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The assessment of gully erosion poses a great challenge because of the complexity and connectivity of the
geomorphic processes involved. This study focuses on the quantification of sheet erosion rates in a set of slope
gullies located on the northern piedmont of the Guadarrama Mountains (Spanish Central System). In order to
delineate accurately the gully areas in which sheet erosion was predominant, the Hydrologic/Erosion
Response Unit (HRU/ERU) approach was used and a dendrogeomorphological analysis of exposed tree roots
was carried out to quantify sheet erosion rates in one selected HRU/ERU. Identification of the first year of
exposure by erosion from anatomical criteria was therefore critical. The 29 samples taken were prepared for
anatomical analysis and cross-dated. Anatomical analysis of the samples showed a reduction in the lumen
area of earlywood tracheids following root exposure and also, in most cases, a slight increase in growth rings.
Moreover, at the end of the ring, latewood tissue and visible annual borders were very clearly defined by
several rows of thick-walled tracheids. A non-parametric test was used on the findings derived from this
qualitative analysis to objectify determination of the first year of exposure. Estimates of sheet erosion were
obtained by dividing the height of eroded soil by the number of years that each root was exposed. The mean
value of soil erosion for the entire study site was then determined from statistical inference. Using this
procedure, a range of sheet erosion rates between 6.2 and 8.8 mm y−1 (125.2 and 177.8 t ha−1 year−1) was
obtained for the dominant HRU/ERU of these gullies in central Iberia. These estimates of eroded soil thickness
were adjusted based on the recent finding that root anatomical changes occur prior to their exposure by
erosion.
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1. Introduction

Gully erosion has become a global issue as a consequence of its
academic and applied implications (Valentín et al., 2005), and has
been the focus of numerous studies during the last decade (e.g.,
Poesen et al., 2003; Smith, 2008; Reid et al., 2010). Notwithstanding
the abundance of studies recently undertaken on this matter, it is
important to understand the complexity and connectivity of geomor-
phic processes involved in so-called ‘gully erosion’. These processes
operate on different time scales and at different topographical
positions within the gullies. In general, the materials to be eroded
are prepared by weathering processes at the gully walls and within
the internal topography of the hillslope. From then on, different
processes of hydric erosion and mass movement transport the
materials from the slopes onto dry washes and gully bottoms. Finally,
fluvial processes deliver these sediments to nearby fluvial networks.
Connectivity between hillslope gullies and fluvial systems has been
well illustrated by Harvey (2001). Nevertheless, the connectivity
between geomorphic processes in gullies and badlands has been
described in only a few studies, of which Godfrey et al. (2008) is an
example.

In order to gain a deeper knowledge of the various geomorphic
processes operating within gullies, this paper proposes the use of
Hydrologic Response Units or HRUs (Uhlenbrook, 2003; Cammeraat,
2004; Beighley et al., 2005), also known as Erosion Response Units,
ERUs (Flügel et al., 1999; Märker et al., 2001; Sidorchuk et al., 2003)
when active forms of erosion and their related processes are
characterized. Delineation of HRUs/ERUs depends on the spatial
distribution of land use, residue and vegetation cover, topography and
type of soil, as well as erosion processes and related features, since, for
a given rainfall, all these factors determine the response of soil water
dynamics by influencing infiltration and runoff rates (Kosmas et al.,
1997). As a result, specific erosion and sediment transport processes
are generated (Märker et al., 2001).
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Soil erosion can be quantified by using dendrogeomorphic analysis
of exposed tree roots. Dendrogeomorphology (Alestalo, 1971) is one
of the most accurate non-systematic data sources for dating events.
It has an annual or even seasonal precision over several centuries
(Wiles et al., 1996; Bollschweiler et al., 2008). This branch of science is
a subdiscipline of dendrochronology, which uses different character-
istic sequences of tree rings and other measurements as indicators to
characterize geomorphological processes from both spatial and
temporal standpoints. The method is based on determining how
active geomorphological processes affecting tree growth are reflected
in variations in width measurements of growth rings, in the tree
morphology (Corominas and Moya, 1999; Pelfini and Santilli, 2006;
Zielonka et al., 2008) and in certain anatomical properties of wood
(Gärtner et al., 2001; Bodoque et al., 2005; Malik and Matyja, 2008;
Rubiales et al., 2008; Ballesteros et al., 2010a,b). The use of this
technique in gullies is also promising in that it expands the
antecedents on estimated gully erosion rates, although its applica-
tions have been limited. Vandekerckhove et al. (2001) and Malik
(2008) are two examples of these. A thorough review of the state of
the art regarding quantification of erosion rates using dendrogeo-
morphology can be found in Corona et al. (2011) and references
therein.

