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Abstract: The work presented is a study of the recent sediment deposits in a pilot basin in dehesa
areas in the province of Céceres (Spain) through analysis of the sediment record, radiocarbon dating
and correlation with historic data to assess the factors that conditioned the deposit in these areas
over time. It is a qualitative study based on the important role of sediments as recorders of history,
given that sediment facies and their architecture provide one of the best records of past processes
and environmental factors. For the study, sediment profile surveys were used to determine the
configuration and characteristics of the infill and its chronology. The sediment model of the facies
studied is associated with a context of slope water erosion that led to the infill of the watercourse
areas, mainly sand and fine gravel, where alterations in the normal rate were detected due to the
insertion of a thicker level of materials (soil stoniness) that was able to be dated. The sediment and
chronological results obtained can be used to determine the historical events in the area that could
have affected the erosion and deposit processes in the basin for the estimated period, from the late
18th to the early 19th century. During this period, pastureland that maintained the ecological balance
of the dehesa, with a balanced, stable displacement of soil particles, was converted to cropland,
in most cases resulting in soil with a limited profile, overuse and the consequent loss of structure and
texture, making it more vulnerable to erosion. Greater remobilisation would have carried thicker
material to the watercourses than the material deposited as a result of limited ploughing. This study
provides data for the dehesa areas studied with regard to their hydrogeomorphological dynamics,
from which past environmental impacts due to tillage can be inferred.

Keywords: sediment; land use; erosion crises; environmental impact

1. Introduction

Sediment studies are a source of information for inferring, through sediment sequence analysis,
the conditions that have governed sedimentation processes in an area over time. Sediment facies and
their architecture provide one of the best archives of the evolution and transformation of terrestrial
systems, because they preserve the record of past processes and environmental factors that have
occurred naturally or, in recent times, through human intervention [1,2] including soil erosion.
Historical reconstruction of the effects humans have on their surrounding environment shows that the
period of greatest impact was the last few centuries, and in recent decades the role of sediments as
recorders of history has become increasingly more valued [3-5]. The sediment record can indicate the
nature and level of the environmental impact of past events, because although we can use landscapes
to deduce the relationship between humans and the environment [6], the traces of these actions can be
blurred or erased. The sediment record, however, does not suffer the same fate. By characterising the
sediment record, we can reconstruct the erosion processes that occurred in the source area in the past.
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Starting from this premise, and applying it to dehesas (agrosilvopastoral areas), the study focused
on recent sediment infill in a pilot basin in the province of Caceres established by the Physical
Geography department of the University of Extremadura to study the current hydrogeomorphological
processes operating in dehesas in this region, including soil erosion, hydrological balance and rain
interception by the holm oak [7-11] and sediment volume measurement and characterisation [12].

The objective of the work was not limited to a contemporary perspective, in which it is difficult
know at what stage of the dynamic the system is in. It is a historical study of accumulated sediment,
using the interpretation of the sequence to determine the circumstances that have conditioned the
deposition processes in the basin over time and the possible influence of humans through varied
land-use management practices.

Dehesas make up more than half the useful agrarian area in the west-southwest provinces of Spain
and occur in 53% of municipalities in Extremadura. These ecosystems combine forestry, agriculture and
livestock raising, and are a paradigm of sustainable development. Rational harvesting of a dehesa’s
natural resources can optimise production yield and ensure the ecological stability of the system [13].
Any study of this regionally important, extensive ecosystem is relevant, in particular those that provide
a greater understanding of its functioning and limitations, to avoid clearly unsustainable practices.
In this context, it is particularly important to study sediment deposits as a historic record of the events
that have shaped degradation processes in the source area, because soil erosion is one of the issues that
the dehesas are now facing.

The small basins of the streams that drain the peneplain dehesas collect sediment from the slopes,
and the deposits from past erosion processes are, therefore, stored in the watercourses. The watercourse
areas in the study basin and the adjacent areas form paleovalleys that have been filled in by materials
from the surrounding areas. These materials can be associated with historic erosion crises [7]. Sediment
production on slopes is determined to a large extent by how the land is used. Degradation of dehesas
in semi-arid areas is triggered by continued harvesting and overgrazing [14]. Knowledge of how these
processes occur today is essential to interpret past events in the sediment record. Other experimental
studies have addressed aspects such as management of agricultural land, land management and soil
erosion and the impact of land abandonment [15-17]. Changes in erosion rates due to different land
management practices in the past must be recorded in some way in the deposits that occurred under
the conditions at the time.

