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Abstract  
Grain crops have expanded at the expense of native grasslands in South America’s Pampa 
Biome in recent decades, thereby increasing the sediment delivery to the river systems. This 
study aimed to evaluate the impact of land use change on sediment sources contributions in 
the Ibirapuitã catchment (5,942 km²), Southern Brazil. For this purpose, a sediment 
fingerprinting approach was developed based on organic matter composition, ultra-violet-
visible reflectance, and fallout radionuclide activities as potential tracers. Four main sediment 
sources were investigated: croplands (n=36), native grasslands (n=31), unpaved roads (n=31), 
and subsurface sources (n=34). Tracers were selected following a three-step procedure: 
conservative range test, Kruskal–Wallis H-test, and linear discriminant function analysis (LDA). 
Selected tracers were introduced into a mass balance mixing model to estimate the source 
contributions to in-stream sediment. The seven tracers selected by the LDA were able to 
explain 91% of the variance and to correctly classify 83% of the source samples. Despite 
covering less than 10% of the catchment surface area, croplands that replaced the native 
grasslands supplied the primary sediment source (33%) to the main outlet, followed by 
subsurface sources (27%). In contrast, native grasslands covering 80% of the surface area 
provided only 17% of sediment to the river network. These findings confirm that soil erosion 
processes are accelerating in response to the recent land use changes in the region. To 
prevent soil loss and sediment delivery to the river systems, land use conversion from native 
grasslands into croplands should be associated with the implementation of appropriate land 
conservation practices, such as runoff control, no-tillage system, and crop rotation.   
 
Keywords 
Sediment delivery, land use change, soil erosion, sediment source, source-to-sink, 
conservation farming. 
 
 
Highlights 
 

• Land use change in the Pampa Biome may increase soil degradation and erosion. 
• Croplands provide  the main sediment source to the Ibirapuitã river.  
• Soil organic matter signatures indicate that croplands are more prone to degradation.  
• Introduction of cropland requires appropriate soil conservation measures. 
• High contribution of subsurface sources reflects a lack of surface runoff control. 
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1. Introduction 
 
The Pampa biome (Subtropical Grasslands, Savannas, and Shrublands) in South 

America has a notably high biodiversity. With an area of approximately 178,800 km² in Brazil 
(only 2.1% of the total surface of the country; Figure A.1), it is predominantly covered with 
native grassland (the Campos Sulinos), the conservation of which has often been neglected 
until recent years compared to other biomes in Brazil (Overbeck et al., 2007). The Pampa 
region receives abundant and intense rainfall occurring on undulated landscapes occupied by 
soils with a low resistance to water and wind erosion (sandy and shallow soils), which explains 
why this biome is particularly fragile and vulnerable to degradation (Roesch et al., 2009).  

Farmers in the Pampa Biome have been economically motivated to convert native 
grasslands into croplands due to the increasing profits resulting from crop cultivation over 
the past 20 years, which are mostly linked to the production of soybeans (Oliveira et al., 2017). 
Cropland coverage in the Pampa biome of Brazil has expanded by 57% from 2,691 km2 in 
2000/2001 to 4,226 km2 in 2014/2015 (Silveira et al., 2017), covering 1.5 and 2.4%, 
respectively, of the biome's total area, respectively (according to the Brazilian Institute of 
Geography and Statistics - IBGE database). This increase in cropland and cultivated 
pastureland is closely related to the reduction of native grassland ((MapBiomas, 2019)- Figure 
A.2).  Modernel et al., 2016 observed similar trends in the Pampa region of Argentina and 
Uruguay, where the conversion of grasslands into cropland and cultivated pastureland 
(mainly oat and ryegrass) degraded due to overgrazing has increased in response to the higher 
agricultural commodity prices. Consequently, the conversion of native grasslands into 
croplands may further increase soil degradation and threaten the ecosystem services 
provided by the Pampa biome.  

The conversion of grasslands into croplands without the implementation of adequate 
soil management may intensify soil erosion and simultaneously increase the sediment 
delivery to the river systems (Didoné et al., 2015; Roesch et al., 2009). Accordingly, estimating 
sediment source contributions is necessary to monitor the respective soil degradation and 
evaluate the erosion status prevailing under different land uses. The sediment fingerprinting 
technique has been widely used to quantify the contribution of sediment sources, providing 
important information about the areas that need more attention for controlling soil erosion 
(Collins et al., 2020; Walling, 2013). This technique can be implemented with a wide variety 
of tracers, which should have the capacity to discriminate between potential sediment 
sources in the catchment of interest and rely on a sound physico-chemical basis (Evrard et al., 
2022; García-Comendador et al., 2023).  

The soils under native grasslands in the Pampa biome are naturally rich in soil organic 
matter (SOM) and they have a high potential to store carbon. However, this ecosystem shows 
a large and rapid loss of soil organic carbon when converted into croplands due to intense soil 
erosion (Pillar et al., 2012), and it may also alter the SOM composition. Growing crops on 
these soils is expected to increase SOM mineralization and consequently reduce total organic 
carbon (TOC) and total nitrogen (TN) contents compared to those found in soils under native 
grassland (Juracek and Ziegler, 2009). Opposite trends may be observed for N stable isotope 
ratios (δ15N). The proportion of the heavy isotope 15N in the SOM may increase due to the 
higher N mineralization caused by soil cultivation and the N enrichment due to fertilizer inputs 
and/or biological fixation by legumes, such as soybean (Amundson et al., 2003). At the same 
time, the cultivation of C3 plants (soybean and rice) at the expense of native grasslands 
predominantly composed of C4 plants may shift their carbon stable isotopes ratios to 13C-
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depleted values, providing a potential tracer of sediment origin (Stevenson et al., 2005). 
Therefore, besides providing potential tracers to discriminate between surface and 
subsurface sources, parameters related to SOM can also contribute to discriminating areas 
under degradation from those that are well-managed, since this parameter is directly linked 
to land use and management (Fox and Papanicolaou, 2007). 