This paper focuses on the quantification of sheet erosion rates at
one HRU/ERU (open woodland on silica sand bare soil hillslopes with
slopes averaging 24°) in a set of gullies in Central Spain. The formation
of gullies in this kind of lithologic configuration is uncommon and
therefore only a few studies have been carried out on them. Examples
of these include Lindquist (1980), Osterkamp and Toy (1997),
Boardman et al. (2003) and Nichols (2007). Linking these two
subjects, dendrogeomorphology and gully erosion, the aim of this
study is to demonstrate the usefulness of the former as a tool for
quantifying hydric erosion activity in gullies. Several specific
objectiveswere derived from this overall goal. The HRU/ERU approach
was used to design the sampling of exposed roots so that the sheet
erosion rates obtained were representative of the entire study site. In
addition, with respect to sheet erosion estimates, the highest level of
certainty was pursued for studying anatomical changes occurring in
roots as a response to soil erosion. In this way, the first year in which
tree-ring anatomically responds to soil denudation was preliminarily
dated. Finally, cross-dating of root samples was carried out in order to
locate the presence of discontinuous or multiple rings and thereby it
improved the reliability of dating.

2. Study area and physical setting

On the northern piedmont of the Guadarrama Mountains in the
Central System of the Iberian Peninsula (Segovia province, Central
Spain), the scarp slopes of a set of mesas and cuestas developed on
Cretaceous sediments are deeply dissected by sand slope gullies
(Fig. 1). Themesas and cuestas are capped by limestone and dolostone
rocks. Their hillslopes are underlain by horizontally-bedded silica
sand deposits, with some thin layers of clay and gravel, and covered
Fig. 1. Location and geologic
with a carbonate colluvium. The silica sands only crop out in gullies on
slopes, in an area covering about 18 km2, and in quarries, which are
common in the region.

Two characteristics make these slope gullies stand out in a global
context: (a) they are developed on poorly consolidated sands. Gullies
developed on sandy lithologies are rare; they are usually associated
with clayey lithologies; and (b) their formation has been interpreted
as being triggered by quarrying activities dating back to at least
800 years ago (Moreno, 1989).

The fact that they are developed on highly erodible materials
(sands) results in a geomorphic system at disequilibrium. It therefore
offers extraordinarily high erosion and sediment yield rates which are
derived from different geomorphic processes taking place in various
spatial contexts within the gullies (Lucía et al., 2008).

It is also worth noting that these gullies are not a consequence of
arid or semi-arid environments. Although the climate is characteristic
of the Mediterranean Basin, there is a moderate average annual
precipitation (680 mm) and temperature (11.4 °C). As a result, the
gullies coexist with dense formations of native vegetation where the
slopes are not dissected. Intense human use of the land, which started
more than a thousand years ago, led to overgrazed hillslopes and very
open woodlands (Moreno, 1989).

However, during recent decades there has been a generalized
abandonment of these rural areas and this has allowed spontaneous
recovery of the woodlands (Rey Benayas et al., 2007; Vicente et al.,
2009). As a consequence, the vegetation cover is dense outside the
gullies and has a tendency to colonize them, although instability of the
substratum makes this difficult. Nevertheless, colonization of the
incised areas is possible, mainly by Pinus pinaster Ait.

The above conditions favor the formation of mosaic structures in
which vegetation patches are combined with erosive landforms.
Nevertheless, the magnitude to which erosive processes act has been
blocking an effective vegetal colonization (Fig. 2). In this respect, the
presence of exposed roots, both on the inner slopes and divides of the
gullies, is an evidence of the high erosion rates existing in the study
site.

3. Material and methods

3.1. Sampling strategy

In order to guarantee that all the roots sampled responded similarly
to sheet erosion, the HRU/ERU approachwas taken into account. To this
end, lumped land areas within the study site, comprising homogeneous
geological substratum, soil, surface deposits, canopy cover and
vegetative residue surface cover, with an established range of slope
gradient, were identified. Therefore, a small variation in the erosive
dynamic within a given response unit could be assumed. Among all the
HRUs/ERUs established for these gullies, the one in which the sheet
erosion processwaspredominantwas selected (Fig. 2). Additionally, the
HRU/ERU studied is characterized by the geomorphological and edaphic
properties shown in Table 1. All the properties assigned with the letter
setting of the study area.



Fig. 2. Effects of different active geomorphic processes on vegetation at the three zones
of a typical sand slope gully in the area studied, showing the framework for this
dendrogeomorphological analysis. The scheme also shows the HRU/ERU studied,
highlighted with dotted polygons, over the exposed sands. It consists of bare sandy
exposed hillsides with slopes between 15° and 35°. The main active process that takes
place in this HRU/ERU is sheet erosion, which produces root exposure. The second
picture from above shows one hillslope with exposed tree roots due to sheet erosion.

