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RESUMEN

La erosion hidrica es una de las principales causas de la degradacion del suelo y es
un gran agente causante de la contaminacion de fuente difusa o no puntual. Se han
realizado numerosos esfuerzos para mejorar las estimaciones de despegue, transporte y
sedimentacion de suelo en laderas agricolas, asi como para estimar la cantidad y
distribucién de tamafio del sedimento que abandona un terreno. Los modelos de erosion
multi-class, como WEPP y RUSLE2, subdividen el suelo erodado en diferentes tamafos
y estiman la composicion de los agregados del suelo basados en ecuaciones empiricas.
Estas ecuaciones fueron derivadas a partir de suelos agricolas, y hasta ahora no han sido
probadas en condiciones diferentes. Por lo tanto, el objetivo de este estudio fue evaluar
estas ecuaciones en muestras de suelo obtenidas de paisajes naturales (suelos no
cultivados) y afectados por incendios y, de ser necesario, desarrollar un nuevo set de
ecuaciones que se ajusten mejor a estas condiciones. Se realizaron analisis quimicos,
fisicos, y de composicién del sedimento y sus agregados en una serie de muestras de
suelo obtenidas de la Patagonia Chilena, y luego se compararon con las estimaciones
obtenidas de las ecuaciones. Los resultados mostraron que las fracciones del sedimento
no fueron determinadas con precision por las ecuaciones empiricas. Las particulas finas,
incluyendo la arcilla primaria, limo primario, y agregados pequefios (< 53 um) fueron
sobreestimadas, y los agregados grandes (> 53 pm) y arena primaria fueron
subestimadas. Los suelos no cultivados y afectados por incendios mostraron una
reducida fraccion de particulas finas en el sedimento, ya que la arcilla y el limo se
encontraban mayormente formando agregados grandes. Por consiguiente, se ajustd un
nuevo set de ecuaciones para estos suelos, donde los agregados pequerios se definieron
como particulas con tamafios entre 53 um y 250 um, y los agregados grandes como
particulas con diametros > 250 um. Las nuevas ecuaciones mostraron una mejor
estimacion para la arena primaria y para los agregados grandes con valores de r® entre
0.47 y 0.98. Sin embargo, para las otras fracciones (arcilla primaria, limo primario y
agregados pequefios), el ajuste no fue adecuado, pero estas particulas representan menos

del 20% de la composicion total del sedimento. Ademas, las ecuaciones para describir la
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composicion de los agregados tambien mostraron buenas estimaciones, especialmente
las fracciones de limo y arcilla en los agregados grandes en suelos no cultivados (r* =
0,63y 0,83, respectivamente) v las fracciones de limo en agregados pequefios (r* = 0,84)
y arcilla en agregados grandes (r* = 0,78) en los suelos afectados por incendio.
Globalmente, el nuevo set de ecuaciones probO ser un mejor predictor para la
composicion del sedimento y de agregados en suelos no cultivados y afectados por
incendio, y su uso en modelos de erosion reducira el error al estimar las pérdidas de

suelo en paisajes naturales.

Palabras clave: Agregados del suelo, composicién del sedimento, erosion hidrica,

Patagonia, suelos no cultivados



ABSTRACT

Water erosion is a leading cause of soil degradation and a major nonpoint source
pollution problem. Many efforts have been undertaken to improve estimates of soil
detachment, transport, and deposition on agricultural hillslopes and to estimate the
amount and size distribution of the sediment leaving the field. Multi-size class water
erosion models, such as WEPP and RUSLEZ2, subdivide eroded soil into different sizes
and estimate the aggregate’s composition based on empirical equations. These equations
were derived from agricultural soils and have not been tested on different conditions to
date. Therefore, the objective of this study was to evaluate these equations on soil
samples collected from natural landscapes (uncultivated) and fire-affected soils and, if
necessary, to develop a new set of equations more suitable for these conditions.
Chemical, physical, and soil fractions and aggregate composition analyses were
performed on a series of samples collected in the Chilean Patagonia and later compared
with the equations’ estimates. The results showed that the empirical equations were not
suitable for predicting the sediment fractions. Fine particles, including primary clay,
primary silt, and small aggregates (< 53 um) were over-estimated, and large aggregates
(> 53 pum) and primary sand were under-estimated. The uncultivated and fire-affected
soils showed a reduced fraction of fine particles in the sediment, as clay and silt were
mostly in the form of large aggregates. Thus, a new set of equations was developed for
these soils, where small aggregates were defined as particles with sizes between 53 um
and 250 pum and large aggregates as particles > 250 um. With r? values between 0.47 and
0.98, the new equations provided better estimates for primary sand and large aggregates.
However, the rest of the fractions (primary clay, primary silt, and small aggregates) were
not well-predicted, but in these soils, these fractions comprise less than 20% of the
sediment. In addition, the aggregate’s composition was also well-predicted, especially
the silt and clay fractions in the large aggregates from uncultivated soils (r* = 0.63 and
0.83, respectively) and the fractions of silt in the small aggregates (r* = 0.84) and clay in
the large aggregates (r* = 0.78) from fire-affected soils. Overall, these new equations

proved to be better predictors for the sediment and aggregate’s composition in
X



uncultivated and fire-affected soils, and their use in erosion models will reduce the error

when estimating soil loss in natural landscapes.

Keywords: Patagonia, sediment composition, soil aggregates, uncultivated soils, water

erosion
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1 INTRODUCTION

Erosion is defined by the American Society of Soil Science as the detachment and
movement of soil or rock by water, wind, ice, or gravity (SSSA, 2008), and it can be
described as a three-step process: soil detachment, transport and deposition (Merritt et
al., 2003). Soil erosion is one of the leading causes of soil degradation (Lal, 2001;
Oldeman, 1992). It is a natural Earth surface process, but human activities greatly
aggravate the erosion through alteration of land cover and disturbance of soil structure
through cultivation (Yang et al., 2003). It was estimated that nearly 60% of present soil
erosion was induced by human activity (Yang et al., 2003).

Among the human-induced causes of soil degradation, erosion by water is the
most common type, causing about 55% of total global erosion (Bridges and Oldeman,
1999). Almost 80% of the land affected by water erosion has a light to moderate degree
of degradation, which implies a reduced agricultural productivity, and that the remainder
20% is no longer suitable for agricultural use (Oldeman, 1992). Also, soil erosion has
been recognized to be the major nonpoint pollution source in many areas (Yang et al.,
2003) because it leads to preferential removal of soil organic carbon and fine particles
(Pimentel et al., 1995; Yang et al., 2003). Eroded soil typically contains three times
more nutrients than the matrix soil and it can be as high as ten times (Young, 1989). It
can cause siltation and increased turbidity of waterways from transported sediment,
waterway eutrophication from sediment-sorbed fertilizers and groundwater pollution
(Sander et al., 2011).

