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Abstract. The Chilean Coastal Range, located in the Mediterranean segment of Chile, is a soil-mantled land-
scape with the potential to store valuable freshwater supplies and support a biodiverse native forest. Nevertheless,
human intervention has been increasing soil erosion for ∼ 200 years, culminating in the intense management of
exotic tree plantations throughout the last∼ 45 years. At the same time, this landscape has been severely affected
by a prolonged megadrought. As a result, this combination of stressors complicates disentangling the effects of
anthropogenic disturbances and hydroclimatic trends on sediment fluxes at the catchment scale.

In this study, we calculate decennial catchment erosion rates from suspended-sediment loads and com-
pare them with a millennial catchment denudation rate estimated from detrital 10Be. We then contrast both
of these rates with the effects of discrete anthropogenic-disturbance events and hydroclimatic trends. Erosion
and denudation rates are similar in magnitude on decennial and millennial timescales, i.e., 0.018± 0.005 and
0.024± 0.004 mmyr−1, respectively. Recent human-made disturbances include logging operations throughout
all seasons and a dense network of forestry roads, thereby increasing structural sediment connectivity. Further
disturbances include two widespread wildfires (2015 and 2017) and an earthquake with an Mw value of 8.8 in
2010.

We observe decreased suspended-sediment loads during the wet seasons for the period 1986–2018, coincid-
ing with declining streamflow, baseflow, and rainfall. The low millennial denudation rate aligns with a landscape
dominated by slow diffusive soil creep. However, the low decennial erosion rate and the decrease in suspended
sediment disagree with the expected effect of intense anthropogenic disturbances and increased structural (sed-
iment) connectivity. Such a paradox suggests that suspended-sediment loads, and thus respective catchment
erosion, are underestimated and that decennial sediment detachment and transport have been masked by de-
creasing rainfall and streamflow (i.e., weakened hydroclimatic drivers). Our findings indicate that human-made
disturbances and hydrologic trends may result in opposite, partially offsetting effects on recent erosion, yet both
contribute to landscape degradation.
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1 Introduction

Over 75 % of the Earth’s ice-free land has been altered by hu-
mans (Ellis and Ramankutty, 2008), resulting in severe con-
sequences for sediment transport during the Anthropocene
(Syvitski et al., 2022). Land-use and land-cover change
(LULCC) is an important factor in increasing soil erosion
(Borrelli et al., 2020). Human-made forests – or better, tree
plantations (DellaSala, 2020) – are frequently disturbed by
logging and the implementation of forestry roads. Such dis-
turbances may intensify soil erosion (e.g., Schuller et al.,
2013; Sidle and Ziegler, 2012), as can heavy-machinery
traffic (e.g., Malmer and Grip, 1990), wildfires, and ter-
racing (e.g., Martins et al., 2013). Short rotational cycles,
i.e., the period between planting, harvesting, and replanting
tree plantations, also change hillslope stability through cy-
cles of root strength decay and recovery, which, in turn, pro-
mote landsliding and debris flows (Imaizumi et al., 2008;
Montgomery et al., 2000). Ultimately, all these processes
may modify sediment trajectories and storage on hillslopes
and along rivers (Wainwright et al., 2011), with long-lasting
impacts on sediment yields over periods of 10–100 years
(Moody and Martin, 2009; Bladon et al., 2014).

The segment of the Chilean Coastal Range (CCR) that is
located between 35–37.5° S is characterized a landscape of
gentle and largely convex hillslopes (Fig. 1) under Mediter-
ranean conditions. Its morphology results from relatively
slow denudation rates caused by soil creep on regolith-
mantled landscapes (Roering et al., 2007), yet it is modi-
fied by the underlying bedrock (Gabet et al., 2021). Here,
forests, soils, and water are closely coupled (Galleguillos
et al., 2021). Currently, the remnants of secondary native
forests (i.e., successional forests growing in areas where for-
est cover was removed at some point in the past) stand on
soils that are up to 2 m in depth (Soto et al., 2019), sug-
gesting that soils under natural vegetation cover could have
an even greater thickness. In the absence of snow storage,
these soils form a major freshwater supply along the Mediter-
ranean CCR, which many rural communities rely on. Thus,
decision-making regarding land management is critical for
the resilience of these communities (e.g., Gimeno et al.,
2022), especially given the recent (Garreaud et al., 2020) and
projected (IPCC, 2021) conditions of water scarcity.

The CCR has experienced deforestation for more than
200 years (Armesto et al., 2010), intensifying soil erosion,
as recognized by Bianchi-Gundian (1947) and Chilean gov-
ernments in the middle of the 20th century (IREN, 1965).
From the beginning of the 20th century, governments blamed
environmental issues caused by deforestation to promote the
expansion of tree plantations (e.g., CONAF and MINAGRI,
2016; Pizarro et al., 2020). The most relevant transformation
of land cover began with a decree law (DL 701 in 1974),
which aimed to subsidize the forestry sector (Manuschevich,

2020). This law and subsequent political action accelerated
LULCC, which, in practice, transformed degraded lands,
shrublands, and native forests into industrially managed tree
plantations (Heilmayr et al., 2016). From ∼ 450 000 ha of
tree plantations in 1974 (Barros, 2018), their spatial extent
increased to at least some 2.8± 0.2×106 ha in 2011 (Heil-
mayr et al., 2016), mostly within the Mediterranean CCR
(Fig. 1).

In Chile, tree plantations are managed mostly as mono-
cultures of fast-growing Eucalyptus spp. or Pinus radiata
stands. For these species, the rotation cycles are as short as
9–12 and 18–25 years, respectively (INFOR, 2004; Gerd-
ing, 1991). Harvesting commonly occurs by means of clear-
cutting, and the extent usually expands across entire hill-
slopes (Fig. 2; Video supplement S1, (Tolorza, 2023)). This
practice is permitted by current Chilean law, which man-
dates environmental impact assessments for clear-cutting
only when harvest areas are ≥ 500 or ≥ 1000 hayr−1 in
Mediterranean and temperate regions, respectively (Artículo
Primero, Título I, Artículo 3, m.1 in accordance with Chilean
Law 19.300, 2013). As a consequence, the CCR ranks among
regions with the highest forest loss and gain worldwide
(Hansen et al., 2013).

Tree plantations are frequently intersected by dense net-
works of logging roads. These roads facilitate access to
heavy forest machinery, storage, and transport of timber, as
well as subsequent (re)plantation. Logged hillslopes, such
as logging roads, are important sediment sources and routes
during storms and after wet-season clear-cutting (Schuller
et al., 2013, 2021; Aburto et al., 2020). This is not surprising
since they remain bare and prone to compaction by heavy-
machinery transit. Post-harvest erosion is mainly triggered
by rainfall (Aburto et al., 2020; Schuller et al., 2013) after ex-
ceeding soil-hydrology-specific rainfall intensity thresholds
(Mohr et al., 2013). The erosional work efficacy depends
on the logging season and is higher for wet-season logging
(Mohr et al., 2014). Nevertheless, post-harvest erosion may
last more than one season. Indeed, Aburto et al. (2020) re-
ported the highest post-harvest soil loss in a catchment sus-
taining a 1-year-old plantation.

During the plantation cycle, roads are the prime sources
of and pathways for sediments in catchments covered by tree
plantations (Schuller et al., 2013). These roads often inter-
sect streams, which form bypasses that preferentially trans-
port sediment (Fig. 2), increasing the efficacy of mass trans-
fer within a geomorphic system. This is also called sediment
connectivity (Wohl et al., 2019). In this case, road networks
modify the pathways of runoff and sediments and may also
modify the thresholds of rainfall needed to trigger sediment
detachment and transport (for example, due to soil com-
paction), potentially affecting both the structural and func-
tional components of sediment connectivity, as defined by
Wainwright et al. (2011). This shift is also relevant to con-
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Figure 1. Study region. (a) Land cover in the Chilean Coastal Range (Zhao et al., 2016) and catchments with published detrital 10Be
denudation rates, outlined in black (Carretier et al., 2018). The Purapel catchment, whose denudation rate is presented in this work, is
represented in red. (b) Purapel catchment. All the detected forestry roads intersecting tree plantations and the locations of where the photos
in panels (c) and (d) were taken are shown. Elevation data come from a lidar digital terrain model (DTM) with a 5 m resolution that was
obtained in 2009. (c) Photos captured on hillslopes in the Purapel catchment after the fire. (d) Photos taken after the fire showing bare topsoil
on hillslopes with (4) granitic and (5) metamorphic lithologies.

straining off-site impacts of soil erosion (Boardman et al.,
2019).

Despite the increase in structural connectivity, sediment
mobilization depends mostly on specific thresholds of rain-
fall. For example, to initiate runoff in recently logged areas,
(functional) hydrologic connectivity required a threshold of
20 mmh−1 in rainfall simulations conducted on tree planta-
tions near Nacimiento (Mohr et al., 2013). In the absence of
long-term records of rainfall intensities, hydroclimatic trends
in rainfall and streamflow are relevant to the context of catch-
ment erosion. In central Chile (30–39° S), rainfall decreased
at a rate of approximately 4 % per decade between 1960 and
2016 (Boisier et al., 2018), culminating in an unprecedented
megadrought, which started in 2010 (Garreaud et al., 2020).

While the erosional impacts of logging are largely indis-
putable, hydrologic responses to tree harvesting are ambigu-
ous. On the one hand, logging may increase streamflow dis-
charge, particularly for peak flows (Iroumé et al., 2006).
On the other hand, logging may decrease streamflow dis-

charge due to enhanced groundwater recharge immediately
after logging (Mohr, 2013). The specific response most likely
varies with tree species and age; harvest size; forestry treat-
ment (thinning, clear-cutting, and replanting); riparian-buffer
width; and, in particular, soil water storage decrease caused
by recent drought conditions, which exacerbated declines in
runoff (Iroumé et al., 2021).

In the context of the megadrought, recent increases in
both the magnitude and frequency of wildfires have affected
more tree plantations than alternative types of land cover
(Bowman et al., 2019). This is likely because fuel is more
abundant under dense plantation cover, linking extensive and
uninterrupted stretches of the landscape. In contrast, native
species distribute more patchiness (Gómez-González et al.,
2017, 2018).

While the observed disturbances to vegetation cover com-
monly increase soil loss (Aburto et al., 2020) and fluvial-
sediment yields (e.g., Reneau et al., 2007; Brown and
Krygier, 1971), the long and persistent decline in rainfall
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Figure 2. Forest roads in the Purapel catchment at different stages of the tree plantation rotation cycle and their connections to streams.
(a–d) Google images (©Google Maps 2016, ©Google Maps 2021, ©Google Maps 2022, and ©Google Earth 2016, respectively). (e, f) Pho-
tographs of a gravel road and its connection to a stream taken during a storm in July 2017.

(Méndez-Freire et al., 2022; Tolorza et al., 2019), together
with the high water demands of tree plantations, is expected
to reduce water availability for both sediment detachment
and subsequent mobilization. In most fluvial catchments,
long-term (103–104 years) denudation rates exceed short-
term rates (Covault et al., 2013). This situation, however,
may flip if anthropogenic soil erosion is high (Hewawasam
et al., 2003; Vanacker et al., 2007). To evaluate this conun-
drum, we explore the catchment-scale erosion and denuda-
tion of the Purapel river. To this end, we establish a long-
term benchmark based on detrital 10Be denudation rates for
comparison with recent sediment yields. We also include dis-
crete disturbance events (i.e., wildfires that occurred in 2017
and 2015), wet-season logging, and (dynamic) sediment con-
nectivity associated with forestry roads. In a recent analysis
of this river, Pizarro et al. (2023) concluded that the con-
comitant afforestation and the decrease in sediment export
out of the catchment may form a causal relationship. Here,
we analyze a wide range of meteorological and vegetational
indexes over a 42-year period. We show that causes other
than afforestation may explain the observed decline in sedi-

ment discharge, particularly the drought that this catchment
has been experiencing since 2010.

2 Materials and methods

2.1 The Purapel catchment

The Purapel river drains the eastern flank of the CCR. The
climate exhibits a Mediterranean type. The mean annual rain-
fall is 845 mm, and the mean minimum and maximum air
temperatures are 7.2 and 20.3 °C, respectively. The hydro-
logical regime is exclusively pluvial (Álvarez-Garreton et al.,
2018). The catchment is 406 km2 and dominated by meta-
morphic (48 %) and granitic (44 %) lithologies. Elevation
ranges from 164 to 747 m above sea level (a.s.l). Most hill-
slopes are gentle (with gradients around 16 %), largely con-
vex, and incised by gullies that converted this landscape into
badlands (Fig. 1c). CIREN (2021) classified most of these
hillslopes as severely affected by soil erosion. The domi-
nant soil types are Inceptisols and Alfisols (Bonilla and John-
son, 2012). Soil properties are highly variable across space.
Soils under tree plantations are generally thinner, are more
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depleted in soil organic matter, and exhibit lower inverte-
brate diversity than soils under native forests (Cifuentes-
Croquevielle et al., 2020; Soto et al., 2019). Throughout
the entire soil column, the soil bulk densities of Eucalyp-
tus spp. stands (1.38± 0.08 to 1.58± 0.12 gcm−3) and Pi-
nus radiata stands (1.28± 0.18 to 1.53± 0.13 gcm−3) are
40 %–80 % higher than in native forests (0.89± 0.27 to
1.25± 0.24 gcm−3) (Soto et al., 2019). After the mulch layer
burned away in the 2017 wildfire, the bared surfaces exposed
coarse topsoils (Fig. 1d).

