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Abstract: We investigate the influence of land use and land cover (LU/LC) changes on soil erosion
and chemical weathering processes within the Nonguén watershed in the Coastal Cordillera of south-
central Chile. The watershed is divided into three sub-basins, each characterized by distinct LU/LC
patterns: native forest and exotic plantations. A comprehensive geochemical analysis, including
trace elements and lithium (Li) isotopes, was conducted on river water and suspended sediment
samples collected from streams within these sub-basins to assess how land management practices,
particularly plantation activities, influence the geochemical composition of river systems. Our results
show that sub-basins dominated by exotic plantations exhibit significantly higher concentrations
of major and trace elements in suspended sediments compared to sub-basins dominated by native
forests. The elevated trace element concentrations are primarily attributed to increased physical
erosion due to forestry activities such as clear-cutting and soil disturbance, which enhance sediment
mobilization. Notably, concentrations of elements such as Fe, Al, and As in plantation-dominated
sub-basins are raised to ten times higher than in native-dominated sub-basins. In contrast, sub-basins
with native forest cover exhibit lower levels of sediment transport and trace element mobilization,
suggesting that native vegetation exerts a stabilizing effect that mitigates soil erosion. Despite the
substantial differences in sediment transport and element concentrations, Li isotopic data (57Li) show
minimal fractionation across the different LU/LC types. This indicates that land use changes impact
the chemical weathering processes less compared to physical erosion. The isotopic signatures suggest
that physical erosion, rather than chemical weathering, is the dominant process influencing trace
element distribution in plantation-dominated areas. The study provides critical insights into how
forestry practices, specifically the expansion of exotic plantations, accelerate soil degradation and
affect the geochemical composition of river systems. The increased sediment loads, and trace element
concentrations observed in plantation-dominated sub-basins, raise concerns about the long-term
sustainability of forest management practices, particularly regarding their impacts on water quality
in urban catchment areas. These results are of significant relevance for environmental management
and policy, as they underscore the need for more investigation and sustainable land use strategies to
minimize soil erosion and preserve water resources in regions undergoing rapid LU/LC changes.
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1. Introduction

In Chile, the area covered by exotic plantations expanded significantly from 168 million
to 278 million hectares between 1999 and 2015 [1]. This substantial growth has significantly
altered the landscape, influencing Land Use and Land Cover (LU/LC) changes [2-4]. A
key consequence of these transformations is soil degradation, which manifests through
diminished land productivity and the deterioration of both soil and water quality (e.g.,
Ventura et al. [5]; Wu et al. [6]; BoguZas et al. [7]). In addition to soil erosion, LU/LC
changes can lead to other forms of land degradation, such as soil sealing, salinization, and
compaction, processes frequently associated with agricultural intensification [8]. Numerous
studies have documented the environmental impacts of transforming native forests into
forestry plantations (e.g., Crovo et al. [9]). Moreover, significant environmental effects
have been observed from the conversion of these areas into urban and agricultural zones
(e.g., Ochoa-Gaona [10]; Bessie et al. [11]; Bozkurt et al. [12]). These findings highlight the
pressing need to assess the impact of land use on soil degradation.

The Southern-Central Chile region is characterized by a temperate climate and native
forests with a high diversity of flora and fauna [13]. Between 1977 and 2000, changes in
legislation and forestry subsidies led to a substantial commercial expansion of exotic plan-
tations [14]. This expansion has been associated with a drastic reduction and fragmentation
of native forests [15]. From an interdisciplinary perspective, numerous studies identify the
forestry model as the most dynamic agent in land use changes [16,17]. This forestry model
has involved multiple adverse effects, including a decrease in biodiversity [18], increased
erosion rates [19], reduced nutrient availability [9], soil acidification (e.g., Mueller et al. [20];
Gruba and Mulder [21]), and the degradation of the quality and quantity of water in
watersheds [22].

The regions that have experienced the most intense forestation correspond to Maule
and Biobio (34° S-38° S, approximately; [15]). In both cases, the planted area covers more
than 50% of the total regional area occupied by forests [23]. Much of this expansion has
come at the expense of native cover through a continuous process of substitution [15,17,24].
The replacement of native forests dates to the mid-19th century, when intense agricultural
activity developed in the Secano Interior, with monoculture and wheat export as the main
focus. To achieve this, hundreds of hectares of native forest were burned [25]. Agricultural
use and poor practices resulted in low-productivity soils. Forestry plantations emerged as a
response to utilizing these soils, aiming to recover them and generate resources. From 1970
to 1980, approximately 200,000 hectares of native forest were replaced by exotic species [26].
Between 1986 and 2011, the coastal range between 35° and 38°S experienced a 64% decrease
in native forest cover, representing one of the highest deforestation rates reported in Latin
America over the last four decades [15,17]. Recent studies have documented the direct
environmental impacts of plantations and past agricultural activities in this area, including
soil fertility loss due to compaction and contamination from fertilizers and agrochemicals
used for pest control [27-29]. Additionally, there is a documented correlation between
the presence of plantations and changes in surface runoff dynamics [30-33]. Following
clear-cut harvest periods, the increase in surface runoff during rainy seasons intensifies soil
erosion, significantly increasing the amount of suspended sediments transported by rivers
and streams [34,35].

Given their impact, it is critical to evaluate how forestry practices influence soil erosion,
which, in turn, affects the concentration of major and trace elements in the suspended
sediment load of rivers. Only a few studies have addressed these critical issues [19,36].

In this contribution, we aim to determine the influence of LU/LC change from native
forests to plantations on soil physical erosion and chemical weathering in a semi-urban
watershed. The Nonguén watershed, located in the Coastal Cordillera of south-central Chile
(36°48' S-36°57" S, 73°2' W-72°57" W;; Figure 1), is an excellent study area to investigate
this issue, since presents a wide variety of LU/LC changes, homogeneous lithologies, and
homogeneous slope distribution. We study three hydrographic sub-basins of the Nonguén
watershed, which correspond to territories with different LU/LC changes (Figure 1b). The
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southern and northern sub-basins have the largest area of native forests. On the contrary,
the western sub-basin is dominated by exotic plantations. The Nonguén watershed supplies
water to nearby communities in the area, so the change in metal concentration in water
in response to increased erosion is a critical environmental concern. A comprehensive
geochemical study of major and trace elements and stable lithium (Li) isotopic ratios
(87Li) was conducted on water and suspended sediment samples collected in the streams
draining the three sub-basins identified within the Nonguén watershed. Geochemical and
isotopic results were contrasted with LU/LC data to identify the weathering processes
and distribution of trace elements transported in river sediments and water. This study
provides crucial insights into how LU/LC changes from native forests to exotic plantations
control soil degradation. Globally, it contributes to the broader understanding of the
environmental consequences of large-scale plantation expansion, particularly in terms of
increased physical erosion and the mobilization of trace elements in water systems. Our
work highlights the role of lithium isotopes as tracers for distinguishing between chemical
weathering and physical erosion processes across different land uses, providing a novel
approach to understanding soil degradation dynamics in plantation-dominated watersheds.

