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ABSTRACT

In Brazil, agricultural expansion has increased soil erosion and sediment supply to waterways. As elevated
sediment loads often degrade freshwater environments, sediment fingerprinting techniques are
increasingly used to identify the sources supplying sediment to riverine and lacustrine environments. In
this study, the contribution of various soil types to sediment was investigated in the Guaporé catchment
(2,032 km?) in southern Brazil. Soil samples (n=75) were collected to characterize five soil types:
Ferralsols (n=26), Nitisols (n=13), Acrisols (n=8), Leptosols (n=6), and Luvisols (n=22). Sediment
samples (n=7) were collected in a trap installed at the catchment outlet. Sediment source contributions
were modelled according to soil types with elemental geochemistry and 8’Sr/26Sr ratios. & Sr/®Sr ratios, K,
Ti, Co, As, Ba and Pb were selected as the optimal suite of properties discriminating between soil types.
Sediment samples were modelled to mainly originate from downstream Acrisols (mean 41%, SD 2%),
Leptosols (mean 34%, SD 4%) and Luvisols (mean 17%, SD 4%). In contrast, contributions of upstream
Ferralsols (mean 4%, SD 2%) and Nitisols (mean 4%, SD 6%) were low. These results suggest that soils
found in lower parts of the catchment, cultivated with conventional agriculture on steep slopes, were the
main source of sediment to the river network. In contrast, soils found in upper parts of the catchment,
cultivated with soybean under direct sowing, were less eroded or deposited before reaching the sediment
sampling location at the outlet. These findings demonstrate that the management of local and degraded
soil sources is important for reducing sediment loads.
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INTRODUCTION

Soil erosion is a major process of land degradation worldwide. The detachment and subsequent transport
of soil particles is accelerated by land use change and increasing anthropogenic pressure in agricultural
landscapes (Sharma, et al., 2011; Zhao, et al., 2016). The negative consequences of soil erosion include
declining soil fertility and crop yields (Bakker, et al., 2008). Soil loss and the transfer of fine sediment
(<63 um) to the river network may also result in the degradation of water quality by sediment-bound
contaminants, and to dam and river channel siltation (Owens, et al., 2005; Yuan, et al., 2015). Therefore,
information on the spatial and temporal sources of sediment and their variability is essential to implement
effective management strategies that reduce sediment loads and improve our understanding of sediment
and contaminant source dynamics (Masselink, et al., 2016; Vaezi, et al., 2016).

In Brazil, the rapid intensification of agriculture led to an increase in soil erosion rates and sediment yields
(Manzatto, et al., 2002), resulting in soil losses that often exceeded 50 Mg ha? yr?, making Brazil a
worldwide hotspot of soil erosion (Caséo Junior, et al., 2012). As conventional tillage dominated in the
1950s and 1960s, multiple initiatives were implemented across Brazil in the 1970s to reduce soil loss with
the promotion of conservation agricultural practices such as no-till systems. However, most soils were still
inadequately managed and the lack of additional runoff control measures (e.g., crop rotation, contour
farming, retention ponds, and dense soil cover with crop residues) resulted in ongoing erosion issues.

The Rio Grande do Sul State was particularly impacted with estimated average erosion rates of 40 Mg ha*
yrt (Schmidt, 1989). Since the 1990s, concerns regarding soil loss in agricultural catchments increased in
this state where direct sowing (without the implementation of additional runoff control measures) and
soybean monoculture dominate (Merten, et al., 2010). However, there remains a lack of information
regarding sediment sources and processes in this region in particular, and medium to large scale Brazilian
agricultural catchments in general.

Sediment source fingerprinting techniques provide a direct approach to identify and quantify sources
supplying sediment to river systems. This method involves the measurement of physical and/or chemical
parameters in both potential sources and sediment (Ben Slimane, et al., 2016; Martinez-Carreras, et al.,
2010; Walling, et al., 2002; Zhang, et al., 2016). Often, sediment fingerprinting studies rely on the
discrimination of potential sediment sources according to land use (e.g., cropland, channel bank, road,
pasture, damaged roads) (Collins, et al., 2012; Sherriff, et al., 2015) or catchment geology (Evrard, et al.,
2011; Hughes, et al., 2009; Laceby, et al., 2015). Recently, a geochemical fingerprinting approach was
used to apportion sediment sources based on catchment soil types (Lepage, et al., 2016). Weathering and
erosion result in the formation of soils with geochemical properties related to their bedrock source. As
sediment predominantly originates from soils, lithological/soil fingerprinting approaches could logically
provide further sediment source information, particularly when related to agricultural practices in different
regions.