Under this initial premise, the study comprises an analysis and interpretation of the sediment
sequences. After the entire deposit is studied, any alterations must be detected and dated for correlation
with the historical and documentary data available. This is, therefore, an interpretive work, based on
the data obtained from the sediment and chronological study.

2. Study Area

The study area is in the southeast of the province of Caceres, in the municipality of Trujillo, on the
Trujillo peneplain created by erosion of slate and granite material from the Central Iberian Hercynican
basement [18].

Upper Precambrian-Lower Cambrian successions occupy extensive outcrops of detrital sediment
series made up primarily of slate and greywacke, ranging in altitude from 400-500 m (Figure 1).

The area presents a topography of gentle forms, with slight variations because the current
hydrographic network is firmly established in the peneplain. The most significant feature is the absence
of any high relief due to the predominance of Precambrian materials with medium to low resistance
and a long history of erosion. The small pilot basin is at the head of the Magasca river, a tributary of
the Almonte, part of the network of the Tajo. It has an area of approximately 35.4 ha and includes the
upper basin of the 813 m-long Guadalperaldon stream, whose downstream limit is at the measuring
station used to study the erosion and hydrological processes operating in these areas.
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Figure 1. Study area location. Source: authors’ own figure.

It can be considered a typical dehesa, with similar features to many others in the region in
terms of topography, rock substratum, soil, vegetation and current and past uses, all of which can be
extrapolated to other areas of Extremadura [19].

Following the Food and Agriculture Organization (FAO) nomenclature, the soil in the area is
dystric cambisol, with significant slate outcrops. In slope areas it is degraded to leptosols. In most of the
area, the soil is less than 30 cm thick, with deeper soils occurring at the bottom of the watercourses [20],
on alluvial deposits.

In these conditions, the most rational land use from a conservation perspective is livestock grazing
in combination with controlled cultivation. While this would maintain the balance of the structure and
low potential of the area, tillage erosion increases with the number of tillage operations [21], and the
lack of an alternative livelihood or opportunity to obtain maximum return in the short term may have
led to intensive cropping or overgrazing of the land in the past.

3. Methodology

The procedure used to recreate the conditions of the deposits in the study area was based on
sediment and geochronological studies and correlation with historic and documentary data. This is a
qualitative study, based on the important role of sediments as recorders of history.

After the deposit areas in the basin had been identified and defined, the study was conducted
by surveying small sediment columns throughout the available sections in the basin. The levels and
structures appearing in the sequence were examined, measured and described. The initial premise
was that the conditions occurring during the sedimentation process must be reflected in some way in
the sediment sequence.

The laboratory work comprised textural analysis of the sediment samples from each level and
radiocarbon dating of charcoal samples collected in these levels.

3.1. Sediment Study

The deposits accumulated throughout the watercourse areas occupy an area of around 18,800m?,
representing approximately 5% of the total area of the basin [22], and are strongly incised by gullies.
In the middle and lower section of the bed, where the incisions reach the substratum, sediment
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thickness can be measured directly. These areas provide the sections where the sediment profiles can
be surveyed, because the entire sediment infill can be easily observed to describe the vertical and
lateral variations it has experienced. In the upper section of the bed, the material observed is almost
homogeneous and the sediment infill thickness is limited. Using geophysical methods and applying
vertical electric soundings (VES) when the conditions of the deposit outcrop prevented the use of other
methods, we were able to study the sediment sequence indirectly and correlate the levels detected in
the gully areas [22].

The representation of the sediment profiles shows the type of material, the thickness of the deposit,
and the recognisable sections or levels.

Seven columns were surveyed across an area of approximately 140 m, starting from the first
profile (P1) 180 m upstream from the final part of the study area (location of the measuring station)
and continuing downstream (Figure 2).

e Sediment columns

Meters

Meters

Figure 2. Location map of column survey areas. Source: authors” own work.