Table 2
Characteristics of the studied HRU/ERU. n is the number of sample points.

Descriptive
statistics (n=29)

Slope
(degrees)

Aspect
(degrees)

Texture

% sand % silt % clay

Average 23.8 209.9 88.9 6.3 5.0
Standard deviation 8.3 82.9 7.3 4.2 3.7
Range 7–36 5–360 72–95 2.8–17.8 2.2–10.28
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(c) in Table 1 are measured at each sampling point and their results are
elaborated in Table 2.

At the study site, none of the exposed roots showed abrasion scars
that could have caused the shifting woodmorphometry pattern in the
annual rings. These modifications, together with anatomical changes
Table 1
Land properties that condition a homogeneous hydrological response in the studied
HRU/ERU. (a) Properties observed at all sampling points. (b) Properties measured
(with a hand penetrometer and ring infiltrometer) on a few representative points in
order to describe the HRU/ERU more accurately. (c) Properties measured at each
sampling point to check that all samples were taken in the same unit.

Land properties which condition a homogeneous
hydrological response

Characterization of the HRU/
ERU studied

Geological substratum (a) Segovia sands and clays
formation

Soil (a) Not developed
Surface deposit (a) Non-existent
Canopy cover (a) Open woodland
Vegetative residue surface cover (a) Non-existent
Penetration resistance (b) None
Infiltration capacity (b) Very high
Organic matter (c) Very low
Slope gradient (c) From 15° to 36°
Texture of the soil/substratum (c) Sand–loamy sand
Structure of the soil/substratum (a) Structureless
Predominant erosional feature Sandy slopes eroded by sheet

erosion
due to soil denudation, have been described as markers for accurately
determining the first year of exposure (Carrara and Carroll, 1979;
Gärtner et al., 2001; Gärtner, 2003; Bodoque et al., 2005; Hitz et al.,
2008a,b; Rubiales et al., 2008). More recently, Corona et al. (2011)
demonstrated that roots do not react with root anatomical responses
in the moment they are exposed. They proved that there are
anatomical effects when erosion reduces the soil cover over the root
to approximately 3 cm.

Twenty-nine samples of exposed roots from 29 different trees
were taken across the study site. This number of samples was
conditioned by the number of exposed roots that met the
requirements established for sampling. Of the total, three samples
corresponded to Pinus sylvestris L. and the rest to P. pinaster. Roots
were cut with a handsaw into sizes approximately 15 cm length.
Afterward, two disk samples of about 2 cm wide were extracted
from each sample. In all cases samples were obtained from roots
that were following the steepest slope direction, in order to ensure
that the estimated height of the removed soil layer was due to
sheet erosion (Gärtner, 2007). They were taken only from exposed
roots that were placed more than 1.5 m from the trunk, to avoid
upward migration related to ongoing growth of the stem. Fur-
thermore, roots close to the stem often show an asymmetric growth
pattern with wider rings on the topside as a result of mechanical
stresses exerted by the stem (Mattheck and Breloer, 1992; Gärtner,
2007).

Adetaileddescriptionwasmadeat each samplingpointof the spatial
and morphological characteristics of the surroundings. The following
information was collected: i) geographical location (UTM coordinates);
ii) altitude (m.a.s.l.); iii) aspect (sexagesimal degrees); iv) local (root)
slope expressed (degrees); v) distance of the root section from the
tree trunk (m) and vi) vertical distances between the upper part of
the root and the soil surface (mm). To these purposes, a measuring
tape was used. Additionally, soil samples were taken to verify that all
the locations sampled belonged to the same HRU/ERU in terms of
textural characteristics, content of organic matter, permeability and
cohesiveness.
3.2. Sample preparation

Sections of the sampled roots were left to dry in the open air for
2 months. They were then processed for macro- and microscopic
analysis, according to the protocol suggested by Gärtner et al. (2001).
Two sliceswith an approximate thickness of 1.5 cmwere obtained from
the initial section. The slices were then sanded and polished with
sandpaper (up to 400 grit) in order to facilitate recognition of the
tree-rings. One of the sections was used for macroscopic assessment of
the yearly growth pattern. The other was prepared for an analysis of
anatomical variations. The samples were softened by soaking in
different mixtures of water and alcohol because the sectioning
procedure was hindered by an abundance of resin in the xylem of
some of the samples. Cross-sections of approximately 1 cm wide and
20 μm thick were obtained along the radial direction with a sliding
microtome. Staining with safranin was carried out as described by
Schweingruber (1990), using a citrus oil clearing agent (Histoclear) as a
dissolvent. After the staining procedure, sections were embedded on a
hardening epoxy (Eukit) and dried at room temperature.

image of Fig.�2


Fig. 3. Microscopic image of one of the samples analyzed. A) Cross-section of an exposed root of P. pinaster. B) Area within the EW (earlywood) considered for the anatomical analysis.
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3.3. Wood anatomical analysis

Samples were observed under optical microscopy and photo-
graphed with a digital imaging system (LEICA DFC420). Microscopic
images were analyzed at 50× magnification using WinCell PRO
Version 5.6c software with a precision of 1 μm in the measurements.