Strontium isotopic ratios (8"Sr/%Sr) vary depending on bedrock composition and age (Albaréde, 1995) and
they are not fractionated by natural processes (Bullen & Kendall, 1998). 8Sr/®®Sr ratios measured in
suspended sediment are representative of 8Sr/%Sr ratios of their eroded parent material and have been
used to identify suspended sediment sources in riverine, estuarine and marine environments (Asahara, et
al., 2006; Douglas, et al., 1995; Wasson, et al., 2002). Accordingly, 8 Sr/%Sr ratios have a strong potential
for continental fingerprinting studies and could provide complementary sediment source information to
elemental concentrations and improve sediment source identification based on soil type.



Sediment source fingerprinting research in Brazilian catchments has mainly focused on hydrological and
erosion processes and on the estimation of erosion rates (Merten, et al., 2015; Merten & Minella, 2013;
Minella, et al., 2014). Most of these fingerprinting studies were implemented in the Rio Grande do Sul
State, identifying sediment sources according to land use with geochemical measurements. Results
estimated contributions ranging between 57 and 64% for croplands, 23 and 36% for unpaved roads and 20
to 36% for channel banks (Minella, et al., 2004; Tiecher, et al., 2015a; Tiecher, et al., 2015b).

In this current study, sediment sources are investigated in the agricultural Guaporé catchment (Rio Grande
do Sul, Brazil) where croplands were modelled to dominate the sediment supply (88 + 19%) (Tiecher,
2015). Contrasting farming practices (e.g., conventional tillage and no-till systems) were implemented in
this catchment since the 1960s and it is important to understand the contribution from soils under these
different practices to sediment degrading local river networks. Accordingly, the optimum set of
fingerprinting parameters that best discriminate between the soil types was incorporated into a distribution
modelling approach to quantify the relative contributions of the soil sources to sediment sampled at the
outlet of the Guaporé catchment. Variations in sediment source contributions are discussed in relation to
agricultural practices to highlight management implications.

MATERIAL AND METHODS
Study site

The Guaporé catchment (2,032 km2) is located in the northeastern region of the Rio Grande do Sul State,
in southern Brazil (Figure 1a). The catchment has a subtropical climate with annual rainfall ranging
between 1,400 and 2,000 mm (Didoné, et al., 2014). The geology is characterized by lava flows from the
Serra Geral formation with basalts locally overlaid by rhyodacites (Riccomini, et al., 2016). This parent
material is impermeable across the entire catchment. Upper parts of the catchment are characterized by
gentle slopes and deep soils (4 m depth), corresponding to the edge of the Meridional Plateau of the Serra
Geral, whereas the lower parts of the catchment are characterized by steep slopes (> 60%) and shallow
soils (<1 m) that are well connected to the river network. Five soil types are identified in this catchment:
Ferralsols (31%) and Nitisols (21%) located in upper part of the catchment and Luvisols (24%), Acrisols
(17%) and Leptosols (7%) in the lower part of the catchment.

Ferralsols and Nitisols are deeply weathered, well drained (Gardi, et al., 2015; Quesada, et al., 2011) and
characterized by the dominance of vertical hydrological flows. Their physical properties (i.e., high clay
and iron/aluminum oxide contents, aggregation, and stable microstructure) further decrease their
sensitivity to soil erosion compared to most of the weathered subtropical soils. In contrast, Acrisols and
Leptosols are shallow soils mostly found in forested and steep areas, with a lower potential for agriculture
(Bockheim, 2015; Fernandez-Getino & Duarte, 2015; Towett, et al., 2015). Acrisols, characterised by a
low fertility and high concentrations in aluminum, show an increase in clay content in the subsurface
horizon compared to the upper sandy horizon. This subsurface clay layer reduces water infiltration
resulting in the formation of lateral subsurface flows. When cultivated, these soils have to be protected by
a dense vegetation cover to prevent soil erosion (Gardi, et al., 2015; World Reference Base for Soil
Resources, 2006). Highly degraded by soil erosion, Leptosols are shallow and stony, and mainly dedicated
to forestry and pasture (Fink & Pedro, 2015). These soils may be rapidly saturated with water, generating
runoff. Luvisols are the only fertile soils suitable for a wide range of agricultural uses in lower parts of the
Guaporé catchment (Quesada, et al., 2011).