2.2 Hydrometeorological data and analysis

We downloaded daily rainfall and potential-
evapotranspiration (PET) data (1979–2020) for the
Purapel catchment from the CAMELS-CL data set
(https://camels.cr2.cl/, last access: 30 March 2022).
Daily rainfall data are derived from the CR2MET v2
precipitation product, which combines ERA5 reanalysis
with local topographic data calibrated by an updated na-
tional rain-gauge network (DGA, 2017). In addition, we
downloaded daily rainfall time series (1956–2019) for the
Nirivilo rain gauge from Mawün (https://mawun.cr2.cl/, last
access: 30 March 2022). We analyzed trends in annual and
seasonal rainfall for several periods using both data sets.
We calculated annual aridity trends using an aridity index
(AI), computed as the annual rainfall divided by the annual
potential evapotranspiration (AI= P/PET), calculated
using the CAMELS-CL data set. For the annual analysis,
we considered years with more than 330 daily data points
and months with more than 27 daily data points. For the
seasonal analysis (∼ 90 d), we included data for seasons with
more than 60 daily data points – that is, data for more than
∼ 66.6 % of the days for an assumed 3-month season. We
defined fall as March–May (MAM), winter as June–August
(JJA), spring as September–November (SON), and summer
as December–February (DJF). For the pre- and post-fire
hydrologic years (March–February), we analyzed daily
rainfall as well. To this end, we used the gap-free gridded
CR2METv2 product.

Streamflow and suspended-sediment data are available on
the Chilean General Water Directorate (DGA) site (https:
//mapas2.mop.gob.cl/, last access: 1 July 2024). The DGA
estimated the daily streamflow discharge (Q) based on single
gauge-stage readings using calibrated rating curves. Roughly
once a month, the rating curves are updated with current
manual meter measurements. The suspended-sediment con-
centrations (SSCs) were also sampled on a daily basis. All
samples were obtained close to the water surface in the vicin-
ity of the water stage. The samples were filtered using cot-
ton linter cellulose filter papers with an 80 % collection ef-
ficiency for particles larger than 0.3 µm (Advantec Qualita-
tive Filter Papers (Grade 2); written communication from the
DGA operator, 2021). They were then dried and burned for
2 h at 550–600 °C in DGA laboratories (Solar, 1999).

We calculated the daily suspended-sediment discharge
(SSD; td−1) as the product of Q (m3 s−1) and SSCs
(mgL−1), assuming these measurements to be representa-
tive of the entire day (Pepin et al., 2010). This assump-
tion is based on the catchment size and measurements of
streamflow velocities taken in this landscape (Sect. S1 in
the Supplement). In addition, we calculated the number of
data points, the percentiles, and the mean SSD value for in-
dividual hydrologic years. We calculated the daily baseflow
at the Purapel en Sauzal station using a Lyne and Hollick fil-
ter (Ladson et al., 2013), which is a standard approach used
in several studies (e.g., Li et al., 2022; Huang et al., 2021;
Teutschbein et al., 2015; Zhang et al., 2017). For baseflow
separation, we used several α values between 0.5 and 0.95
and “n.reflected”= 30 d as parameters.

The Q and SSC time series contain gaps that are not sea-
sonally clustered. In particular, gaps during the dry season
are mostly related to ceased Q (personal communication
from the DGA operator, 2021). We calculated the mean value
and the number of daily Q, baseflow, and SSC data points
for each month and season. Based on the number of data
(Sect. S2), we discarded the monthly analysis of trends. We
then calculated seasonal trends in streamflows and suspended
sediment for seasons with more than 60 data points. All
trends were computed with the Mann–Kendall test (Helsel
et al., 2020) and plotted using additional locally weighted
scatterplot smoothing (LOWESS) (Cleveland, 1981). In ad-
dition, we computed the quantiles and averages of SSD for
hydrologic years with more than 185 data points.

We also examined the existence of differences between
the daily data points for the hydrologic years before and af-
ter the fire, i.e., 2014 and 2016 versus 2015 and 2017, re-
spectively (n> 262 for each group of data). Given the non-
normal distribution of all hydrological data sets, we used
the Wilcoxon–Mann–Whitney test instead of the traditional t
test. This test requires the two compared populations to have
the same shape and variance (homoscedasticity). We used
the non-parametric Fligner–Killeen test to determine whether
our samples were homoscedastic (p value larger than 0.05)
or not (p value lower than 0.05). If the compared populations
exhibited unequal shape or variance (heteroscedasticity), we
used Welch’s t tests (Skovlund and Fenstad, 2001).

2.3 Catchment-wide erosion and denudation rates

We obtained catchment-wide erosion rates for the Purapel
river at the Purapel en Sauzal gauge using two approaches
for different timescales – short-term erosion (decennial
timescale) from suspended sediment and long-term erosion
(103 to 104 years) from detrital 10Be. A limitation of our ap-
proach is the fact that detrital 10Be rates include physical-
erosion and chemical-weathering rates (von Blanckenburg
and Willenbring, 2014), while suspended-sediment yields ac-
count only for the physical erosion of very fine sediment
(Summerfield and Hulton, 1994), which excludes bed loads
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and dissolved loads. Thus, we regard our short-term erosion
rates as the minimum rates for landscape lowering.

For short-term erosion, we calculated the mean of the spe-
cific SSD (tkm−2 yr−1) as the average of all records (June
1985 to November 2018) on a yearly scale, normalized by
catchment area (Pepin et al., 2010). We estimated the result-
ing erosion rate (mmyr−1), assuming a mean soil bulk den-
sity of 2.6 gcm−3 (Carretier et al., 2018).

For long-term erosion, we assumed that the 10Be con-
centrations within fluvial sands are proportional to the
catchment-wide-averaged denudation rate (von Blancken-
burg, 2005; Granger and Schaller, 2014). This rate inte-
grates over a characteristic timescale that is inversely pro-
portional to the denudation rate. These timescales are com-
monly longer than 1000 years (Covault et al., 2013). We
therefore regard the 10Be-derived rates as a reference that
largely excludes recent human disturbances but includes
low-frequency and high-magnitude erosion events (Kirchner
et al., 2001; Carretier et al., 2013). We obtained a bulk sam-
ple of fluvial sands from the active riverbed along a cross
section close to the “Purapel en Sauzal” water stage, collect-
ing sands from the surface at three locations within ∼ 10 m
of distance. We mixed all samples and sieved them to a grain
size fraction of 0.5–1 mm.

The mixed-sand sample was processed at the French ac-
celerator mass spectrometry (AMS) ASTER facility at the
Centre Européen de Recherche et d’Enseignement des Géo-
sciences de l’Environnement (CEREGE). In order to convert
10Be concentration, C, into a mean denudation rate for the
catchment, we neglected radioactive decay and assumed a
steady state of 10Be concentration, leading to the following
classical equation:

ε =
1
ρC

PSLHL(fspSsp3sp+ fsmSsm3sm+ ffmSfm3fm), (1)

where PSLHL= 4 at g−1 yr−1 represents the sea-level high-
latitude total production rate of the considered nuclide (Mar-
tin et al., 2017). Moreover, fsp, fsm, and ffm are the frac-
tions of this production rate due to spallation, slow-muon
capture, and fast-muon capture averaged over the catchment
area, respectively (Braucher et al., 2011). Furthermore, Ssp,
Ssm, and Sfm are scaling factors that depend on latitude and
elevation averaged over the catchment area (Stone, 2000),
and ρ= 2.6 gcm−3. No geometric-shielding correction for
topography was applied (horizon< 20° in all directions). The
uncertainty in the denudation rate accounts for the propaga-
tion of the analytical uncertainty and an assumed uncertainty
of 15 % in the production rate.

2.4 Land-cover changes

The Purapel catchment has experienced high rates of LULCC
since the 19th century. This has been largely due to the exten-
sive increase in wheat production caused by the gold rushes

in California and Australia (Cortés et al., 2022). Later on, be-
tween 1955 and 2014, tree plantations increased from a min-
imum of 10.27 (Hermosilla-Palma et al., 2021) to 203.5 km2

(Zhao et al., 2016). Recently, two large wildfires burned the
catchment. In 2015, 14 % of the catchment area burned, and
in 2017, almost the entire catchment burned (95 %) (Tolorza
et al., 2022a).

To describe recent LULCC in this catchment, we use land-
cover maps from compiled sources (1955, 1975, and 2017)
and from our own sources (1986, 2000, 2005, 2010, and
2015):

– The 1955 and 1975 land-cover maps of Hermosilla-
Palma et al. (2021) cover the headwaters of the Purapel
catchment (157 km2). The 1955 map was created by in-
terpreting land cover from a 1 : 70 000 aerial photograph
(Hycon flight), and the 1975 map was created by inter-
preting land cover from the 60 m resolution Landsat-2
multispectral scanner (MMS) and 1 : 30000 aerial pho-
tographs from 1978 (CH-30 flight).

– We used Landsat surface reflectance products to identify
land-cover classes during the dry seasons of 1986, 2000,
2005, 2010, and 2015. We classified unburned land
cover using a maximum-likelihood classifier (Chuvieco,
2008) which we trained and validated with 20 polygons
for one class and 10 polygons for the other. We val-
idated the results with field observations from 2014–
2015. We subclassified the burned surfaces into low,
moderate, and severe fire categories based on differ-
ences in the normalized burn ratio (NBR) index between
pre- and post-fire images (thresholds: 0.1–0.269, 0.27–
0.659, and 0.66–1.3) (Key and Benson, 2006).

– The 2017 land-cover map was made by Tolorza et al.
(2022a) using pre-fire Sentinel and lidar data. Here, this
classification was resampled to a 30 m resolution to be
compatible with Landsat classifications.

2.5 Logging roads and sediment connectivity

To identify changes in structural connectivity, we applied the
connectivity index (IC; dimensionless) using the weighting
factor (W ; dimensionless) from Cavalli et al. (2013). The
IC is a semi-quantitative approach to describe the degree of
coupling between hillslopes and a target (for example, the
stream network) and is expressed as

IC= log10

 WS
√
A∑

i

di

WiSi

 , (2)

where W and S (mm−1) are the average weighting factor
and slope gradient of the upslope contributing area (A; m2),
respectively. Moreover, di (m), Wi (dimensionless), and Si
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(mm−1) are the path length, the weighting factor, and the
slope gradient for the ith cell downslope towards a target.
W is calculated from a DTM to account for the effect

of topographic roughness. The roughness index (RI; m) is
the standard deviation of the residual topography. The resid-
ual topography refers to the difference between the original
DTM and a smoothed version obtained by averaging DTM
values within a moving window with 5× 5 (25) cells. The RI
is given as

RI=

√√√√√√
25∑
i

(xi − xm)2

25
, (3)

where xi (m) is the value of one specific cell of the resid-
ual topography within the moving window and xm (m) is the
mean of all 25 window cells. The weighting factor is calcu-
lated as

W = 1−
RI

RImax
, (4)

where RImax is the maximum value of RI in the study area.
The routing of sediments on hillslopes is likely to change

where a new temporary sink is closer downslope. Both
streams and forestry roads may behave as temporary sinks of
sediments after detachment from hillslopes (Schuller et al.,
2013, 2021), and this behavior can be addressed using these
elements (streams and forestry roads) as targets for the IC.
We propose here an approach to estimate the related changes
in sediment connectivity by considering the difference be-
tween two different targets, which is expressed as

RC= ICrs− ICs, (5)

where the subscripts of IC refer to the targets for its com-
putation – rs refers to the network formed by streams and
roads, and s refers to the network formed only by streams.
We supplied the model with a mapped forestry road network
obtained from images available from the OpenLayers plug-in
of QGIS and post-2017-fire Sentinel compositions.

This approach only accounts for changes in sediment con-
nectivity when forestry roads behave as sinks of sediments,
omitting their role as sources.

2.6 Disturbances in vegetation

We used the Breaks For Additive Season and Trend (BFAST)
algorithm (Verbesselt et al., 2010) on a Landsat collec-
tion to detect disturbances in vegetation at the pixel scale,
i.e., ≥ 30 m. In the Purapel catchment, disturbances > 30 m
are mostly due to wildfires and/or clear-cuts. Such distur-
bances rely on the seasonal behavior of the normalized dif-
ference vegetation index (NDVI) in a time series of Land-
sat surface reflectance (Level 2, Collection 2, Tier 1) for the
period from September 1999 to October 2021. Clouds were

filtered using the QA band, which uses the C Function of
Mask (CFMask) algorithm (Foga et al., 2017). We used the
same parameter as Cabezas and Fassnacht (2018), setting
the threshold value for disturbances based on 93 manually
labeled reference polygons with fire events, clear-cuts, and
constant tree cover. It is worth mentioning that we applied
a sieve filter to the results. Hence, only disturbances greater
than 1 ha were considered. We trained the algorithm using the
Landsat time series from 1999 to 2001. Given the disturbance
regime of the Purapel catchment (two large wildfires and po-
tential loggings every 9 to 25 years), we ran the BFAST algo-
rithm, anticipating three possible breaks for the period 2002–
2021. The accuracy assessment was performed on 35 manu-
ally drawn polygons that were randomly distributed across
the catchment. Since we were dealing with imbalanced data
(looking for disturbances assumed to be anomalies in the
time series), we used balanced accuracy and F1 scores as
the metrics for evaluating our data (Brodersen et al., 2010).
Balanced accuracy was calculated as the arithmetic mean of
sensitivity and specificity, while the F1 score was calculated
as

F1score= 2 · [(precision · recall)/(precision+ recall)], (6)

where “precision” represents the amount of correct
positive predictions (true positives/(true positives +
false positives)) and “recall” represents how many positive

predictions the model made divided by all positive cases
(true positives/(true positives + false negatives)).