The combination of several tracers is recommended to improve discrimination 
between potential sources (Uber et al., 2019). Fallout radionuclides (137Cs or 210Pbxs) showed 
a high potential to discriminate surface and subsurface sources, as their activities are usually 
significantly higher in topsoil than in subsoil (Evrard et al., 2020). However, their application 
is limited by the relatively high cost of their measurement and the low availability of low-
background analytical facilities increasingly required to analyze them, the relatively large 
sample quantity required (several grams of material), as well as their limited potential to 
discriminate between more than two sources. In addition to the information provided by 
conventional tracers such as radionuclides, geochemical elements and organic matter 
properties, the use of alternative tracers, based on non-destructive, low-cost, and rapid 
analyses, may provide useful additional information to improve the overall source 
discrimination power (Martínez-Carreras et al., 2010a, 2010c). In this regard, colour 
properties have successfully been used as an alternative tracer in multiple study sites and at 
various catchment scales (Evrard et al., 2019; Martínez-Carreras et al., 2010b; Pulley et al., 
2018; Pulley and Collins, 2021; Ramon et al., 2020; Sellier et al., 2020).  

Accordingly, the objective of the current research is to quantify the sediment source 
contributions, combining organic matter composition, radionuclide, and diffuse reflectance-
properties as potential tracers to evaluate the impact of land use change on soil degradation 
and sediment delivery to the river systems in a catchment representative of the understudied 
Pampa biome in Southern Brazil.  

 
2. Material and Methods 
2.1. Study site 

The Ibirapuitã catchment is located in the extreme south of Brazil and is 
representative of the southern grassland region, typical of the Pampa biome in South 
America. The outlet of the catchment considered in this study is located next to monitoring 
point number 76750000 of the Brazilian National Water Agency (ANA, 28°27'22" S, 53°58'24" 
O) in the municipality of Alegrete, Rio Grande do Sul state (Figure 1). The catchment covers a 
surface area of approximately 5,943 km². Its altitude ranges between 80 and 370 m a.s.l., and 
areas above 280 m a.s.l. are located in the headwaters of the catchment, near the border 
between Brazil and Uruguay. They represent less than 15% of the total catchment surface. 
Approximately 90% of the catchment is characterised by slopes lower than 15%. Overall, 
slopes decrease in the northern direction, varying from 2 to 5% in the lower Ibirapuitã region. 
Land use is dominated by native grasslands (81%) with extensive livestock activities (Figure 
2), although soybean crops are increasingly replacing the former native vegetation in the 
region. The climate is Cfa type according to the Köppen classification, which corresponds to a 
humid subtropical climate without a defined dry season, with an average precipitation of 
1,600 to 1,900 mm per year and an annual average temperature of 17°C (Alvares et al., 2013). 

The Ibirapuitã catchment comprises a large heterogeneity of soils, originating from 
two distinct geological materials, which have a different distribution in three main sub-
catchments (Figure 3). The Ibirapuitã – Environmental Protection Area (EPA) subcatchment, 
is an area controlled by the Chico Mendes Institution of Biodiversity Conservation (ICMBio) 
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of the Brazilian National Ministry of the Environment since 1992, where native grasslands 
(85%) and natural forests (10%) dominate. Located in the central portion of the Ibirapuitã 
catchment, the EPA sub-catchment covers an area of 3,196 km². The main soil types (IUSS 
Working Group WRB, 2015) are Regosols in the upper half and Acrisols in the lower half, which 
are set up on basalts of the Serra Geral formation (Fácies Alegrete) and sandstones/silts of 
the Botucatu formation (Fácies Gramado, Caxias, and Guará), respectively.  

The Pai-Passo Stream sub-catchment (PP) covers a surface area of approximately 
1,043 km², and it is mainly occupied by native grasslands (83%) with extensive livestock on 
shallow Regosols developed on basalt (Fácies Alegrete), and paddy fields for irrigated rice 
production (10%) located in the lower and flatter portions of the landscape, characterized by 
Planosols and Vertisols.  

The Caverá Stream subcatchment (CAV) covers approximately 1,455 km². This is the 
sub-catchment with the highest percentage of croplands, mostly for rice and soybean 
production in the summer and for cultivated pastureland in the winter (15%). The native 
grasslands (73%) have been replaced with croplands mainly on the Acrisols developed on 
sandstones of the Botucatu formation (Figure 2 and Figure 3).  

All sub-catchments share landscape features that concentrate large volumes of runoff 
on the hillslopes, such as the slope length, flat and undulate reliefs, associated with sandy 
surface soil layers. These natural characteristics result in their high susceptibility to erosion 
that is further aggravated by the exposure of the soil through the use of heavy equipment for 
farming and overgrazing. Furthermore, the absence of riparian zones and the occurrence of 
preferential paths caused by animal circulation and trampling close to water bodies favour 
the occurrence of riverbank erosion. These erosion processes are widely observed across the 
catchment. Although to a lower extent, erosion was also observed on unpaved roads during 
field campaigns. 
 
 
2.2. Sediment source sampling 

To characterize the potential sediment sources, soil composite samples (n = 132) were 
taken in representative areas showing evidence of soil erosion and in zones connected to the 
drainage network. Considered sources included croplands (n = 36), native grasslands (n = 31), 
unpaved roads (n = 31), and subsurface sources composed of channel bank (n = 18) and gully 
(n = 16) samples (Figure 2). In the surface sources (i.e., croplands and native grasslands), soil 
from the upper 0-2 cm layer was collected, as this layer is the most likely to be eroded and 
transported to the waterways. As for the subsurface sources (i.e., gully and channel bank) and 
unpaved roads, samples were collected along their exposed faces at sites exposed to erosion. 
For each composite source sample, around 10 sub-samples were collected within a radius of 
approximately 50 m, mixed in a bucket, and approximately 500 g of material was stored. Great 
care was taken to avoid sites that have accumulated sediment originating from other sources, 
preventing the collection of transient material. The source sampling sites were selected in 
order to cover all the soil types and the variability in slope positions, as well as the three main 
tributary catchments. In addition,, the samples were collected in regions with easy access by 
car. As it corresponds to EPA, access to upper portions of the main catchment was strongly 
limited due to the absence of accessible roads motorable and dense vegetation in some areas. 
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2.3. Sediment sampling 
Suspended sediment was sampled at the Ibirapuitã catchment outlet and at the 

confluence with its tributaries following two strategies. The first sampling strategy was the 
deployment of time-integrating sediment samplers (TISS, n = 7) (Figure 2). The sampler 
designed by (Phillips et al., 2000) consists of a plastic tube of 75 mm in diameter and 80 cm 
in length, which has a small inlet and outlet tubes (4 mm of diameter) in the extreme edges, 
allowing suspended sediment to enter and reducing flow velocity to enhance deposition. The 
equipment is submerged for a certain period in order to cumulate sediment from different 
rainfall events. The sampling interval was not based on a fixed schedule. Sampling was 
performed after a minimum time interval of three months and when the river was at a 
sufficiently low level to have safe access to the samplers. The second strategy was to collect 
samples of lag deposits after major flooding events when the river discharge exceeded its 
channel’s capacity causing river overflows (n = 2).  