Land use in the Guaporé catchment is a heterogeneous mixture of forests (58%), croplands (31%) and
pastures (10%) (Figure 1b). Native forests are mainly composed of Araucaria angustifolia although a total
of 81 tree and shrub species are found in the region. Soybean (Glycine max), maize (Zea mays) and wheat
(Triticum) under direct sowing are predominantly cultivated in the upper area of the catchment. In lower
parts of the catchment, tobacco (Nicotina tabacum) and maize (Zea mays) are cultivated with conventional
plowing, although forests and pastures dominate this area. Native grasslands are composed of perennial
grass species (Cynodon spp) and annual pastures are mainly composed of black oats (Avena strigosa
Schreb.) and Italian ryegrass (Lolium multiflorum Lam.).

Sampling

Source samples were collected in 2012. Before sampling, sediment mobilization and transport were
observed during storm events and soil sampling was restricted to areas sensitive to erosion and potentially
connected to the river network. In total, the source samples covered the range of different soil types
identified in the catchment: Ferralsols (n=26), Luvisols (n=22), Nitosols (n=13), Acrisols (n=8) and
Leptosols (n=6). Samples (n=75) were collected by scraping the top 2-3 cm layer of soil and by scraping a
2-3 cm layer of the sidewall from eroding channel banks. Each sample was composed of ten sub-samples
collected randomly. A plastic spatula was used to collect samples to avoid potential metal contamination.

Sediment samples (n=7) were collected between March 2012 and February 2014 using in situ time-
integrated suspended sediment samplers (Phillips, et al., 2000). Two sediment samplers consisting of
polyvinyl chloride (PVC) pipes (1m long and 0.1m in diameter) were installed at the outlet of the Guaporé
catchment (Figure 1c). The inlet and outlet of the tubes were composed of semi-rigid nylon pneumatic
tubing with 4 mm diameter and 150 mm length. Each sampler collected between 20 and 100 g of sediment
depending on the campaign. Seven periods were monitored with immersion durations ranging between 59
and 181 days (Table 1). Each period corresponds to the cumulative amount of rainfall required to generate
runoff and erosion. Overall, periods ranging between two and three months were sufficient to collect
significant amounts of sediment.

Hydrological characteristics

Daily rainfall, water discharge and suspended sediment concentrations were recorded at the outlet of the
Guaporé catchment. For more details on the data acquisition, see Didoné et al. (2014). Sediment yields
were calculated by multiplying the daily suspended sediment concentrations by the daily river discharge
and summing it over the period investigated to estimate the quantity of sediment transiting the river
network and reaching the catchment outlet. For each period of sediment collection, the mean daily flux
(Mg d?) was estimated (Evrard, et al., 2010b). These sediment yields and mean daily fluxes were used to
weight the different soil source contributions. To better characterize temporal variations in sediment
sources, soil type contributions to each outlet sediment sample was weighted with the mean daily
sediment loads exported during each monitoring period.

Sample processing and laboratory analysis

Sediment sources were oven-dried at 50°C and dry-sieved to <2 mm and then to <63 um to facilitate
direct comparison with sediment. Samples were digested with hydrofluoric (5 mL), perchloric (3 mL)



acids and aqua regia (5 mL). Major and trace element concentrations were measured using an Inductively
Coupled Plasma - Quadrupolar Mass Spectrometer (ICP-QMS). Samples were analyzed for major and
minor elements (Na, Mg, Al, K, Ca, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Rb, Sr, Mo, Ag, Cd, Sh, Ba,
TI, Pb). Chemical separation and purification of strontium from digested solutions was carried out using a
strontium specific resin following a standard chromatographic procedure and ®Sr/®Sr ratios were
measured using a Thermo Finnigan Neptune-Plus Multi-Collector Inductively Coupled Plasma Mass
Spectrometry (MC-ICP-MS) instrument. For more details, see Le Gall et al. (in review).