No distance was set between the profiles. The survey points were chosen in the field after
identifying the sections where it would be easiest to measure and describe the levels, following the
evolution of the sediment sequence. The final column (P7) was surveyed in the area next to the
measuring station. The strong incision by gullies down to the rock bed permitted a complete survey of
the sediment columns. Because of the continuity and quality of the sections in the study area, it was
possible to establish correlations and identify variations observed in the deposit sequences. The levels
identified in the deposit sequences were shown in a correlation diagram.

The sediment was texturally characterised by taking 12 samples of approximately 1 kg across
the three levels differentiated in the surveyed columns. The textural analysis was performed at the
Extremadura Regional Government Agricultural Laboratory. The content of coarse elements (expressed
in %) was determined and the fine elements (sand, silt and clay) were used to define the texture class.
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3.2. Sample Dating

Radiocarbon (or carbon-14) dating was used to date the sediment deposits. The material chosen
was charcoal, because it was likely to occur in the deposits. Seven samples were collected, corresponding
to the lower area, intermediate area (location of larger grain pebbles) and upper area in each profile to
determine the age of each level. Dating by the conventional method was unsuccessful because of the
small amount of carbon in the samples.

Accelerator mass spectrometry (AMS), which requires 10 mg carbon, was attempted. This method
dated sample No. 1 (M-1), collected at the intermediate level of largest grain size (Figure 3) and identified
as Ua-22602, but obtained no results for the other samples because they contained insufficient carbon.

Figure 3. Profile (A) and detail of level (B) where sample M-I was collected. Source: authors” own work.

It was possible to date only one sample, collected at a depth of 50 cm, in the level with the elements
of largest grain size detected in the sediment sequence. No results were obtained for the samples taken
in the base and the upper part of the deposit. However, because the dated sample was found at a level
that can be followed throughout much of the basin (guide level), it was possible to correlate the age
obtained throughout this level and relate its occurrence to the processes that shaped its formation.

4. Results

The overall deposit sequence occurring in the study basin was determined through a complete
survey of the sediment infill, by direct observation throughout each profile. The sediment profiles
were indicated by drawing all the levels distinguished and the thickness of each one, as shown in the
example of profile 1 (Figure 4).

The data for the thickness of the levels differentiated in each profile are shown in Table 1. The lower
thickness of the deposit closer to the measuring station can be seen. Level 2 is absent in the final
profile surveyed.

With regard to texture, the predominant sediment in the overall sequence comprises around 62%
coarse elements, mainly fine gravel. The texture of the fine fraction (sand, silt and clay) present in most
of the samples analysed is sandy loam.

These results indicate that the infill materials in the watercourse areas are mainly sand and fine
gravel with a silty matrix and scattered pebbles. A level of mainly medium-coarse gravel of 1.6 to
3.2 cm occurs in the mid-upper level of the deposit, and the sediment below and above this level has
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similar characteristics. The sequence was divided into three sections and their thickness was measured
and described in each column surveyed. The upper level, named level 1, is located above the section
with a predominance of medium gravel, named level 2. Level 3 is located in the lower part of the
sequence, above the slate bed.

1.7

0.8 SR

Vertical scale

Om Metres 0| -

- 9| Sand and fine gravel '
Silt and Clay -] with scattered pebbles (2.2 o'd Medium-coarse gravel 11"\ Slate substratum

Figure 4. Sediment profile 1 (A). Detail of the medium-coarse gravel level (B). Source: authors’
own work.

Table 1. Thickness of each level in the sediment profiles surveyed in the deposit areas.

PROFILE 1 PROFILE 2 PROFILE 3 PROFILE 4 PROFILE 5 PROFILE 6 PROFILE 7

Level1 05 0.47 0.30 0.35 035 0.30
(m)
Level 2 0.4 028 0.25 0.20 0.15 0.15 -
(m)
Li‘rf)l 3 058 0.75 0.85 0.65 0.50 0.55 0.8
Total
hichioss 1.70 1.50 1.40 1.20 1.00 1.00 0.8

The upper part of level 1 culminates in a level of fine materials enriched with organic matter, the
base of the herbaceous layer.

Contact between level 2 and the upper and lower levels is mainly irregular and at times poorly
defined, but at some points it is well defined.