Soil loss estimations are required to manage soil erosion and maintain the soil
sustainability. Several erosion models have been developed with this purpose, however
most of them do not describe transported sediment size distributions, which is necessary
to estimate pollutants that bind preferentially to fine sediment particles (Aksoy and
Kavvas, 2005; Morgan and Quinton, 2001). In addition, in the erosion process,
suspension time and particle transport depend on the particle’s settling velocity, which is

a function of its size, density, shape and moisture content (Lovell and Rose, 1988a,



1988b). Thus, a single-size class transport model is not a robust predictor for the
behavior of eroded soils (Sander et al., 2011).

There are three kinds of erosion models: conceptual, empirical and physically
based (Aksoy and Kavvas, 2005; Merritt et al., 2003). Conceptual models represent the
watershed as a series of internal storage bins, empirical models are based on a large
amount of data and are limited to conditions for which they have been developed, and
physically based models are constructed by using mass conservation equation of
sediment (Aksoy and Kavvas, 2005; Merritt et al., 2003).

Some of the most common conceptual erosion models are the AGNPS
(Agricultural Non-Point Source) model (Young et al., 1989) and LASCAM (Viney and
Sivapalan, 1999). Commonly used empirical models are the Universal Soil Loss
Equation (USLE) model (Wischmeier and Smith, 1978) and its revised versions RUSLE
(Renard et al., 1997) and RUSLE2 (USDA-ARS, 2008). Physically based models are the
ANSWERS (Areal Nonpoint Source Watershed Response Simulation) model (Beasley
et al., 1980), the Water Erosion Prediction Project (WEPP) model (Nearing et al., 1989;
USDA, 1995), the EUROpean Soil Erosion Model (EUROSEM) model (Morgan et al.,
1998), the Limburg Soil Erosion Model (LISEM, De Roo et al., 1996), the Kinematic
Runoff and Erosion (KINEROS) model (Woolhiser et al., 1990) and its modified version
KINEROS2 (Smith et al., 1995).

Models that only predict sediment transport for a mean particle size are called
single-size models, while models that distinguish a sediment size distribution are called
multi-size models (Aksoy and Kavvas, 2005). An erosion and sediment model can be
extended to a nutrient transport model since nutrients are mainly transported by
sediment particles, and since nutrient transport is a size selective process, a multi-size
erosion model is easier to extend (Aksoy and Kavvas, 2005).

Among the models mentioned above, few of them are multi-size models, like
AGNPS, ANSWERS, WEPP, RUSLE2, a multiclass version of LISEM, and
KINEROS2. They all subdivide eroded soil into five size classes, except for LISEM that

uses six classes. The classes generally are: clay, silt, small aggregates, large aggregates



and sand. When predicting the sediment composition, these models use several
assumptions and/or empirically obtained equations. In the WEPP and RUSLE2 models,
sediment particle composition at its point of detachment is predicted with the equations
presented by Foster et al. (1985) which use the soil matrix texture as input, an easily
obtained parameter. Foster’s equations were derived mostly from agricultural and fallow
soils from U.S.A.

Intensive agriculture has negative effects on soil quality. Tillage soils contain
lower levels of nutrients and organic matter than comparable areas under natural
vegetation, where all the organic matter produced by the vegetation is returned to the
soils (Brady and Weil, 2002). Also, tillage operations tend to crush or smear stable soil
aggregates, resulting in loss of macroporosity (Brady and Weil, 2002).

Because erosion under natural conditions is also studied to develop conservation
and management plans, it is important to accurately describe soil and sediment in natural
landscapes. Using equations that describe sediment which were derived from
agricultural or fallow soils, may lead to a misinterpretation of the erosion phenomenon
on soils of natural landscapes.

Another important disturbance factor in ecosystems are wildfires (Mataix-Solera et
al., 2011). Fire can produce changes in physical, chemical and biological properties of
soils. However, the effects of fire on soil properties depend on many factors like fire
severity and environmental factors, such as fuel characteristics, climate parameters and
topography (Certini, 2005). Depending on those factors, soil properties can experience
short-term, long-term or permanent fire-induced changes (Certini, 2005), or may remain
unaffected at depths below the upper few centimeters (DeBano, 2000; Knicker, 2007;
Neary et al., 1999).

The objective of this study was to evaluate, and improve if necessary, a set of
empirical equations that describe sediment and particle composition developed by Foster
et al. (1985) on uncultivated and fire-affected soils. Equations were tested on a set of soil
samples from the Serrano river basin, in the Chilean Patagonia, which is an area of

natural heritage.



The Serrano river basin has a total area of 6,673 km? (Bonilla et al., 2014) and
comprises the Bernardo O’Higgins and Torres del Paine National Parks. The Torres del
Paine National Park was declared a world biosphere reserve by the UNESCO in 1978
and is part of a highly sensitive ecosystem. Soils from the basin have never been
cultivated, and may be very different to those used by Foster et al. (1985). Due to the
number of visitors of the Park, several human-induced fires have affected the basin. The
three major fires registered in recent years occurred in 1985, 2005 and 2011 affecting
near 48,000 ha (Cifuentes, 2013; Dominguez et al., 2006; Navarro et al., 2008).

Soil samples collected in the study area were analyzed and described in terms of
their physical and chemical properties, emphasizing the organic matter content and
aggregate stability, which can be very different from tillage soils. Sediment composition
was obtained through sieving and pipette analyses, and the fractions of sediment were
compared to the values obtained with equations by Foster et al. (1985). A new set of
equations was developed to apply on natural landscapes and fire-affected soils. Also, a
statistical analysis was performed to evaluate if both sets of soil samples, uncultivated
and fire-affected, were actually different.

This study will allow a better understanding and management of soil erosion in
natural landscapes. The new equations developed can be implemented to get more
reliable sediment composition when using soil erosion models. Compared to the
previous set of equations, this study provides a set of relations more suitable for
predicting water erosion on natural landscapes or fire-affected soils. In addition,
implementing these new equations on an existing nutrient transport model, offers a
better tool for understanding the nonpoint source pollution processes when planning soil

and water conservation practices.



2 LITERATURE REVIEW

Water erosion is one of the leading causes of soil degradation (Lal, 2001;
Oldeman, 1992). It produces preferential removal of soil organic carbon and fine
particles (Pimentel et al., 1995; Yang et al., 2003). Because fine particles have larger
surface area (Brady and Weil, 2002), pollutants bind preferentially to them (Aksoy and
Kavvas, 2005; Morgan and Quinton, 2001), so, eroded sediment contains higher
amounts of organic matter and nutrients than the topsoil samples from which it was
derived (Young, 1989), making soil erosion a major nonpoint source pollution problem
as well (Yang et al., 2003).

Reducing water erosion to maintain soil sustainability usually requires estimating
soil losses as a function of many factors such as climate, topography, soil, vegetation
and human activities, like tillage and conservation practices (Kuznetsov et al., 1998).