Three sediment samples were collected at the outlet of the Ibirapuitã catchment, two 
from TISS (TISS.Out 1 and 2), and one from lag deposits (LD.Out). TISS samples were collected 
in the tributaries as well: two samples in the Pai-Passo (TISS.PP 1 and 2), two samples in the 
Ibirapuitã-EPA (TISS.EPA 1 and 2), and one at the Caverá catchment outlet (TISS.Cav). Some 
TISS samples were lost because the samplers were either flushed away by the flood or likely 
vandalized. For the sediment samples collected at the main outlet, the first TISS sample 
covered the winter and early spring periods (from May 25 to October 26, 2018). The second 
TISS sample covered the spring and summer periods (from October 26, 2018 to February 19, 
2019), which coincide with the summer crop cultivation (Figure A.3). Two lag deposit samples 
were collected, one of them close to the main outlet (LD.Out) and another one close to the 
EPA catchment outlet (LD.EPA), after the main rainfall-storm event that occurred in January, 
2019. Discharge and precipitation data recorded during the suspended sediment sampling 
time interval are presented in Figure A.3. Rainfall was overall well-distributed throughout the 
year, with the occurrence of a large rainfall event in January 2019, which resulted in one of 
the largest flood events of the last 60 years according to the national water agency records 
(ANA, 2020).  

The whole material in LD and TISS samples passed through a 2000 µm mesh sieve, 
which means that particles larger than this threshold were irrelevant. According to the 
particle size distribution analyses of suspended sediment samples, more than 80% of the 
sample volume was composed of particles smaller than 63 µm (Figure A.4). Therefore, we 
considered that the <63 µm fraction was representative of the suspended sediment samples 
collected. However, the sandy soils may also provide significant amounts of coarse size 
sediments that could not be monitored in this study. Further investigations should therefore 
focus on bed load supply that may contain coarser particles that may be significant in the 
Ibirapuitã catchment.  

 
 

2.4. Source and sediment analysis 
Samples were oven-dried (45° C), gently disaggregated using a pestle and mortar, and 

dry-sieved to 63 µm to avoid particle size effects prior to further analysis (Koiter et al., 2013; 
Laceby et al., 2017). Particle size analyses were carried out on the sediment samples using a 
LS 13 320 laser diffraction particle size analyser (Beckman Coulter) with a Universal Liquid 
Module after sieving the samples to 2000 µm.  
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2.4.1. Total organic matter composition 
After further sieving to 63 µm, the samples were hand-ground with a pestle and 

mortar to obtain a fine and homogeneous powder. Samples were weighted in small tin 
containers and a tyrosine laboratory standard was inserted for each batch and each four soil 
or sediment samples to control the reproducibility of the measurements. Total organic carbon 
(TOC), total nitrogen (TN), δ13C, and δ15N isotope ratios were measured using continuous flow 
isotope ratio mass spectrometry (EA-IRMS). Oxygen for combustion was injected for 70 s (30 
mL min−1) and temperatures were set at 850 °C and 1120 °C for the reduction and combustion 
furnaces, respectively (Agnihotri et al., 2014). Analytical precision and repeatability were 
controlled with tyrosine samples calibrated against international standards (Coplen et al., 
1983). In the current research, the mean uncertainties were 0.2‰ for TN, 0.18‰ for TOC, 
0.1‰ for δ13C, and 0.2‰ for δ15N. When TN contents were too low, a second run was 
performed in order to optimize the sample weight for δ15N measurements, providing enough 
sample mass for the measurements.  Due to the nature of the soil parental material found in 
the Ibirapuitã catchment (i.e. clayey and siliceous nature), no carbonate removal was 
required. A selected set of samples (n=8) was analyzed by X-Ray diffraction (Brindley and 
Brown, 1980), and no carbonate (calcite and dolomite) was found in these samples.  

 
2.4.2. Ultra-violet-visible derived parameters 

Thirty parameters were derived from the ultra-violet-visible (UV) diffuse reflectance 
spectra range (200 to 800 nm, with 1 nm step), measured for each powder sample using a 
Cary 5000 UV-NIR spectrophotometer (Varian, Palo Alto, CA, USA) at room temperature, 
using BaSO4 as a 100% reflectance standard. Samples were added into the sample port and 
care was taken to avoid differences in sample packing and surface smoothness. Twenty-two 
colour parameters were derived from the UV spectra following the colorimetric models 
described in detail by (Viscarra Rossel et al., 2006), which are based on the Munsell HVC, RGB, 
the decorrelation of RGB data, CIELAB, and CIELUV Cartesian coordinate systems, three 
derived from the Hunterlab colour space model (HunterLab, 2015) and two-color indices 
(Pulley et al., 2018). Finally, 27 colour metric parameters were derived from the spectra of 
source and sediment samples and used as potential tracers (L, L*, a, a*, b, b*, C*, h, RI, x, y, 
z, u*, v*, u’, v’, Hvc, hVc, hvC, R, G, B, HRGB, IRGB, SRGB, CI, and SI) (Viscarra Rossel et al., 
2006). Three additional parameters were calculated from the second derivative curves of 
remission functions in the visible range of sediment sources and sediment samples, which 
displayed three major absorption bands at short wavelengths commonly assigned to Fe-
oxides (Caner et al., 2011; Fritsch et al., 2005).  The first band (A1) corresponds to the single 
electron transition of goethite (Gt), whereas the two others correspond to the electron pair 
transition for goethite (A2) and for hematite (Hm) (A3). More details about the calculation of 
UV-derived parameters can be found in (Ramon et al., 2020). 

 
2.4.3. Fallout radionuclides analysis 

Fallout radionuclide activities (137Cs and 210Pb) were measured by gamma 
spectrometry using low-background high-purity germanium detectors (Canberra/Ortec). 
Between 10 to 20 g of samples were weighted into polyethylene containers, sealed airtight, 
and analysed on a detector installed in a lead-protected shield. Measurements were 
conducted between 80 x 105 – 130 x 105 s to optimise counting statistics. The fallout 
radionuclides 210Pb and 137Cs were obtained from the counts at 46.5 keV and 661.6 keV, 
respectively. The unsupported or excess lead-210 (210Pbxs) was calculated by subtracting the 
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supported activity from the total 210Pb activity using two 238U daughters, i.e. 214Pb (average 
count at 295.2 and 351.9 keV) and 214Bi (609.3 keV). Radionuclide activities were decay-
corrected to the sampling date (October 8th, 2018). For samples with 137Cs activities lower 
than the detection limits, they were attributed activity values amounting to half of the 
detection limit reached for these samples.   