The correlation of the sediment columns is shown in the drawing in Figure 5, which shows the
decreased thickness of the deposit further downstream. In the last profile surveyed it was not possible
to distinguish the larger grain size level.
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Figure 5. Correlation of the sediment profiles surveyed in the study area. Different images are shown
corresponding to points of the deposit area where the profiles have been carried out (P1-P7). Source:
authors” own work.

4.1. Overall Deposit Sequence

The sediments that make up the watercourse areas are terrigenous, with a predominance of
sand and fine gravel in which facies of sand, clay and silt were identified. These materials tend to
accumulate, creating a deposit with a thickness ranging from a few centimetres in some areas to 1.80 m
in others. The silt and clay in the upper part of the profile are dark, with abundant edaphic features.

A level with a higher percentage of coarse elements with medium-coarse gravel particles is
inserted in the mid-upper part of the profile. In situ measuring revealed sizes of 16 to 32 mm. These
elements are mainly angular slate and quartz pebbles and scattered boulders. This level can be followed
throughout most of the sediment infill of the bed, primarily in the lower section, where the greater
thicknesses were recorded. The direct data from the survey of the columns indicated that it is located
at a depth of 14 cm to 50 cm, occurring at lower depths in the thicker profiles. The minimum thickness
measured in this level was 10 cm and the maximum was 50 cm, although the level was not identifiable
when the deposit was less than 30-40 cm thick.

The sediment model that makes up these facies is associated with a context of slope erosion that
resulted in the dense fraction and the sand. The soil corresponding to the fine fraction was displaced
by rainwater.

Rainfall and runoff provide the initial energy necessary for the process of dislodging and
transporting soil particles, and the topographical features determine the energy of the water current
for transporting the particles. Similarly, soil composition and structure (particle size, cohesion, etc.)
affect the capacity of the rainfall and runoff energy to carry soil particles. Therefore, human activity,
through cropping, is determinant in altering soil erosion susceptibility. The flow erodibility coefficient
depends on the type of soil, and changes in this parameter produce considerable changes in sediment
production [23].

The sediment of the sequence studied represents the material corresponding to soil erosion in the
area where the basin is located; i.e., soil of the Caceres peneplain occurring on slate, with shallow depths
of 25 to 50 cm. In the slope erosion process, a greater transport capacity was registered for rainfall, seen
in the level of larger grain pebbles identified in the sequence. This could be due to the higher amount
of stones in the soil profile caused by more intense tillage than in an earlier period. Soil redistribution
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by mechanical displacement during tillage has been recognised as a process of intense soil degradation
(mechanical erosion, also known as tillage erosion). Empirical models describing the mechanisms of
mechanical soil redistribution have shown that most agricultural tools used in very diverse farming
conditions generate very high rates of soil remobilisation [24-29].

The deposit analysed can be interpreted as the effect of soil redistribution caused by past
agricultural practices, entailing a modification or interaction in the water-erosion processes that altered
the normal rhythm of the deposit of the sediment sequence in the study area, displacing larger grain
size material.

4.2. Radiocarbon Dating Results

The results of dating sample M-1, identified as Ua-22606, provided a conventional radiocarbon
age of 180 + 30 BP, corresponding to a calibrated result (2 sigma, 95% probability) of Cal 1650 to 1950.
The calibration graph is shown in Figure 6.

Ua-22602 : 180+:30BP

68.2% probability
1660AD (11.7%) 1690AD
1730AD (46.5%) 1810AD
1930AD (10.0%) 1950AD

500BP

400BP

300BP 95.4% probability
1650AD (18.7%) 1700AD
200BP fIR0AD (56.4%) 1§20AD
%) 1880AD

100BP

Radiocarbon determination

OBP

Ll | !
Ll b e I Feal ]

| o | e 1 L ]
1400CalAD 1600CalAD 1800CalAD 2000CalAD
Calibrated date

Figure 6. Calibration curve for sample Ua-22606.

This calibrated age range indicates that the materials deposited above the level where the sample
is located are later than 1650 and have a 56% probability of being later than 1720-1820.