Simbology
Nonguén basin
= Nonguén National Park
N sub-basin
S sub-basin
W sub-basin
Rock samples
+ \Water samples
Drainage network
Legend
LU/LC
Adult forestal plantations
[ Native forest
Others
Shrubland
Geology
Holocene sediments
Cosmito Formation

I Granitoids of Concepcidn
Metamorphic Basement:
Eastern Series

676000 678000 680000 682000 676000 678000 680000 682000

Figure 1. The study area shows the sub-basins: North (N), South (S), and West (W). The UTM co-
ordinates’ datum is WGS 84 zone 18 south. (a) Geology of the study area (see references in text) and
location of water samples. (b). Nonguén hydrographic basin with LU/LC of each sub-basin [37,38].

2. Study Area
2.1. Geographic and Hydrologic Setting

The study area is located in the southern part of the Nonguén hydrographic basin,
within the Coastal Cordillera of south-central Chile in the Biobio region, covering approxi-
mately 100 km? upstream of the Estero Nonguén (36°48' S-36°57’ S; Figure 1).

The Estero Nonguén flows in a north-south orientation and represents the main
watercourse originating from the confluence of the Compuy and Manquimavida rivers.
The Nonguén basin is one of the most important coastal basins in the region, providing
drinking water to the communes of Hualqui, Chiguayante and Concepcién. The drainage
network is dendritic, and the main tributaries that feed the Estero Nonguén, are depicted
in Figure 1b.

The Nonguén basin is predominantly mountainous, with geographic altitudes be-
tween 10 and 450 m.a.s.l. About 90% of the surface corresponds to high relief (ridges
and platforms), while the remaining area comprises low relief (fluvial plains and valleys).
Approximately 60% of the Coastal Cordillera is affected by erosion, ranging from moderate
to severe, mainly on slopes greater than 10° [39]. The Nonguén basin features complex
slopes associated with its drainage system, with slopes exceeding 20% being predomi-
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nant, while gentler slopes are concentrated in the alluvial zone (Supplementary Material,
Figure S1) The Nonguén National Park (~30 km?) is south of the study area, characterized
by high endemism levels and increasing human activity. Land use is notably influenced
by productive purposes such as livestock farming, forestry plantations, and the expansion
of road networks and urbanization (e.g., Armesto et al. [40]; Smith-Ramirez [41]). The
vegetation of the Nonguén basin corresponds to a transitional forest in a warm temperate
climate with winter rains [42], which is composed of sclerophyllous forest elements, with
species like Cryptocarya alba, Lithrea caustica, and Persea lingue that coexist with Valdivian
forest species, such as Laurelia sempervirens, Weinmannia trichosperma, among others [43].

2.2. Geological Setting

The three main geological units recognized in the study area are: (1) the Metamor-
phic Basement, composed of rocks from the Eastern Series; (2) Paleozoic intrusive rocks
of granitic composition; and (3) Holocene sediments [44]. Additionally, sedimentary
rocks of continental origin, belonging to the Eocene Cosmito Formation, were identified
(Figure 1a) [45].

The rocks of the Eastern Series cover part of the headwaters of the Nonguén Basin,
whose outcrops are located on the western slope of the Manquimavida estuary sub-basin.
This unit includes low-pressure and high-temperature metamorphic rocks, mainly phyllites,
intercalated metapelites with metapsamites, and hornfels to a lesser extent [46,47]. These
rocks are intruded by Paleozoic plutonic bodies.

The Paleozoic granites in the study area are represented by the Granitoids of Con-
cepcion; these mainly consist of biotite monzogranites, biotite and white mica tonalites,
and granite and biotite dikes in less proportion [48]. In the study area, the rocks of this unit
are pervasively weathered [45].

The Cosmito Formation is a sedimentary sequence mainly composed of highly weath-
ered shales and sandstones, conglomerate, and coal horizons [45,49]. A small outcrop
belonging to this Formation is located southeast of Lo Pequén in the study area, mainly
composed of clast-supported conglomerate with predominantly metamorphic and quartz
lithic clasts, with carbonaceous lenses [45].

The Holocene sediments are fluvial material corresponding to gravels and sands of
igneous and metamorphic origin that have been transported from adjacent ranges by the
Nonguén estuary. River terrace deposits are spatially associated with both the Biobio and
Andalién rivers. The floodplain of the basin is composed of abundant micaceous material,
clays, and silts [45].

2.3. Land Use and Land Cover (LU/LC)

Within the Nonguén basin, different LU/LC were recognized [45]. About 42% of the
surface, located in the upper course, corresponds to native forest, with little anthropic
intervention and a thick layer of organic remains, which allows for the soil to be protected
from water erosion. Shrubs occupy ~20%, which include young pine and eucalyptus
plantations located in the middle course and in the headwaters of the Rodolmo, Rojas, and
Compuy estuaries. Adult plantations, consisting of pine and eucalyptus, cover approxi-
mately 18% of the area and are located outside the Fundo Nonguén property, primarily in
lower-elevation mountain ranges. Currently, there are no records quantifying or specifying
the exact locations of each species.

Among other categories, degraded land, mixed forests, land intended for urban use,
areas without vegetation, young plantations, agricultural land, and areas with wetlands
are distinguished. The area covered by each land use is detailed in Table 1.
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Table 1. Area covered by each land use according to Ramirez [42].

LU/LC Native Shrubland Adult Fo'r estal Degréded Others Total
Forest Plantations Soil
% 419 20.1 17.8 6.4 13.8 100

3. Materials and Methods

To evaluate the influence of LU/LC in soil erosion, three sub-basins (W, N and S) within
the Nonguén basin were selected. These sub-basins share the same lithology (primarily
granitoid intrusives), similar slope distribution, and Strahler order (order 2). The key
differentiating factor among them is their LU/LC: the W sub-basin is predominantly
covered by plantations, and the N and S sub-basins are mainly covered by native forest
(Table 2). We selected two sub-basins where native forest cover predominates in order to
identify possible significant differences within this LU/LC. Based on these data, the map
in Figure 1b illustrates the distribution of LU/LC within the three studied sub-basins. A
clear contrast can be observed between the S and W sub-basins. In the S sub-basin, native
forest cover dominates with 224 Ha, followed by exotic plantations with 84 Ha. Conversely,
in the W sub-basin, plantations dominate (263 Ha). The N sub-basin, on the other hand,
represents a transition between the mentioned sub-basins (with 238 Ha of native forest and
104 of exotic plantations).

Table 2. Total LU/LC area (Ha and percentage) per sub-basin, according to [34,35].