 
2.4.4. Sediment source discrimination and apportionment 

Some potential tracers presented a large variability within the same source sediment 
group. Therefore, the samples presenting values for more than three parameters outside of 
the range defined by the mean ±2 standard deviations of the given parameter were 
considered outliers and removed from further analysis (Pulley et al., 2020).  

After this first step, the tracer selection followed the classical three-step procedure: 
(i) a range test, (ii) a Kruskal-Wallis H test (KW H test), and (iii) a linear discriminant function 
analysis (LDA). For passing the range test, mean parameters values for sediment must fall 
within the range between the maximum and minimum values observed for the sources. The 
KW H test was then performed to test the null hypothesis (p < 0.05) that the sources belong 
to the same population. The variables that provided significant discrimination between the 
sources sediment were analysed with a forward stepwise LDA (p < 0.1) in order to reduce the 
number of variables to a minimum that maximizes source discrimination (Collins et al., 2010). 
The statistical analyses were performed with R software (R Development Core Team, 2017) 
and more details on the procedure can be found in (Batista et al., 2018).  

The source contributions were estimated by minimizing the sum of squared residuals 
(SSR) of the following mass balance un-mixing model:  

 𝑆𝑆𝑆𝑆𝑆𝑆 = ���𝐶𝐶𝑖𝑖 − ��𝑃𝑃𝑠𝑠𝑆𝑆𝑠𝑠𝑖𝑖

𝑚𝑚

𝑠𝑠=1

�� 𝐶𝐶𝑖𝑖� �

2𝑛𝑛

𝑖𝑖=1

 (1) 

 
where n is the number of variables/elements used for modelling, Ci is the value of the 
parameter i in the target sediment, m is the number of sources, Ps is the optimized relative 
contribution of source s by SSR minimizing function, and Ssi is the concentration of element i 
in the source s.  

Optimization constraints were set to ensure that source contributions were non-
negative and that their sum equalled 1. The un-mixing model was solved by a Monte Carlo 
simulation with 2500 iterations. More information about model settings and compilation can 
be found in (Batista et al., 2018). Model uncertainties were evaluated based on the 
interquartile variation range of the predictions from the multiple iterations of Monte Carlo 
simulation. The median and interquartile ranges are presented as the source contribution for 
each of the target sediment samples modelled. 

 
3. Results  

 
3.1. Source and sediment properties 
3.1.1. Organic matter composition  

The four parameters related to the organic matter composition showed a significant 
difference between at least two sources (p <0.05) (Table 1). Total organic C (TOC) and total N 
(TN) were highly correlated (R² = 0.97) with a mean TOC/TN ratio of 10.3, and their 
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concentration in the sources and sediments showed similar patterns (Figure A.6). Mean TOC 
and TN contents were higher in the native grasslands compared to the other sources. 
However, they showed a high standard deviation (SD) (46.2 ±16.1 g kg-1 and 4.5 ±1.5 g kg-1, 
respectively) (Figure 4). Unpaved roads and subsurface sources had much lower TOC (5.0 ±1.9 
g kg-1 and 14.5 ±7.6 g kg-1, respectively) and TN contents (0.6 ±0.3 g kg-1 and 1.3 ±0.6 g kg-1, 
respectively), with lower SDs. Croplands had lower TOC and TN contents (32.7 g kg-1 and 3.3 
g kg-1, respectively) than native grasslands, with values closer to those observed in sediment 
samples (23.5 ± 4.5 g kg-1 and 2.2 ± 0.5 g kg-1, respectively). 

The results indicate that TOC and TN can provide good discrimination between surface 
(croplands and native grasslands) and subsurface (unpaved roads, erosion channel, and 
channel bank) sources (Figure 4). Furthermore, the mean percentage of TOC and TN in native 
grassland is higher than under croplands, and this difference can be useful to quantify the 
contribution of cropland areas to the sediment collected in the river (Table 1). TOC and TN 
contents in sediment samples fall within the range of values found in potential sources, 
fulfilling one of the fundamental principles of sediment fingerprinting, according to which the 
potential tracers must be conservative (Smith and Blake, 2014).  

The δ13C and δ15N values showed contrasting signatures between potential sediment 
sources, mainly between subsurface sources and croplands. Croplands showed more negative 
mean values with high SD (-19.0 ±2.0 ‰), while subsurface sources showed less negative 
mean δ13C value (-17.2 ±2.3 ‰) (Table 1). The δ15N presented higher mean values in croplands 
(8.1 ±1.0 ‰) and lower values in the native grasslands source (7.1 ±1.3 ‰), while unpaved 
roads and subsurface sources showed intermediate values (7.9 ±0.9 ‰ and 7.4 ±0.9 ‰, 
respectively). For 27 samples including five sediment samples, the TN concentration was too 
low to allow accurate δ15N measurements. Because of the limited number of sediment 
samples for which δ15N data was available and because of the high difference of δ13C values 
between sediment and source samples (Figure 4), the isotopes were not included in the 
sediment fingerprinting approach as potential tracers.  

 
3.1.2. Fallout radionuclide activities 

Fallout radionuclide activity was sufficiently high to be determined in all the analysed 
samples. For both fallout radionuclides of interest in the present study, i.e. 137Cs and 210Pbxs, 
the mean activities were higher in the native grasslands (3.4 ± 1.6 Bq kg-1 and 197.7 ± 101.3 
Bq kg-1, respectively) than in croplands (2.7 ± 1.2 Bq kg-1 and 136.7 ± 63.5 Bq kg-1, respectively) 
(Figure 5). However, the variability of values within each superficial source was very high, 
compared to the more uniform results observed for the subsurface sources (Figure A.6).  

 
3.1.3. UV derived parameters 

Ultra-violet-visible derived parameters showed a large variation within sources, while 
sediment sample values remained very homogeneous (Figure 6). Although many parameters  
could be extracted from these analyses, only a couple of them turned out to be useful to 
characterize different sources. Most of the UV-derived parameters are highly correlated with 
each other and are grouped in the same cluster, explaining the same variance observed 
between sediment sources (Figure A.5).  