The anatomical parameters analyzed were those which are good
indicators of the occurrence of the first year of exposure according
to literature (Rubiales et al., 2008). These were: a) ring width,
b) latewood (LW) percentage and c) cell lumen area of tracheids. The
occurrence of resin ducts (RD) was also assessed. Analysis of this
parameter was based on visual observation and direct counting of
the ducts on digital images. The area analyzed for RD was defined
by the width of the microscopic image (0.8 cm), the total length of
earlywood (EW) and percentage of LW. Measurements were taken
perpendicular to the growth ring. The cell sizes of the lumen of the
axial tracheids were determined from measurements through on
averaging of 2000 cells contained in a mean area of 0.6 mm2 of the
early earlywood (EE), representing the first part of EW (Fig. 3). This is
considered to be the best tree ring layer for environmental proxy
(Ballesteros et al., 2010b).

3.3.1. Statistical analysis
Prior to the statistical analysis, anatomical parameters were

described by visual examination of the microscopic images to give a
qualitative approximation of the first year of anatomical responses
Fig. 4. Scanned image of a sample in which the radii where ring widths were measured
are marked.
due to soil erosion. The anatomical parameters used as indicators
for this purpose (see Rubiales et al., 2008) were: i) a reduction in the
lumen area of early-earlywood (EE) tracheids and ii) a notable
increase in both thewidth of thewhole ring and the percentage of LW.
In order to guarantee their validity, a statistical approach based on this
preliminary assessment was implemented using a two-sample
comparison test. All the parameters considered in the analysis were
compared and pre/post tree rings –established with respect to the
first year in which anatomical changes occurred– were defined as
input data. For this purpose the non-parametric Mann–Whitney
Wilcoxon test (Sprent and Smeeton, 2001) was applied. Analysis was
based on considering the neighboring five rings formed before and
after the first ring that responded to soil denudation in terms of
anatomical changes.

3.4. Dendrochronological dating of growth ring series

The dendrochronological principle of cross-dating (Fritts, 1976)
was applied, with the aim of improving precision for dating both the
first year of response to soil erosion (previously estimated using
anatomical criteria; see Section 3.2) and subsequent rings denoting
characteristic features of exposure. This also made it possible to
identify the existence of discontinuous or multiple rings, which would
imply an increase in the dating reliability. To this end, sections of
exposed roots were sanded and polished with sandpaper (up to
400 grit) in order to visualize each growth ring properly. In each
section, four or five radii were marked along the directions that
showed the highest variability regarding measurements of the width
of the growth rings (Fig. 4). Growth rings of each radius were
measured to an accuracy of 0.01 mmusing a LINTABmeasuring device
coupled to a stereomicroscope and TSAPW in software. It was not
possible to apply statistical cross-dating techniques because of the
limited growth ring series available. Therefore, both the presence of
discontinuous or multiple rings and dating of the series were
determined by visual analysis of overlapping graphs.
Fig. 5. Growth ring series for one of the samples analyzed. The sudden increase in width
measurements is as a result of exposure.
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Table 3
Two-sample comparison tests for homogeneous groups: N (non-exposed rings) and E (exposed rings) for each sample of wood analyzed. The codes a and b are referred to the
homogenous groups, whereas values in italic indicate a statistically insignificant difference at the 95% confidence level.

Sample code Lumen area (μm2) Percentage of latewood Width of the growth rings (mm)