3 Results

3.1 Hydroclimatic trends

At the annual scale at Nirivilo rainfall station, most data for
the period 1962–2015 passed our completeness assessment
criteria (53 out of 54 years). In the case of CR2MET, the
longest period analyzed here is 1979–2019. Using Mann–
Kendall tests and LOWESS, we did not find a single trend
within the longest interval of records (1962–2015). Never-
theless, for the period after 1979, we obtained decreasing
non-monotonic trends in rainfall at both the Nirivilo station
and for the CR2MET product. This decrease is steeper for
2000–2019 but less pronounced for intermediate intervals,
such as 1986–2018. During 1986–2018, however, a decrease
in seasonal rainfall is observed for fall, which is at the begin-
ning of the hydrologic year (Fig. 3). Generally, the AI fol-
lows similar decreasing trends to those pertaining to rainfall,
indicating persistently dry conditions across this catchment.
In only 2 separate years (1982 and 2002), the AI was higher
than 1. During all other years, potential evapotranspiration
was greater than rainfall.

Streamflow data are available at the Purapel en Niriv-
ilo station between 1979 and 2019 and at the Purapel
en Sauzal station between 1981–2019. For the Purapel en
Sauzal streamflow data, the results of baseflow separation
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Figure 3. The annual and seasonal rainfall and the annual aridity index (AI=P/PET) at the Purapel catchment. The main monotonic trends
are tested using Mann–Kendall tests and LOWESS for 1962–2015 (blue), 1979–2019 (red), 1986–2018 (purple), and 2000–2018 (green).
The unfilled circles represent discarded data. (a) The annual rainfall and AI time series. Note that “P” and “St” stand for Purapel and station,
respectively. (b) The seasonal time series for the Nirivilo station.

Figure 4. The mean seasonal streamflow, baseflow, and suspended-sediment concentrations at the Purapel en Sauzal station on an annual
basis. The main monotonic trends are tested using Mann–Kendall tests and LOWESS for 1986–2018 (purple) and 2000–2018 (green). The
unfilled circles represent discarded data. (a) The mean seasonal streamflow at the Purapel en Sauzal station. (b) The mean seasonal baseflow
at the Purapel en Sauzal station. (c) The mean seasonal suspended-sediment concentration at the Purapel en Sauzal station.

are in Sect. S3 in the Supplement. We selected the results
obtained using α= 0.7 for further trend analysis, consider-
ing the observed magnitudes and shape of the baseflow time
series. For the data on suspended-sediment concentration,
the longest period is 1985–2018. The seasonal analysis for

the Purapel en Sauzal station is shown in Fig. 4. Although
none of these time series are monotonic, the sharp decrease
in suspended-sediment concentrations is clear for the three
wetter seasons (fall, winter, and spring).
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Table 1. Published and new detrital 10Be denudation rates in the Mediterranean CCR. Denudation rates and their uncertainties were cal-
culated using procedures described in Carretier et al. (2018). Characteristic (char.) time refers to the quartz residence time within the mean
free path of particles in rocks measuring 60 cm and represent a timescale for steady erosion (Lal, 1991). Details of 10Be concentrations and
blanks analyzed in the CEREGE laboratory are available in Table S1 in the Supplement.

Name Denudation Denudation rate Char. Lat Long Catchment Analyzed [10Be] [10Be] Standard Source
rate uncertainty time area grain size (atg−1) uncertainty material

(mm yr−1) (mm yr−1) (kyr) (km2) (mm) (atg−1)

SAUR 0.024 0.004 25 −35.6197 −72.0171 406 [0.5,1] 143 751 5469 STD-11 This work
Mi2 0.037 0.006 16 −37.0488 −72.8614 235 [0.5,1] 93 772 4280 4325 Carretier et al. (2018)
C3-2 0.039 0.007 15 −37.4052 −72.7976 357 [0.5,1] 97 896 8272 4325 Carretier et al. (2018)
C1-1b 0.041 0.010 14 −37.4652 −72.7495 739 [0.5,1] 113 680 20 735 4325 Carretier et al. (2018)

3.2 Catchment-wide erosion and denudation rates

The 10Be denudation rate was determined to be
0.024± 0.004 mm yr−1 (Table 1), assuming a soil par-
ticle density of 2.6 tm−3. This rate translates into a specific
sediment yield of 62.4± 10.4 tkm−2 yr−1. This rate inte-
grates over a characteristic timescale of ∼ 25 kyr. Together
with published data, detrital 10Be denudation rates in the
CCR range between 0.02 and 0.05 mmyr−1 (Table 1;
Carretier et al., 2018).

Following Pepin et al. (2010), we calculated the mean of
the specific SSD for all records between 1985 and 2018 as
well as a 30 % of error (Pepin et al., 2010). For the Purapel
catchment, we estimated 47± 14.1 tkm−2 yr−1, equivalent to
0.018± 0.005 mm yr−1, assuming the same soil bulk density.
Both rates do not statistically differ (Fig. 5).

3.3 Decennial trends in SSD and comparison of pre-
and post-fire hydrometric data

On a decennial timescale, we observe decreasing trends in
mean and high (95th and 75th percentile) annual SSD values,
based on Mann–Kendall p values for α= 0.05 (Fig. 5). Since
2010, the high and medium percentiles of SSD have been
lower than most of the previous hydrologic years.

On a shorter timescale, in Fig. 6, we compare pre- and
post-fire hydrometric data for the 2015 and 2017 wildfires.
The compared series were found to be homoscedastic for
rainfall in both comparisons and for SSC in the compari-
son before and after the 2015 wildfire. No changes in median
rainfall values can be inferred from the large p value of the
Wilcoxon–Mann–Whitney tests. Before and after the 2015
wildfire, considering p values when α= 0.05 in Welch’s t
tests or Wilcoxon–Mann–Whitney tests, mean streamflow di-
minished, but the median SSC and mean SSD increased. Be-
fore and after the 2017 wildfire, mean streamflow increased,
as did mean SSC and mean SSD.

3.4 Recent land-cover changes

We developed five land-cover maps for the period 1986–
2015. The overall classification accuracy ranged between
83 % and 92 %. We distinguished between tree plantations,

native forests, shrublands, and seasonal grasslands. Seasonal
grasslands included bare surfaces, seasonal pasture, and
sparse vegetation. We also classified seasonal grasslands to
separate recently logged areas (clear-cuts) from other poorly
vegetated areas.

Figure 7 shows that the upper catchment was covered
by a minimum of 1000 ha of tree plantations and 5500 ha
of shrublands in 1955 (Hermosilla-Palma et al., 2021). Be-
tween the 1980s and the beginning of the 21st century, the
most prominent change comprised the transition from sea-
sonal grasslands and shrublands to tree plantations. The first
two classes covered a minimum of 23 550 ha in 1986 and
13 050 ha in 2005. During the same period, tree plantations
expanded from 8090 to 20 980 ha. Between the wildfires of
2015 and 2017, seasonal grasslands and shrublands together
expanded to ∼ 20 300 ha (Fig. 7).

3.5 Landscape disturbances

The result of our mapped road network is illustrated in Fig. 1.
Using this road network on a 5 m resolution lidar, we es-
timate approximately 18 000 ha of increased sediment con-
nectivity (RC> 0) and 150 ha of decreased sediment connec-
tivity (RC< 0) (Fig. 8). RC values exceeding the 95th per-
centile (> 3.12) cover 1986 ha. This area of high RC is pri-
marily located on hilltops, with 1966 ha having an RC> 3.12
(i.e., 99 %) in upstream contributing areas < 1 ha. In partic-
ular, these topographic settings exceed an empirical thresh-
old between high and low connectivity for a mountain catch-
ment, i.e., −2.32 (Martini et al., 2022). In the Purapel catch-
ment, the area above this threshold increased from 1120 to as
much as 6570 ha simply due to the dense road network. This
quantification, however, was performed with a digital terrain
model with a coarser resolution compared to that used in the
original study by Martini et al. (2022) – 5 m versus 0.5 to
2.5 m. The few pixels resulting in negative RC are located in
first-order channels omitted from the stream network, specif-
ically where these channels intersect more than one road or
stream (Fig. 8d).

Based on our BFAST modeling, we obtained monthly time
series of disturbances for 2002–2019, which we aggregated
to the seasonal scale (Poblete-Caballero et al., 2022; Poblete-
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Figure 5. Denudation and specific SSD (Spec Susp Sed Disch) at the Purapel en Sauzal gauge. Distributions of SSD for individual hydrologic
years (March to February). The purple circles represent the percentiles (0.25, 0.5, 0.75, and 0.95), and the purple triangles each represent the
mean of the daily data from each hydrologic year. The filled symbols represent years with more than 185 daily data points. Catchment erosion
and denudation rates are indicated in red. The solid line represents the sediment yield equivalent to the 10Be denudation rate, while the dashed
line represents the average of all suspended-sediment records. Both the daily and annual scales are expressed to facilitate comparisons. MK
tau: Mann–Kendall tau; pval: p value.

Figure 6. Daily hydrometric data for pre- and post-fire hydrologic years for the two large wildfire events. Rainfall, Q, SSC, and SSD from
pre- and post-fire hydrologic years were compared in terms of homoscedasticity using the Fligner–Killeen test with α= 0.05. Heteroscedastic
distributions were compared using Welch’s t tests. Homoscedastic distributions were compared using Wilcoxon–Mann–Whitney tests. Eff.
size: effect size. OA: overall accuracy.
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Figure 7. Land-cover classification and transitions. Maps for 1955 and 1975 are from Hermosilla-Palma et al. (2021), maps for 1986–2015
are from this work (Sotomayor et al., 2022), and the 2017 map is from Tolorza et al. (2022a).
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Figure 8. Sediment connectivity index (Cavalli et al., 2013) calculated using (a) the streams and (b) the streams and forest roads as targets.
(c) Road connectivity (RC) is the difference between both models. A histogram illustrating RC is displayed in the bottom-left corner. Insets
show the locations of maps in panels (d–g). (d) Detailed view of RC as an example of RC values, using the same color table as in panel (c),
in relation to forestry roads and streams. (e–g) Details of hilltops with the highest values of RC (©Google Maps 2022; related dataset can be
found in Tolorza et al., 2022b).

Figure 9. Detected disturbances from our BFAST modeling. (a) Map showing the number of disturbances in vegetation detected for the
period 2002–2019. (b) Seasonality of the disturbance area detected within the Purapel catchment.

Caballero and Tolorza, 2023). We achieved a confusion ma-
trix with a balanced accuracy of 0.86 and an F1 score of 0.69.
For the complete period (Fig. 9a), 13 640 ha (33.7 %) of the
Purapel catchment experienced one break in the NDVI time
series, 16 810 ha (41.5 %) showed two breaks, and 5010 ha
(12 %) presented three breaks. The undisturbed 12.8 % in-
cluded tree plantation stands that remained unlogged and
seasonal grasslands that remained poorly vegetated. Taking

the seasonality into account (Fig. 9b), the periods with the
largest disturbed areas were the summers (dry seasons) of
2015 and 2017 due to the wildfires. These wildfires were de-
tected in∼ 5000 and 24 000 ha, respectively. The subsequent
disturbed areas occurred during the fall (wet season) of 2002
(∼ 2000 ha) and 2007 (1910 ha). The largest surface distur-
bances during winter and spring both corresponded to 770 ha
in 2006 and 2009, respectively.

Earth Surf. Dynam., 12, 841–861, 2024 https://doi.org/10.5194/esurf-12-841-2024



V. Tolorza et al.: Tree plantations in the Chilean Coastal Range 853

In comparison to the classification based on the differen-
tial normalized burn ratio (dNBR) for 2017 (Tolorza et al.,
2022a), the BFAST results detected fewer burned areas for
the 2017 wildfire (33 618 versus 24 299 ha). This difference
could be explained by the better capabilities of the dNBR
index with regard to detecting burned areas, since it is a ded-
icated method for classifying burned surfaces based on the
NBR index of pre- and post-fire images (Key and Benson,
2006). In contrast, the BFAST algorithm applied here uses
the NDVI, which is a more suitable index for detecting the
density of vegetation and is thus more sensitive to clear-cuts.

4 Discussion

4.1 Long- and short-term catchment erosion

Both the 10Be denudation rate and suspended-sediment ero-
sion rate are surprisingly similar (Fig. 5). Thus, the decen-
nial average of the suspended sediment may capture at least
the effects of erosion events recorded with 10Be in the long
term. Both rates are low for fluvial catchments between 100–
1000 km2 (Covault et al., 2013). Yet, these rates are similar
to those observed in three tributaries of the Biobío river that
drain the eastern CCR, which range between 0.037± 0.006
and 0.042± 0.008 mmyr−1 (Carretier et al., 2018).

The low 10Be denudation rate aligns with a landscape
dominated by slow soil creep, with occasional mass wast-
ing triggered by intense rainfall events and earthquakes.
This long-term rate, however, may be overestimated: af-
ter 200 years of intense soil erosion, deep saprolite layers
with low concentrations of 10Be are widely exposed at the
Earth’s surface. Those hillslopes might be depleted in 10Be,
which may lead to an overestimation of the total denudation
(Schmidt et al., 2016).

Short-term erosion does not exceed long-term denudation,
as observed in other highly human-disturbed catchments
(Hewawasam et al., 2003; Vanacker et al., 2007). However,
we regard the decennial suspended-sediment erosion rate as
a very conservative estimate for recent catchment-scale ero-
sion for three reasons.