Numerous erosion models have been developed with this purpose, but most of
them do not provide or use the particle size distribution, which is required to estimate
the pollutants’ fate and transport. In addition, the suspension time and transport distance
of the particles depend on the particle’s settling velocity, which is a function of its size,
density, shape and moisture content (Lovell and Rose, 1988a, 1988b). Thus, a single size
class model is usually not a robust predictor for sediment yield and composition (Sander
etal., 2011).

Some water erosion models, called single-size class, work with a mean particle
size, while other models, called multi-size class, operate with a sediment size
distribution (Aksoy and Kavvas, 2005). Examples of the multi-size class approach are
the Water Erosion Prediction Project (WEPP) model (Nearing et al., 1989; USDA,
1995), the Revised Universal Soil Loss Equation, version 2 (RUSLE2) model (USDA-
ARS, 2008), and the Precision Agricultural Landscape Modeling System (PALMS)
model (Bonilla et al., 2007). In all of them, the sediment is divided into five size classes
based on empirical equations developed by Foster et al. (1985), which relate the soil

matrix texture to the sediment composition at its point of detachment. In these equations,



the sediment is divided into primary particles (clay, silt, and sand) and small and large
aggregates based on field data collected from agricultural soils in the USA.

Soil aggregates, which are predicted in these multi-size class models, are clusters
of primary particles that cohere to each other more strongly than the other surrounding
soil particles (Angers and Caron, 1998; Kemper and Rosenau, 1986). Aggregate
formation depends on chemical, physical and biological factors (Mataix-Solera et al.,
2011), and a large aggregate’s stability is usually related to soil health and quality
because is a key factor controlling topsoil hydrology, crust development, and soil
erodibility (De Ploey and Poesen, 1985; Le Bissonnais and Arrouays, 1997).

Tillage operations may cause soil degradation and the loss of nutrients, organic
matter, soil aggregates, and macro porosity (Brady and Weil, 2002). Similar effects are
also produced by fire events (Certini, 2005). Soil properties can experience short-term,
long-term or permanent fire-induced changes (Certini, 2005) or may remain unaffected
at depths below the upper few centimeters (DeBano, 2000; Knicker, 2007; Neary et al.,
1999). Because the equations developed by Foster et al. (1985) were derived from
agricultural soils, their use on soils with different conditions, fire-affected or
uncultivated, may lead to unreliable estimates on the erosion process.

The objective of this study was to evaluate the empirical equations developed by
Foster et al. (1985) on natural landscapes and fire-affected soils from the Serrano river
basin and, if necessary, to develop a new set of equations more suitable for these
conditions. With this purpose, soil samples were taken from a natural area located in the
Chilean Patagonia and compared with the sediment composition computed with the
equations developed by Foster et al. (1985). Because of the results of this analysis, a

new set of equations was developed for uncultivated and fire-affected soils.



2.1 Sediment composition by Foster et al. (1985)

Foster et al. (1985) developed a set of equations to describe five particle classes in
sediment with differences in density, size, and composition, as a function of the
distribution of primary particles in the matrix soil. This distribution of particle size
determine the particles’ transportability (ASCE, 1975; Lovell and Rose, 1988a), which
is important for applying detachment and transport equations used in erosion models,
and for describing chemical transport by sediment (Foster et al., 1985). These equations
were derived using data from 24 soils reported in the literature (Alberts et al., 1983;
Fertig et al., 1982; Gabriels and Moldenhauer, 1978; Meyer et al., 1980; and Young,
1980) and four from unpublished data from R.A. Young and W.H. Nieibling. The data
used to describe the sediment was obtained from sedimentation plots of different lengths
instead of using the sediment at the point of detachment. The soils used to build these
equations were agricultural soils or of fallow conditions.

The five particle classes defined by Foster et al. (1985) were primary clay (Fcl),
primary silt (Fsi), small aggregates (Fsg), large aggregates (Flg) and primary sand (Fsa).
Small aggregates are composed of clay and silt, and large aggregates of clay, silt and
sand. The matrix soil corresponds to the dispersed soil and is formed by clay (Ocl), silt
(Osi), and sand (Osa). Thus, the sediment composition was related to the matrix soil

texture as shown in Fig. 1.



Undispersed sediment
- . ; Small Large aggregates (FIg)
Prm(lgg)clay P”T?S?; Sl aggregates and primary sand
l/ l (Fsg) (Fsa)
| | N | |
< 1< @l IS 2
=
Clay ) Silt
Same ratio
Clay Silt <—t—Sand
(Ocl) (Osi) (Osa)
Matrix soil

Figure 1. Composition of the undispersed sediment and matrix soil. The ratio of clay to
silt in the small aggregates is assumed to be the same as that in the matrix soil. Adapted
from Foster et al. (1985).

A diameter and specific gravity were assigned to each particle class. Fcl represents
particles with a diameter < 4 um, Fsi and Fsg were included in the 4 um to 63 pum size
range, and Fsa and Flg were assigned a diameter > 63 um. The 4 um threshold for
primary clay particles was defined based on the smallest size reported for the
experimental data, and the 63 pum threshold was used because it was a value typically
reported and was dictated by the mesh size of available sieves.

Only the fraction of primary clay was the obtained directly from experimental
data. Small aggregates were estimated assuming that the ratio of silt to clay in small
aggregates was the same as in the matrix soil (Fig. 1) and that the silt enrichment in the

4-63 um sized sediment was primary silt not associated with silt-sized aggregates. The



primary sand was estimated assuming that the fraction of primary sand in the sediment >
63 pum was the same as the fraction of sand in the matrix soil. The fraction of large
aggregates was obtained by difference with the rest of the sediment classes.

Once the sediment composition was obtained, the fractions were related to the
matrix soil texture. For Fcl and Fsg a direct relationship to Ocl was assumed. For Fsi, it
was assumed that the fraction of sediment between 4-63 pum, which includes Fsi and
Fsg, was equal to Osi. For Fsa, a direct relationship with Osa and an indirect one with
Ocl were assumed. Therefore, the equations obtained by Foster et al. (1985) are shown
in Table 1 as Egs. (1) to (7).

The small and large aggregates’ compositions were given by equations (18) to (23)
shown in Table 1. The fractions of clay and silt in small aggregates were obtained
assuming that the ratio of silt to clay in the small aggregates was the same as in the
matrix soil, and the composition of the large aggregates was obtained by difference. The
compositions for primary clay, primary silt and primary sand are not shown in Table 1
because they only have clay, silt and sand, respectively. In addition, it was arbitrarily
assumed that the clay content in the large aggregates should be at least one half that of
the matrix soil for large aggregate stability. When that was not the case, the small
aggregate class was recomputed to ensure minimum clay content for the large

aggregates.