N Sub-Basin S Sub-Basin W Sub-Basin
LU/LC
Ha o/o Ha o/o Ha o/o
Native Forest 237.83 66.90 223.89 67.88 81.30 18.93
Shrubland 7.76 2.18 0 0 61.80 14.39
Adult forestal
. 103.65 29.16 83.93 25.45 263.46 61.35
plantations
Others 6.26 1.76 22.03 6.68 22.87 5.32

Sampling water and suspended sediments from streams is a proven technique to
assess the role of LU/LC on soil erosion (e.g., Lizaga et al. [50]; Mulhim and Ahmad [51];
Mbonaga et al. [52]). Targeted elements such as Li isotopes can be measured for this purpose.
Water and suspended sediment samples were collected from various points within the
streams of each sub-basin for geochemical and isotopic analyses. In each sub-basin, five
river water samples were collected for cation, anion, and trace element analysis, following
the method described by Giggenbach and Gouguel [53]. Additionally, two river water
samples from each sub-basin were analyzed for Li isotopes.

Water samples were filtered using 0.45 um cellulose acetate filters into precleaned
high-density polyethylene bottles (125 mL). In situ measurements were taken for tem-
perature (T), electrical conductivity (EC), and pH using a Hach HQ40d multi-parameter
(Hach Co., Loveland, CO, USA). Cation and trace element samples were acidified with 4N
nitric acid (Suprapur, Merck KGaA, Darmstadt, Germany). Major cations were measured
using Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES), anion con-
centrations were determined by ion chromatography, and trace elements were measured
using Inductively Coupled Plasma Mass Spectrometry (ICP-MS) at the Department of
Geology, Universidad de Chile (Santiago, Chile). Precision, accuracy, and detection limits
for the major elemental chemical analyses, are reported in Table S1. Suspended sediments
were collected from the filters mentioned above. These sediments were then analyzed for
trace elements using ICP-MS at Rutgers University (Piscataway, NJ, USA). The process
involved leaching the filters with by back circulating 2M nitric acid (BDH Aristar Ultra,
VWR International, Radnor, PA, USA)) through the filters using a peristaltic pumps and
pre-cleaned C-flex tubing, drying the solutions, and then redissolving the dried solutions



Water 2024, 16, 3246

6 of 22

in 1 mL of 2M nitric acid, from which aliquots were taken for either elemental analysis or
Li isotope determination. Outliers were identified among the suspended sediment analysis
results. In particular, sample S1F exhibits significantly higher values than the rest of the
samples, likely due to intermittent water flow in the sampling area, making it an outlier for
the S sub-basin. For analytical purposes, S1F will be considered only when working with
element ratios, ensuring its normalization allows for comparability with other samples.

The use of 0.45 pm cellulose acetate filters may have limited the detection of elements
associated with colloids, which are particles within the 10 to 0.01 um size range that can
pass through these filters. To address this limitation, future studies should consider using
filters with smaller pore sizes to better capture the transport of elements via colloids. This
approach would provide more comprehensive insights into colloid-mediated and colloid-
facilitated transport mechanisms, which are increasingly recognized as critical factors in
environmental processes [54,55].

Lithium isotopes in water and suspended sediment samples were all analyzed at
Rutgers University (New Jersey, USA), following chromatographic separation using a
ThermoScientific Neptune Plus MC-ICP-MS (Thermo Fisher Scientific Inc., Waltham, MA,
USA). For suspended sediments, samples were dissolved with mineral acids (Aristar Ultra
grade HF and HNOj3, followed by HNOj3, and finally HCI). Further details of the isotope
techniques are found in Godfrey et al. [56] and Alvarez-Amado et al. [57,58]. The Li
isotopic compositions are expressed in delta notation in %o units relative to NIST standard
L-SVEC, where:

L= [((7Li/6Li)sample - (7Li/6Li)s’tandard)/(7Li/6Li)standard] - 1000

4. Results
4.1. Geochemistry of River Waters and Suspended Sediments
4.1.1. River Waters

The field-determined parameters, including pH, temperature (T), and electric conduc-
tivity (EC), along with the geochemical composition of river waters are given in Table 3.
The pH values range between 7.1 and 7.4, showing no significant variation between the
sub-basins. Both pH and EC values are consistent with those previously reported for stream
water from the Nonguén and Biobio rivers [59,60].

In the three sub-basins, the concentrations of major elements such as Na, K, Ca, and
Mg are relatively consistent across the samples, with no extreme variations, while the trace
element Sr is present in moderate amounts (Table 3).

In the N sub-basin, the EC values range from 53.8 to 86.3 uS/cm. The S sub-basin
shows slightly lower EC values, ranging from 50.0 to 77.8 uS/cm, which suggests a lower
concentration of dissolved solids compared to the N sub-basin. This sub-basin also has
low levels of trace elements such as Fe, Mn, Cu, Rb, and Sr, which may reflect different
geochemical characteristics or processes. In contrast, the W sub-basin shows the highest EC
values, ranging from 54.9 to 82.5 uS/cm, reflecting the highest concentrations of dissolved
solids among the three sub-basins. This sub-basin also shows the highest concentrations of
trace elements such as Fe, Al, Cu, Zn, and Rb (Figure 2).
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Table 3. Major and trace element concentrations and Li isotopic compositions of river waters.

T pH EC &Li Na K Ca Mg SiO: Cl SO: NOs HCO: Fe Li B Al Mn Co Cu Zn Rb Sr Zr Ba U
ID
©C) (uS/cm) (%)  (mg/L) (mg/l) (mg/l) (mg/L) (mg/l) (mg/l) (mg/L) (mg/l) (mg/L) (ug/h) (ug/L) (ug/D (ug/D) (ug/L) (ug/L) (ug/l) (ug/h) (ug/L) (ug/L) (ug/h) (ug/L)  (ug/L)
N Sub-basin
NOw 10.0 7.3 53.8 — 5.80 0.88 1.50 1.31 9.1 8.55 217 0.06 20 23.0 0.03 1.25 11.58 3.55 0.04 0.10 244 249 15.23 0.01 9.97 0.002
N1W 9.2 7.2 86.3 — 8.30 0.89 5.55 1.63 26.1 6.92 3.09 0.39 32.0 101.0 2.01 1.86 33.81 14.89 0.07 0.74 0.92 0.64 33.72 0.09 11.84 0.007

N2w 10.3 7.1 79.6 +17.9 7.70 0.93 5.15 1.63 23.7 6.87 2.74 0.19 29.0 28.0 174 1.76 8.97 6.57 0.04 0.81 1.39 0.67 33.56 0.04 10.79  0.004

N3W 10.1 7.2 74.3 +19.1 8.00 0.82 4.28 1.31 25.2 6.26 2.65 0.34 25.0 257.0 1.51 1.51 27.81 63.33 0.21 0.63 4.59 0.79 29.77 0.13 1399  0.007

N4w 12.7 7.2 68.9 — 6.95 0.90 4.03 1.38 22.0 6.62 2.48 0.27 22.0 26.0 1.66 179 21.52 348 0.03 0.89 0.23 0.76 28.53 0.04 8.94 0.004
S Sub-basin