M1 N 864.62 (a) E 333.31 (b) N 14.46 (a) E 45.53 (b) N 4.06 (a) E 6.71 (a)
M2 N 2314.99 (a) E 854.97 (b) N 13.34 (a) E 28.93 (b) N 7.04 (a) E 11.05 (a)
M4 N 1501.10 (a) E 778.23 (b) N 21.41 (a) E 46.05 (a) N 1.02 (a) E 2.05 (a)
M5 N 1333.28 (a) E 556.64 (b) N 22.15 (a) E 35.39 (a) N 1.78 (a) E 2.89 (a)
M7 N 1720.88 (a) E 421.90 (b) N 23.79 (a) E 52.11 (b) N 1.36 (a) E 5.53 (b)
M8 N 1085.42 (a) E 631.81 (b) N 21.37 (a) E 29.32 (a) N 2.30 (a) E 3.36 (a)
M9 N 709.78 (a) E 284.74 (b) N 41.10 (a) E 78.45 (b) N 0.70 (a) E 1.67 (a)
M10 N 2004.10 (a) E 921.78 (b) N 17.74 (a) E 31.11 (b) N 0.82 (a) E 3.81 (b)
M13 N 2159.90 (a) E 328.32 (b) N 22.16 (a) E 34.32 (a) N 0.95 (a) E 2.22 (a)
M14 N 966.84 (a) E 280.99 (b) N 24.38 (a) E 44.43 (b) N 1.46 (a) E 2.72 (b)
M15 N 1772.59 (a) E 769.40 (b) N 23.20 (a) E 37.21 (a) N 0.67 (a) E 2.73 (b)
M17 N 1095.24 (a) E 297.03 (b) N 24.42 (a) E 39.41 (a) N 0.63 (a) E 0.75 (a)
M21 N 2006.25 (a) E 1129.25 (b) N 37.37 (a) E 48.43 (a) N 1.56 (a) E 3.63 (b)
M22 N 1549.37 (a) E 1014.24 (b) N 16.95 (a) E 34.75 (b) N 1.31 (a) E 3.04 (b)
M23 N 770.87 (a) E 207.93 (b) N 26.06 (a) E 49.94 (b) N 0.85 (a) E 0.81 (a)
M24 N 1386.16 (a) E 563,32 (b) N 7.54 (a) E 12.67 (a) N 1.17 (a) E 1.72 (a)
M27 N 1874.55 (a) E 1031.33 (b) N 23.15 (a) E 41.23 (b) N 1.96 (a) E 3.18 (a)
M31 N 573.62 (a) E 543.4 (a) N 29.22 (a) E 40.35 (a) N 0.86 (a) E 2.15 (b)
M32 N 1615.94 (a) E 501.22 (b) N 17.12 (a) E 35.58 (b) N 0.55 (a) E 2.27 (b)
M35 N 1459.93 (a) E 706.98 (b) N 10.29 (a) E 14.05 (a) N 0.66 (a) E 1.04 (a)
M36 N 1106.6 (a) E 455.317 (b) N 44.21 (a) E 54.04 (a) N 0.26 (a) E 0.19 (a)
M38 N 1237.97 (a) E 457.55 (b) N 20.56 (a) E 24.37 (a) N 6.58 (a) E 5.54 (a)
M39 N 881.95 (a) E 330.65 (b) N 7.51 (a) E 36.57 (a) N 9.47 (a) E 3.04 (b)
M41 N 1688.55 (a) E 803.45(b) N 26.10 (a) E 38.90 (a) N 3.53 (a) E 16.15 (b)
M42 N 501.50 (a) E 307.14 (b) N 13.76 (a) E 26.06 (a) N 3.93 (a) E 17.11 (b)
M45 N 501.50 (a) E 307.14 (b) N 24.04 (a) E 42.43 (b) N 1.34 (a) E 0.95 (b)
M46 N 261.67 (a) E 140.75 (b) N 26.45 (a) E 43.84 (b) N 5.51 (a) E 4.28 (a)
M47 N 502.45 (a) E 192.77 (b) N 30.35 (a) E 39.11 (a) N 3.98 (a) E 3.66 (a)
M48 N 374.66 (a) E 153.41 (b) N 22.24 (a) E 36.09 (b) N 4.13 (a) E 2.85 (a)
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3.5. Estimation of sheet erosion rates

To quantify sheet erosion rates, the following parameters are
required: i) the number of rings since exposure took place (NRex) and
ii) the thickness of the eroded soil layer once the exposure has occurred
(Ex). Additionally, because sheet erosion implies a continuous and
progressive denudation, some anatomical parameters undergo changes
before the root is exposed (Corona et al., 2011) (e.g., tracheid cell lumen
is reduced when the soil covering is reduced to a few centimeters).
Therefore, the evaluation of mean annual erosion rates will be
underestimated if this bias (ε) is not taken into account (Corona et al.,
2011).As a result of the soil characteristics (i.e., very lowbulkdensity) of
the study site, ongoing secondary root growth was not considered.
Under this premise, the estimation of soil erosion rate (Er; mm y−1) is
given by:

Er =
Ex + ε
NRex

: ð1Þ
Fig. 6. Box plot showing changes of EE (early earlywood) tracheids in the lumen area as
a result of exposure. The first year of exposure is year zero. Negative X values refer to
non-exposed tree-rings. In contrast, positive values are linked to exposed tree-rings.
A statistical inference method was implemented to characterize
the erosive process. To this end, a preliminary analysis was carried out
to determine whether the population from which the samples came
followed a normal distribution. This consisted of taking measure-
ments to test for significant deviations from normal distribution
(i.e., standardized kurtosis and standardized skewness) and applica-
tion of the Shapiro–Wilk test, based on comparison of the quantiles of
normal fitted distribution with quantiles of the data. In those cases in
which important deviations in normal distribution were noted, a
logarithmic transformation was applied from the data in order to
achieve a lognormal type distribution. Finally, a 95% confidence
interval was determined for the population mean of the sheet erosion
rates estimated at the study site.