Table 1. Sediment and aggregate composition according to Foster et al. (1985) and the developed equations for uncultivated and

fire-affected soils.

Foster et al. (1985) Uncultivated soils Fire-affected soils

Sediment Composition

Fcl 0.26-Ocl (1) 0.005 - Ocl (8) 0.009-Ocl (13)

Fsi Osi-Fsg (2) 1-Fcl-Fsg-Flg - Fsa 9) 1-Fcl-Fsg-Flg -Fsa (14)
1.8-Ocl Ocl<0.25 (3)

Fsg  0.45-0.6-(Ocl-0.25) 0.25<0cl<05 (4) 1.593- Ocl (10) 3.146 - Ocl (15)
0.6-Ocl Ocl>0.5 (5)

Fsa Osa-(1-Ocl)y’ (6) Osa- (1-Ocl)*® (11) Osa- (1- Ocl)** (16)

Flg 1-Fcl-Fsi-Fsg-Fsa (7) 4.248 - Ocl (12) 4.341-Ocl (17)

Aggregate Composition

f,cl,sg Ocl/(Ocl+ Osi) (18) (Ocl-Fcl-Flg-f,cllg)/Fsg (24) (Ocl-Fcl-Flg-f,cllg)/Fsg (30)
f,si,sg Osi/(Ocl+ Osi) (19) (Osi—Fsi—Flg-f,si lg)/Fsg  (25) 0.421 - Osi/Fsg (31)
f,sa,s0 0 (20) 0 (26) 0 (32)
f.cllg (Ocl- Fcl-Fsg-f,cl,sg)/Flg (21) 0.692 - Ocl/Flg (27) 0.638 - Ocl/Flg (33)
f,si,lg (Osi - Fsi- Fsg-f,si,sg)/Flg (22) 0.612 - Osi/Flg (28)  (Osi—Fsi—Fsg-f,si,sg)/Flg  (34)
f,sa,lg (Osa-Fsa)/Flg (23) (Osa-Fsa)/Flg (29) (Osa- Fsa)/Flg (35)

Ocl, Osi, Osa: clay, silt and sand in the matrix soil. Fcl, Fsi, Fsg, Fsa, FIg: primary clay, primary silt, small aggregates, primary sand and
large aggregates. f,cl,sg, f,si,sg, f,sa,sg: fraction of clay, silt and sand in the small aggregates. f,cl,1g, f,si,lg, f,sa,lg: fractions of clay, silt
and sand in the large aggregates. Compositions for the primary clay, primary silt and primary sand are not shown because they only
have clay, silt, and sand, respectively. <
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3 MATERIALS AND METHODS

In this section the materials and methods used to describe the sediment
composition of uncultivated and fire-affected soils are presented. Figure 2 shows a
diagram with the main analyses performed and the objectives (in grey): describing the
properties of the soils samples, evaluating Foster’s equations, and developing a new set
of equations for uncultivated and fire-affected soils. To obtain the main soil properties,
texture, organic matter content, and aggregate stability analyses were performed. To
evaluate Foster’s equations, the fractions of sediment computed with the equations were
compared with the fractions measured in the soil samples, and to develop a new set of
equations, the fractions of sediment obtained with a second procedure were related to the

soil matrix texture.

Methods
v ] v
— Main soil properties Evaluat_lon of New set of equations
equations
I
v v v
Foster’'s First Second
> Texture ;
equations procedure procedure
]
v v v v
>  Organic matter
Fel Fcl Fel Texture:
Fsi | Comparison | Fsi Fsi | Relation
Fsg [€ > Fsg Fsg [€ >  Ocl
> Aggregate stability Flg Flg Flg Osi
Fsa Fsa Fsa Osa

Figure 2. Main analyses performed to describe the sediment composition in both,

uncultivated and fire-affected soils. Grey boxes show the three main objectives.
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3.1 Soil samples and study area

Soil samples were taken from different soils in the Serrano river basin at the
Chilean Patagonia on a field campaign in December 2012. The site selection considered
different soil types, land cover, and the occurrence of fire events. Samples were taken at
23 sites, nine of them affected by at least one of the three major fires registered in the
basin. At each site, soils were sampled at 0.2 m depth with a replicate separated
approximately 10 - 15 m away. Thus, a total of 46 samples were obtained for laboratory
analysis.

The Serrano river basin is located in the Chilean Patagonia (Fig. 3) between
50°33” S and 51°32” S and between 72°10° W and 73°34° W with a total area of 6,673
km? (Bonilla et al., 2014). It has an irregular topography and the main geomorphologic
feature is the Patagonian mountain range which is interrupted by major lacustrine

bodies.
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Figure 3. Location of the Serrano river basin, sampling sites, and fire-affected areas after

the three major fires.
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The average annual precipitation in the study area ranges from 200 mm yr™ on the
eastern side to 1,000 mm yr" on the western side. The mean annual temperature is
approximately 7°C, with a minimum temperature of 3°C in August and a maximum of
13°C in January (DGA-MOP, 1987). The dominant vegetation is the native evergreen
forest in the western sector and bushes and peaty scrubland in the cooler areas (Michea
et al., 1996). There are nearly no human settlements, except for tourism and hotel
facilities. The main four soil types are Luvic Phaeozems (28% of the basin area), Dystric
Cambisols (24%), Lithosols (13%), and Eutric Cambisols (10%). The rest of the basin
area corresponds to water bodies, rocky areas, glaciers and snow (IUSS working group
WRB, 2007). Half of the basin belongs to the Torres del Paine and Bernardo O’Higgins
National Parks, with highly sensitive ecosystems. The Torres del Paine National Park is
a world biosphere reserve and one of the most important landmarks in Chile
(Dominguez et al., 2006). The number of visitors in the park increases the risk of
ignition sources (Vidal and Reif, 2011); since 1980, more than 60 fires have been
recorded in the park, affecting approximately 48,000 ha, or nearly 20% of the park’s
area (Cifuentes, 2013). The three major fires registered in the recent years occurred in
1985, 2005 and 2011.

3.2 Sample analyses

The soil samples were dried at 40°C overnight and sieved (< 2 mm). The soil
analyses included organic matter content, soil texture, and aggregate stability. For the
sediment composition analysis in different soil fractions, the samples were previously
sieved at 53 um and 250 um. The organic matter content was determined by oxidation
with a mixture of dichromate and sulfuric acid (Nelson and Sommers, 1996). The soil
texture was measured by the pipette method (Gee and Bauder, 1986), and the sand, silt
and clay contents were defined according to the U.S. Department of Agriculture
(USDA) particle-size limits classification (Soil Survey Staff, 1975). The aggregate
stability was measured using a wet sieving apparatus (Eijkelkamp, Giesbeek,
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Netherlands), and calculated as the ratio of stable to total aggregates in the 1-2 mm

range as presented by Kemper and Rosenau (1986).