First, we argue that this estimate does not account for the
possible effects of sediment storage and other transient pro-
cesses that affect soils and streams. Over a certain period of
time, only a fraction of the sediment detached within a catch-
ment is transported to the outlet and, thus, captured in the
sediment yield due to processes such as deposition and stor-
age (Walling, 1983). The sediment delivery ratio (SDR) de-
scribes this fraction and is expressed as SDR= SY/E, where
SY is the average annual sediment yield per unit area and
E is the average annual erosion over that same area. Consid-
ering empirical data (Walling, 1983; Ferro and Minacapilli,
1995; Lu et al., 2006), an SDR of 0.7 may be used as a con-
servative first approach for catchments larger than 100 km2,
although this value may be a couple of orders of magni-
tude lower. Using the mean of the specific SSD as SY in the

previous expression, our estimation of decennial erosion in
the Purapel catchment increases to 67± 20 tkm−2 yr−1 (or
0.026± 0.007 mmyr−1), which is even closer to the long-
term denudation rate. Decennial catchment erosion may be
much higher if the SDR is a few orders of magnitude lower.
More reliable estimates of the SDR can be obtained using
spatially distributed models, such as the linear lumped se-
ries model for hillslope storage and channel storage from Lu
et al. (2006). This model considers a theoretical relationship
between sediment delivery and certain physical parameters,
such as particle size and rainfall duration.

Second, previous studies on rivers in the western Andes
indicate that catchment-scale erosion from gauging data may
be underestimated due to undersampling of extreme events
(Vanacker et al., 2020; Carretier et al., 2018). Given the nu-
merous data gaps in both streamflow and suspended sedi-
ments, we cannot rule this out. Also, we do not have sub-
daily or depth-integrated measurements of sediment concen-
trations.

Third, suspended sediments do not capture the effects
of chemical weathering on denudation rates. This pro-
cess seems to be relevant in the CCR. In the absence of
spatially resolved data on regolith thickness, isolated ob-
servations indicate thick saprolite layers (at least) locally
(Vázquez et al., 2016; Mohr et al., 2012; Krone et al., 2021),
while weathering rates at plot scales range between 0 and
∼ 240 tkm−2 yr−1 across other latitudes in the CCR (Schaller
and Ehlers, 2022), i.e., 26, 29, 32, and 37° S). Thus, depend-
ing on the magnitude of mass loss due to chemical weath-
ering, total denudation in the short term can be equal to or
even higher than the reported long-term denudation. Local
quantitative estimates of chemical weathering and soil pro-
duction rates would help to constrain the magnitude of the
difference between long- and short-term denudation. Indeed,
deep chemical weathering may also lead to underestimating
long-term denudation rates with 10Be. Such underestimation
may occur if mass loss is significant below the depth at which
most cosmogenic nuclides are produced, as observed in trop-
ical landscapes dominated by dissolution (Campbell et al.,
2022).

4.2 Disturbances and trends in suspended sediments

The Purapel river catchment has served as a staging ground
for the rapid expansion of tree plantations and has ex-
perienced a number of disturbances during the period of
suspended-sediment monitoring. This landscape has been af-
fected by clear-cuts, two widespread wildfires, and one earth-
quake with an Mw value of 8.8. The expansion of tree plan-
tations has mostly occurred at the expense of poorly vege-
tated surfaces (Fig. 7). Yet, plantation management includes
extensive logging operations (Video supplement) – mostly
conducted during wet seasons (Fig. 9) – and the construction
and maintenance of forestry roads used by heavy machinery.
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The distribution and density of a forestry road network sig-
nificantly affect the routing of sediments because the roads
may act as sources or sinks of the particles detached from
hillslopes. Our results show changes in structural sediment
connectivity across a surface measuring 18 150 ha, where
roads act as target (i.e., behave as sinks of sediments). Most
of the surface has experienced an increase in structural sed-
iment connectivity and thus an increase in sediment-routing
capacity downslope (Fig. 8). Consequently, detached soil is
now (relatively) well connected to local sinks, even from hill-
tops (surfaces with upstream contributing areas < 1 ha). In
this specific position in the landscape, soil moisture is likely
at its lowest, and, consequently, we can assume that the soil
production rate is slower compared to that in the mid-slope
or toe positions across the CCR (Schaller and Ehlers, 2022).
Thus, hilltop soils may be more difficult to recover over hu-
man timescales.

The decennial trends in mean and high suspended-
sediment discharge (Fig. 5) and mean SSC during wet sea-
sons (Fig. 4) are decreasing. Despite the disturbances, which
cluster towards the end of our time series, the changes in
post-disturbance suspended sediments did not overshadow
this decennial trend. For example, after the 2015 wildfire,
we found an increase in sediment concentrations but a de-
crease in mean streamflow (Fig. 6). Thus, we argue that the
elevated sediment concentrations reflect the erosional signal
of the wildfire. Nevertheless, the described changes in pre-
and post-fire suspended sediments are limited since the high
and medium percentiles of suspended-sediment discharge
following the fire are lower than during most of the hydro-
logic years prior to 2010, the beginning of the megadrought
(Fig. 5). Assuming that the suspended-sediment record is
representative of the sediment yields from the Purapel river,
the disturbance regime contrasts with the expected sediment
mobilization reported in other landscapes (e.g., Reneau et al.,
2007; Brown and Krygier, 1971).

4.3 Water availability, suspended sediments, and
sediment storage

The arid conditions, i.e., the ratio between annual pre-
cipitation and evapotranspiration, indicate increasing water
scarcity. Such increasing water scarcity is consistent with the
decline in streamflow and baseflow during the wet seasons,
which is mostly pronounced in the fall. Apart from the un-
precedented drought that started in 2010, the high root water
uptake by fast-growing tree plantations is likely a key fac-
tor contributing to the severe reduction in water availabil-
ity. Indeed, both tree plantations and drought conditions may
reduce groundwater recharge (Iroumé et al., 2021; Huber
et al., 2010). Also, soil loss due to erosion may further re-
duce the water storage capacity (Ratta and Lal, 1998). When
considered together, enhanced water scarcity due to drought
and tree plantations may have reduced groundwater storage.
This is consistent with the observed negative trend in base-

flow. Streamflow is largely composed of groundwater, and as
groundwater declines, less streamflow is available to perform
geomorphic work, which may reduce sediment transport.

Under the described conditions of drought and land use,
the frequency of the minimum rainfall intensity required to
trigger runoff and soil erosion on hillslopes may also be de-
clining. At the same time, as rainfall and direct runoff exert
control over sediment fluxes in streams (Andermann et al.,
2012; Tolorza et al., 2014), sediment mobilization under the
current hydrological regime may likely remain low despite
landscape disturbances. Although we observed an increase in
structural sediment connectivity, it is possible that sufficient
water was unavailable to effectively establish sediment con-
nectivity, leading to increased residence times of sediments
stored within the catchment. Storage may occur in diverse
sediment compartments, including hillslopes, forestry roads,
tributary junctions, fans, and flood plains.

Indeed, a model of post-fire sediment cascades indicates
that, while post-fire erosion may be severe in source areas,
a substantial fraction of the detached sediments may inter-
mittently remain stored within valleys, with only moderate
delivery to the river network (Murphy et al., 2019). A sus-
tained decline in available water for streamflow generation
in such a system would likely increase the residence times of
sediments.

4.4 Sediments on hillslopes and streams over time

The biogeochemical processes impacting vegetation and
soils alike, the amount and grain size distribution of sedi-
ments supplied by hillslopes, and the dynamics of sediment
mobilization in streams are all closely related (Terweh et al.,
2021). More than 200 years ago, the primary native forests
probably grew on deep and carbon-rich soils, with surfaces
likely much more enriched in fine sediments than present
topsoils. In contrast, the landscape-scale wildfire of 2017 re-
vealed coarse saprolite that was widely exposed at the Earth’s
surface (Fig. 1d). Roots of fallen trees dig up coarse sed-
iments spread out over most hillslopes. If we assume that
landscape lowering has denuded 2 m of soil over 200 years,
physical erosion should have experienced one or more stages
of much higher rates in the past and after the beginning of in-
tense deforestation. Rates of 10 mmyr−1 are required to pro-
duce such levels of denudation over 200 years, which exceed
both our short- and long-term estimates by 3 orders of mag-
nitude. During intense soil erosion, the most likely evolution
of grain size distribution in topsoils involves a quick deple-
tion of fine sediments and a relative enrichment in coarse
and more weather resistant sediments. Together with defor-
estation and wildfires, this time-dependent coarsening of the
inorganic component of topsoils would be described as a
reduction in the supply of fine sediments from hillslopes
to streams, which may lead to a transition from transport-
limited to supply-limited catchment erosion. Because vege-
tation and soils have been systematically disturbed, and given
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the high degree of coupling of these landscape elements with
sediment mobilization in streams, it is unlikely that the grain
size distribution in rivers remain constant. Since short-term
and long-term erosion are comparable, we interpret that, after
a rapid response of erosion to deforestation, denudation rates
decreased due to exhausted sediments. Hence, it is plausi-
ble that part of the observed decline in suspended sediment
is related to changes in the grain size distribution of sedi-
ments detached from soils. In this interpretation, both long-
and short-term erosion can be considered supply-limited ero-
sion. In this former, this is due to the scarcity of landslides,
and in the latter, this is due to the slow rate of soil (and fine-
sediment) production.

4.5 Tree plantations, native forests, and landscape
degradation in the CCR

The expansion of tree plantations has been proposed as a
tool to mitigate soil erosion (CONAF and MINAGRI, 2016).
Recently, plantations have been favored as a better solution
for mitigating soil erosion compared to native forests in the
same Purapel catchment (Pizarro et al., 2020, 2023). In the
Purapel catchment, direct comparison between native forests
and plantations cannot be achieved for the period 1986–2018
because the major source of land cover transitioned from
poorly vegetated surfaces to tree plantations (Fig. 7). Nev-
ertheless, we can discuss whether the observed land manage-
ment is a suitable solution for soil erosion mitigation in the
CCR. There is abundant evidence of accelerated soil erosion
in Chilean tree plantations, such as truncated soil profiles in
Eucalyptus spp. stands at 36°37′ S (Banfield et al., 2018); a
4-fold increase in net soil loss under Pinus radiata stands
compared to native forests in Talcamávida (37°7’S) and
Nacimiento (37°30’S) (Aburto et al., 2020); and changes in
nutrient cycles and increased sedimentation rates in numer-
ous coastal lakes, such as the Laguna Matanzas (33°45′ S;
Fuentealba et al., 2020), Lago Vichuquén (34° S; Fuentealba
et al., 2021), Laguna Chica de San Pedro (36°51′; Cisternas
et al., 2001), and Lanalhue Lake (37° S; Alaniz et al., 2021).
Based on such strong empirical evidence across the CCR as
well as our own results (Figs. 2 and 7–9), we argue that the
observed ongoing forest management of tree plantations pro-
motes soil erosion and landscape degradation. In addition,
soils in tree plantations are depleted in carbon and nutrients
(Soto et al., 2019; Banfield et al., 2018) and inhibit lower-
invertebrate diversity (Cifuentes-Croquevielle et al., 2020)
compared to soils under native forests. As a result, C and
N stocks are relatively lower in tree plantations, extending
down to deep soil compartments (> 120 cm) (Crovo et al.,
2021). Soil organic matter is a key component of soil for-
mation (Bernhard et al., 2018). For this reason alone, native
forests rather than exotic tree plantations are a more appro-
priate source of land cover for regenerating soils and revers-
ing, or at least decelerating, 200 years of intense soil erosion.
Indeed, the protection and conservation of natural vegetation

have the strongest effect on improving soil quality after wa-
ter erosion (Vanacker et al., 2022). Also, empirical restora-
tion examples show that transitioning from former Eucalyp-
tus spp. plantations to native forests is valuable in terms of
improving water availability (Lara et al., 2021).

5 Conclusions

The Purapel catchment, like other similar catchments
along the CCR, experiences slow denudation on millennial
timescales. The decennial-averaged suspended-sediment dis-
charge, while of similar magnitude, likely underestimates to-
tal denudation. Accordingly, depending on the magnitude
of the unconstrained portion of the denudation, the decen-
nial lowering of the Earth’s surface may be equal to or even
higher than the long-term average.

Suspended-sediment transport decreased during the wet
seasons between 1986 and 2018, which, at first glance, con-
flicts with the disturbances observed in vegetation, especially
the intense and widespread wildfires. The decrease in sev-
eral hydroclimatic variables and forcings, including baseflow
and aridity, coincides with lower suspended-sediment loads.
We argue that the low range of recent suspended-sediment
results from the observed decline in water availability, thus
limiting the detachment and transport of sediments. Or, in
other words, the drought offsets the effects of disturbances
and higher connectivity. Without sufficient water, the resi-
dence times of sediments are long. The contribution of tree
plantations to reducing erosion, if any, is more closely related
to their impact on water availability rather than directly to
soil protection. Complementing this explanation, the coars-
ening of topsoils due to persistent soil erosion would lead to
a reduction in the supply of fine-sized grains to the streams.

For most of the landscape disturbances described in this
work, we cannot unambiguously quantify the overall effect
on sediment fluxes. Yet, sediment fluxes are more efficient
during periods of high flow, which correspond to wetter con-
ditions. Consequently, the sediment stored in the valleys,
which is highly rich in nutrients and carbon, can be resus-
pended during higher-discharge events, causing temporarily
delayed off-site problems for several decades to come.