Parameters related to the iron oxides, such as A1, A2, and A3, showed no significant 
differences between surface sources (Table 1). These tracers are more related to parental 
material, soil types, and formation. Consequently, values differ mainly between surface and 
subsurface sources, as can be observed for A1, with mean values of 0.0008465 and 0.001188, 
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respectively (Figure 6). Colour parameters such as chroma and value are influenced by the 
carbon content and land use type (Wills et al., 2007). Luminosity index (L*), which is related 
to the dark or light colour of the soil (Hunter Laboratories, 1996), has lower values for native 
grasslands (48.6 ±5.8) in relation to croplands (52.3 ±3.2) (where a low number (0-50) 
indicates dark and a high number (50-100) indicates light colours). This difference may be 
attributed to the difference in TOC, which is one of the main properties responsible for 
changing soil colours (Viscarra Rossel et al., 2006). In contrast, RI values were almost twice 
higher in the native grasslands (0.81 ±0.6) than in the other three sources (mean of 0.47), and 
it is one of the parameters that presents the lowest correlation with the other parameters  
evaluated (Figure A.5). A significant difference is observed between the subsurface source 
and unpaved roads for the hue (h) value of CIE and chroma (hvC) of the Munsell chart. Lower 
chroma values decrease when soil is saturated and chemically reduced, and these lower 
values can be observed in subsurface sources (gully and channel bank) (Sánchez-Marañón, 
2011).  

 
3.2. Selection of sediment tracers 

In the first step of the data analysis, 15 source samples were removed because more 
than three parameters fell outside of the range based on the mean of the respective group 
and two standard deviations (SD). Therefore, only 117 source samples were kept for 
subsequent analyses. In this study, δ15N was not used as a tracer, because in several sources 
(n = 22) and sediment (n = 5) samples, the TN concentration was too low to get accurate 
isotopic measurements, although exhibiting a conservative behaviour and a potential 
discrimination power between sources. From the 34 parameters considered as potential 
tracers, only 14 were conservative, with the sediment values lying between the mean of the 
sources ± 1 SD. According to the KW H-test, all parameters hold the potential to discriminate 
between at least two sources, allowing all 14 conservative parameters to enter the linear 
discriminant analysis (LDA).  

Among the 14 parameters, seven were selected by LDA as the optimal set of tracers 
(Table 2). TN, h, 210Pbxs, A1, hvC, RI, and L were able to explain 91.1% of the variance between 
source samples (Table 2). The LDA bi-plots presented in Figure 7 demonstrate the source 
reclassification using the best set of tracers from the statistical analysis. Discrimination 
between surface and subsurface sources was very clear. The mean Square Mahalanobis 
distance between the surface and subsurface source was 18.5; 11.6 for croplands, and 25.5 
for native grasslands (Table 2). The Square Mahalanobis distance between croplands and 
native grasslands was very low (4.5), but it was still significant (p<0.01). The same was 
observed between subsurface sources (channel bank and gully) and unpaved roads (5.3, 
p<0.01). On average, 83% of the source samples were correctly classified by the LDA.  

 
3.3. Sediment source apportionment 

During the first period of sediments sampled using the time-integrating sediment 
samplers (TISS), the mixing model results indicate croplands as the main sediment source in 
all sediment samples collected from the Ibirapuitã River (Figure A.7). The Caverá and Pai-
Passo sub-catchment showed a higher proportion of sediment from croplands (41% and 40%, 
respectively) compared to the other two catchments (Figure 8). The Caverá catchment also 
had the highest contribution of sediment from native grasslands (32%), while in the other 
sites this contribution ranged between 18% and 20%. Subsurface and unpaved road 
contributions were the least important for both catchments in the first period. For the Caverá 
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catchment, subsurface and unpaved roads correspond to only 27% of the total sediment 
supply to the river, while for the sub-catchments Environmental Protection Area (EPA), Pai-
Passo, and in the Ibirapuitã catchment outlet they represent 47%, 41%, and 41%, respectively 
(Figure 8).  

For the second period of TISS sampling, a higher contribution from subsurface and 
unpaved roads was observed (Figure A.7), except in the Caverá sub-catchment in which the 
sediment sample was lost. Altogether, subsurface and unpaved roads supplied more than 
60% of sediment. Native grassland's contribution ranged between 9% and 13%, while the 
mean contribution of croplands was 27% for the EPA sub-catchment, Pai-Passo sub-
catchment, and the main outlet of the Ibirapuitã River catchment. The source contribution 
observed for the second TISS period was very similar to the source contribution observed for 
the sediment samples of lag deposits (LD). These samples were collected just after the large 
rainfall event that occurred in January 2019, which could be responsible to a large extent for 
the sediment transport that occurred during the entire second period.  

 
4. Discussion 
4.1. Source and sediment samples composition 

The Ibirapuitã River catchment shows a high diversity of soil types, mainly due to the 
different geological basements and landscape variability found in the region. In addition, the 
differences in land use management may result in such a high intra-source variation as that 
observed for the parameters evaluated in the current research, especially in surface sources. 
Native grassland was the source showing the greater variability, mainly for parameters 
related to TOC and fallout radionuclide activities. Overgrazing in fragile areas has likely 
resulted in native grassland degradation due to the higher soil exposure to water erosion, 
including the formation of gullies (Cordeiro and Hasenack, 2009). Furthermore, the high 
variability of native grassland management operations (e.g., different fertilization, stoking 
rate, etc) by farmers can likely explain this high intra-source variability.  

Grasslands represent a significant sink of carbon, and according to the meta-analysis 
conducted by (Guo and Gifford, 2002), 59% of the soil organic carbon is lost when grasslands 
are converted into croplands. This can explain the lower TOC and TN content found in 
croplands compared to grasslands in the investigated catchment. The conversion of native 
grasslands into croplands can result in a fast depletion of soil organic matter (SOM), as a 
consequence of a negative balance between C inputs by plant and microorganism residues 
and C losses as CO2 due to microbial oxidation of SOM. At the same time, SOM is more 
concentrated in the soil surface layers, which are the most exposed to soil erosion. When the 
soil is plowed for crop cultivation, the soil is further exposed to the impact of rainfall, breaking 
the soil aggregates and exposing the physically protected SOM. Accordingly, the erosion 
processes accelerate the mineralization of SOM into atmospheric CO2 and also make the C 
bound to sediment to be potentially transported to water courses (Lal, 2003). Beyond the 
impacts on soil degradation, (Booman et al., 2012) observed that the reduction of grassland 
area in the Argentinian Pampa result in a drastic modification of the catchment hydrological 
behaviour. 