In order to establish whether estimated erosion rates were to
some degree determined by the morphometric parameters consid-
ered in sampling (i.e., slope and hillside aspect), Pearson's coefficient
was applied to determine the degree of correlation between
each variable and the calculated erosion rate. A linear correlation
between each pair of variables was also tested for significance. This
analysis was complemented with an ANOVA analysis (Fisher's least
significant difference—LSD method) to determine whether some of
the morphometric factors had a significant effect on the dependent
variable.
Table 4
Percentage of samples that, within the threemain anatomical parameters considered as
main indicators of root exposure, defined statistically significant differences between
tree rings denoting exposure and those formed under the protection of the soil.

Anatomical parameters denoting
root exposure by erosion

Lumen
area in
EE (μm2)

Percentage
of latewood

Width of the
growth rings
(mm)

Percentage of samples which show
statistically significant differences

97% 45% 44%

image of Fig.�6


Fig. 7. Plot showing an example of changes in latewood and growth rings as a response
to exposure.

Fig. 8. Lag in the anatomical signal denoting the first year of exposure based on the
consideration of two parameters: percentage of LW (latewood) and lumen area of EE
(early earlywood) tracheids.
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4. Results

4.1. Dendrochronological dating of tree-ring series

A visual assessment of the analyzed roots showed that exposure
was mostly marked by a perceptible increase in width rings (Fig. 5).
Discontinuous tree-ring formation due to cambium damage as a
consequence of exposure was more common in outer rings. In fact, in
some cases these rings had been completely destroyed after exposure
took place. In addition, in 66% of the samples discontinuous inner
rings were also present. In this regard, there was no overlap between
samples, except for the year 1996, which produced the highest
matches (six discontinuous growth rings in four of the samples
analyzed). The presence of double or multiple rings can be considered
almost anecdotal because these were detected in just one root sample.
The age of the samples analyzed ranged from a minimum of 7 years to
a maximum of 44 years, with a mean value of 29.16±9.43.
Table 5
Obtained erosion rates and values of the parameters taken into account at each sampled
point. NRex: Number of rings since exposure took place. Ex: Thickness of the eroded soil
layer once the exposure have occurred.

Sample
code

Slope
(°)

Aspect
(°)

Year of
exposure

Ex+ε
(mm)

NRex Erosion rate
(mm y−1)

M1 21 360 1998 72 10 7.2
M2 7 220 2002 58 6 9.7
M4 18 150 2005 56 3 18.7
M5 27 318 1997 69 11 6.3
M7 9 115 1989 53 19 2.8
M8 30 154 1995 78 13 6.0
M9 25 270 1988 61 20 3.1
M10 23 130 1993 59 15 3.9
M13 18 302 1991 61 17 3.6
M14 26 231 1987 78 21 3.7
M15 14 5 1987 51 21 2.4
M17 28 20 1999 48 9 5.3
M21 22 332 1981 68 27 2.5
M22 15 200 1999 50 9 5.6
M23 34 304 1999 68 9 7.6
M24 36 230 1997 63 11 5.7
M27 34 232 2002 56 6 9.3
M31 31 204 1997 55 11 5.0
M32 32 208 1997 61 11 5.5
M35 18 196 1981 59 27 2.2
M36 10 142 1968 65 40 1.6
M38 33 190 1983 52 25 2.1
M39 23 280 2004 49 4 12.3
M41 34 184 2001 53 7 7.6
M42 34 271 2002 52 6 8.7
M45 17 208 2002 45 6 7.5
M46 16 235 1982 54 26 2.1
M47 17 180 1988 67 20 3.4
M48 23 125 1999 53 9 5.9
4.2. Wood anatomical analysis and statistical assessment of data

Almost all the analyzed exposed tree-roots showed important
changes in the selected anatomical parameters once exposure had
occurred. This can be interpreted as a consequence of both the effects
of exposure (e.g., variations in temperature, reduction in pressure of
the soil cover, and light incidence) and the mechanical stress that the
roots underwent when they lost their soil cover. As a consequence,
most of the tree-rings showed considerable growth, which was
especially noticeable in the first rings formed after exposure.
Latewood was clearly distinguishable since it had several rows of
thick-walled tracheids. In addition, there was a notable reduction in
the lumen area of EE tracheids once root exposure took place. In this
regard, the results obtained from the comparison procedure (Tables 3
and 4) make evident that all the samples analyzed except one showed
a statistically significant reduction (Fig. 6).