3.3 Sediment composition

The sediment composition was measured with two procedures. Both used a
methodology equivalent to the one used by Foster et al. (1985), but with some
differences that are explained next. The particle-size limits were defined according to the
USDA classification, which is a standard system but different from the definition used
by Foster et al. (1985). The USDA classification defines clay-sized particles as < 2 um,
silt-sized particles as between 2 pum to 50 um, and sand-sized particles as > 50 um. In
Foster’s study, clay-sized particles were < 4 um, silt-sized particles were between 4 pm
to 63 um, and sand-sized particles were > 63 um. Unlike the procedure used by Foster et
al. (1985), the same soil sample was used to obtain the soil matrix texture and the
fractions of the undispersed sediment. Thus, it was possible to obtain the sediment
composition at its point of detachment rather than at the end of a hillslope, enabling the
implementation of these results on erosion models that generate the detachment and
transport for different particle classes of sediment.

The first procedure provides an evaluation of Foster’s equations with two sets of
soil data: uncultivated and fire-affected soils. It replicates the definition of particle
classes used by Foster et al. (1985), where small aggregates are silt-sized, and large
aggregates are sand-sized. The second procedure was used to derive a new set of
equations for both sets of soil data. In this last procedure, the small and large aggregates
were defined as sand-sized particles, with a diameter between 50 um to 250 pm for the
small aggregates, and > 250 um for the large aggregates. The particles were re-defined
in the second procedure because of the poor results obtained with the first one. With the
first procedure, the sediment composition showed that the fraction of sediment < 50 um,
which contains the primary clay, primary silt, and small aggregates, was extremely
small, and the sediment was highly clustered in aggregates > 50 pum. Thus, to better

represent the composition of these soils, the aggregates were defined as larger particles.
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The threshold of 250 um between the small and large aggregates was defined based on
previous studies (Marquez et al., 2004; Mataix-Solera et al., 2011; Tisdall and Oades,
1982).

In both procedures, small aggregates were assumed to have only clay and silt
particles, and large aggregates to have clay, silt, and sand particles. This composition
was also assumed by Foster et al. (1985) as shown in Table 1, where the fraction of sand

in small aggregates (f,sa,sg) was zero.

3.3.1 First procedure

A combination of two techniques, dry sieving and pipette extraction (Gee and
Bauder, 1986), which were also used by Foster et al. (1985), was implemented to
measure the sediment particle-size and the five particle classes. It is important to notice
that even though both are standard techniques, sieving evaluates particle cross section
whereas pipetting is based on particle fall velocity according to Stokes’ law.

The samples were dried at 40°C overnight and sieved to 2 mm and 53 pm.
Sediment with particle size > 53 um, which contains primary sand and large aggregates,
was dispersed and measured with pipette withdrawals. With this measurement, the silt
and clay particles forming the large aggregates and the sand in both the primary sand
and sand in the large aggregates were obtained. The sediment fraction with particle size
< 53 um was also measured with pipette withdrawals but without previous dispersion to
avoid dissolving the small aggregates. Thus, the clay measurements through pipette
withdrawals only correspond to primary clay (Fcl). Another sample of soil (< 2 mm) was
measured with the pipette technique, but with dispersant agent (Sodium
Hexametaphosphate) to directly obtain the Ocl, Osi, and Osa in the matrix soil. Figure 4

summarizes the three pipette texture analyses and the obtained fractions.
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Figure 4. First procedure used to evaluate the sediment composition. Three pipette
analyses were required to obtain the texture from different fractions of the undispersed
soil. Fsi: primary silt; Fsg: small aggregates; Fcl: primary clay; Fsa: primary sand;

f,sa,lg, f,si,lg, f,cl,lg: fraction of sand, silt and clay in large aggregates respectively.

As shown in Figure 4, the only sediment fraction directly measured was Fcl, and
two assumptions were made for the other four particle classes. The silt to clay ratio in
Fsg was assumed to be the same as that in the matrix soil, and Fsa was estimated
assuming that the fraction of sand in the sediment > 53 um was the same as that in the
matrix soil as well. Both assumptions were also made in the study by Foster et al.
(1985), so the results are comparable. Flg was obtained by difference because the sum of
fractions for all particle classes must be equal to one.

Some difficulties occurred when trying to estimate Fsg and Fsi because the
fraction of sediment < 53 um was too small. In certain cases, the fraction of primary clay
(Fcl) was equal to the total clay in the fraction of sediment < 53 um, which led to the
lack of clay in small aggregates and consequently to the absence of Fsg. In addition,
when clay was found in Fsg, the computed fraction of silt in small aggregates led to an
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overestimation of Fsg. Thus, the Fsg had to be adjusted to a maximum computed as the
difference between the fraction of sediment < 53 um and Fcl. This meant that the
fraction of primary silt (Fsi) in those cases was zero.

Once the sediment fractions were obtained, they were compared to the fractions
computed with Foster’s equations to evaluate them on uncultivated and fire-affected

soils.

3.3.2 Second procedure

The same five particle classes were used in this procedure, but defining large
aggregates as particles with diameters > 250 um and small aggregates as particles with a
diameter between 53 and 250 pum. The same preparation used in the first procedure was
applied (drying at 40°C overnight and sieved to 2 mm) with the same techniques of
sieving and pipette withdrawals, but with an additional pipette analysis for the fraction >
250 pm as shown in Fig. 5.

Because the pipette analyses were made on different soil subsamples, the
measured clay, silt or sand in the fraction of sediment > 250 um was similar or even
larger than the clay, silt or sand measured in the entire sample (< 2 mm) in some cases.
When this happened, an additional pipette analysis was performed to the fraction of
sediment < 250 pum. Thus, Ocl, Osi, and Osa were obtained as a weighted sum of the
clay, silt and sand of each fraction (smaller and larger than 250 pm). This explains why

the total clay, silt, and sand of the matrix soil are not equal in both procedures.
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Figure 5. Second procedure used to evaluate the sediment composition. Four pipette
analyses were required to obtain the texture from different fractions of the undispersed
soil. Fsi: primary silt; Fsg: small aggregates; Fcl: primary clay; Fsa: primary sand;

f,sa,lg, f,si,lg, f,cl,Ig: fraction of sand, silt and clay in large aggregates, respectively.

In this procedure, Fcl and Fsi were measured directly, and in total they correspond
to the fraction of sediment < 53 um (Fig. 5). An assumption was only used to estimate
Fsa, the same one used in the first procedure. The rest of the sediment fractions were
obtained directly from the pipette analysis. As shown in Fig. 5, the pipette analysis made
to the fraction > 250 um provided the clay and silt in large aggregates, and the analysis
with the fraction > 53 um provided the clay and silt in both the large and small
aggregates. Flg was obtained by difference with the rest of the sediment fractions.