Because the results were obtained from the sample taken at the bottom of the level of coarse
pebbles (indicative of a change in the conditions of the deposit), a connection can be made to events in
the environment that are documented, occurred over time, and could have influenced the variation
in the conditions of the deposit. Although carbon 14 does not allow a specific date to be assigned to
an occurrence, it helps to identify a possible period for investigation.

If the dated sample had been taken at a level with continuity in the rhythm, it would be possible
only to indicate the interval in which the deposit might have occurred. In a deposit where the sequence
shows no alteration or variation, it is difficult to determine the time frame if there is no known external
episode that it can be referenced to. Unfortunately, no other examples were found for dating to
determine the age of the sediment at the lowest or the uppermost part of the deposit and extend the
chronology of all the materials. However, dating provided an important reference to study the recent
evolution of these spaces.

5. Discussion

The sediment study shows that the predominant sediments in the overall sequence are sand
and fine gravel with a silty matrix, with the insertion of a level with a high percentage of coarse
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elements (close to 80%) of medium-sized gravel. After this level was measured in each column, it was
shown to have a variable thickness (maximum 50 cm, minimum 14 cm). It is located at a depth
of 50 to 20 cm, decreasing in thickness and depth as the deposit becomes less thick, and is not
identifiable when the profile has a limited thickness. Therefore, it is not a lens without lateral continuity,
because it is distinguishable and continues in each column surveyed. Interpretation of vertical electric
soundings [22] also shows these variations in deposit grain size at other parts of the basin where the
sequence was not observed directly.

At the level with the largest grain size identified, remains of carbonised organic matter collected
at a depth of 0.5 m show a conventional radiocarbon age of 180 + 30 BP. This age corresponds to
a calibrated result (2 sigma, 95% probability) Cal of 1650-1950, with a higher probability in the interval
1720-1820. It is therefore likely that the higher grain size level is later than this time interval.

The sediment model that makes up these facies is associated with a context of slope water erosion
that caused the infill in the watercourse areas. The infill is terrigenous, with a predominance of sand
and fine gravel in which the level of coarser pebbles must be associated with a variation in the normal
rhythm of sedimentation, resulting in displacement of larger grain elements. This greater displacement
could be associated with agricultural tasks, because tillage has considerable impact on water erosion
processes and greatly increases soil particle mobilisation [29].

Studies of gully erosion in an experimental basin (Parapurfios) near the study area reported
a similar level of material of fluvio-colluvial origin, with a percentage of coarse fragments inserted in
the infill, indicating a variation in the soil erodibility coefficient comparable to that of the study area.
After field observation followed by grain size analysis [30] reported a level of coarse material (>2 mm)
in all profiles. This layer was located at different depths of each profile and at least 40% of the sample
material was coarse. However, in most of the profiles, the coarse material it contained was more than
70% of the total sample. This level mainly comprised fragments with a diameter of 2 to 6 cm, but in
some cases as much as 20 cm.

Obtaining similar results in areas close to the study basin was a very significant finding, because
they have common source areas in which the same model of sediment production must have occurred.

After analysing all the data, it was necessary to return to the study objective of assessing
the deposit conditions in the basin to determine whether the sedimentation process was natural
or human-accelerated.

Using the sedimentation and chronological results obtained, it was possible to determine the
historical events that might have influenced the erosion and deposit processes in the basin. The data for
the land-use changes in the dehesa in the estimated period were studied, focusing on any modifications
caused by human activity. The documentary sources for the estimated period do not refer to any
exceptional rainfall events associated with crises or epidemics that could have caused anomalous
transportation of materials or high erosion rates.

In the late 18th and early 19th centuries, historical events led to changes in land use in the region.
This period was the culmination of a policy that began in 1770 to reallocate land for crops. A Royal
Decree of 1793 declared that extensive tracts of land previously available for transhumance were to be
used for grazing and cropping [31].

The land reform, initiated by Godoy, was preceded by strong complaints about practitioners of
transhumance, who were blamed for the lack of cropland, the decline of agriculture and the debilitation
of the region [32].