The SOM was found to be more depleted in 13C in cropland samples compared to 
native grassland samples, suggesting that the introduction of C3 plants may be currently 
changing the C signature of the SOM. In the Campos Sulinos of the Pampa biome, the C4 
grasslands dominate, resulting in a greater accumulation of 13C in the soil ((Andrade et al., 
2019). The conversion of native grasslands into croplands with C3 plants, mainly soybean 
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(Glycine max) and rice (Oriza sativa), tends to reduce the proportion of 13C, which results in 
more negative values of δ13C.  In addition, during the winter, these areas are also usually 
cultivated with C3 grass pastures, such as ryegrass (Lolium multiflorum) and oat (Avena 
sativa). 

The higher δ15N values in cropland and the decrease of TN can be related to the 
selective mineralization of SOM, leading to TN depletion by leaching or volatilization and 15N 
enrichment in the remaining soil organic matter (Xu et al., 2010). Moreover, plants tend to 
favour the incorporation of the light N isotope 14N over 15N. Accordingly, the plant tissues are 
usually depleted in 15N and the N remaining in the soil is enriched in 15N (Fox and 
Papanicolaou, 2008). The opposite behaviour is observed in native grasslands, as the highest 
TN content and lower losses of N by mineralization processes result in lower δ15N. At the same 
time, the plant residues deposited on the soil surface and depleted in 15N, result in lower δ15N 
in the soil surface compared to the subsurface sources (Huon et al., 2017). The temporal 
stability of TOC and TN in the fine suspended sediment generated by water erosion makes 
the measurement of these variables usable as an alternative tracer for quantifying sediment 
source contributions (i.e., using end-member mixing models) (Huon et al., 2013; Riddle et al., 
2022).  

Ultra-violet-visible derived parameters are mainly controlled by the carbon content 
and variables related to the pedogenesis process, such as iron oxide and clay content (Bayer 
et al., 2012). The current land use-based approach did not take into account the soil type 
variability, which is particularly high in the Ibirapuitã catchment. The high variability of these 
parameters within sources can be explained by this soil-type variability. As a consequence, 
most colour parameters, and those related to iron oxides, were not selected as tracers to 
discriminate between land-use-based sources.  

The variability of radionuclide activities in surface sources can be related to the soil 
degradation and erosion status of each sampled site (Evrard et al., 2020). The soil degradation 
status was not taken into account during the sampling campaign, where a wide variability of 
soil management conditions was covered within each land use. This variability was not 
observed in subsurface sources, which were sheltered from atmospheric fallout. The lower 
mean activity of 137Cs and 210Pbxs observed in croplands compared to native grasslands can be 
indicative of the higher soil erosion rates occurring under croplands, confirming what was 
deduced from the observations made on the SOM composition parameters. As for croplands, 
some native grassland samples were depleted in 137Cs and also in 210Pbxs, suggesting that the 
surface soil layer with higher radionuclide activities was removed by soil erosion.   

 
4.2. Sediment source contribution 

The mixing model results indicate that land use management can play an important 
role in controlling sediment delivery to the river. The combination of soils highly sensitive to 
erosion, a high rainfall erosivity (Almagro et al., 2017), steep slopes, and inappropriate land 
use and management (Roesch et al., 2009) may increase connectivity across catchments 
during different periods (Ares et al., 2020) accelerating the transfer of sediments to the river. 
The first period covered by TISS samples represents the time after the harvesting of summer 
crops (rice and soybean mainly) when the soil is exposed to rainfall without cover crops. 
During this first period, croplands supplied the main source of suspended sediment. It should 
be noted that the proportion of the catchment area occupied by croplands remains very low 
nowadays, covering only 10% of the total catchment surface. Besides that, samples from the 
sub-catchments, that showed higher proportions of croplands, such as Caverá and Pai-Passo, 
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displayed a slightly higher contribution of sediment originating from croplands. Croplands and 
pastures have already been reported as the main sediment sources in other sediment tracing 
studies developed in southern Brazil (Tiecher et al., 2018, 2017) where high erosion rates and 
sediment yields were quantified (Didoné et al., 2014).  

In the first sampling period, the higher contribution of native grasslands in the Caverá 
sub-catchment compared to the other sub-catchments (Figure 8) is probably due to the 
geological basement of the Caverá sub-catchment, which is mainly composed of sandstone 
(Figure 3). This type rock generates sandy soils that are more sensitive to erosion (Costa et 
al., 2018) and, consequently, to degradation brought on by poor land management. The main 
threats to the Pampa biome ecosystems have already been identified as overgrazing and 
eventual burning of native grasslands, especially on sand-textured soils, followed by erosion 
and sandification (Roesch et al., 2009). The continued expansion of agriculture in the Pampa 
region may further increase the contribution of sediments and contaminants to the river 
network due to soil degradation. The region has a high potential for nutrients and 
contaminants losses due to soil erosion. A global estimation of P losses due to soil erosion 
showed that, in this region, the P losses can be in the order of 1.1 to 20.0 kg ha-1 yr-1 (Alewell 
et al., 2020). Appropriate soil conservation practices have to be implemented to avoid the 
situation where soil degradation can lead to an irreversible status of sandification (Roesch et 
al., 2009).  

 The high rainfall-runoff event that took place in January 2019 is likely the reason for 
the increased contribution of sediments from subsurface sources during the second phase of 
sediment sampling utilizing TISS. The overflow of the river exacerbated the erosion of 
channels and gullies, increasing their contribution to sediment. For the sediment sampled in 
the lag deposits, similar source contributions were calculated as for the TISS samples during 
this second period. Previous studies evaluating the sediment source contributions in paired 
catchments of the Pampa biome, one with two nested forest plantations (Rodrigues et al., 
2018) and the other with paired catchments under forest plantation and native grasslands 
(Valente et al., 2020), outlined in a similar way that stream banks provided the main sediment 
source through the collapse of river banks. The absence of riparian vegetation and the 
occurrence of outcropping deep sandy soil profiles are widely observed in the Ibirapuitã 
catchment, which may promote bank erosion. Additionally, it was shown that overgrazed 
fields with cattle having unrestricted access to stream channels accelerated erosion of stream 
banks and gullies (Zaimes et al., 2019). Moreover, the long and undulating slopes observed in 
this region facilitate the runoff concentration in the convergence zones, leading to the 
formation of gullies. Furthermore, Valente et al. (2020) also showed that grasslands with 
intensive livestock farming are counterintuitively more sensitive to soil erosion than forest 
plantations in the Pampa biome.  