SOW 8.9 7.4 77.8 — 7.15 0.83 5.96 148 21.4 5.18 2.15 0.21 31.0 76.0 2.67 1.54 40.0 8.57 0.05 0.80 1.43 073 3228 0.8 13.05  0.014

SIW 94 7.3 50.0 +10.3 5.40 0.74 2.32 0.82 15.6 514 244 0.04 13.0 35.0 1.09 117 11.78 5.03 0.03 0.10 3.75 113 12.09 0.08 7.88 0.028

S2wW 128 7.2 61.8 — 6.00 1.23 447 111 17.8 4.97 3.54 0.73 20.0 46.0 1.54 1.48 15.86 8.24 0.04 0.34 1.98 1.83 18.73 0.09 8.42 0.041

S3W 9.1 7.3 76.1 — 7.00 0.82 5.67 1.48 22.0 5.59 2.80 0.01 16.0 45.0 3.41 5.77 16.0 7.11 0.01 0.20 0.35 067 3149  0.05 12.84  0.010

Saw 8.7 7.3 76.0 +15.4 6.95 0.85 5.78 1.46 21.9 5.45 2.23 0.05 28.0 53.0 3.61 5.22 3225 7.03 0.01 122 2.14 0.73 31.66 0.06 1292 0.010

S5W 9.9 7.3 77.1 — 3.19 0.47 2.46 0.64 229 5.61 1.90 0.15 19.0 1290 286 4.49 13.1 18.71 0.07 0.10 1.98 0.61 2700 007 1059 0.011
W Sub-basin

WOwW 9.2 7.1 73.5 +18.1 7.70 1.02 3.68 2.05 21.0 6.49 298 0.20 18.0 162.0 16 2.06 36.56  21.36 0.18 121 30.46 1.04 27.86 0.17 1149  0.009

WIW 10.0 7.3 54.9 — 6.40 0.98 2.01 1.23 13.6 7.21 1.47 0.24 13.0 74.0 0.03 1.92 4128 6.25 0.05 1.11 2.51 1.61 20.30 0.08 7.65 0.004
w2w 10.8 7.3 735 - 7.30 1.09 3.99 1.99 19.1 7.03 243 0.50 26.0 91.0 0.86 179 3349  10.22 0.10 0.65 3.70 1.22 32.42 0.11 11.81  0.006
W3W 9.3 7.4 825 — 5.65 0.86 3.10 1.47 19.6 6.92 1.87 0.47 25.0 111.0 1.08 1.83 54.0 8.99 0.08 1.08 3.47 1.28 32.73 0.12 10.77  0.007

Wiaw 9.1 7.3 76.7 +20.2 7.55 1.09 4.16 1.91 20.4 6.90 2.34 0.41 25.0 28.0 0.03 0.13 10.76 3.00 0.01 0.10 5.68 0.25 5.85 0.01 1.79 0.001
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Figure 2. Box-plot diagram showing element concentrations in river waters for each sub-basin.
(a) Major element (cations and anions) content; (b) trace element content.

4.1.2. Suspended Sediments

The concentrations of various trace elements in suspended sediments were measured
at each sampling point. Al, Ti, and Fe concentrations are reported in mg/kg, while the
remaining trace elements are reported in pg/kg (Table 4).

In the N sub-basin, the concentrations of major elements were moderate, with Al
ranging from 262.5 mg/kg to 603.2 mg/kg, Ti from 138.9 mg/kg to 483.7 mg/kg, and
Fe from 186.8 mg/kg to 316.0 mg/kg. The S sub-basin has lower concentrations of Al
compared to the N sub-basin, ranging from 191.0 mg/kg to 383.1 mg/kg, while Ti and Fe are
higher, ranging from 177.6 mg/kg to 4333.4 mg/kg and from 121.6 mg/kg to 692.7 mg/kg,
respectively. The W sub-basin stands out with significantly higher concentrations of these
elements, with Al concentrations ranging from 484.8 mg/kg to 1230.4 mg/kg, Ti from
89.1 mg/kg to 7383.0 mg/kg, and Fe from 211.9 mg/kg to 1588.2 mg/kg.

To assess the overall trace element load, we calculated the total sum of trace element
concentrations for each sample by summing the individual concentrations of all measured
trace elements (X .y, Table 4). In the N sub-basin, the concentrations of trace elements are
relatively moderate. The Xy iy ranges from 2780.9 pg/kg to 7090.0 ng/kg. Key trace ele-
ments include Li (135.0 ug/kg to 309.0 ug/kg), B (37.0 ug/kg to 91.7 ug/kg), As (28.4 ug/kg
to 84.5 pug/kg), Rb (236.9 ng/kg to 606.2 ug/kg), and Sr (286.3 pug/kg to 644.9 ng/kg).

The S sub-basin shows lower concentrations of trace elements compared to the N sub-
basin. The X iy ranges from 2257.3 pg/kg to 3428.3 ug/kg. Key trace elements include Li
(141.2 pg/kg to 216.9 ug/kg), B (48.2 ug/kg to 104.3 ug/kg), As (12.4 ng/kg to 29.3 ug/kg),
Rb (207.1 pg/kg to 325.5 ug/kg), and Sr (206.4 ug/kg to 290.3 pug/kg).

The W sub-basin exhibits significantly higher concentrations of trace elements, with Xt;.¢y
rangings from 5679.2 ug/kg to 9149.9 ug/kg. Key trace elements include Li (328.0 ug/kg to
581.5 ug/kg), B (93.3 ug/kg to 124.9 pg/kg), As (129.7 ug/kg to 244.3 ug/kg), Rb (549.1 ng/kg
to 911.2 pug/kg), and Sr (497.3 ug/kg to 784.4 pg/kg).

For 28 of the 30 elements analyzed, the mean concentrations in the W sub-basin are at
least double those in the S sub-basin, with notably differences observed in elements such
as Fe (2.1 times), Rb (2.9 times), Zr (3.6 times), and Eu (4.3 times). The most significant
difference was in As, with concentrations in the W sub-basin being 10.4 times higher than
in the S sub-basin. Additionally, the W sub-basin shows a significant difference in Ti, with
the mean concentration being 6.1 times lower than in the N sub-basin. Overall, the W
sub-basin exhibits the highest levels of trace elements, followed by the N sub-basin, and
then the S sub-basin (Figure 3).
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Table 4. Trace element concentrations and Li isotopic compositions of suspended sediments in river waters.