Source discrimination and modelling

Elements that provide discrimination between the different soil types were selected following a three-step
process. First, the conservative behavior of each element was examined. Elements were considered to be
conservative when the sediment concentrations plotted within the source range (Wilkinson, et al., 2013).
Second, the ability of the conservative elements to discriminate between sources was examined using the
Kruskal-Wallis H-test. Elements with p-values > 0.05 were excluded from further analysis. Finally, a
stepwise discriminant function analysis (DFA) selected elements that provide optimal source
discrimination based on the minimization of Wilk’s lambda (Collins, et al., 2010). Elements that passed
this three-step process were then incorporated in mixing models.

A distribution modelling approach was used to quantify the relative contribution of each source to
sediment through the minimization of the mixing model difference (MMD) (Laceby & Olley, 2014; Le
Gall, et al., 2016):

T

where C;is the concentration of element i in the suspended sediment, m is the number of sources in the
catchment, Ssi is the concentration of element i in source (s), C; is the strontium isotopic ratio (r) in the
suspended sediment, S is the strontium isotopic ratio (r) in source (s), Ws is the strontium concentration
in source (s) which is used to weight the strontium isotopic ratios, MMD is the mixing model difference
and x;s is the proportional contribution of source (s) which is modelled as a truncated normal distribution
(0<xs<1) with a mixture mean (um) and a standard deviation (om). Absolute values (ABS) are summed in

Eq. (2).

Normal distributions were modelled for sediment and source samples. Sediment samples were modelled
as a group of samples (i.e., grouping the entire monitoring period) and also individually (i.e., individual
monitoring periods). When the monitoring groups were sampled individually, their analytical errors were
used as an alternative to the standard deviation to model normal distributions (Evrard, et al., 2016). The
Optquest algorithm in Oracle’s Crystal Ball software solved Eq. (1) by minimizing the median of the
MMD. Distributions were modelled within a Monte Carlo approach (for more information see Foucher et
al., 2015, Haddadchi et al., 2014, Laceby & Olley, 2014). Non-negative constrains were modelled for all
source and sediment distributions. The optimal source contribution (xs) was determined by solving Eq (1)
2500 times. For each simulation, 2500 Latin Hypercube samples were drawn from the source and
sediment distributions by varying pum and om. Correlations were maintained throughout the modelling
process (Laceby & Olley, 2014) (Tables S1).



This model simulation and solving process was repeated 2500 times with the median proportional source
contribution from these 2500 simulations reported as the contribution of each source. Model uncertainties
were determined through the sum of the modelled standard deviation, the median absolution deviation
(MAD) of the modelled source contribution and the MAD of the modelled standard deviation for the 2500
simulations (Laceby, et al., 2015). Results are presented using the notation * to express the standard error
associated with one sample whereas the mean and standard deviation (SD) are used for groups of samples.
When soil type contributions were summed, the combined standard errors were defined as the mean of the
errors estimated for each soil type contribution.