In the studied landscape (the CCR in the Maule Region)
the surface lowering in the last 3 decades is similar to or
higher than the long-term benchmark. Thus, we argue it may
be considered high for this specific system. This conclusion
and the documented effects of local tree plantations on soil
organic carbon, soil density, and soil biodiversity are clear
indicators of a degrading landscape.

Code availability. The R scripts used in this study for data analy-
sis are accessible upon request by contacting Violeta Tolorza (vio-
leta.tolorza@ufrontera.cl).

https://doi.org/10.5194/esurf-12-841-2024 Earth Surf. Dynam., 12, 841–861, 2024



856 V. Tolorza et al.: Tree plantations in the Chilean Coastal Range

Data availability. Supplemental data sets re-
lated to this submission are available at
https://doi.org/10.5281/zenodo.6958544 (Poblete-Caballero et
al., 2022), https://doi.org/10.5281/zenodo.6974312 (Sotomayor et
al., 2022), and https://doi.org/10.5281/zenodo.7328071 (Tolorza et
al., 2022b).

Supplement. The supplement related to this article is available
online at: https://doi.org/10.5194/esurf-12-841-2024-supplement.

Video supplement. Time lapses showing disturbances in vegeta-
tion are available at https://doi.org/10.5446/62703 (Tolorza, 2023)
and https://doi.org/10.5446/62704 (Poblete-Caballero and Tolorza,
2023).

Author contributions. VT: conceptualization, funding acquisi-
tion, project administration, methodology, fieldwork, validation, in-
vestigation, and writing (original draft). CHM: conceptualization,
methodology, investigation, and writing (deep review and editing).
MZB, SC, MG, and OS: methodology, investigation, and writing
(review and editing). BS and DPC: fieldwork, validation, and writ-
ing (review and editing).

Competing interests. The contact author has declared that none
of the authors has any competing interests.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims made in the text, pub-
lished maps, institutional affiliations, or any other geographical rep-
resentation in this paper. While Copernicus Publications makes ev-
ery effort to include appropriate place names, the final responsibility
lies with the authors.

Acknowledgements. This paper arises mostly from research
funded by the ANID/FONDECYT project (grant no. 11190864)
and UFRO postdoctoral grant (grant no. VRIP20P001). It also
received contributions from the ANID/FONDAP project (grant
no. 15110009) and DFG project (grant no. 493703771). We thank
Claudio Ramirez Bravo (DGA) for describing details of hydromet-
ric monitoring in the Purapel river and for providing the actual loca-
tion of the Purapel en Sauzal gauge. We appreciate the contributions
made by Amanda Schmidt, Thomas Hoffmann, Veerle Vanacker,
Paul Zuckerman, and the anonymous reviewers, all of whom im-
proved early versions of the article.

Financial support. This research has been supported by the
Fondo Nacional de Desarrollo Científico y Tenológico (grant
no. 11190864), the Universidad de La Frontera (grant no.
VRIP20P001), the Fondo de Financiamiento de Centros de Investi-
gación en Áreas Prioritarias (grant no. 15110009), and the Deutsche
Forschungsgemeinschaft (grant no. 493703771).

Review statement. This paper was edited by Veerle Vanacker and
reviewed by Thomas Hoffmann and Amanda Schmidt.

References

Aburto, F., Cartes, E., Mardones, O., and Rubilar, R.: Hillslope soil
erosion and mobility in exotic pine plantations and native decid-
uous forest in the coastal range of south-central Chile, Land De-
grad. Dev., 32, ldr.3700, https://doi.org/10.1002/ldr.3700, 2020.

Alaniz, A. J., Abarzúa, A. M., Martel-Cea, A., Jarpa, L.,
Hernández, M., Aquino-López, M. A., and Smith-Ramírez,
C.: Linking sedimentological and spatial analysis to as-
sess the impact of the forestry industry on soil loss: The
case of Lanalhue Basin, Chile, CATENA, 207, 105660,
https://doi.org/10.1016/j.catena.2021.105660, 2021.

Alvarez-Garreton, C., Mendoza, P. A., Boisier, J. P., Addor, N.,
Galleguillos, M., Zambrano-Bigiarini, M., Lara, A., Puelma,
C., Cortes, G., Garreaud, R., McPhee, J., and Ayala, A.: The
CAMELS-CL dataset: catchment attributes and meteorology for
large sample studies – Chile dataset, Hydrol. Earth Syst. Sci., 22,
5817–5846, https://doi.org/10.5194/hess-22-5817-2018, 2018.

Andermann, C., Crave, A., Gloaguen, R., Davy, P., and Bonnet,
S.: Connecting source and transport: Suspended sediments in
the Nepal Himalayas, Earth Planet. Sc. Lett., 351–352, 158–170,
https://doi.org/10.1016/j.epsl.2012.06.059, 2012.

Armesto, J. J., Manuschevich, D., Mora, A., Smith-Ramirez,
C., Rozzi, R., Abarzúa, A. M., and Marquet, P. a.: From
the Holocene to the Anthropocene: A historical frame-
work for land cover change in southwestern South Amer-
ica in the past 15,000 years, Land Use Policy, 27, 148–160,
https://doi.org/10.1016/j.landusepol.2009.07.006, 2010.

Banfield, C. C., Braun, A. C., Barra, R., Castillo, A., and Vogt,
J.: Erosion proxies in an exotic tree plantation question the
appropriate land use in Central Chile, CATENA, 161, 77–84,
https://doi.org/10.1016/j.catena.2017.10.017, 2018.

Barros, S.: Evolución de las plantaciones forestales en Chile.
Forestación y reforestación, Ciencia e Investigación Fore-
stal, 24, 89–115, https://bibliotecadigital.infor.cl/handle/20.500.
12220/28235 (last access: 28 June 2024), 2018.

Bernhard, N., Moskwa, L.-M., Schmidt, K., Oeser, R. A., Aburto,
F., Bader, M. Y., Baumann, K., von Blanckenburg, F., Boy, J.,
van den Brink, L., Brucker, E., Büdel, B., Canessa, R., Dip-
pold, M. A., Ehlers, T. A., Fuentes, J. P., Godoy, R., Jung, P.,
Karsten, U., Köster, M., Kuzyakov, Y., Leinweber, P., Neidhardt,
H., Matus, F., Mueller, C. W., Oelmann, Y., Oses, R., Osses, P.,
Paulino, L., Samolov, E., Schaller, M., Schmid, M., Spielvogel,
S., Spohn, M., Stock, S., Stroncik, N., Tielbörger, K., Übernickel,
K., Scholten, T., Seguel, O., Wagner, D., and Kühn, P.: Pedo-
genic and microbial interrelations to regional climate and local
topography: New insights from a climate gradient (arid to humid)
along the Coastal Cordillera of Chile, CATENA, 170, 335–355,
https://doi.org/10.1016/j.catena.2018.06.018, 2018.

Bianchi-Gundian, V.: Erosión. Cáncer del suelo, Imprenta Univer-
sitaria, Santiago de Chile, 1947.

Bladon, K. D., Emelko, M. B., Silins, U., and Stone, M.: Wild-
fire and the Future of Water Supply, Environ. Sci. Technol., 48,
8936–8943, https://doi.org/10.1021/es500130g, 2014.

Boardman, J., Vandaele, K., Evans, R., and Foster, I. D.: Off-site
impacts of soil erosion and runoff: Why connectivity is more

Earth Surf. Dynam., 12, 841–861, 2024 https://doi.org/10.5194/esurf-12-841-2024

https://doi.org/10.5281/zenodo.6958544
https://doi.org/10.5281/zenodo.6974312
https://doi.org/10.5281/zenodo.7328071
https://doi.org/10.5194/esurf-12-841-2024-supplement
https://doi.org/10.5446/62703
https://doi.org/10.5446/62704
https://doi.org/10.1002/ldr.3700
https://doi.org/10.1016/j.catena.2021.105660
https://doi.org/10.5194/hess-22-5817-2018
https://doi.org/10.1016/j.epsl.2012.06.059
https://doi.org/10.1016/j.landusepol.2009.07.006
https://doi.org/10.1016/j.catena.2017.10.017
https://bibliotecadigital.infor.cl/handle/20.500.12220/28235
https://bibliotecadigital.infor.cl/handle/20.500.12220/28235
https://doi.org/10.1016/j.catena.2018.06.018
https://doi.org/10.1021/es500130g


V. Tolorza et al.: Tree plantations in the Chilean Coastal Range 857

important than erosion rates, Soil Use Manage., 35, 245–256,
https://doi.org/10.1111/sum.12496, 2019.

Boisier, J. P., Alvarez-Garreton, C., Cordero, R. R., Dami-
ani, A., Gallardo, L., Garreaud, R. D., Lambert, F., Ra-
mallo, C., Rojas, M., and Rondanelli, R.: Anthropogenic dry-
ing in central-southern Chile evidenced by long-term ob-
servations and climate model simulations, Elementa, 6, 74,
https://doi.org/10.1525/elementa.328, 2018.

Bonilla, C. A. and Johnson, O. I.: Soil erodibility mapping and its
correlation with soil properties in Central Chile, Geoderma, 189–
190, 116–123, https://doi.org/10.1016/j.geoderma.2012.05.005,
2012.

Borrelli, P., Robinson, D. A., Panagos, P., Lugato, E., Yang, J. E.,
Alewell, C., Wuepper, D., Montanarella, L., and Ballabio, C.:
Land use and climate change impacts on global soil erosion by
water (2015–2070), P. Natl. Acad. Sci. USA, 117, 21994–22001,
https://doi.org/10.1073/pnas.2001403117, 2020.

Bowman, D. M. J. S., Moreira-Muñoz, A., Kolden, C. A.,
Chávez, R. O., Muñoz, A. A., Salinas, F., González-Reyes,
A., Rocco, R., de la Barrera, F., Williamson, G. J., Borchers,
N., Cifuentes, L. A., Abatzoglou, J. T., and Johnston,
F. H.: Human–environmental drivers and impacts of the
globally extreme 2017 Chilean fires, Ambio, 48, 350–362,
https://doi.org/10.1007/s13280-018-1084-1, 2019.

Braucher, R., Merchel, S., Borgomano, J., and Bourlès, D.:
Production of cosmogenic radionuclides at great depth: A
multi element approach, Earth Planet. Sc. Lett., 309, 1–9,
https://doi.org/10.1016/j.epsl.2011.06.036, 2011.

Brodersen, K. H., Ong, C. S., Stephan, K. E., and Buhmann,
J. M.: The Balanced Accuracy and Its Posterior Distribution,
in: 2010 20th International Conference on Pattern Recognition,
Istanbul, Turkey, 23–26 August 2010, pp. 3121–3124, IEEE,
https://doi.org/10.1109/ICPR.2010.764, 2010.

Brown, G. W. and Krygier, J. T.: Clear-Cut Logging and Sediment
Production in the Oregon Coast Range, Water Resour. Res., 7,
1189–1198, https://doi.org/10.1029/WR007i005p01189, 1971.

Cabezas, J. and Fassnacht, F. E.: Reconstructing the Vegetation Dis-
turbance History of a Biodiversity Hotspot in Central Chile Us-
ing Landsat, Bfast and Landtrendr, in: IGARSS 2018 – 2018
IEEE International Geoscience and Remote Sensing Sympo-
sium, Valencia, Spain, 22–27 July 2018, pp. 7636–7639, IEEE,
https://doi.org/10.1109/IGARSS.2018.8518863, 2018.

Campbell, M. K., Bierman, P. R., Schmidt, A. H., Sibello Hernán-
dez, R., García-Moya, A., Corbett, L. B., Hidy, A. J., Cartas
Águila, H., Guillén Arruebarrena, A., Balco, G., Dethier, D., and
Caffee, M.: Cosmogenic nuclide and solute flux data from cen-
tral Cuban rivers emphasize the importance of both physical and
chemical mass loss from tropical landscapes, Geochronology, 4,
435–453, https://doi.org/10.5194/gchron-4-435-2022, 2022.

Carretier, S., Regard, V., Vassallo, R., Aguilar, G., Martinod, J.,
Riquelme, R., Pepin, E., Charrier, R., Hérail, G., Farías, M.,
Guyot, J. L., Vargas, G., and Lagane, C.: Slope and climate vari-
ability control of erosion in the Andes of central Chile, Geology,
41, 195–198, https://doi.org/10.1130/G33735.1, 2013.

Carretier, S., Tolorza, V., Regard, V., Aguilar, G., Bermúdez, M.,
Martinod, J., Guyot, J.-L., Hérail, G., and Riquelme, R.: Re-
view of erosion dynamics along the major N-S climatic gra-
dient in Chile and perspectives, Geomorphology, 300, 45–68,
https://doi.org/10.1016/j.geomorph.2017.10.016, 2018.

Cavalli, M., Trevisani, S., Comiti, F., and Marchi, L.: Ge-
omorphometric assessment of spatial sediment connectivity
in small Alpine catchments, Geomorphology, 188, 31–41,
https://doi.org/10.1016/j.geomorph.2012.05.007, 2013.

Chilean Law 19.300: Decreto 40. Reglamento del Sistema de Eval-
uación de Impacto Ambiental, Biblioteca del Congreso Nacional
de Chile, http://bcn.cl/2f8a8 (last access: 28 June 2024), 2013.

Chuvieco, E.: Teledeteccion Ambiental: la observacion de la tierra
desde el espacio, 3a edicion, Ariel Ciencia, Barcelona, ISBN
978-84-344-8073-3, 2008.