d7Li Al Ti Fe Li B Sc Ga Ge As Rb Sr Y Zr Ba La Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Pb Th U ILi-U
1D
(o) (mg/Kg) (mg/Kg) (mg/Kg) (1g/Kg) (1g/Kg) (ug/Kg) (ng/Kg) (ug/Ke) (ug/Kg) (g/Kg) (g/Kg) (ug/Kg) (ug/Kg) (ug/Ke) (ug/Ke) (ng/Ke) (ng/Kg) (ug/Kg) (ug/Ke) (ug/Kg) (ug/Kg) (ug/Kg) (ng/Kg) (ug/Kg) (ug/Kg) (ug/Ke) (ug/Kg) (ug/Kg) (ug/Kg) (ug/Kg) (ug/Kg)
N Sub-basin
NOF -5.5 305.3 2482 2271 136.6 493 433 752 130 36.8 4833 3107 717 994 16584 715 179 733 177 7.8 17.3 27 15.0 2.7 7.1 0.9 5.4 0.7 1002 121 5.0 3335.0
N1F -7.7 603.2 189.2 316.0 309.0 917 1392 1724 335 845 6062 6449 276.2 2060 3162.7 3352 868 3466 722 160 685 9.7 534 107 294 3.8 249 34 2101 81.2 11.8 7090.0
N2F -6.7  bdl  bdl bdl 1392 370 497 620 124 284 2369 2863 825 689 13092 1023 247 1009 212 49 201 28 159 3.1 88 12 73 1.0 1226 272 44 27809
N3F -6.8 2625 1389 2334 1350 537 643 761 204 449 2492 3036 1389 88.0 1326.6 1735 449 1757 377 7.7 35.0 5.0 27.6 53 149 1.9 122 17 80.8 424 44 31714
N4F -7.8 3323 4837 1868 1773 477 615 787 147 329 3788 3222 995 1027 1649.7 1287 328 1259 266 6.9 244 35 196 38 10.1 1.3 8.8 12 1087 299 7.0 3504.9
S Sub-basin
SOF -8.7 383.1 1398.1 389.9 2169 1043 602 757 153 228 03255 2903 104.3 1034 1594.6 1244 321 1288 28.6 6.0 266 39 214 40 114 1.5 9.8 13 733 338 8.1 34283
SIF -125 2268.6 290.5 24422 1110.0 608.8 284.4 4847 675 1108 2986.4 1271.9 520.0 8826 9783.3 5383 150.2 601.4 1448 26.0 1398 21.0 1119 207 56.6 73 452 6.3 558.6 2884 109.6 20936.5
S2F 7.1 2427 43334 692.7 1582 847 354 487 107 293 2435 2314 86.6 928 12326 788 208 846 200 39 19.2 29 16.6 32 9.0 1.2 7.8 1.1 103.0 303 16.6 26729
S3F -7.1 191.0 1776 128.0 1421 482 388 492 92 124 2071 2170 626 529 10941 789 196 785 169 3.7 16.1 23 128 24 6.9 0.8 59 07 51.8 218 46 2257.3
S4F -8.1 201.0 3370 121.6 141.2 608 403 512 9.3 125 2486 2064 68.6 60.6 1246.6 826 206 83.0 179 39 16.7 2.3 13.3 2.6 7.0 0.9 5.9 0.8 946 219 47 2524.8
W Sub-basin
WOF -8.3 4848 891 2119 3280 933 1065 162.3 287 2235 549.1 520.3 169.9 2222 2559.7 1889 548 2226 549 145 507 7.3 36.2 6.4 16.7 21 13.7 1.8 1678 564 156 5873.9
WI1F -6.9 666.6 205.6 451.4 4299 1135 106.7 159.7 274 129.7 6313 4973 155.6 218.1 24209 155.6 44.8 186.6 451 143 43.0 6.3 33.5 6.0 16.1 21 13.2 17 1641 448 119 5679.2
W2F =72 10284 2272 5464 4847 1222 1869 2443 37.6 1969 8114 6750 231.1 3148 3522.0 2512 713 2977 720 206 653 93 485 89 235 3.1 195 27 2386 736 199 80526
W3F -6.7 12304 1277 708.7 5815 117.6 209.1 266.0 43.0 2443 9112 7844 268.6 3434 3991.6 2835 813 336.0 820 233 770 113 579 104 280 3.8 233 32 2619 841 222 91499
W4F -7.1 1152.6 7383.0 1588.2 504.0 1249 181.3 231.5 384 208.6 834.0 745.0 243.8 2993 3700.2 2494 731 3060 726 205 686 9.7 51.6 9.3 243 32 21.6 2.8 2245 735 197 83414
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Figure 3. Box-plot diagram showing element concentrations in sediments for each sub-basin. (a) Rare
earth elements (REE); (b) trace elements.

According to the current water quality standards in Chile, the concentrations of major
and trace elements in river waters outlined in the legislation are below the established limits.
However, regarding the limits set for suspended sediments (<1500 ppm), a significant
portion of the samples from sub-basin W exceeds these values (W2F, W3F, and WA4F). In
sub-basin S, two samples are also identified as exceeding the limit (SOF and S2F). These
values should be monitored according to current Chilean regulations to ensure the integrity
of water bodies used for drinking and irrigation resources [61].

A spider diagram of mean trace element concentrations normalized to the upper
continental crust (Figure 4) illustrates the distribution patterns across the three sub-basins.
The diagram highlights the W sub-basin as the most enriched, followed by the N sub-basin,
and then the S sub-basin. The N sub-basin is generally more enriched than the S sub-basin,
with a few exceptions, following a similar trend to the W sub-basin.
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Figure 4. Spider diagrams for suspended sediments normalized to the upper continental crust.
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4.2. Li Isotopic Content

Li isotopic values for river waters and suspended sediments are presented in
Tables 3 and 4, respectively. Two water samples for each sub-basin were analyzed for
its isotopic concentration (Table 3). The W sub-basin exhibits the highest isotopic values
(87Li = +20.2, 8”Li = +18.1), followed by the N sub-basin (5’Li = +19.1, §’Li = +17.9), and
finally the S sub-basin (8”Li = +15.4, §’Li = +10.3).

In contrast, the 87Li values in suspended sediments revealed a different pattern
compared to that observed in the river waters (Table 4). The S sub-basin exhibited the
lowest average 5’Li value (8”Li = —7.7), followed by the W sub-basin (§”Li = —7.2), while
the N sub-basin recorded the highest value (6’Li = —6.9).

Additionally, we measured the §”Li values in the intrusive granitic rock of the region,
taking two control points (R1 and R2). The 8”Li values obtained were +0.1%. for R1 and
—2.3%o for R2.

5. Discussion

The results of this study underscore the significant impact of LU/LC on both soil
erosion and the geochemical composition of river waters and suspended sediments. The
three sub-basins examined (W, N, and S) showed clear differences in the concentrations
of major and trace elements, which can be attributed primarily to variations in LU/LC
practices rather than geological, topographical, or climatic factors, which were relatively
consistent across the region.

5.1. Insights from Geochemical Distribution in Sub-Basins

The impact of LU/LC on soil erosion and the geochemical composition of suspended
sediments is particularly pronounced in the study area of south-central Chile, where
environmental disturbances, such as forest management practices, play a critical role.
Accelerated erosion in this region occurs at a higher rate than soil formation, primarily due
to the degradation of soil structure caused by land-use changes (e.g., Ellies [62]).