RESULTS
Geochemical discrimination of sediment sources

Na was the only non-conservative parameter, with concentrations in sediment being higher than in the
potential sources. Consequently, Na was removed from further analysis. Using the Kruskal-Wallis H-test,
three elements did not provide significant discrimination (Al, Rb and Cd) and from the twenty remaining
parameters (Supporting information, Table S2), seven were selected for modelling with the forward
stepwise DFA (p < 0.05) (K, Ti, Co, As, Ba, Pb and &’Sr/%Sr) (Supporting information, Table S3, Figure
S1). Variations in elemental and strontium isotopic ratios were observed for the different soil type samples
(Figure 2). Ferralsols had the largest variations, with highly dispersed values that overlapped with those
observed in the remaining soil type samples. Variations observed for Nitisols systematically plotted within
those of Ferralsols. Elemental concentrations and strontium isotopic ratios in Luvisols also displayed large
variations, and those observed in Acrisols and Luvisols remained in the same range of values. Nitisols and
Acrisols exhibited the lowest Co, K, and Ti concentrations (Figure 2b,c,e), intermediate As and Ba
concentrations (Figure 2d,f) and high Pb concentrations (Figure 2g) compared to the Ferralsols, Luvisols
and Leptosols. Variations in Leptosol concentrations were lower than those observed in Luvisols although
they exhibited the same trends with high Co, Ti and Ba (Figure 2b,e,f) concentrations, low As and Pb
concentrations (Figure 2d,g) and intermediate K concentrations (Figure 2¢) compared to Ferralsols,
Nitisols and Acrisols. Sediment concentrations and strontium isotopic ratios were well constrained with
low variations within the source range.

Modelling results
Source contributions

Modelling results indicated that Acrisols (mean 41%, SD 4%) and Leptosols (mean 34%, SD 4%)
supplied most of the sediment, with contributions ranging between 34 + 2% and 65 + 2% for Acrisols and
between 16 + 1% and 50 + 2% for Lepsotols. Luvisol (mean 17%; SD 4%) contributions were lower, with
values ranging between 7 + 1% and 24 + 5%. Ferralsol (mean 4%, SD 2%) and Nitisol (mean 4%, SD 6%)
contributions were the lowest, ranging between 2 £ 7% and 5 + 2%, and 3 = 1% and 7+ 4%, respectively
(Table 1).

Acrisol contributions tended to decrease at the beginning of the study period (SO1 to S02) and reached
stable contributions (S03 to S06) over the remaining period (Figure 3). The maximum contribution (65 £
2%) was estimated for the March to August 2012 period (S01) while stable contributions, ranging between
34 £ 2% and 40 + 9% were observed between August 2012 and December 2014 (S02, S03, S04, S05,
S06). Leptosol contributions were the lowest (S01) during the March to August 2012 period (16 £ 1%),
were stable between August 2012 and November 2013 with contributions ranging between 26 + 8% and



38 + 6% (S02 to S06), and strongly increased to reach a maximum contribution of 50 + 2% for the
November 2013 to February 2014 period (S07). Luvisol contributions were stable between March 2012
and November 2013 (SO1 to S06) and reached their lowest contribution (7 + 8%) between November 2013
and February 2014 (S07). Soils found in lower parts of the catchment (Acrisol, Luvisol and Leptosol)
contributed the majority of the sediment supply with a mean contribution of 92 + 4%. Conversely,
contributions from soils in the upper catchment area (i.e., Ferralsol and Nitisol) did not exceed 11 + 8%.

Weighted source contributions

Mean daily sediment loads and sediment yields were estimated for each monitoring period (Figure 4a,
Supporting information Table S4). Mean daily sediment loads were estimated to 124 Mg d* (S01)
between March and August 2012 before increasing to reach steady values of 459 Mg d* (S02), 527 Mg d*
(S03) and 518 Mg d* (S04) between August 2012 and April 2013. From July to September 2013, the
mean sediment load strongly increased to reach a maximal value of 1289 Mg d* (S05). From September
2013 to February 2014 (S06), the mean sediment load decreased (933 Mg d?) to reach the lowest value
(177 Mg d) between November 2013 and February 2014 (S07) (Figure 4a, Supporting information Table
S4). For each study period, mean sediment yields ranged between 22 (S01) and 231 Mg km=2 yr? (S05)
and followed the same variations as sediment loads (Figure 4a, Table 1). The mean sediment yield over
the entire monitored period was estimated to 103 Mg km2 yr,

Weighted contributions (Figure 4b) were compared to modelling results obtained incorporating all
sediment samples (Figure 4c). Similar trends were observed with Acrisols predominantly contributing the
sediment supply (38% for the weighted contributions and 40% when modelling all sediment samples),
followed by Leptosols (35% and 30% respectively) and Luvisols (18% and 24% respectively) while
Ferralsols and Nitisols remained the lowest contributors with inputs ranging between 3 and 5%.