Cifuentes-Croquevielle, C., Stanton, D. E., and Armesto, J. J.: Soil
invertebrate diversity loss and functional changes in temperate
forest soils replaced by exotic pine plantations, Sci. Rep.-UK,
10, 7762, https://doi.org/10.1038/s41598-020-64453-y, 2020.

CIREN: Cuenca Río Purapel (Estados erosivos ac-
tuales), Centro de Información de Recursos Naturales,
https://inventarioerosion.ciren.cl/layers/geonode_data:geonode:
R07_083_GRADOS_EROSION (last access: 28 June 2024),
2021.

Cisternas, M., Araneda, A., Martinez, P., and Perez, S.: Effects
of historical land use on sediment yield from a lacustrine
watershed in central Chile, Earth Surf. Proc. Land., 26, 63–76,
https://doi.org/10.1002/1096-9837(200101)26:1<63::AID-
ESP157>3.0.CO;2-J, 2001.

Cleveland, W. S.: LOWESS: A Program for Smoothing Scatter-
plots by Robust Locally Weighted Regression, Am. Stati., 35,
54, https://doi.org/10.2307/2683591, 1981.

CONAF and MINAGRI: Decreto Ley 701 de 1974, Cuarenta
años de incentivos a la forestación (1975-2015), Corpo-
ración Nacional Forestal, https://biblioteca.digital.gob.cl/
items/2e36c75e-d5bc-4f95-8e05-9f2360b8cbf4 (last access:
28 June 2024), 2016.

Cortés, L., Hernández, H. J., and Silva, P.: Historic Land Cover
Change assesment of Chilean Mediterranean Coast: Did forest
plantations really caused fragmentation?, ISPRS Annals of the
Photogrammetry, Remote Sensing and Spatial Information Sci-
ences, V-3-2022, 383–388, https://doi.org/10.5194/isprs-annals-
V-3-2022-383-2022, 2022.

Covault, J. A., Craddock, W. H., Romans, B. W., Fildani,
A., and Gosai, M.: Spatial and Temporal Variations in
Landscape Evolution: Historic and Longer-Term Sediment
Flux through Global Catchments, J. Geol., 121, 35–56,
https://doi.org/10.1086/668680, 2013.

Crovo, O., Aburto, F., Albornoz, M. F., and Southard, R.: Soil type
modulates the response of C, N, P stocks and stoichiometry after
native forest substitution by exotic plantations, CATENA, 197,
104997, https://doi.org/10.1016/j.catena.2020.104997, 2021.

DellaSala, D. A.: “Real” vs. “Fake” Forests: Why Tree Plantations
Are Not Forests, in: Encyclopedia of the World’s Biomes, vol. 3–
5, Elsevier, https://doi.org/10.1016/B978-0-12-409548-9.11684-
7, pp. 47–55, 2020.

DGA: Actualización del balance hídrico nacional, SIT N°417
Ministerio de Obras Públicas, Tech. rep., Universidad de
Chile, Pontificia Universidad Católica de Chile, Ministe-
rio de Obras Públicas, Dirección General de Aguas, Di-
visión de Estudios y Planificación, Santiago, Chile, https:
//uchile.cl/dam/jcr:c9895061-40f4-4f23-8cf7-64737495bbad/
balancehidricodga2017sit417resumenejecutivovf.pdf (last
access: 28 June 2024), 2017.

https://doi.org/10.5194/esurf-12-841-2024 Earth Surf. Dynam., 12, 841–861, 2024

https://doi.org/10.1111/sum.12496
https://doi.org/10.1525/elementa.328
https://doi.org/10.1016/j.geoderma.2012.05.005
https://doi.org/10.1073/pnas.2001403117
https://doi.org/10.1007/s13280-018-1084-1
https://doi.org/10.1016/j.epsl.2011.06.036
https://doi.org/10.1109/ICPR.2010.764
https://doi.org/10.1029/WR007i005p01189
https://doi.org/10.1109/IGARSS.2018.8518863
https://doi.org/10.5194/gchron-4-435-2022
https://doi.org/10.1130/G33735.1
https://doi.org/10.1016/j.geomorph.2017.10.016
https://doi.org/10.1016/j.geomorph.2012.05.007
http://bcn.cl/2f8a8
https://doi.org/10.1038/s41598-020-64453-y
https://inventarioerosion.ciren.cl/layers/geonode_data:geonode:R07_083_GRADOS_EROSION
https://inventarioerosion.ciren.cl/layers/geonode_data:geonode:R07_083_GRADOS_EROSION
https://doi.org/10.1002/1096-9837(200101)26:1<63::AID-ESP157>3.0.CO;2-J
https://doi.org/10.1002/1096-9837(200101)26:1<63::AID-ESP157>3.0.CO;2-J
https://doi.org/10.2307/2683591
https://biblioteca.digital.gob.cl/items/2e36c75e-d5bc-4f95-8e05-9f2360b8cbf4
https://biblioteca.digital.gob.cl/items/2e36c75e-d5bc-4f95-8e05-9f2360b8cbf4
https://doi.org/10.5194/isprs-annals-V-3-2022-383-2022
https://doi.org/10.5194/isprs-annals-V-3-2022-383-2022
https://doi.org/10.1086/668680
https://doi.org/10.1016/j.catena.2020.104997
https://doi.org/10.1016/B978-0-12-409548-9.11684-7
https://doi.org/10.1016/B978-0-12-409548-9.11684-7
https://uchile.cl/dam/jcr:c9895061-40f4-4f23-8cf7-64737495bbad/balancehidricodga2017sit417resumenejecutivovf.pdf
https://uchile.cl/dam/jcr:c9895061-40f4-4f23-8cf7-64737495bbad/balancehidricodga2017sit417resumenejecutivovf.pdf
https://uchile.cl/dam/jcr:c9895061-40f4-4f23-8cf7-64737495bbad/balancehidricodga2017sit417resumenejecutivovf.pdf


858 V. Tolorza et al.: Tree plantations in the Chilean Coastal Range

Ellis, E. C. and Ramankutty, N.: Putting people in the map: anthro-
pogenic biomes of the world, Front. Ecol. Environ., 6, 439–447,
https://doi.org/10.1890/070062, 2008.

Ferro, V. and Minacapilli, M.: Sediment delivery pro-
cesses at basin scale, Hydrolog. Sci. J., 40, 703–717,
https://doi.org/10.1080/02626669509491460, 1995.

Foga, S., Scaramuzza, P. L., Guo, S., Zhu, Z., Dilley, R. D., Beck-
mann, T., Schmidt, G. L., Dwyer, J. L., Joseph Hughes, M., and
Laue, B.: Cloud detection algorithm comparison and validation
for operational Landsat data products, Remote Sens. Environ.,
194, 379–390, https://doi.org/10.1016/j.rse.2017.03.026, 2017.

Fuentealba, M., Latorre, C., Frugone-Álvarez, M., Sarricolea, P.,
Giralt, S., Contreras-Lopez, M., Prego, R., Bernárdez, P., and
Valero-Garcés, B.: A combined approach to establishing the
timing and magnitude of anthropogenic nutrient alteration in a
mediterranean coastal lake-watershed system, Sci. Rep.-UK, 10,
5864, https://doi.org/10.1038/s41598-020-62627-2, 2020.

Fuentealba, M., Latorre, C., Frugone-Álvarez, M., Sarricolea, P.,
Godoy-Aguirre, C., Armesto, J., Villacís, L. A., Laura Car-
revedo, M., Meseguer-Ruiz, O., and Valero-Garcés, B.: Cross-
ing a critical threshold: Accelerated and widespread land
use changes drive recent carbon and nitrogen dynamics in
Vichuquén Lake (35°S) in central Chile, Sci. Total Environ., 791,
https://doi.org/10.1016/j.scitotenv.2021.148209, 2021.

Gabet, E. J., Mudd, S. M., Wood, R. W., Grieve, S. W. D., Bin-
nie, S. A., and Dunai, T. J.: Hilltop Curvature Increases With the
Square Root of Erosion Rate, J. Geophys. Res.-Earth, 126, 1–16,
https://doi.org/10.1029/2020jf005858, 2021.

Galleguillos, M., Gimeno, F., Puelma, C., Zambrano-Bigiarini, M.,
Lara, A., and Rojas, M.: Disentangling the effect of future land
use strategies and climate change on streamflow in a Mediter-
ranean catchment dominated by tree plantations, J. Hydrol., 595,
126047, https://doi.org/10.1016/j.jhydrol.2021.126047, 2021.

Garreaud, R. D., Boisier, J. P., Rondanelli, R., Montecinos, A.,
Sepúlveda, H. H., and Veloso-Aguila, D.: The Central Chile
Mega Drought (2010–2018): A climate dynamics perspective,
Int. J. Climatol., 40, 421–439, https://doi.org/10.1002/joc.6219,
2020.

Gerding, V.: Manejo de las plantaciones de Pinus radiata D. Don
en Chile, Bosque, 12, 3–10, 1991.

Gimeno, F., Galleguillos, M., Manuschevich, D., and Zambrano-
Bigiarini, M.: A coupled modeling approach to assess
the effect of forest policies in water provision: A bio-
physical evaluation of a drought-prone rural catchment
in south-central Chile, Sci. Total Environ., 830, 154608,
https://doi.org/10.1016/j.scitotenv.2022.154608, 2022.

Gómez-González, S., Paula, S., Cavieres, L. A., and Pausas, J. G.:
Postfire responses of the woody flora of Central Chile: In-
sights from a germination experiment, PLOS ONE, 12, 1–12,
https://doi.org/10.1371/journal.pone.0180661, 2017.

Gómez-González, S., Ojeda, F., and Fernandes, P. M.: Portu-
gal and Chile: Longing for sustainable forestry while ris-
ing from the ashes, Environ. Sci. Policy, 81, 104–107,
https://doi.org/10.1016/j.envsci.2017.11.006, 2018.

Granger, D. E. and Schaller, M.: Cosmogenic Nuclides and
Erosion at the Watershed Scale, Elements, 10, 369–373,
https://doi.org/10.2113/gselements.10.5.369, 2014.

Hansen, M. C., Potapov, P. V., Moore, R., Hancher, M., Turubanova,
S. A., Tyukavina, A., Thau, D., Stehman, S. V., Goetz, S. J.,

Loveland, T. R., Kommareddy, A., Egorov, A., Chini, L., Justice,
C. O., and Townshend, J. R. G.: High-Resolution Global Maps
of 21st-Century Forest Cover Change, Science, 342, 850–853,
https://doi.org/10.1126/science.1244693, 2013.

Heilmayr, R., Echeverría, C., Fuentes, R., and Lambin, E. F.: A
plantation-dominated forest transition in Chile, Appl. Geogr., 75,
71–82, https://doi.org/10.1016/j.apgeog.2016.07.014, 2016.

Helsel, D. R., Hirsch, R. M., Ryberg, K. R., Archfield, S. A., and
Gilroy, E. J.: Statistical methods in water resources, Tech. rep.,
USGS, Reston, VA, https://doi.org/10.3133/tm4A3, 2020.

Hermosilla-Palma, K., Pliscoff, P., and Folchi, M.: Sixty
years of land-use and land-cover change dynamics in
a global biodiversity hotspot under threat from global
change, Journal of Land Use Science, 16, 467–478,
https://doi.org/10.1080/1747423X.2021.2011970, 2021.

Hewawasam, T., von Blanckenburg, F., Schaller, M., and Ku-
bik, P.: Increase of human over natural erosion rates in
tropical highlands constrained by cosmogenic nuclides,
Geology, 31, 597–600, https://doi.org/10.1130/0091-
7613(2003)031<0597:IOHONE>2.0.CO;2, 2003.

Huang, S., Dong, Q., Zhang, X., and Deng, W.: Catchment natural
driving factors and prediction of baseflow index for Continental
United States based on Random Forest technique, Stoch. Env.
Res. Risk A., 35, 2567–2581, https://doi.org/10.1007/s00477-
021-02057-2, 2021.

Huber, A., Iroumé, A., Mohr, C., and Frêne, C.: Effect of
Pinus radiata and Eucalyptus globulus plantations on wa-
ter resource in the Coastal Range of Biobio region, Chile,
Bosque (Valdivia), 31, 219–230, https://doi.org/10.4067/S0717-
92002010000300006, 2010.

Imaizumi, F., Sidle, R. C., and Kamei, R.: Effects of forest har-
vesting on the occurrence of landslides and debris flows in steep
terrain of central Japan, Earth Surf. Proc. Land., 33, 827–840,
https://doi.org/10.1002/esp.1574, 2008.

INFOR: Informe Técnico 165: Eucalyptus nitens en Chile:
primera monografía., Tech. rep., INFOR, Valdivia, https:
//bibliotecadigital.infor.cl/handle/20.500.12220/7741?show=full
(last access: 28 June 2024), 2004.

IPCC: Regional Fact Sheet – Central and South America in: Sixth
Assessment Report. Working Group I – The Physical Science Ba-
sis, IPCC, https://www.ipcc.ch/assessment-report/ar6/ (last ac-
cess: 28 June 2024), p. 2, 2021.

IREN: Evaluación de la erosión Cordillera de la Costa en-
tre Valparaíso y Cautín, Tech. rep., Instituto de Investigación
de Recursos Naturales, Instituto de Investigación de Recur-
sos Naturales, Santiago, Chile, https://bibliotecadigital.ciren.
cl/items/bf61fe8f-659a-4147-9265-c58373567431 (last access:
28 June 2024), 1965.

