.org/10.1029/2011jf002138. 

Mohr, C.H., Manga, M., Wang, C-Y., Kirchner, J.W., Bronstert, A. (2015). Shaking water 
out of soil. Geology, 43: 207-210. http://doi.org/10.1130/g36261.1. 

Mohr, C.H., Manga, M., Wang, C-Y., Korup, O. (2017). Regional changes in streamflow 
after a megathrust earthquake. Earth Planet. Sci. Lett., 458: 418-428. http://doi.org/ 
https://doi.org/10.1016/j.epsl.2016.11.013. 

Motha, J., Wallbrink, P., Hairsine, P., Grayson, R., 2003. Determining the sources of 
suspended sediment in a forested catchment in southeastern Australia. Water 
Resour. Res. 39, 1056. https://doi.org/10.1029/2001WR000794. 

Owens, P., 2008. Sediment behaviour, functions and management in river basins. 
Sustain. Manage. Sediment Resour. 4, 1–29. https://doi.org/10.1016/S1872-1990 
(08)80003-7. 

Oyarzún, C.E., Peña, L. (1995). Soil erosion and overland flow in forested areas with pine 
plantations at Coastal Mountain range, central Chile. Hydrolog. Processes, 9: 
111–118. https://doi.org/10.1002/hyp.3360090110. 

Padarian, J., Minasny, B., McBratney, A. B. (2017). Chile and the Chilean soil grid: A 
contribution to GlobalSoilMap. Geoderma Regional, 9: 17–28. https://doi.org/ 
https://doi.org/10.1016/j.geodrs.2016.12.001. 

Panagos, P., Borrelli, P., Meusburger, K., 2015. A new European slope length and s 
Steepness factor (LS-factor) for modeling soil erosion by water. J. Geosci. 5, 
117–126. https://doi.org/10.3390/geosciences5020117. 

Panagos, P., Borrelli, P., Meusburger, K., Yu, B., Klik, A., Jae Lim, K., Yang, J., Ni, J., 
Miao, C., Chattopadhyay, N., Sadeghi, S., Hazbavi, Z., Zabihi, M., Larionov, G., 
Krasnov, S., Gorobets, A., Levi, Y., Erpul, G., Birkel, C., Hoyos, N., Naipal, V., 
Oliveira, P., Bonilla, C., Meddi, M., Nel, W., Dashti, H., Boni, M., Diodato, N., Van 
Oost, K., Nearing, M., Ballabio, C., 2017. Global rainfall erosivity assessment based 
on high-temporal resolution rainfall records. Sci. Rep. 7, 4175. https://doi.org/ 
10.1038/s41598-017-04282-8. 

Parra, O., Valdovinos, C., Urrutia, R., Cisternas, M., Habit, E., Mardones, M. (2003). 
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