DISCUSSION

In the Guaporé catchment, overbank sediment deposition may be observed in the vicinity of the river
system in the upper catchment area. Previous findings indicated that cropland (88 + 19%) was the main
source of outlet sediment, compared to very low channel bank contributions (10 + 18%) (Tiecher, 2015).
As the sediment supply from channel banks is negligible in this catchment, the discussion will focus on
the variations of cropland contributions to sediment transport in this catchment.

Spatial and temporal variations of sediment sources and sediment yields

Upstream soil contributions (Ferralsols, mean 4%, SD 2%; Nitisols, mean 4%, SD 6%) remained low
during the entire monitoring period, suggesting their low sensitivity to soil erosion whatever the
hydrological conditions. In contrast, soils from the lower catchment area (Acrisols, mean 41%, SD 4%;
Leptosols, mean 34%, SD 4%; Luvisols, mean 17%, SD 4%) systematically dominated the outlet sediment
supply throughout time. For the SO1 sediment sample (March to August 2012), precipitation, water
discharge and sediment loads were low and were associated with the maximal Acrisol contribution (65 +
2%). The highest precipitation and water discharge were observed between August and September 2013,
and recorded by two sediment samples, S02 (from August 2012 to February 2013) and S05 (from July to
September 2013) with Acrisols (mean 36%, SD 3%) and Leptosols (mean 35%, SD 5%) dominating the



sediment supply. For the SO7 sediment sample (November 2013 to February 2014), water discharge was
low and associated to a maximal Leptosol contribution (50 + 2%) and followed by a significant Acrisol
contribution (35 + 3%).

Erosive rainfall events mainly occur from September to November when soils are plowed for planting
tobacco and maize in the downstream part of the catchment, increasing soil detachment and transport to
the river network (Didoné, et al., 2014). This is consistent with the highest mean sediment loads estimated
for the August to November 2013 period at the outlet of the catchment (1,289 and 933 Mg d* of sediment
for the SO5 and S06 samples, respectively) (Figure 4a). Acrisol (mean 35%, SD 3%), Leptosol (mean
38%, SD 6%) and Luvisol (mean 18%, SD 2%) contributions remained quite homogeneous during this
period. The lowest Luvisol contributions were observed for the SO1 (13 + 1%) and SO7 (7 + 8%) sediment
samples, when precipitation and water discharge were the lowest and when Acrisols (S01) and Leptosols
(S07) dominated the sediment supply. No significant variations were evident during the remainder of the
monitoring period, suggesting that these two soil types are exposed to erosion processes during the entire
year. No significant variations were observed between the weighted and modelled contributions
incorporating all sediment samples (Figure 4b,c). These modelling results highlight the very low upstream
soil contribution to outlet sediment with sediment mainly derived from downstream soil types, whatever
the hydrological conditions.

Mean sediment yields were also estimated to facilitate the comparison between the current research results
and those obtained in studies carried out in South America (Table 2). Sediment yields, varying between 22
and 231 Mg km2 yr, with a mean estimated to 103 Mg km2 yr? over the monitored period, remained in
the same order of magnitude as those measured in the Conceic¢do and Avorezinha catchments, both located
in southern Brazil (Rio Grande do Sul). In contrast, when compared to those obtained in larger catchments
(i.e., Negro, Urugai, Parana and Amazon catchments), sediment yields calculated in the Guaporé
catchment are higher and demonstrate the severity of erosion occurring in this cultivated region.

Management implications

This study indicates that most of the fine sediment (<63 pm) collected at the outlet of the catchment
originated from local sources (i.e., Acrisols, Leptosols and Luvisols). Accordingly, differences in
agricultural practices and soil type properties may also explain the high contributions of soils found in
lower catchment areas.