Our water sample analyses reveal that the W sub-basin, dominated by plantations, has
the highest levels of dissolved solids and trace elements, followed by the N sub-basin, with
the S sub-basin showing the lowest concentrations (Figure 2). Although these differences
are not extreme, they suggest that plantations may enhance the weathering and leaching of
minerals, increasing the concentration of dissolved solids and trace elements in the water.
The S sub-basin, with its native forest cover, shows lower concentrations of these elements,
which may be attributed to the less intensive land use practices and the stabilizing effect
of native vegetation on soil and water chemistry [63]. These findings align with previous
research highlighting the role of forestry practices in accelerating erosion processes and
increasing mineral leaching (e.g., Augusto et al. [64]; Lafleur et al. [65]).

The analysis of suspended sediments provides further insights. Our results show that
the W sub-basin exhibits significantly higher concentrations of trace elements compared to
the N and S sub-basins. The concentrations in the W sub-basin are an order of magnitude
higher than those observed in the other sub-basins (Table 4). The concentrations of each
element obtained in sediments are represented in a box plot (Figure 3), comparing the
three sub-basins. The recorded sub-basin pattern in the river waters is maintained, but the
differences are more pronounced in the suspended sediments. The elevated concentrations
of Fe, Al, and other trace elements in the W sub-basin, combined with its high suspended
sediment load, reflect increased erosion rates due to the dominance of plantations. This
pattern is consistent with studies that link deforestation and plantation expansion with en-
hanced soil erosion and sediment mobilization [19,28]. This can be attributed to accelerated
erosion processes, where different LU/LC types exhibit varying susceptibilities to erosion,
with plantations showing a higher susceptibility.

In sub-basins N and S, where native forests dominate (66.90% and 67.88%, respec-
tively), the dense understories and the thick leaf litter layer provide significant protection
against soil erosion. This natural cover helps to reduce the kinetic energy of raindrops and



Water 2024, 16, 3246

12 of 22

enhances the soil’s resilience to erosion by improving its organic content and structural
integrity [27]. These areas show lower concentrations of trace elements in both river waters
and suspended sediments (Table 4), reflecting a reduced rate of physical erosion. This
protective effect of native vegetation is well-documented in similar environments, where
native forests act as stabilizing agents that limit soil degradation and promote greater soil
retention (e.g., Soto et al. [28]; Lara et al. [30]).

In contrast, the W sub-basin, which is predominantly covered by fast-growing exotic
tree species such as Pinus radiata and Eucalyptus (61.35% of the area), experiences consider-
ably higher erosion rates. Forestry plantations contribute to soil degradation and landscape
degradation, due to their limited role in protecting the soil, offering less mechanical and
chemical stability than native forests [66,67]. The rapid growth cycles of these species,
coupled with frequent soil disturbances during harvest and replanting phases, reduce
the soil’s ability to retain organic matter and maintain its structural stability [19,68]. As
a result, the replacement of native forests by monocultures in the W sub-basin has led to
significant changes in soil properties, including the loss of organic matter and an altered
soil composition. This transformation increases the soil’s vulnerability to rainfall-induced
erosion, contributing to higher sediment loads and greater trace element concentrations in
the W sub-basin compared to N and S (e.g., Veihe [69]; Singh and Khera [70]; Morgan [71]).

5.2. The Role of Plantations in Soil Degradation and Erosion Processes

In addition to geochemical distribution, it is essential to consider the specific processes
and activities related to plantations that exacerbate soil degradation in the W sub-basin. One
of the key factors is the regular use of machinery and road construction for forestry manage-
ment, which disturbs the soil mechanically and reduces its infiltration capacity [27,72,73].
The preparation of plantation areas often includes activities such as logging, deforestation,
and soil movement to create new slopes for harvesting [74,75], as observed in the W sub-
basin, where 39.9 Ha have undergone clear-cutting, compared to almost none in the N and
S sub-basins.

The hydrological effects of these activities are particularly pronounced in the W sub-
basin. Soil compaction from mechanical disturbances decreases macroporosity, reducing
the infiltration capacity and hydraulic conductivity of the soil, altering the phreatic level
and available water for plants [68,76]. The reduction in soil infiltration capacity also impacts
adjacent watercourses by changing soil texture and increasing sediment transport, which
can negatively affect drinking water quality [28,77]. In the studied sub-basins, the W
sub-basin is the most affected by these processes due to the impact of recently harvested
areas, modifying soil properties and favoring sediment transport and higher concentrations
of trace elements, as reflected in our results. These effects are consistent with findings by
Iroumé et al. [78], who noted that large-scale harvesting and afforestation lead to significant
declines in soil macroporosity, driving increased surface runoff and soil compaction, further
contributing to soil degradation.

Moreover, flow rates in the W sub-basin are affected by plantation practices. Before
harvesting, evapotranspiration rates are high, reducing water flow levels. After harvesting,
flow rates recover; however, this is accompanied by increased sediment transport, which
intensifies erosion processes [22]. Our data support these observations, showing that the W
sub-basin has a higher transport capacity compared to the N and S sub-basins due to the
influence of harvesting practices. We suggest that the reduction in soil infiltration capacity
and the corresponding increase in surface runoff further contribute to the elevated sediment
transport and trace element concentrations observed in the W sub-basin (Figure 3).

Additionally, according to previous studies (e.g., Chen et al. [79]; Castillo et al. [80]),
plantations in the W sub-basin should have lower soil carbon (C) content and faster nu-
trient consumption compared to native forests, which exacerbates soil acidification and
affects both soil fertility and species diversity (e.g., Crovo et al. [9]). Unlike native forests,
which maintain higher levels of organic matter and biodiversity, plantations encourage
conditions that accelerate soil degradation [19,81]. These conditions are further exacerbated
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by short rotation cycles and biomass burning, leading to reduced species diversity and
biotic homogenization, particularly in invertebrate populations [82]. Castillo et al. [80] also
reported lower clay content in soils under plantations, noting that these areas are associated
with reduced levels of soil organic carbon (SOC) and organometallic phases compared to
native forests.

The increase in sediment loads negatively impacts water bodies by altering their physical,
chemical, and biological properties [83], degrading water quality and preventing them from
achieving a good ecological status [84]. High sediment concentrations reduce water clarity,
limiting light penetration, which is essential for aquatic photosynthesis [83,85,86]. Elevated
sediment loads also have adverse effects on aquatic biota, causing various challenges for
different organisms [87,88], particularly benthic invertebrates and fish [89,90]. Additionally,
high sediment levels can reduce the quality of spawning grounds, affecting the reproductive
success of aquatic species [91,92].

In addition, the socio-economic implications are significant, including increased water
treatment costs [83,93], impacts on agricultural productivity, and health risks from contami-
nated drinking water [94-96]. It is crucial to consider these effects in relation to the role of
the Nonguén basin in providing ecosystem services to the large population that depends
on it. Studies are needed to analyze the spatial management of this basin, incorporating
these insights into future urban development plans with a focus on more sustainable land
use [97,98].