Pastureland that kept the dehesa in ecological balance was converted to cropland, in most cases
resulting in soil with a limited profile, overuse and the consequent loss of structure and texture, making
the land more vulnerable to erosion. The rock fragments characteristic of the soil were more exposed
to displacement processes after the land was tilled [21,28]. Soil disintegration and redistribution due to
agricultural tasks have been recognised as a process of intense soil degradation [29,33]. The accumulated
results of this process are evidenced in recent deposits in the watercourse areas.



Sustainability 2019, 11, 6102 10 of 13

During this phase of extensive, widespread ploughing, a considerable amount of materials would
have reached the watercourses and gradually filled in their beds. However, the infill would have had
little stability, because the beds were exposed to active processes from the concentration of surface
runoff [21] that created deep gullies along the watercourses.

To a certain extent, the introduction of the agricultural reform, followed by the decline of
long-distance transhumance, marked a turning point in land use in the region. The reform changed
agriculture by increasing the area under crops after the granting of wasteland and uncropped land,
although some of the land was cultivated only for a short time or left untouched because of its poor
quality or the high costs of farming it.

It is likely that the dehesa where the Guadalperalon and Parapuifios basins are located was no
exception to these land-use changes, which must have had a repercussion or impact in the short to
medium term. The results of analysing the sediments corresponding to this historical period in a typical
dehesa such as the pilot hydrographic basin studied should be considered in this light.

6. Conclusions

Using the data provided in this study, we can assess the possible contribution of tillage erosion in the
past to the evolution of the landscape. Studies of this kind, which are lacking for Extremadura, can be used to
reconstruct many aspects of past actions in these spaces with regard to their hydrogeomorphological
dynamics, and have the added value of completing the findings of other studies, thus helping to increase
knowledge about recent processes in these areas of high regional significance.

The sediment study of the watercourse areas indicates an alteration in the sediment sequence
(level of coarse elements of larger grain size) attributable to changes in the deposit conditions. In this
qualitative study, the materials in the level where the grain size changed were dated, providing an age
range in which there were no data about the chronology. This is important for identifying the historical
context in which the deposit occurred; i.e., the late 18th century.

The continuity of this level of coarser pebbles detected in the deposit sequence (continuing through
a large part of the bed) and in other watercourses nearby indicates that the origin of the change was
a process associated with the entire source area rather than an isolated process. It must have continued
over a sufficient period to make it significant in the overall sequence, interpreted as slope erosion.
After the change in grain size occurred, there was a further period of stabilisation.

Although it is difficult to assess the scope of the historical change in land use and determine
whether it can be considered an environmental crisis, the almost constant appearance of this level
of larger grain size materials in the infill sequence of a nearby experimental basin with similar
environmental features [30] supports the idea of a repercussion on the environment caused by historic
events that occurred during the period studied. However, more detailed studies of the agricultural
history are needed to verify the agricultural transformations in the study areas.

With regard to the limitations of the study, the pilot basin was chosen as the experimental area
despite its limited scope because its uses and physical and geological features make it a typical dehesa.
It is also located in an extensively studied seminatural ecosystem that forms part of the drainage
network degrading the Céaceres peneplain. Because of this, it can be considered representative of the
evolution of the area it belongs to and optimum for possible data extrapolation.

It should be noted that although it was possible to date only one sample from the sediment level
where the alteration in the rhythm of the sequence occurred, the dating can be considered valid because
the sample is located at an extensive guide level that continues along much of the deposit. The carbon
dating indicates the interval from which sedimentation of this level occurred and identifies the period,
allowing the deposition to be related to documented historical events. Although the exact period is
not defined, the range is important because it provides sedimentary evidence to investigate the cause
of the larger grain-size level. If no alteration in the rhythm of deposition had been detected in the
sequence, it would not have been possible to relate the deposit of the material to external processes
that took place in the area during the period when the deposit occurred.



Sustainability 2019, 11, 6102 11 of 13

Despite these limitations, the sedimentary evidence and radiocarbon dating revealed increased
erosion of coarse material in the study basin that could have undergone the same historical
transformations occurring in similar areas. This concurs with the historical sources cited, probably in
the late 18th century and early 19th century, due to human intervention in the region after changes in
land use. The results shed light on the environmental implications of past human activity, such as tillage
operations, and have future applications for conserving this dominant ecosystem in a region of high
economic and environmental importance, in which humans play a significant role in its regeneration
and conservation.
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