In the Guaporé catchment, Ferralsols and Nitisols are intensively cultivated on gentle slopes with soybean
under direct sowing. Overall, these soils are better managed than Acrisols, Luvisols and Leptosols.
Adequate management practices are applied to reduce or eliminate soil disturbance using no-till, to
maintain a permanent soil cover (with both plant residues and/or living plants) as long as possible, to
diversify crops (through the rotation or succession of crops) and to implement mechanical runoff control
measures such as terraces to improve soil conservation. Fertilizers and lime are extensively supplied to the
soil surface to increase crop yields. As these soils are sensitive to compaction, the potential of nutrients to
be transferred to the river network by runoff is intensified. In this study, potassium was used as a tracer
and incorporated in mixing models. Although potassic fertilizers are used in the Guaporé catchment, the
quantities supplied to the soils are too low to significantly affect the potassium signature of the soils.
Furthermore, total potassium concentrations were used in this current research and this parameter is much
less impacted by fertilizers than the exchangeable potassium fraction, which represents only a small
fraction of the total potassium content (Martins et al., 2004; Melo et al., 2004).



The dense cover of Ferralsols and Nitisols with previous crop residues protects them against erosion,
which is consistent with their low modelled contributions. Their good physical properties further decrease
their sensitivity to soil erosion although all the recommended guidelines to implement effective no-till
systems are not widely adopted in this area. Furthermore, the installation of ponds in upper reaches of the
catchment likely reduce the connectivity between hillslopes and the river network and may also explain
the low contribution of Ferralsols and Nitisols. In this region, downstream Acrisols, Leptosols and
Luvisols are mainly cultivated with tobacco and subsistence agriculture under conventional tillage.
Developed on highly degraded steep slopes, shallow Acrisols and Leptosols contribute the majority of
outlet sediment. On these soils, subsistence agriculture prevails and the lack of financial and technical
support available to the farmers for the promotion and the implementation of conservation measures may
explain the elevated erosion and concomitant sediment supply from these landscapes.

Although agricultural practices may directly impact soil erodibility, various other factors, directly related
to the landscape conditions, may also accelerate soil erosion and sediment transport. In the Guaporé
catchment, a strong link is observed between cultivation practices and the relief (e.g., slope steepness,
length and curvature). In the lower and middle parts of the catchment, the high drainage density has
generated the formation of short, steep and concave slopes, where lateral flows dominate (runoff and
subsurface flow), resulting in the formation of shallow and stony soils. Hillslopes are naturally well
connected to the river network, because of the deep river incision. In addition to the impact of the slope
gradient on soil erosion, soil compaction may also generate larger runoff volumes and a reduction of the
soil surface roughness that may increase runoff velocity. In this context, farmers adapted their agricultural
practices depending on the local context, the availability of technical solutions and their investment
capacity. As a result, soil and landscape characteristics primarily guided the implementation of soil
management strategies depending on the land use. Accordingly, no-till requiring heavy machinery that
was initially designed for cereal cultivation is mainly implemented in upper catchment parts, characterized
by gentle slopes. In contrast, conventional tillage is widely applied in lower catchment parts, where slopes
are steeper which might cause the fall over of heavy machinery.

Modelling results related to agricultural practices suggest that to reduce the supply of sediment,
management actions should focus on sediment originating from downstream sources (i.e., Acrisols and
Leptosols). The implementation of conservation agriculture should be promoted to limit negative impacts
of soil erosion in these areas. To this end, adapted no-till machinery should be developed for cultivating
steeper slopes. Minella et al. (2009) investigated variations in sediment sources in a subcatchment (1.19
km?2) of the Guaporé basin before and after the introduction of improved soil management practices
including the sowing of cover crops in winter and the implementation of minimum tillage. A decrease of
cropland contribution to sediment was observed, confirming the positive impact of an integrated set of soil
conservation measures to reduce sediment supply from cultivated areas. Coordinating the implementation
of these measures at the catchment scale was also shown to be very efficient in reducing off-site impacts
of soil erosion, for example, in regions of Northwestern Europe where pilot strategies were tested to
mitigate muddy floods originating from intensively cultivated cropland (Evrard, et al., 2010a).