The combined impact of these activities leads to a significant increase in sediment
production and transport, as seen in the W sub-basin, which shows higher concentrations
of trace elements. Sediments in this sub-basin act as physical products of erosion, being
transported from the soil into water courses. This indicates that physical erosion, driven
by land-use changes and plantation activities, is the dominant process in this basin, while
chemical weathering plays a lesser role in the mobilization of elements.

5.3. Erosion-Driven Distribution of Rare Earth Elements, Rb, and As

The distribution of rare earth elements (REE) in our study highlights the strong
influence of physical erosion, particularly in the W sub-basin, where plantation activities
have intensified sediment transport. In contrast, the N and S sub-basins, dominated by
native forest cover, exhibit lower REE concentrations (Figure 3), due to the stabilizing
effect of higher diversity in vegetation and SOC contents, which limits erosion. These
findings suggest that land use changes, particularly plantations, are a major driver of
REE mobilization, as mechanical erosion in these areas enhances sediment transport and
increases REE concentrations in watercourses.

Although rare earth elements (REE) are generally less mobile than other elements, their
distribution in the sub-basins is influenced by the intensity of weathering, which involves
the breakdown and transport of clay minerals that adsorb REE during the weathering pro-
cess. The formation of specific clay types during weathering is crucial for the fractionation
of REE [99-101]. Specifically, kaolinite and amorphous iron oxides preferentially adsorb
light rare earth elements (LREE), while heavy rare earth elements (HREE) tend to form
complexes with carbonates in solution, making them more mobile [102,103]. However,
in the W sub-basin, the mobilization of REE, particularly LREE, is primarily driven by
mechanical erosion rather than mineral-specific adsorption processes.

The higher concentrations of REE observed in the W sub-basin are closely tied to
the intensity of physical erosion resulting from forest management activities. Sediment
transport in this sub-basin carries REE-enriched particles that have been mechanically
dislodged from soils. In contrast, the N and S sub-basins, where native vegetation stabilizes
the soil, experience reduced erosion and, consequently, lower REE mobilization. This
suggests that while weathering processes influence REE availability, the primary driver
of their distribution in this region is the mechanical transport of sediments resulting from
land use changes.
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The enrichment of REE observed across all sub-basins follows a consistent pattern, but
the intensity of physical erosion appears to play a more significant role in their mobilization
compared to weathering or the formation of secondary minerals. Therefore, physical
erosion remains the dominant process influencing REE distribution, particularly in areas
with extensive plantation activities.

The behavior of rubidium (Rb) and arsenic (As), alongside rare earth elements (REE),
offers valuable insights into the effects of land use and erosion on element mobilization.
Water samples reveal distinct patterns across sub-basins when comparing As concentrations
with both Rb levels and the lithium /boron (Li/B) ratio (Figure 5). Notably, the W sub-
basin, characterized by plantation-dominated land use, consistently displays the highest
concentrations of both Rb and As.
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Figure 5. Diagrams showing the relation between (a): As (ug/L) and Rb (ug/L), and (b): As (ug/L)
and Li/B, in water samples.

The difference in Rb concentration in the waters observed between the S and W sub-
basins (Figure 5a) can be attributed to the preferential adsorption of Rb by different types of
clays [104,105]. During weathering, Rb* replaces K* in the intermediate layers of clays such
as kaolinite, illite, and Al-hydroxy intercalated vermiculite (HIV) [106,107]. Al-hydroxy
intercalated vermiculite strongly adsorbs Rb in wedge sites, stabilizing its structure [106].
In the study area, HIV is found in higher proportion in sites with native forest cover, than
in those covered by plantations [80], supporting the increase of Rb in water samples from
the plantation-dominated sub-basin.

The distinction in the concentrations of Rb and As across the sub-basins reinforces
the idea that physical erosion, driven by land use changes such as plantations, plays a
critical role in the mobilization and distribution of these elements. The W sub-basin, with
its intensive land use and higher rates of erosion, is expected to contribute significantly
to sediment and element transport compared to the N and S sub-basins. If we compare
the electrical conductivity (EC) of the water with the concentration of these elements in
the suspended sediments from the W sub-basin, we observe a strong positive relationship
for As, with an R? value of 0.9336. This indicates that higher EC is closely associated
with greater mobilization of As in the W sub-basin. The relationship between EC and
Rb concentration is less strong (R? = 0.3908), suggesting that additional factors may be
influencing Rb transport. These results emphasize the influence of physical erosion in
controlling the mobilization and distribution of these elements.

The elevated concentration of As in the W sub-basin also raises potential environ-
mental concerns, as arsenic is a known contaminant with significant health and ecological
risks [108]. Further research is needed to evaluate the long-term impact of this element on
water quality and its potential implications for ecosystems and human health.
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With the distribution of LU/LC in each sub-basin, it is possible to compare the areas
that are more affected by erosive processes in the study area. Given the assumption that
soils under plantations are more susceptible to erosion, this is reflected in the higher con-
centrations of REE, Rb, and As observed in the W sub-basin. Based on these assumptions,
the W sub-basin is expected to contribute a greater amount of sediment compared to the N
and S sub-basins, where native forest cover helps mitigate erosion.

5.4. Li Isotopic Signatures as Proxies for Weathering and Erosional Dynamics

Lithium isotopes have proven to be effective proxies in the study of silicate weathering,
allowing us to evaluate the degree to which weathering processes occur in the study
area [109,110]. The §’Li in river waters and suspended sediments show clear variations
across the W, N, and S sub-basins, reflecting differences in weathering intensity and land
use practices.

In river waters, the W sub-basin, dominated by plantations, exhibited the highest 57Li
values in river waters (+19.2%o), followed by the N sub-basin (+18.5%0) and the S sub-basin
(+12.9%o) (Table 3). The higher §”Li values in the W sub-basin suggest that plantations
may enhance weathering processes, increasing the dissolution of primary minerals and
promoting the leaching of Li into water [111].

Figure 6a compares 5’ Li values with geochemical indicators of continental weathering,
such as Li/Sr ratios (e.g., Rudnick et al. [112]; Zhang et al. [113]), revealing a decreasing
trend from the W sub-basin to the S sub-basin. This trend highlights the role of LU/LC in
influencing both Li isotope distribution and trace element concentrations. Water-rock inter-
actions, as shown in previous studies (e.g., Wunder et al. [114]; Millot et al. [115]), typically
result in heavier Li isotopes (“Li) being preferentially enriched in leachates. Consistent
with this, our analysis of intrusive granitic rock samples yielded 8”Li values of +0.1%o and
—2.3%o, further confirming significant Li isotope fractionation during weathering processes.
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Figure 6. (a). Li/Sr vs. §'Li values in water samples for each sub-basin. (b) Li/Sr vs. 8”Li values in sus-
pended sediments for each sub-basin. (c) Li isotopic content in water and suspended sediment samples.