The percentage of LW increased due to exposure in all cases.
Nevertheless, such increases were significant in only 45% of the
studied images. This is because this factor frequently gave values one
or two years after exposure that were similar to values denoting non-
exposure (Fig. 7). In six cases, a lag of one increment ring was
observed between the response presented by the EE tracheid lumen
area and the percentage of LW as a result of exposure. The width of
growth rings showed more erratic behavior. Thus, 72.4% of tree-ring
samples denoting exposurewere characterized bymuch larger widths
than non-exposed tree-rings (Fig. 7). However, statistically significant
differences in the LW percentage were observed in only 44% of the
samples. In contrast, a reduction in tree-ring width as a result of
exposure was observed in 27.6% of the samples.

4.3. Estimates of sheet erosion rates and data analysis

A preliminary statistical analysis regarding sheet erosion rates
(Table 5) indicated that neither standardized skewness nor standard-
ized kurtosis values (3.45 and 5.01 respectively) were within the
range expected for a normal distribution. Furthermore, the Shapiro–
Wilk test rejected the hypothesis that the sample came from a
normal distribution with 95% confidence as the p-value was less than
0.05. After the logarithmic transformation and the subsequent
antilogarithmic conversion, a range of erosion rate between 6.2 and
8.8 mm y−1 (125.2 and 177.8 t ha−1 y−1 for a bulk density of
2.02 g cm−3) was determined at 95% confidence level. These rates
were obtained from data provided by 17 of the 29 samples analyzed.
Erosion rates from the remaining 12 samples were not representative
of erosion intensity in the study area. In addition, there was no
evidence that a statistically significant correlation existed among the
variables (in all cases the p-value was N0.05). Analysis of variance
(ANOVA) was used to determine the factors that have a significant
influence on the estimated erosion rates. The probability values
obtained at a 95% confidence level indicate that none of the factors
considered can explain the results.
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Fig. 9. Annual daily maximum precipitation time series for the study site.
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5. Discussion

The interrelationships among bedrock, topography, soil and
vegetation reflect a common hydrological and erosive response
within each HRU/ERU (Lucía et al., 2010). Therefore, a significant
advance in this field is that the erosion rates obtained at each HRU/
ERU through the dendrogeomorphology technique can be transferred
to similar HRUs/ERUs. For example, the same erosion rates can be
expected in slopes with conditions similar to those in the Central and
Eastern Iberian Peninsula, where gullies on slopes with silica sand are
common. Thus, HRUs/ERUs are used for storage and transmission of
information on how these landforms react to erosion. Finally,
understanding the processes and rates by linking HRU/ERU and
dendrogeomorphology can allow extension of the knowledge
obtained in the study area to others.

It can be considered that estimated erosion rates are highly
accurate, because tree-ring series were cross-dated. An analysis of
discontinuous and multiple rings made it possible to determine the
age of the roots, as well as the specific year in which the first exposure
ring was formed.

The methodological approach to characterize soil erosion has been
developed and applied widely since the 1960s (LaMarche, 1968;
Dunne et al., 1978; Carrara and Carroll, 1979; Bodoque et al., 2005;
McAuliffe et al., 2006; Chartier et al., 2009). Gärtner (2007) proposed
an improved equation for estimating erosion rates, in which the
height of eroded soil depends on the intensity of the erosive process
and ongoing secondary root growth. Subsequently, Corona et al.
(2011) showed that anatomical response due to hydric erosion occurs
prior to the root's exposure. Therefore, it can be considered that most
of the available erosion rates obtained by means of dendrogeomor-
phogical analysis of exposed tree roots are underestimated, because
this adjustment has not been taken into account. Regarding secondary
root growth, the root migrates upward since growth occurs in the
entire section. It should be pointed out, however, that the soil that
Fig. 10. Chart relating erosion rates and years of exposure of the exposed roots. Erosion
rates inside the square are those used in the statistical analysis. The separation of the
erosion rates in two populations was verified using theMann–Whitney' non parametric
test. The result obtained defined a p-value b0.05, indicating statistically significant
differences between the medians of the two groups with a 95% confidence level.
housed the root system of the trees sampled was very loose. In fact,
tests carried out with a pocket penetrometer did not report any
measure of unconfined compressive soil strength. Therefore, the
process of upward migration of the root due to growth in its upper
part was ruled out, since the pressure exerted by the root in the lower
part of the soil was sufficient to permit the root to penetrate
downward. Accordingly, we did not take into account ongoing
secondary root growth to estimate erosion rates. However, it has to
be outlined that a minimal upward migration can not be excluded
completely, because some expansion to both sides occurs as the root
grows; therefore a minimal upward migration can take place.