To generate the new set of equations relating the soil matrix texture and the
fractions of sediment, Fcl, Fsg and Flg were related to Ocl as clay usually acts as a
bonding agent in soil aggregation (Young, 1980). As in Foster’s study, Fsa was

associated with Ocl and Osa, and Fsi was obtained by difference. To obtain the



19

aggregates’ compositions, the fraction of clay in the large aggregates (f,cl,Ig) was related
to Ocl for the uncultivated and fire-affected soils, the fraction of silt in the large
aggregates (f,si,lg) was associated with Osi for the uncultivated soils, and the fraction of
silt in the small aggregates (f,si,sg) was related to Osi for the fire-affected soils. The rest
of the compositions were obtained by difference.

The regression equations for both sets of soil samples were compared using
Student’s t test with a level of significance of P<0.05. The analysis was performed
according to Zar (2010). In that way, it was possible to determine if the soils affected by

fire behaved differently than uncultivated soils.
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4 RESULTS AND DISCUSSION

The main soil properties obtained through laboratory analyses are summarized in
Table 2. The organic matter (OM) content showed a mean value of 7.4% for the
uncultivated soil samples ranging from 2.2% to 15.9% with a standard deviation of s =
3.5%. In fire-affected soils the OM content was slightly higher (8.3%) ranging from
5.0% to 13.3% and a standard deviation of 2.8%. The aggregate stability showed a mean
value of 0.85, very close to the uncultivated (with a mean of 0.84 and s = 0.11) and fire-
affected soil samples (with a mean of 0.85 and s = 0.10). Almost half of the soils had a
sandy loam texture, and the rest of the samples were silt loam, loam and loamy sand.

Because of the content of organic matter and aggregate stability, these soils can be
considered rich in OM and with very stable aggregates according to the classification of
Mataix-Solera et al. (2010), which is typical of soils in natural conditions (Brady and
Weil, 2002).

The difference in OM content between the uncultivated and fire-affected soils was
not uncommon. Fire-affected soils can show an increment in the OM and nutrient
contents due to the deposition of dry leaves and charred plant materials (Gonzalez-Pérez
et al., 2004). In addition, aggregate stability can increase after a fire depending on many
factors such as fire severity and intensity, time after the fire, and composition of the
aggregates (Mataix-Solera et al., 2011). However, this study was not intended to
evaluate the effects of fire on soil properties as samples before and after the occurrence
of a fire event were not compared. More detail about those effects in the study area was
reported by Bonilla et al. (2014).
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Table 2. Main properties of the soil samples used in the study.

Organic  Aggregate  Sand Silt Clay

- - 1 -
Site  Soiltype™ Fire (year) \vter 06) stabiliy? (%) (%) (%)

Uncultivated soils

1 Be - 5.3 0.91 53.5 40.0 6.5
2 Be - 2.2 0.64 50.9 39.0 10.1
3 Bd - 3.8 0.93 67.6 23.9 8.5
4 Bd - 15.9 0.88 23.7 61.8 14.5
5 Bd - 7.7 0.78 24.0 71.6 4.4
6 HI - 6.8 0.93 56.0 37.0 7.0
7 HI - 7.9 0.86 46.9 44.4 8.7
8 HI - 7.5 0.91 23.7 62.4 13.9
9 HI - 11.0 0.97 28.7 57.8 13.5
10 HI - 8.9 0.85 60.9 35.7 3.4
11 HI - 4.9 0.81 36.3 55.2 8.5
12 HI - 3.4 0.86 76.7 20.0 3.3
13 HI - 9.0 0.89 56.3 39.5 4.2
14 I - 9.3 0.57 46.1 49.4 4.5
Fire-affected soils
15 Bd 1985 10.8 0.94 34.5 53.4 12.1
16 Bd 2005 8.0 0.88 40.7 50.9 8.4
17 Bd 2005/2011 5.0 0.94 62.0 30.7 7.3
18 Bd 2011 5.8 0.94 83.7 14.0 2.3
19 HI 2005 9.7 0.89 58.4 38.0 3.6
20 HI 2005 6.4 0.84 41.0 52.1 6.9
21 I 1985 5.7 0.68 65.7 31.2 3.1
22 | 1985/2011 9.6 0.86 37.0 58.4 4.6
23 I 2011 13.3 0.69 60.3 36.2 35

! Soil types: HI = Luvic Phaeozems, Be = Eutric Cambisols, Bd = Dystric Cambisols,
| = Lithosols. 2 Calculated as the ratio of stable to total aggregates.
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4.1 Equations based on agricultural soils

The fractions of sediment measured with the first procedure are shown in Table 3.
On average, Fcl represents less than 0.04% of the sediment composition for the
uncultivated soils, with a maximum of 0.08%. This is explained because of the small
amount of clay in the fraction of sediment < 53 um and because that fraction was also
small. Less than 5% of the undispersed sediment was < 53 um, ranging from 0.4% to
12.3%. This meant that there were almost no free fine particles in the sediment, which
includes primary clay, primary silt and, for the first procedure, small aggregates as
defined by Foster et al. (1985). The results were similar for the fire-affected soils, with
Fcl approximately 0.05% and 5.4% for the fraction of sediment < 53 um.

Because the fraction of sediment < 53 pum was very small, the estimated Fsi and
Fsg with the first procedure were zero in many cases. This happened because the first
procedure followed the same assumption used by Foster et al. (1985), that is, that small
aggregates were assumed to have a size < 53 um. It can be seen in Table 3 that this
occurred for both sets of samples (uncultivated and fire-affected). The sediment

fractions obtained with the first procedure (Table 3) were used to evaluate Egs. (1) to

(7).



Table 3. Composition of the matrix soil and sediment samples from the study area. Values separated by "/" correspond to the

percentages obtained with the first and second procedure, respectively.