In suspended sediments, however, the relationship between 57Li and Li/Sr ratios does
not follow a consistent pattern across sub-basins (Figure 6b). The N and S sub-basins show
positive correlations, indicating that weathering processes dominate (R? = 0.542 and 0.960,
respectively). In contrast, the W sub-basin exhibits a negative slope (R? = 0.463), suggesting
that mechanical erosion, driven by plantation activities, has a more substantial influence on
Li isotope distribution in this region.

The higher §”Li values in the W sub-basin suggest that weathering and mineral disso-
lution processes play a significant role in increasing the dissolved Li content, potentially
driven by the higher disturbance in this region. In contrast, the S sub-basin, with more
stable soils and less disturbance, exhibits lower &”Li values, reflecting reduced weathering
intensity. Therefore, while mechanical erosion may influence sediment transport, the iso-
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topic composition of dissolved Li in water samples appears more closely tied to weathering
and mineral interactions in response to land use changes.

The comparison between water and suspended sediment samples shows that river
waters consistently exhibit higher §”Li values compared to the corresponding suspended
sediment samples across all sub-basins (Figure 6¢). This agrees with the established be-
havior of Li isotopes during water-rock interactions, where lighter Li isotopes (°Li) are
preferentially incorporated into secondary minerals (e.g., clays) during weathering, leaving
the heavier isotope (“Li) enriched in the dissolved phase [116]. To further explore this rela-
tionship, we calculated the difference between the 5’Li values of water and their respective
suspended sediment samples for each sub-basin (Table 5). The Li isotope separation be-
tween river waters and suspended sediments (A"Liw.Loap = 8 Liywy — 8’Lioap) provides
insights into the degree of Li fractionation occurring in each sub-basin. These values range
from 26.5%o to 31 %o across the sub-basins, indicating a relatively consistent fractionation
process, independent of the specific sub-basin. However, slight variations are observed,
with the W sub-basin (W0 and W4) showing higher A’Liw.1oap values (Table 5). These
results suggest that mechanical erosion in plantation areas preferentially removes clay
fractions that incorporate ®Li, driving the observed isotopic differences.

Table 5. Lithium isotope separation between river water and suspended load (A”Liw.L0AD)-

8”Liw 8”Liroap ALiw.LoAD
ID
(%0) (%o) (%o)
N sub-basin
N2 +17.9 —6.7 24.6
N3 +19.1 —6.8 25.9
S sub-basin
S1 +10.3 —12.5 22.8
S4 +15.4 —8.1 235
W sub-basin
WO +18.01 —8.3 26.4
W4 +20.2 7.1 27.3

The higher A’Liw.1oap values in the W sub-basin suggest that mineral phases in the
suspended load, such as kaolinite and gibbsite, that preferentially incorporate °Li [117,118],
are being selectively removed by physical erosion, especially in plantation-dominated areas,
explaining the measured isotopic differences. Furthermore, the mineralogical differences
between soils under native forests and plantations [80] support the idea that physical
erosion drives the selective removal of clay fractions, contributing to the variation in Li
isotopes [119]. Castillo et al. [80] indicate that the granitic-derived soils formed under
native forests in Nonguén National Park primarily contain vermiculite and HIV, along with
illite, kaolinite, gibbsite, goethite, and quartz throughout the soil profile. In contrast, soils
formed under plantations show a progressive decrease in vermiculite, HIV, and gibbsite
in the soil profile, while illite remains unaltered. This mineralogical change marked by
the variation of the clay portions of the soil can be explained by the processes of physical
erosion and the consequent selective removal of clay fractions, which explains the decrease
of HIV and vermiculite at depth [119].

Figure 7 further supports this idea, as the correlation between A’Liw.zoap and trace
element ratios (Li/As and Li/B) demonstrates a strong influence of mechanical erosion
on Li isotope distribution in the W sub-basin. The positive correlation between Li/As
and A”Liw.Loap (Figure 7a) suggests that physical processes, rather than solely chemical
weathering, play a critical role in mobilizing of Li isotopes and trace elements in the W
sub-basin. The higher Li/As ratios in the W sub-basin are indicative of increased sediment
transport and erosion due to plantation activities, which are known to accelerate soil
degradation and increase element mobility [19,120].
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Although Li is widely recognized as a robust proxy for silicate weathering [117], the
distribution of Li isotopes in our study area is influenced not only by weathering but also
by physical erosion. The W sub-basin, dominated by plantations, exhibits both higher
erosion rates and increased sediment transport, which contribute to the higher 5’Li values
in the water samples. If the land management practices that led to soil disturbance were
reduced or modified (e.g., through agroforestry or conservation practices), a decrease
in physical erosion would be expected, resulting in more stable isotopic signatures in
the W sub-basin. In contrast, the S sub-basin, dominated by native forests, shows lower
57Li values, reflecting less mechanical disturbance and a stronger influence of weathering
processes on Li isotope distribution.

6. Conclusions

This study highlights the first-order influence of LU/LC changes on the geochemical
dynamics of river waters and suspended sediments in the Nonguén watershed, with
important environmental implications for soil erosion and element distribution.

Our findings reveal that sub-basins dominated by exotic plantations, such as the W
sub-basin, exhibit elevated trace element concentrations and higher §”Li values in river
waters. These patterns are strongly linked to intensified mechanical erosion processes
driven by forest management practices, which enhance the mobilization of trace elements
and affect Li isotopic fractionation. In contrast, sub-basins dominated by native forests,
such as the S sub-basin, display lower concentrations of dissolved solids and trace elements,
reflecting reduced erosion and a stronger influence of weathering processes. The §”Li data
further suggest that LU/LC changes modulate weathering and mineral dissolution, with
plantations amplifying these effects. Nevertheless, the isotopic differences between water
and sediment samples indicate that physical erosion, rather than chemical weathering, is
the primary mechanism driving trace element transport in the study area.

While practices such as clear-cutting, short harvest cycles, the use of heavy machinery,
earthworks, and the construction of access roads contribute to soil erosion, alternative
management strategies should be considered to mitigate these impacts. Recommendations
include crop rotation with other species, a practice applied in both forestry and agriculture,
which involves alternating different species in a given area over time, often combined with
activities such as grazing and agroforestry [121,122]. This approach has been shown to
provide several benefits, including improved soil health, enhanced crop yields, increased
carbon content, and reduced soil erosion [122].

Incorporating these strategies into future policy formulation could provide a more
sustainable means of mitigating the negative impacts of current forestry practices, partic-
ularly in erosion-prone areas like the W sub-basin. Future studies should address these
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challenges by integrating both environmental and socio-economic considerations, ensuring
that the broader implications of land management are fully understood.

Overall, the study highlights the critical role of land management in shaping the
geochemical landscape, emphasizing the need for sustainable land-use practices to mitigate
soil degradation and protect water resources.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/w16223246/s1, Figure S1: slope map; Figure S2: piper diagram;
Table S1: precision and accuracy of geochemical analyses.
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