Soil loss data were obtained by applying wood anatomical analysis
to the quantification of soil erosion rates using partly exposed living
roots from P. pinaster and P. sylvestris. A more precise determination of
the first year of exposure was obtained from this analysis, which also
avoided bias in erosion estimation because it was based on a
quantitative assessment with statistical criteria. The two species
studied showed analogous anatomical growth patterns due to
exposure. Moreover, these were similar to other patterns observed
in softwood species (Fayle, 1968; Gärtner et al., 2001; Gärtner, 2003;
Hitz et al., 2006, 2008a). In this regard, the use of P. pinaster roots as a
dendrogeomorphologic indicator for estimating sheet erosion rates is
one of the major contributions of this research, as this Mediterranean
pine is widely distributed in disturbed environments throughout SW
Europe and the Iberian Peninsula.

Because exposure is a response to a continual lowering of the soil
surface, a characteristic anatomical pattern is noticeable in the tree-
ring record (Gärtner, 2003). Latewood tracheids become thick-walled,
making it easier to differentiate ring boundaries. Likewise, the lumen
area of EE tracheids almost always decreases when continuous
denudation affects buried roots. However, other factors, such as RD
occurrence, which has been reported to be a valuable dendroecolo-
gical factor (Rigling et al., 2003), are not always present at the same
time as exposure. As a consequence, this does not seem to be a
relevant feature for characterizing the erosive process (Rubiales et al.,
2008). This is in agreement with observations of Pinus sp. made by
Stoffel (2008) and Ballesteros et al. (2010a) for other geomorphic
processes.

An interesting finding derived from the anatomical analysis is that
it was possible to establish the season in which the first year of
anatomical response predominantly occurred. It was observed that
the increase in the percentage of latewood as a response to soil
denudation took place a year in advance with respect to the decrease
in the lumen area of EE tracheids (Fig. 8). This lag was recognized in
20.7% of the samples. This circumstance may have implications from a
hydrological point of view, since it can be hypothesized that the more
intense erosive activity will take place in the warm season as a result
of more frequent convective storms (Gayà, 2009).

The estimated mean erosion rates (6.2–8.8 mm y−1; 125.2–
177.8 t ha−1 y−1) are lower than those estimated for the same area

image of Fig.�9
image of Fig.�10


424 J.M. Bodoque et al. / Geomorphology 134 (2011) 417–425
by other direct methods. Erosion rates estimated using erosion pins
for short divides existing within the catchment of the same gullies
were between 9 and 16 mm y−1 for a period of two hydrological years
(Lucía; results unpublished). However, the data for the divides may
not be representative as the length of the measurement was not long
and because high magnitude and low frequency precipitation events
were included within that two-year hydrological period.

The estimated erosion rates in the study area occurred in a period
where there have not been changes in the annual daily maximum
precipitation patterns at the nearest rain gage (Fig. 9). The above results
suggest that the roots with a higher number of rings indicating
anatomical response to soil denudation (those with a higher diameter
and largely devoid of soil cover) led to significant underestimation of
erosion rates, probably because roots protected soil against erosion. In
contrast, slightly uncovered roots with few tree-rings denoting
exposure offered much more realistic erosion rates. As shown in
Fig. 10, roots with less than 15 years of exposure give more rep-
resentative erosion rates (6.2–8.8 mm y−1). Longer exposure
substantially reduced erosion rates to 2.2–3.3 mm y−1.

6. Conclusions

This paper describes the first attempt in Spain to estimate sheet
erosion rates using dendrogeomorphological and anatomical indicators
for P. pinaster. Analysis of exposed roots based on this approach make
it possible to quantify a type of erosion process in a singular geomorphic
environment. This demonstrates the utility of dendrogeomorphology in
studies of medium term sheet erosion dynamics, which constitutes a
great advantage over common measuring devices which require costly
installations in order to produce data. Studyfindings revealed a sitewith
important soil erosion activity, with estimated soil losswithin the range
6.2–8.8 mm y−1. The intense erosion processes on the regional slopes
were initiated by ancient quarrying. The fact that all the samples were
taken within the same HRU/ERU asserts that the estimated rates are
representative of the study site. However, the main contribution of this
paper is methodological. The combined use of Hydrologic/Erosion Units
and dendrogeomorphological analysis has given information abouthow
a homogeneous area reacts to natural processes. Although it is
impossible to monitor active geomorphic processes everywhere, areas
with a homogeneous hydrologic and erosion response can be identified
and delineated, making information from selected areas useful. Such
information could be extrapolated to areas with similar characteristics.
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