Overall, the current research results showed that land use change consisting of the 
conversion of native grasslands into croplands may lead to several deleterious environmental 
impacts. As observed by Foucher et al. (2023), in the nearby Rio Negro catchment in Uruguay, 
the conversion of native grasslands in the Pampa Biome into areas for grain cultivation or 
planted forests, without the implementation of appropriate soil management practices, 
result in an increase in erosion rates and sediment input into river systems and dam 
reservoirs. As a result, better management practices have to be promoted under native 
grasslands to reduce overland flow and subsequent gully and stream bank erosion in lower 
landscape areas. Grasslands show a high potential to capture and store carbon in the soil 
(Viglizzo et al., 2019) and the grasslands of the Pampa biome provide important ecosystem 



14 
 

services. Their protection requires strategies to improve the land management (Modernel et 
al., 2016). As already pointed out by (Oliveira et al., 2017), more studies are needed to give 
support for policymakers to define the best strategies for achieving the Pampa biome 
grasslands conservation.  

 
4.3. Limitations of the study 

Tracing sediment sources in catchments of this size and with these characteristics 
poses numerous challenges. Among them, we can mention: 1) the difficulty in obtaining 
samples to characterize sources with a spatial distribution covering the entire catchment. Due 
to the low population density in the region and the occurrence of an EPA in its upper parts, 
road access is quite limited. Furthermore, as it is a very remote region, it was not possible to 
identify landowners before accessing their properties, so that for safety reasons, some areas 
could not be accessed; 2) in ideal conditions, more sediment samples should have been 
collected covering a greater spatial and temporal variability of river flow conditions. Some of 
the sediment samplers installed in the rivers were washed away during floods, and some of 
them were also removed by local people. An assessment of the contribution of sub-
catchments could also help to better understand the temporal and regional variations in 
sediment source contributions; 3) for this particular catchment, greater attention should be 
given to sediments with a particle size greater than 63 µm. Since the soils in this area have a 
high sand content, this coarser material also contributes substantially to the total sediment 
flux. The difficulty is to identify appropriate tracers to investigate the contribution of this 
coarser material, which is challenging as this fraction is depleted in most tracers found 
enriched in the finer fraction and used to trace its contribution. 

 
 

5. Conclusions 
This study provided some of the first insights into the impacts of recent land use 

changes on sediment sources supplied to the water bodies in a representative catchment of 
the Brazilian Pampa biome. Croplands (33%) and subsurface sources (27%) were shown to 
supply the main sediment sources in the Ibirapuitã river catchment, followed by unpaved 
roads (24%). Subsurface sources were the main sources of lag deposit while croplands were 
the main source of suspended sediment. However, the high cropland contribution to 
sediments (33%) is raising concerns as it currently only covers 10% of the total catchment 
area and it already provides a disproportionate contribution of material to river systems. This 
demonstrates that erosion processes have intensified in this region following the conversion 
of native grasslands into croplands. Croplands are probably exposed to more severe soil 
degradation, as evidenced by the discrepancies between the soil signatures under croplands 
and native grasslands in terms of the organic matter composition and radionuclide activity. 
Accordingly, the conversion of native grasslands into farming areas, in the current conditions 
of soil management, tends to reduce the soil contents in soil organic carbon, decreasing soil 
quality, and increasing the degradation of water resources through the accelerated transfer 
of sediments and potentially associated contaminants. Furthermore, we observed that 
extreme rainfall-runoff events can have a significant impact on the sediment dynamics of the 
catchment, and considering their increased frequency due to climate change, it is necessary 
to adopt measures to mitigate their impacts. In order to achieve a sustainable agricultural 
development in this region, it is crucial to implement appropriate soil conservation practices 
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since the current management appears clearly to be insufficient to control the transfer of 
sediments from cropland to the river system. 
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Figure 1.  
Location of the Ibirapuitã River catchment in South Brazil highlighting the digital elevation 
model (DEM), the river drainage network, and the limits of the three main sub-basins 
monitored (Caverá, Pai-Passo, and environmental protection area (EPA) sub-catchemnts). 
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Figure 2.  
Distribution of land use and sampling sites for suspended sediments and sediment sources 
characterization in the Ibirapuitã River catchment. 
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Figure 3.  
Soil types, geology, and sampling sites in the Ibirapuitã River catchment. 
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Figure 4.  
Boxplots of total organic carbon (TOC), total nitrogen (TN), and δ13C and δ15N isotope ratio in 
the potential sources and sediment samples. CR, croplands; NG, native grasslands; Sed, 
sediment samples; SS, subsurface sources; UR, unpaved roads. 

 
 
 
 

 
Figure 5.  
Boxplots of fallout radionuclide activities (137Cs and 210Pbxs) for potential sources and 
sediment samples. CR, croplands; NG, native grasslands; Sed, sediment samples; SS, 
subsurface sources; UR, unpaved roads. 
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Figure 6.  
Boxplots of UV derived parameters in potential sources and sediment samples. CR, croplands; 
NG, native grasslands; Sed, sediment samples; SS, subsurface sources; UR, unpaved roads. 
This figure only contains five UV derived parameters selected by the LDA from a total of 30 
parameters measured. 
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Figure 7.  
Source sample reclassification by the linear discriminant analysis using the selected set of 
tracers (TN, h, 210Pbxs, A1, hvC, RI, and L). CR, croplands; NG, native grasslands; SS, subsurface 
sources; UR, unpaved roads; LD1, first linear discrimination function; LD2, second linear 
discrimination function. 
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Figure 8.  
Mean sediment source contribution for the individual sediment samples collected in the 
Ibirapuitã River catchment. TISS, time integrated suspended sediment sample; Lag, Lag 
deposit sample.



 
Table 1. Mean values, standard deviation, and non-parametric comparison of potential 
tracers evaluated in four main sources of sediments (cropland, native grasslands, subsurface, 
and unpaved roads), maximum and minimum values in the sediment sources, and mean value 
and standard deviation of potential tracers in the sediments sampled in the Ibirapuitã River 
catchment, South Brazil. 