Iroumé, A., Mayen, O., and Huber, A.: Runoff and peak flow
responses to timber harvest and forest age in southern Chile,
Hydrol. Process., 20, 37–50, https://doi.org/10.1002/hyp.5897,
2006.

Iroumé, A., Jones, J., and Bathurst, J. C.: Forest opera-
tions, tree species composition and decline in rainfall ex-
plain runoff changes in the Nacimiento experimental catch-
ments, south central Chile, Hydrol. Process., 35, 1–21,
https://doi.org/10.1002/hyp.14257, 2021.

Key, C. H. and Benson, N. C.: Landscape Assessment (LA) sam-
pling and analysis methods, in: FIREMON: Fire effects moni-

Earth Surf. Dynam., 12, 841–861, 2024 https://doi.org/10.5194/esurf-12-841-2024

https://doi.org/10.1890/070062
https://doi.org/10.1080/02626669509491460
https://doi.org/10.1016/j.rse.2017.03.026
https://doi.org/10.1038/s41598-020-62627-2
https://doi.org/10.1016/j.scitotenv.2021.148209
https://doi.org/10.1029/2020jf005858
https://doi.org/10.1016/j.jhydrol.2021.126047
https://doi.org/10.1002/joc.6219
https://doi.org/10.1016/j.scitotenv.2022.154608
https://doi.org/10.1371/journal.pone.0180661
https://doi.org/10.1016/j.envsci.2017.11.006
https://doi.org/10.2113/gselements.10.5.369
https://doi.org/10.1126/science.1244693
https://doi.org/10.1016/j.apgeog.2016.07.014
https://doi.org/10.3133/tm4A3
https://doi.org/10.1080/1747423X.2021.2011970
https://doi.org/10.1130/0091-7613(2003)031<0597:IOHONE>2.0.CO;2
https://doi.org/10.1130/0091-7613(2003)031<0597:IOHONE>2.0.CO;2
https://doi.org/10.1007/s00477-021-02057-2
https://doi.org/10.1007/s00477-021-02057-2
https://doi.org/10.4067/S0717-92002010000300006
https://doi.org/10.4067/S0717-92002010000300006
https://doi.org/10.1002/esp.1574
https://bibliotecadigital.infor.cl/handle/20.500.12220/7741?show=full
https://bibliotecadigital.infor.cl/handle/20.500.12220/7741?show=full
https://www.ipcc.ch/assessment-report/ar6/
https://bibliotecadigital.ciren.cl/items/bf61fe8f-659a-4147-9265-c58373567431
https://bibliotecadigital.ciren.cl/items/bf61fe8f-659a-4147-9265-c58373567431
https://doi.org/10.1002/hyp.5897
https://doi.org/10.1002/hyp.14257


V. Tolorza et al.: Tree plantations in the Chilean Coastal Range 859

toring and inventory system, edited by: Lutes, D. C., Keane, R.
E., Caratti, J. F., Key, C. H., Benson, N. C., Sutherland, S., and
Gangi, L. J., Gen. Tech. Rep. RMRS-GTR-164-CD, pp. LA1–
LA51, US Department of Agriculture, Forest Service, Rocky
Mountain Research Station, https://www.fs.usda.gov/treesearch/
pubs/24066 (last access: 28 June 2024), 2006.

Kirchner, J. W., Finkel, R. C., Riebe, C. S., Granger,
D. E., Clayton, J. L., King, J. G., and Megahan, W. F.:
Mountain erosion over 10 yr, 10 k.y., and 10 m.y. time
scales, Geology, 29, 591, https://doi.org/10.1130/0091-
7613(2001)029<0591:MEOYKY>2.0.CO;2, 2001.

Krone, L. V., Hampl, F. J., Schwerdhelm, C., Bryce, C., Ganzert,
L., Kitte, A., Übernickel, K., Dielforder, A., Aldaz, S., Oses-
Pedraza, R., Perez, J. P. H., Sanchez-Alfaro, P., Wagner, D.,
Weckmann, U., and von Blanckenburg, F.: Deep weathering in
the semi-arid Coastal Cordillera, Chile, Sci. Rep.-UK, 11, 13057,
https://doi.org/10.1038/s41598-021-90267-7, 2021.

Ladson, A., Brown, R., Neal, B., and Nathan, R.: A standard
approach to baseflow separation using the Lyne and Hol-
lick filter, Australian Journal of Water Resources, 17, 25–34,
https://doi.org/10.7158/W12-028.2013.17.1, 2013.

Lal, D.: Cosmic ray labeling of erosion surfaces: in situ nuclide
production rates and erosion models, Earth Planet. Sc. Lett.,
104, 424–439, https://doi.org/10.1016/0012-821X(91)90220-C,
1991.

Lara, A., Jones, J., Little, C., and Vergara, N.: Streamflow re-
sponse to native forest restoration in former Eucalyptus plan-
tations in south central Chile, Hydrol. Process., 35, e14270,
https://doi.org/10.1002/hyp.14270, 2021.

Li, M., Li, S., Liu, Q., Kang, Y., Liang, L., Yuan, X., Zhang,
J., Wang, X., and Li, C.: Assessment of hydrological re-
sponse to multiyear drought: Insights from lag character-
istics and shift magnitude, Hydrol. Process., 36, e14636,
https://doi.org/10.1002/hyp.14636, 2022.

Lu, H., Moran, C., and Prosser, I. P.: Modelling sediment delivery
ratio over the Murray Darling Basin, Environ. Modell. Softw., 21,
1297–1308, https://doi.org/10.1016/j.envsoft.2005.04.021, 2006.

Malmer, A. and Grip, H.: Soil disturbance and loss of infiltra-
bility caused by mechanized and manual extraction of tropical
rainforest in Sabah, Malaysia, Forest Ecol. Manag., 38, 1–12,
https://doi.org/10.1016/0378-1127(90)90081-L, 1990.

Manuschevich, D.: Land use as a socio-ecological system: De-
veloping a transdisciplinary approach to studies of land use
change in South-Central Chile, in: Ecological Economic and
Socio Ecological Strategies for Forest Conservation: A Trans-
disciplinary Approach Focused on Chile and Brazil, edited by:
Fuders, F. and Donoso, P. J., Springer International Publishing,
https://doi.org/10.1007/978-3-030-35379-7_5, pp. 79–97, 2020.

Martin, L., Blard, P.-H., Balco, G., Lavé, J., Delunel, R.,
Lifton, N., and Laurent, V.: The CREp program and
the ICE-D production rate calibration database: A fully
parameterizable and updated online tool to compute
cosmic-ray exposure ages, Quat. Geochronol., 38, 25–49,
https://doi.org/10.1016/j.quageo.2016.11.006, 2017.

Martini, L., Cavalli, M., and Picco, L.: Predicting sediment con-
nectivity in a mountain basin: A quantitative analysis of the in-
dex of connectivity, Earth Surf. Proc. Land., 47, 1500–1513,
https://doi.org/10.1002/esp.5331, 2022.

Martins, M. A., Machado, A. I., Serpa, D., Prats, S. A., Faria, S. R.,
Varela, M. E., González-Pelayo, O., and Keizer, J. J.: Runoff and
inter-rill erosion in a Maritime Pine and a Eucalypt plantation
following wildfire and terracing in north-central Portugal, J. Hy-
drol. Hydromech., 61, 261–268, https://doi.org/10.2478/johh-
2013-0033, 2013.

Méndez-Freire, V., Villaseñor, T., and Mellado, C.: Spatial and
temporal changes in suspended sediment fluxes in central
Chile induced by the mega drought: The case of the Itata
River Basin (36°–37°S), J. S. Am. Earth Sci., 118, 103930,
https://doi.org/10.1016/j.jsames.2022.103930, 2022.

Mohr, C.: Hydrological and erosion responses to man-made
and natural disturbances – Insights from forested catchments
in South-central Chile, PhD thesis, University of Potsdam,
https://publishup.uni-potsdam.de/opus4-ubp/frontdoor/deliver/
index/docId/6782/file/mohr_diss.pdf (last access: 18 Jan-
uary 2022), 2013.

Mohr, C. H., Montgomery, D. R., Huber, A., Bronstert, A., and
Iroumé, A.: Streamflow response in small upland catchments
in the Chilean coastal range to the Mw 8.8 Maule earth-
quake on 27 February 2010, J. Geophys. Res., 117, F02032,
https://doi.org/10.1029/2011JF002138, 2012.

Mohr, C. H., Coppus, R., Iroumé, A., Huber, A., and Bron-
stert, A.: Runoff generation and soil erosion processes af-
ter clear cutting, J. Geophys. Res.-Earth, 118, 814–831,
https://doi.org/10.1002/jgrf.20047, 2013.

Mohr, C. H., Zimmermann, A., Korup, O., Iroumé, A., Francke,
T., and Bronstert, A.: Seasonal logging, process response,
and geomorphic work, Earth Surf. Dynam., 2, 117–125,
https://doi.org/10.5194/esurf-2-117-2014, 2014.

Montgomery, D. R., Schmidt, K. M., Greenberg, H. M.,
and Dietrich, W. E.: Forest clearing and regional lands-
liding, Geology, 28, 311–314, https://doi.org/10.1130/0091-
7613(2000)28<311:FCARL>2.0.CO;2, 2000.

Moody, J. A. and Martin, D. A.: Synthesis of sediment
yields after wildland fire in different rainfall regimes in
the western United States, Int. J. Wildland Fire, 18, 96,
https://doi.org/10.1071/WF07162, 2009.

Murphy, B. P., Czuba, J. A., and Belmont, P.: Post-wildfire sediment
cascades: A modeling framework linking debris flow generation
and network-scale sediment routing, Earth Surf. Proc. Land., 44,
2126–2140, https://doi.org/10.1002/esp.4635, 2019.

Pepin, E., Carretier, S., Guyot, J. L., and Escobar, F.: Specific sus-
pended sediment yields of the Andean rivers of Chile and their
relationship to climate, slope and vegetation, Hydrolog. Sci. J.,
55, 1190–1205, https://doi.org/10.1080/02626667.2010.512868,
2010.

Pizarro, R., García-Chevesich, P., Pino, J., Ibáñez, A., Pérez, F., Flo-
res, J. P., Sharp, J. O., Ingram, B., Mendoza, R., Neary, D. G.,
Sangüesa, C., and Vallejos, C.: Stabilization of stage–discharge
curves following the establishment of forest plantations: Implica-
tions for sediment production, River Res. Appl., 36, 1828–1837,
https://doi.org/10.1002/rra.3718, 2020.

Pizarro, R., García-Chevesich, P., Ingram, B., Sangüesa, C., Pino,
J., Ibáñez, A., Mendoza, R., Vallejos, C., Pérez, F., Flores, J. P.,
Vera, M., Balocchi, F., Bustamante-Ortega, R., and Martínez, G.:
Establishment of Monterrey Pine (Pinus radiata) Plantations and
Their Effects on Seasonal Sediment Yield in Central Chile, Sus-
tainability, 15, 6052, https://doi.org/10.3390/su15076052, 2023.

https://doi.org/10.5194/esurf-12-841-2024 Earth Surf. Dynam., 12, 841–861, 2024

https://www.fs.usda.gov/treesearch/pubs/24066
https://www.fs.usda.gov/treesearch/pubs/24066
https://doi.org/10.1130/0091-7613(2001)029<0591:MEOYKY>2.0.CO;2
https://doi.org/10.1130/0091-7613(2001)029<0591:MEOYKY>2.0.CO;2
https://doi.org/10.1038/s41598-021-90267-7
https://doi.org/10.7158/W12-028.2013.17.1
https://doi.org/10.1016/0012-821X(91)90220-C
https://doi.org/10.1002/hyp.14270
https://doi.org/10.1002/hyp.14636
https://doi.org/10.1016/j.envsoft.2005.04.021
https://doi.org/10.1016/0378-1127(90)90081-L
https://doi.org/10.1007/978-3-030-35379-7_5
https://doi.org/10.1016/j.quageo.2016.11.006
https://doi.org/10.1002/esp.5331
https://doi.org/10.2478/johh-2013-0033
https://doi.org/10.2478/johh-2013-0033
https://doi.org/10.1016/j.jsames.2022.103930
https://publishup.uni-potsdam.de/opus4-ubp/frontdoor/deliver/index/docId/6782/file/mohr_diss.pdf
https://publishup.uni-potsdam.de/opus4-ubp/frontdoor/deliver/index/docId/6782/file/mohr_diss.pdf
https://doi.org/10.1029/2011JF002138
https://doi.org/10.1002/jgrf.20047
https://doi.org/10.5194/esurf-2-117-2014
https://doi.org/10.1130/0091-7613(2000)28<311:FCARL>2.0.CO;2
https://doi.org/10.1130/0091-7613(2000)28<311:FCARL>2.0.CO;2
https://doi.org/10.1071/WF07162
https://doi.org/10.1002/esp.4635
https://doi.org/10.1080/02626667.2010.512868
https://doi.org/10.1002/rra.3718
https://doi.org/10.3390/su15076052


860 V. Tolorza et al.: Tree plantations in the Chilean Coastal Range

Poblete-Caballero, D. and Tolorza, V.: Seasonal disturbances de-
tected with BFAST within the Purapel catchment, Chilean
Coastal Range, El Maule region, Copernicus Publications [video]
https://doi.org/10.5446/62704, 2023.

Poblete-Caballero, D., Tolorza, V., and Cabezas, J.: Dis-
turbances in vegetation detected with BFAST in the
Purapel fluvial catchment (1.0), Zenodo [data set],
https://doi.org/10.5281/zenodo.6958544, 2022.