Site Ocl Osi Osa Fcl Fsi Fsg* Flg* Fsa
Uncultivated soils
1 6.8/6.3 39.3/38.8 53.9/54.9 0.08/0.08 11.8/11.8 0.0/2.6 40.6/37.1 475/48.4
2 8.8/10.1 17.6/38.8 73.6/51.2 0.06/0.06 0.0/35 3.5/17.2 25.4/29.9 71.0/49.3
3 10.1/4.3 41.7/14.0 48.2/81.8 0.02/0.02 19/19 0.0/71 50.8/10.8 47.2180.2
4 145/13.2 57.2/55.6 28.3/31.3 0.03/0.03 0.0/3.2 3.2/16.4 69.4 /50.1 27.4130.3
5 4.4/3.0 58.3/40.1 37.3/56.9 0.00/0.00 0.0/0.4 0.4/6.3 62.4 / 36.6 37.2/56.7
6 6.9/7.0 46.5/37.6 46.5/55.4 0.08/0.08 8.0/11.0 3.0/15.7 475/23.9 41.3/49.3
7 8.718.7 45.1/44.5 46.1/46.7 0.07/0.07 43/12.2 7.9/245 47.2122.2 40.5/41.0
8 13.6/10.8 65.9/57.5 20.5/31.7 0.03/0.03 0.0/14 1.4/4.6 78.4162.7 20.2/31.3
9 13.9/13.3 59.2/56.5 26.9/30.3 0.07/0.07 3.1/31 0.0/8.0 70.8/59.6 26.0/29.3
10 4.7/3.3 34.0/35.4 61.3/61.3 0.01/0.01 1.0/1.0 0.0/21.6 38.3/16.7 60.6 / 60.7
11 6.7/7.4 53.7/47.2 39.6/45.3 0.01/0.01 0.0/24 2.41719.9 58.9/33.4 38.7/44.2
12 95/3.2 57.1/19.5 33.4/77.4 0.03/0.03 42142 0.0/9.6 63.8/12.0 32.0/74.1
13 5.8/4.2 47.0/39.3 47.2156.5 0.03/0.03 4.3/4.3 0.0/19.3 50.5/22.3 45.2/154.1
14 45/45 43.3/49.5 52.2/46.0 0.03/0.03 7.2/9.3 2.1/27.8 434/21.1 47.3141.7
Fire-affected soils
15 10.2/4.3 29.2/29.5 60.6 / 66.2 0.11/0.11 0.0/5.7 5.7/10.2 37.1/21.6 57.1/62.4
16 8.5/5.0 43.0/30.0 48.6 /65.0 0.03/0.03 0.0/45 45/17.0 49.1/16.4 46.4162.0
17 7.3/8.1 22.4126.9 70.2/65.1 0.02/0.02 0.0/25 25/6.6 29.0/275 68.5/63.4
18 2.3/2.3 18.2/14.0 79.5/83.7 0.03/0.03 1.2/3.3 2.0/5.4 19.8/10.4 76.9/81.0
19 75/6.5 55.6 /50.5 36.9/43.1 0.07/0.07 4.4/4.4 0.0/23.8 60.3/30.6 35.2/41.1
20 6.7/7.0 41.9/52.4 51.5/40.6 0.03/0.03 0.0/3.3 3.3/30.3 46.9/27.1 49.7139.2
21 6.4/3.1 45.4134.3 48.2/62.6 0.03/0.03 5.8/5.8 0.0/171 48.8/18.1 45.4/58.9
22 46/4.4 46.0/56.8 49.4/38.8 0.13/0.13 29/14.1 11.2/28.3 435/24.2 42.4133.3
23 6.9/35 64.3/36.4 28.9/60.1 0.01/0.01 4.3/4.3 0.0/10.2 68.0/27.9 27.6 /575

*Fractions of small and large aggregates are not directly comparable as they were defined differently in both procedures.

€¢
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The values for the uncultivated soils were plotted in Fig. 6. With the exception of
Fsa, the coefficient of determination (r?) between the predicted and measured values was
less than 0.05 and the Nash-Sutcliffe efficiency (N-S) was negative for all the fractions.
The Fsa showed a good fit with an r® of 0.88 but not a high N-S (0.01) because the
values were under-predicted. Fig. 6 shows that Fcl, Fsi, and Fsg were over-predicted
when using Foster’s equations, while Flg and Fsa were under-predicted. The results
showed that most of the sediment in uncultivated soils was in the form of large
aggregates, and primary clay and silt were not found in the sediment.

It is important to note that the thresholds used to define the particle sizes in this
procedure were defined according to the USDA classification, which is slightly different
from the limits used by Foster et al. (1985). However, this difference is not large enough
to explain the lack of fit with Foster’s equations.

The exponent in Eq. (6) from Table 1 was modified to fit the measured values of
Fsa. The exponent was calculated by rearranging Eq. (6) and computing the mean
exponent from the fractions obtained for the studied soils. This resulted in an exponent
of 0.71 instead of 5. The adjusted equation shows a better fit (Fig 6-f), with r* and N-S
of 0.97. The smaller exponent in Eq. (6) suggests that Fsa depends mainly on Osa but
not on Ocl. This means that most of the sand in the sediment is found as primary sand
and not aggregated with clay or silt. The results showed that on average, the fraction of
sand in the large aggregates was 5.3%, ranging from 0.3% to 15.7% for the uncultivated
soils, which demonstrates that a small fraction of the large aggregates has sand. Using
Eqg. (23), the fraction of sand in large aggregates (f,sa,lg) was estimated as 69.8%,
ranging from 51.3% to 80.7%, which is larger than the measured values. Using the
adjusted values for Fsa and re-computing Eq. (23) resulted in smaller estimates of the
fraction of sand in large aggregates (f,sa,lg), ranging from 9.7% to 13.8% with a mean of
11.8%.
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Figure 6. Comparison between the sediment fractions obtained with the first procedure
and with the equations developed by Foster et al. (1985) for the uncultivated soils.
Dashed lines represent linear regressions and dotted lines represent the 1:1 line. The r?

values correspond to the best fit (linear regression).
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Fire-affected soils were also compared and similar results were observed. The
fractions measured with the first procedure are also shown in Table 3. When using
Foster’s equations, the values of Fcl, Fsi, and Fsg were over-predicted, while Flg and
Fsa were under-predicted. The plotted values for the fire-affected soils are not shown;
however, with the exception of Fsa, the N-S efficiencies were negative and the r? were
very low. For Fcl, Fsi, Fsg, Flg, and Fsa, the N-S efficiencies were -1930, -177, -8.05, -
3.60, and 0.16, respectively. The r? were 0.01, 0.53, 0.00, 0.03, and 0.84, respectively.
The only difference was found for Fsi, where the r? was better than for the uncultivated
soils. Adjusting the exponent in Eg. (6) resulted in a value of 0.97 and in an
improvement of the prediction with an r? and N-S efficiency of 0.98. In this case, the
fraction of sand in the large aggregates (f,sa,lg) was also small, with a mean value of
7.1% compared to the 74.5% computed with Eq. (23).

The only adjustment performed to fit the data was applied to Eq. (6) because there
was almost no sediment < 53 um. This is because three of the sediments’ fractions (Fcl,
Fsi, and Fsg) were almost not found in the sediment, and the sediment was mostly
aggregated in particles > 53 um. Thus, most of the effort was to improve the precision
for predicting sediment particles > 53 pum and not much for particles < 53 um. With that
purpose, the particle threshold was changed, and the second procedure was used to fit
new equations to predict the sediment and aggregate’s composition for the uncultivated
and fire-affected soils. The fractions obtained with the second procedure are also shown
in Table 3.

4.2 New equations for the uncultivated and fire-affected soils

The fractions obtained with the second procedure were different from those
obtained with the first procedure, except for the fractions of primary clay (Fcl), which
were the same in both because they were measured directly. For the uncultivated soil
samples, Fsi was 1.7% larger than the value obtained with the first procedure because
the small aggregates were no longer associated with the same fraction of primary silt.