CONCLUSIONS

This study highlighted the dominance of Acrisol, Leptosol and Luvisol contributions to the sediment
sampled at the outlet of the Guaporé catchment. These three soil types are found in the lower area of the



catchment, on steep slopes and they are cultivated using conventional tillage, likely explaining their higher
supply of sediment to the Guaporé River compared to that of Ferralsols and Nitisols cultivated on gentler
slopes with direct sowing and other conservation practices. Accordingly, attention should focus on
improving downstream land management practices (e.g., the implementation of comprehensive no-till
systems) to reduce the sediment supply. In the future, the analysis of sediment cores collected in alluvial
plains or reservoirs could be used to reconstruct the impact of land use and farming practice changes on
sediment source dynamics. Modelling the sediment connectivity between hillslopes and the river system
would also provide additional information on sediment pathways within the catchment, which could
significantly contribute the implementation of effective soil conservation measures.
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Table 1. Outlet sediment sample characteristics for each monitored period (sediment yield, mean daily sediment load, water discharge and rainfall) and distribution modelling
results for each monitored period and soil type.

Mean Mean

) _ Sed_iment Mean daily daily daily Fer_ralsc_)l NiFisoI. Acrisol_ Lep_toso_l Luyisol_

Sample Monitored period yield . sedlment_load discharge  rainfall contribution  contribution  contribution  contribution  contribution
(Mgkmeyrt)  (Mgd?) A T (%) (%) (%) (%) (%)

All sediment 03/25/2012 - 02/12/2014 723 575 45 49 3+4% 3+x1% 40 £ 2% 30+ 3% 24 + 3%
S01 03/25/2012 - 08/10/2012 22 124 17 3.0 3+1% 4+1% 65 + 2% 16+ 1% 13+ 1%
S02 08/10/2012 - 02/07/2013 82 459 39 5.7 4+1% 3+1% 38 +3% 33+4% 21+5%
S03 02/07/2013 - 04/28/2013 95 527 44 5.3 4+ 3% 5+ 3% 36 £5% 38+3% 16 £ 5%
S04 04/28/2013 - 07/08/2013 93 518 39 3.8 4+1% 7+4% 40 £9% 26+ 8% 24 +5%
S05 07/08/2013 - 09/19/2013 231 1289 89 6.0 5+2% 6 +14% 34 +2% 38+ 6% 17+ 1%
S06 09/19/2013 - 11/17/2013 168 933 63 6.1 2+7% 3+23% 37 £4% 38+5% 19+ 3%
S07 11/17/2013 - 02/12/2014 32 177 26 4.5 4+1% 4+1% 35 +3% 50 + 2% 7+8%
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Table 2. Sediment yields estimated in various catchments of South America.

Sediment yield

Catchment Localisation Surface area (km?) Main land uses Study period (t km2 yr) Authors
2002-2003 429
Arvorezinha (1.2 km?) (Rio Gg;zzgl do Sul) 1.2 Forest and agriculture 2004-2006 314 Merten et al. (2010)
2007-2008 138
2000-2010 140
Conceigao (800 km?) (Rio GrBa;ijZ;Ido sul) 800 Agriculture 2011 242 Didoné et al. (2014)
2012 41
2000-2010 140
Guaporé (2032 kmg) (Rio Gg;adze“ do sul) 2032 Forest and agriculture 2011 390 Didoné et al. (2014)
2012 159
San Juan (16 465 km2) Colombia 16 445 Forest and agriculture - 1150 Restrepo & Kjerfve (2000)
Patia (23 700 km?) Colombia 23700 Forest and agriculture - 972 Restrepo & Kjerfve (2000)
Negro (100 000 km?) Argentina 100 000 Livestock and fruit growing - 140 Millman & Syvitski (1992) from Holeman (1968)
Urugai (163 547 km?) Brazil 163 547 Agriculture - 22 Lima et al. (2005)
Parana (802 150 km?) Brazil 802 150 Agriculture - 10 Lima et al. (2005)
Madeira (954 285 km?) Brazil 954 285 Mixed (including mining activities) - 254 Lima et al. (2005)
Amazon (4 680 000 km?) Brazil 4 680 000 Mixed (including mining activities) - 121 Lima et al. (2005)
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Figure 1. Maps of the Guaporé catchment in the Rio Grande do Sul State (dark grey) in Brazil (light grey)
(a), land use (b), and soil type along with the location of the time-integrated river samplers and source

samples (c).
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Figure 3. Soil type contributions to outlet sediment between 2012 and 2014 with river discharge (blue) and
rainfall (black) lines.
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