Fingerprint property 
Croplands Native grasslands Subsurface Unpaved road Sources 

Mean Mean Mean Mean Max Min 

 n = 33 n = 26 n = 31 n = 27 n = 117 
137Cs (Bq kg-1) 2.66 ± 1.23 3.35 ± 1.65 0.67 ± 0.44 0.43 ± 0.2 7.45 0.18 

210Pbxs (Bq kg-1) 136.73 ± 63.46 197.67 ± 101.26 14.99 ± 10.58 16.17 ± 9.04 524.56 1.77 
TN (g kg-1) 3.3 ± 0.85 4.47 ± 1.52 1.35 ± 0.63 0.63 ± 0.27 0.73 0.03 

TOC (g kg-1) 32.75 ± 9.12 46.24 ± 16.12 14.52 ± 7.63 5.07 ± 1.95 7.29 0.19 
CN Ratio 9.89 ± 0.8 10.28 ± 1.08 10.47 ± 2.36 8.15 ± 1.3 16.80 5.30 
δ13C (‰) -19 ± 2.01 -17.79 ± 1.62 -17.2 ± 2.34 -17.59 ± 1.47 -14.61 -23.25 
δ15N (‰) 8.11 ± 1.05 (n=27) 7.07 ± 1.3 (n=25) 7.44 ± 0.9 (n=28) 7.94 ± 0.9 (n=14) 9.76 4.63 

A1 0.00086 ± 0.00049 0.00087 ± 0.00045 0.00109 ± 0.00047 0.00129 ± 0.00075 0.00304 0.00001 
A2 0.00024 ± 0.00011 0.00029 ± 0.00012 0.00034 ± 0.00019 0.00031 ± 0.00008 0.00077 0.00007 
A3 0.00031 ± 0.00024 0.00026 ± 0.00016 0.00022 ± 0.00006 0.00048 ± 0.00042 0.00169 0.00005 
Hr 0.29 ± 0.15 0.24 ± 0.07 0.18 ± 0.04 0.25 ± 0.07 0.83 0.11 
L* 52.35 ± 3.2 48.62 ± 5.85 52.08 ± 4.81 53.38 ± 3.81 63.95 36.48 
a* 9.32 ± 3.17 8.21 ± 2.12 7.68 ± 1.83 11.8 ± 4.32 21.91 4.76 
b* 20.55 ± 4.2 18.43 ± 3.48 19.57 ± 3.91 23.39 ± 3.93 32.79 11.69 
C* 22.6 ± 5.08 20.2 ± 3.95 21.04 ± 4.23 26.29 ± 5.39 39.44 12.82 
h 66.17 ± 3.43 66.18 ± 2.72 68.64 ± 2.16 63.91 ± 4.66 72.86 53.90 
x 0.39 ± 0.02 0.39 ± 0.01 0.39 ± 0.01 0.41 ± 0.02 0.46 0.36 
y 0.38 ± 0.01 0.38 ± 0.01 0.38 ± 0.01 0.38 ± 0 0.39 0.36 
z 0.23 ± 0.02 0.24 ± 0.02 0.24 ± 0.02 0.21 ± 0.03 0.27 0.16 
L 45.27 ± 3.16 41.7 ± 5.64 45.04 ± 4.83 46.3 ± 3.82 57.22 30.43 
a 7.66 ± 2.72 6.54 ± 1.8 6.26 ± 1.63 9.81 ± 3.67 18.68 3.67 
b 13.14 ± 2.44 11.62 ± 2.29 12.64 ± 2.56 14.7 ± 1.89 18.81 6.89 
u* 24.12 ± 6.79 21.01 ± 4.85 21.17 ± 4.72 29.32 ± 8.21 49.41 12.40 
v* 23.42 ± 4.22 20.86 ± 3.97 22.7 ± 4.48 26.01 ± 3.18 32.84 12.58 
u’ 0.23 ± 0.01 0.23 ± 0.01 0.23 ± 0.01 0.24 ± 0.01 0.27 0.22 
v’ 0.5 ± 0.01 0.5 ± 0 0.5 ± 0 0.51 ± 0 0.52 0.49 
RI 0.47 ± 0.16 0.8 ± 0.56 0.5 ± 0.21 0.44 ± 0.17 2.69 0.16 

Hvc 198.64 ± 11.24 200.32 ± 8.31 205 ± 6.36 190.56 ± 14.15 215.82 158.24 
hVc 29.56 ± 1.46 27.86 ± 2.67 29.43 ± 2.19 30.03 ± 1.74 34.85 22.32 
hvC 27.88 ± 3.66 25.58 ± 3.26 26.64 ± 3.32 30.63 ± 3.78 39.99 18.54 

R 147.86 ± 15.41 144.26 ± 11.46 141.77 ± 9.95 159.41 ± 20.22 205.34 123.20 
G 85.87 ± 2.26 86.14 ± 1.6 87.51 ± 1.18 83.95 ± 4.42 90.14 72.54 



 
B 47.69 ± 6.4 49.35 ± 5.04 49.32 ± 5.08 43.4 ± 6.72 59.94 28.38 

HRGB 5.95 ± 3.36 5.33 ± 2.37 4.02 ± 1.66 8.73 ± 5.6 22.59 1.50 
IRGB 93.81 ± 2.38 93.25 ± 1.77 92.87 ± 1.54 95.59 ± 3.12 102.66 89.99 
SRGB 50.08 ± 10.88 47.46 ± 8.22 46.23 ± 7.47 58 ± 13.43 88.33 31.63 

CI 0.26 ± 0.06 0.25 ± 0.04 0.24 ± 0.04 0.31 ± 0.07 0.48 0.17 
SI 0.51 ± 0.09 0.49 ± 0.07 0.48 ± 0.07 0.57 ± 0.09 0.76 0.35 
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Table 2. Summary of linear discriminant analysis (LDA) outputs. 
Selected tracers TN, h, 210Pbxs, A1, hvC3, RI, L 

Wilk's Lambda 0.09 

Variance explained by the variables (%) 91.1 

Squared Mahalanobis distances   

Croplands × Native grasslands 4.5 

Croplands × Subsurface 11.6 

Croplands × Unpaved road 12.5 

Native grasslands × Subsurface 25.5 

Native grasslands × Unpaved road 29.7 

Subsurface × Unpaved road 5.3 

Average 14.8 

p-levels   

Croplands × Native grasslands <0.001 

Croplands × Subsurface <0.001 

Croplands × Unpaved road <0.001 

Native grasslands × Subsurface <0.001 

Native grasslands × Unpaved road <0.001 

Subsurface × Unpaved road <0.001 

Source samples correctly classified (%) 

Croplands 84.8 

Native grasslands 76.0 

Subsurface 84.4 

Unpaved road 85.2 

Average 82.9 

Uncertainty associated with the discrimination of the source (%) 

Croplands 24.6 

Native grasslands 28.4 

Subsurface 20.2 

Unpaved road 18.9 

Average 23.0 
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