The same condition was observed with the Fsg, 14.3% compared to 1.7% because the
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small aggregates were larger in the second procedure and thus included a larger portion
of sediment. The opposite was observed with Flg, with 31.3% compared to 53.4%. Fsa
was 49.3% compared to 41.6% with the first procedure.

For the fire-affected soil samples, the fractions with the second procedure showed
means of 0.05%, 5.3%, 16.5%, 22.6%, and 55.4% for Fcl, Fsi, Fsg, Flg, and Fsa,
respectively, while with the first procedure, the same fractions were 0.05%, 2.1%, 3.2%,
44.7%, and 49.9%.

The sediment fractions were related to the soil texture and the fitted equations are
shown in Table 1, namely, Egs. (8) to (12) and (13) to (17) for the uncultivated and fire-
affected soil samples, respectively. Compared to Foster’s equations, the computed
fractions for primary clay (Fcl) were smaller for the same amount of clay in the matrix
soil (Ocl). This happened because in these soils almost no primary clay was found in the
sediment, with most in the small and large aggregates. Comparing Eq. (6) with Egs. (11)
and (16), which predict the fraction of primary sand, the exponent is smaller in Egs. (11)
and (16). This means that most of the sand in these soils is found as primary sand and
not aggregated.

The fit of equations (8), (10), (11), and (12) is shown in Figure 7. The regression
between Fcl and Ocl had an r®> = 0.21, and 0.01 between Fsg and Ocl. However, the
regression for Flg was better (> = 0.60). For the uncultivated soil samples, the
relationship between the estimated and predicted (with Eq. (11)) fractions of primary
sand showed an r? = 0.98 and an N-S = 0.98.
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Figure 7. Relationships between the sediment fractions obtained with the second
procedure and the clay content (a, b, and ¢) and between predicted and estimated
primary sand (d) for the uncultivated soil samples. Dashed lines represent the linear
regression and solid lines represent the best linear fit with intercept zero. The r? values

correspond to the best fit (linear regression).

A robust Fsa and Flg estimation is particularly important in the uncultivated soil
samples as they represent approximately 80% of the sediment composition. The rest of
the fractions were not predicted well, but they represent less than 20% of the sediment.
The scatter in Fig. 7 for the primary clay (Fig. 7-a) and small aggregates (Fig. 7-b) show
that those fractions are affected by other factors beyond the clay content in the matrix
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soil, which could be the type of organic matter present in the soil or any other factor that
could not be evaluated with this analysis.

The fit for the equations derived for the fire-affected soil samples is not shown, but
it was similar to that for the uncultivated soils, with low r? for Fcl (0.01) and Fsg (0.10)
but larger values for Flg (0.47) and Fsa (0.97). In this case, Fsa and Flg also represent
most of the sediment composition, 78.1% on average.

The equations derived in this study are not necessarily valid for soils with Ocl
values larger than 20%. These equations were fitted for soil samples where the
maximum value for Ocl was 13.3% and 8.1% for the uncultivated and fire-affected soil
samples, respectively. Therefore, the use of these equations for soils beyond that limit
has a degree of uncertainty that was not evaluated in this study.

The aggregate composition was also adjusted for these soils as shown in Eqgs. (24)
to (29) for the uncultivated soils, and Egs. (30) to (35) for the fire-affected soils. The
regression for Egs. (27) and (28) showed an r? of 0.83 and 0.63, respectively (Fig. 8).
For the fire-affected soils, the fraction of silt in the small aggregates (f,si,sg) showed a
better fit with Osi than the fraction of silt in the large aggregates (f,si,Ig). Thus, Eq. (31)
was not obtained by difference but calculated directly, and Eq. (34) was obtained by
difference, as opposed to the equations presented for the uncultivated soils. Equations
(31) and (33) showed an r? of 0.84 and 0.78, respectively.
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uncultivated soil samples. Dashed lines represent linear regression (r* shown) and solid

lines represent the best linear fit with intercept zero.

The regression between Fcl, Fsg, and Flg with Ocl were compared for the
uncultivated and fire-affected soils. The results showed no statistically significant
difference between them. The regressions for the aggregate composition equations were
also compared, and no differences were found. However, the fitted equations were
different and the results are presented separately for the uncultivated and fire-affected

soils to obtain a better and more specific soil characterization.
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5 CONCLUSIONS

All the soil samples evaluated in this study showed high OM contents and
aggregate stability and undispersed soil fractions that were significantly different from
those predicted with Foster’s equations. Those equations, originally developed from
cultivated soils, proved not to be suitable for predicting the sediment composition in
uncultivated and fire-affected soils. The equations over-predicted the fractions of
primary clay, primary silt, and small aggregates and under-predicted the fractions of
large aggregates and primary sand in both fire-affected and uncultivated soil samples.
With the exception of primary sand, which was not found in the aggregates in these
soils, the obtained and computed fractions showed a negative N-S efficiency and low r?
(< 0.05 for uncultivated soils and < 0.53 for fire-affected soils) in all the sediment
fractions.

The fraction of primary sand showed a good fit for both the uncultivated and fire-
affected soils, with an r” of 0.88 and 0.84, respectively, but a low N-S of 0.01 and 0.16.
Once adjusted, the equation for primary sand provided a much better prediction, with an
r* and N-S efficiency over 0.97 for both the uncultivated and fire-affected soil samples.
The equation was fitted by recalculating the exponent of the equation for primary sand,
which resulted in a smaller value. This meant that the sand in the sediment for these soils
was mainly free and not aggregated with clay or silt. The rest of the equations were not
adjusted because the soil particles were mostly grouped in large aggregates (> 250 um).
Additionally, the fine particles (< 53 pm) in these soils represented less than 5%,
including primary clay, primary silt and small aggregates as defined by Foster et al.
(1985).

Once the limits for the small (between 50 um and 250 um) and large aggregates (>
250 um) were re-defined, the new equations for the uncultivated and fire-affected soils
provided considerably better estimates of the fractions of large aggregates, primary sand,
and aggregate composition. However, the relationship between the primary clay and
small aggregates with clay in the matrix soil was poor, but these fractions represented

less than 20% of the sediment.
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Overall, the results of this study demonstrate that the sediment composition is
significantly different between uncultivated and agricultural soils. The main difference
between them was related to the particles’ aggregation, as the uncultivated soils were
mostly formed by large aggregates (> 250 pum) with high stability and organic matter
content. In addition, the sand in sediments was mainly found as free particles and not in
the aggregates. Finally, the equations developed in this study provide more reliable
sediment composition estimates when predicting soil erosion on uncultivated or fire
affected soils, increasing the understanding of nonpoint source pollution processes when

planning soil and water conservation practices.
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