Ratta, R. and Lal, R.: Soil quality and soil erosion, CRC Press, Boca
Raton, Florida, ISBN 1-57444-100-0, 352 pp., 1998.

Reneau, S. L., Katzman, D., Kuyumjian, G. A., Lavine, A., and
Malmon, D. V.: Sediment delivery after a wildfire, Geology, 35,
151–154, https://doi.org/10.1130/G23288A.1, 2007.

Roering, J. J., Perron, J. T., and Kirchner, J. W.: Func-
tional relationships between denudation and hillslope
form and relief, Earth Planet. Sc. Lett., 264, 245–258,
https://doi.org/10.1016/j.epsl.2007.09.035, 2007.

Schaller, M. and Ehlers, T. A.: Comparison of soil production,
chemical weathering, and physical erosion rates along a cli-
mate and ecological gradient (Chile) to global observations,
Earth Surf. Dynam., 10, 131–150, https://doi.org/10.5194/esurf-
10-131-2022, 2022.

Schmidt, A. H., Neilson, T. B., Bierman, P. R., Rood, D. H.,
Ouimet, W. B., and Sosa Gonzalez, V.: Influence of topogra-
phy and human activity on apparent in situ 10Be-derived erosion
rates in Yunnan, SW China, Earth Surf. Dynam., 4, 819–830,
https://doi.org/10.5194/esurf-4-819-2016, 2016.

Schuller, P., Walling, D. E., Iroumé, A., Quilodrán, C.,
Castillo, A., and Navas, A.: Using 137Cs and 210Pbex
and other sediment source fingerprints to document sus-
pended sediment sources in small forested catchments in
south-central Chile, J. Environ. Radioactiv., 124, 147–159,
https://doi.org/10.1016/j.jenvrad.2013.05.002, 2013.

Schuller, P., Walling, D. E., Iroumé, A., Quilodrán, C., and Castillo,
A.: Quantifying the temporal variation of the contribution of fine
sediment sources to sediment yields from Chilean forested catch-
ments during harvesting operations, Bosque (Valdivia), 42, 231–
244, https://doi.org/10.4067/S0717-92002021000200231, 2021.

Sidle, R. C. and Ziegler, A. D.: The dilemma of mountain roads,
Nat. Geosci., 5, 437–438, https://doi.org/10.1038/ngeo1512,
2012.

Skovlund, E. and Fenstad, G. U.: Should we always choose
a nonparametric test when comparing two apparently
nonnormal distributions?, J. Clin. Epidemiol., 54, 86–92,
https://doi.org/10.1016/S0895-4356(00)00264-X, 2001.

Solar, W.: Manual de terreno y centros de filtrado. Direc-
ción General de Aguas, Departamento de Hidrología, MOP,
https://bibliotecadigital.ciren.cl/server/api/core/bitstreams/
6fc21ae0-ac2b-4f77-a073-363471485924/content (last access:
1 July 2024), 1999.

Soto, L., Galleguillos, M., Seguel, O., Sotomayor, B., and Lara, A.:
Assessment of soil physical properties’ statuses under different
land covers within a landscape dominated by exotic industrial
tree plantations in south-central Chile, J. Soil Water Conserv.,
74, 12–23, https://doi.org/10.2489/jswc.74.1.12, 2019.

Sotomayor, B., Tolorza, V., Poblete-Caballero, D., Leal,
C., and Galleguillos, M.: Land cover in the Pu-
rapel fluvial catchment (1.0), Zenodo [data set],
https://doi.org/10.5281/zenodo.6974312, 2022.

Stone, J. O.: Air pressure and cosmogenic iso-
tope production, J. Geophys. Res., 105, 23753,
https://doi.org/10.1029/2000JB900181, 2000.

Summerfield, M. a. and Hulton, N. J.: Natural controls of fluvial de-
nudation rates in major world drainage basins, J. Geophys. Res.,
99, 13871–13883, https://doi.org/10.1029/94JB00715, 1994.

Syvitski, J., Ángel, J. R., Saito, Y., Overeem, I., Vörösmarty, C. J.,
Wang, H., and Olago, D.: Earth’s sediment cycle during the An-
thropocene, Nature Reviews Earth & Environment, 3, 179–196,
https://doi.org/10.1038/s43017-021-00253-w, 2022.

Terweh, S., Hassan, M. A., Mao, L., Schrott, L., and Hoffmann,
T. O.: Bio-climate affects hillslope and fluvial sediment grain
size along the Chilean Coastal Cordillera, Geomorphology, 384,
107700, https://doi.org/10.1016/j.geomorph.2021.107700, 2021.

Teutschbein, C., Grabs, T., Karlsen, R. H., Laudon, H., and Bishop,
K.: Hydrological response to changing climate conditions: Spa-
tial streamflow variability in the boreal region, Water Resour.
Res., 51, 9425–9446, https://doi.org/10.1002/2015WR017337,
2015.

Tolorza, V.: Google Earth Engine timelapse 1984–2020 in the
Chilean Coastal Range, El Maule region, Copernicus Publica-
tions [video], https://doi.org/10.5446/62703, 2023.

Tolorza, V., Carretier, S., Andermann, C., Ortega-Culaciati, F.,
Pinto, L., and Mardones, M.: Contrasting mountain and pied-
mont dynamics of sediment discharge associated with groundwa-
ter storage variation in the Biobío river, J. Geophys. Res.-Earth,
119, 2730–2753, https://doi.org/10.1002/2014JF003105, 2014.

Tolorza, V., Mohr, C. H., Carretier, S., Serey, A., Sepúlveda, S. A.,
Tapia, J., and Pinto, L.: Suspended Sediments in Chilean Rivers
Reveal Low Postseismic Erosion After the Maule Earthquake
(Mw 8.8) During a Severe Drought, J. Geophys. Res.-Earth, 124,
2018JF004766, https://doi.org/10.1029/2018JF004766, 2019.

Tolorza, V., Poblete-Caballero, D., Banda, D., Little, C., Leal, C.,
and Galleguillos, M.: An operational method for mapping the
composition of post-fire litter, Remote Sens. Lett., 13, 511–521,
https://doi.org/10.1080/2150704X.2022.2040752, 2022a.

Tolorza, V., Poblete-Caballero, D., and Sepúlveda-Martin, C.:
Forestry roads in the Purapel fluvial catchment and related
changes in sediment connectivity (1.0), Zenodo [data set],
https://doi.org/10.5281/zenodo.7328071, 2022b.

Vanacker, V., von Blanckenburg, F., Govers, G., Molina, A., Poe-
sen, J., Deckers, J., and Kubik, P.: Restoring dense vegetation
can slow mountain erosion to near natural benchmark levels, Ge-
ology, 35, 303, https://doi.org/10.1130/G23109A.1, 2007.

Vanacker, V., Guns, M., Clapuyt, F., Balthazar, V., Tenorio, G., and
Molina, A.: Distribución espacio-temporal de los deslizamientos
y erosión hídrica en una cuenca Andina tropical, Pirineos, 175,
051, https://doi.org/10.3989/pirineos.2020.175001, 2020.

Vanacker, V., Molina, A., Rosas, M. A., Bonnesoeur, V., Román-
Dañobeytia, F., Ochoa-Tocachi, B. F., and Buytaert, W.: The ef-
fect of natural infrastructure on water erosion mitigation in the
Andes, SOIL, 8, 133–147, https://doi.org/10.5194/soil-8-133-
2022, 2022.

Vázquez, M., Ramírez, S., Morata, D., Reich, M., Braun, J. J.,
and Carretier, S.: Regolith production and chemical weather-
ing of granitic rocks in central Chile, Chem. Geol., 446, 87–98,
https://doi.org/10.1016/j.chemgeo.2016.09.023, 2016.

Verbesselt, J., Hyndman, R., Newnham, G., and Culvenor,
D.: Detecting trend and seasonal changes in satellite im-

Earth Surf. Dynam., 12, 841–861, 2024 https://doi.org/10.5194/esurf-12-841-2024

https://doi.org/10.5446/62704
https://doi.org/10.5281/zenodo.6958544
https://doi.org/10.1130/G23288A.1
https://doi.org/10.1016/j.epsl.2007.09.035
https://doi.org/10.5194/esurf-10-131-2022
https://doi.org/10.5194/esurf-10-131-2022
https://doi.org/10.5194/esurf-4-819-2016
https://doi.org/10.1016/j.jenvrad.2013.05.002
https://doi.org/10.4067/S0717-92002021000200231
https://doi.org/10.1038/ngeo1512
https://doi.org/10.1016/S0895-4356(00)00264-X
https://bibliotecadigital.ciren.cl/server/api/core/bitstreams/6fc21ae0-ac2b-4f77-a073-363471485924/content
https://bibliotecadigital.ciren.cl/server/api/core/bitstreams/6fc21ae0-ac2b-4f77-a073-363471485924/content
https://doi.org/10.2489/jswc.74.1.12
https://doi.org/10.5281/zenodo.6974312
https://doi.org/10.1029/2000JB900181
https://doi.org/10.1029/94JB00715
https://doi.org/10.1038/s43017-021-00253-w
https://doi.org/10.1016/j.geomorph.2021.107700
https://doi.org/10.1002/2015WR017337
https://doi.org/10.5446/62703
https://doi.org/10.1002/2014JF003105
https://doi.org/10.1029/2018JF004766
https://doi.org/10.1080/2150704X.2022.2040752
https://doi.org/10.5281/zenodo.7328071
https://doi.org/10.1130/G23109A.1
https://doi.org/10.3989/pirineos.2020.175001
https://doi.org/10.5194/soil-8-133-2022
https://doi.org/10.5194/soil-8-133-2022
https://doi.org/10.1016/j.chemgeo.2016.09.023


V. Tolorza et al.: Tree plantations in the Chilean Coastal Range 861

age time series, Remote Sens. Environ., 114, 106–115,
https://doi.org/10.1016/j.rse.2009.08.014, 2010.

von Blanckenburg, F.: The control mechanisms of erosion
and weathering at basin scale from cosmogenic nuclides
in river sediment, Earth Planet. Sc. Lett., 237, 462–479,
https://doi.org/10.1016/j.epsl.2005.06.030, 2005.

von Blanckenburg, F. and Willenbring, J. K.: Cosmogenic Nuclides:
Dates and Rates of Earth-Surface Change, Elements, 10, 341–
346, https://doi.org/10.2113/gselements.10.5.341, 2014.

Wainwright, J., Turnbull, L., Ibrahim, T. G., Lexartza-Artza,
I., Thornton, S. F., and Brazier, R. E.: Linking environ-
mental régimes, space and time: Interpretations of structural
and functional connectivity, Geomorphology, 126, 387–404,
https://doi.org/10.1016/j.geomorph.2010.07.027, 2011.

Walling, D.: The sediment delivery problem, J. Hydrol., 65, 209–
237, https://doi.org/10.1016/0022-1694(83)90217-2, 1983.

Wohl, E., Brierley, G., Cadol, D., Coulthard, T. J., Covino, T.,
Fryirs, K. A., Grant, G., Hilton, R. G., Lane, S. N., Magilli-
gan, F. J., Meitzen, K. M., Passalacqua, P., Poeppl, R. E., Rath-
burn, S. L., and Sklar, L. S.: Connectivity as an emergent prop-
erty of geomorphic systems, Earth Surf. Proc. Land., 44, 4–26,
https://doi.org/10.1002/esp.4434, 2019.

Zhang, J., Zhang, Y., Song, J., and Cheng, L.: Evaluat-
ing relative merits of four baseflow separation meth-
ods in Eastern Australia, J. Hydrol., 549, 252–263,
https://doi.org/10.1016/j.jhydrol.2017.04.004, 2017.

Zhao, Y., Feng, D., Yu, L., Wang, X., Chen, Y., Bai, Y.,
Hernández, H. J., Galleguillos, M., Estades, C., Biging,
G. S., Radke, J. D., and Gong, P.: Detailed dynamic land
cover mapping of Chile: Accuracy improvement by integrat-
ing multi-temporal data, Remote Sens. Environ., 183, 170–185,
https://doi.org/10.1016/j.rse.2016.05.016, 2016.

https://doi.org/10.5194/esurf-12-841-2024 Earth Surf. Dynam., 12, 841–861, 2024

https://doi.org/10.1016/j.rse.2009.08.014
https://doi.org/10.1016/j.epsl.2005.06.030
https://doi.org/10.2113/gselements.10.5.341
https://doi.org/10.1016/j.geomorph.2010.07.027
https://doi.org/10.1016/0022-1694(83)90217-2
https://doi.org/10.1002/esp.4434
https://doi.org/10.1016/j.jhydrol.2017.04.004
https://doi.org/10.1016/j.rse.2016.05.016

	Abstract
	Introduction
	Materials and methods
	The Purapel catchment
	Hydrometeorological data and analysis
	Catchment-wide erosion and denudation rates
	Land-cover changes
	Logging roads and sediment connectivity
	Disturbances in vegetation

	Results
	Hydroclimatic trends
	Catchment-wide erosion and denudation rates
	Decennial trends in SSD and comparison of pre- and post-fire hydrometric data
	Recent land-cover changes
	Landscape disturbances

	Discussion
	Long- and short-term catchment erosion
	Disturbances and trends in suspended sediments
	Water availability, suspended sediments, and sediment storage
	Sediments on hillslopes and streams over time
	Tree plantations, native forests, and landscape degradation in the CCR

	Conclusions
	Code availability
	Data availability
	Supplement
	Video supplement
	Author contributions
	Competing interests
	Disclaimer
	Acknowledgements
	Financial support
	Review statement
	References

