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Abstract
Background and aims Soil erosion is one of the degra-
dation processes that historically has caused great im-
pacts on agricultural activities and the environment. It is
responsible for soil loss, reduced productivity and vari-
ous environmental impacts. Given the importance of
research related to understanding the soil erosion pro-
cess, the dendrogeomorphology technique has a signif-
icant role in qualifying and quantifying this degradation
process. It is a technique that uses the structure of the
root and stem wood of trees affected by erosion

processes to date these events and measure the rate of
soil loss. The objective of this study was to understand
the dynamics of the erosion process through the
dendrogeomorphological approach.
Methods The changes in growth pattern of exposed
roots of Esenbeckia leiocarpa trees (guarantã) were
studied, such as growth ring width, eccentricity, vessel
frequency and scars.
Results The results obtained demonstrated the po-
tential of the species for dendrogeomorphological
studies, since the changes in growth patterns after
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exposure allowed to date the first year of root
exposition.
Conclusions The dendrogeomorphology technique
proved to be effective in understanding the process
dynamics of complex systems, such as the opening of
permanent and ephemeral gullies. In addition, it is ef-
fective in inferring soil loss rates.

Keywords Exposed root . Dating . Dendrochronology .

Piping . Gully

Introduction

Soil erosion is a key driver of land degradation process
that historically has caused significant impacts in many
environments worldwide (Lal 2001; Poesen 2018). Al-
though erosive processes have existed throughout the
history of agriculture, this has intensified during the
twenty-first century (Lal 2001; Pimentel et al. 1995)
with forecasts of greater severity depending on land
degradation and climate change, particularly in tropical
and subtropical lands (Lal 2001).

Because no resource or environmental management
problem can be rationally addressed until the real di-
mensions of time and space are known (Trimble and
Crosson 2000), new research to improve our under-
standing of soil degradation processes is increasingly
important. Erosion and deposition processes are at the
heart of the explanation of the geomorphological evo-
lution of relief but essential information about the dy-
namics of landscape change have been difficult to obtain
(Lawler 2005).

The method of dendrogeomorphology is based on the
determination of the influence of the geomorphological
processes that affects the dynamics of tree growth. These
are evidenced by changes in anatomical indicators such as
the annual growth patterns and anatomy of the growth
rings, the concentric regularity of the stem transversal
section, growth rates and anatomy of the wood (e.g.,
number of cells per ring, cell lumen diameter of the early-
wood cells, percentage of latewood) (Hitz et al. 2008).

A characterization of the anatomical changes in a
certain growth ring may indicate the temporary onset
of a root exposure. From this information, the rate of soil
loss can be inferred (up to the date of root harvesting), as
a result of crossing data from the measure of soil surface
retraction against a datable surface, that means, the
exposed root (Lawler 2005). According to Gärtner

et al. (2001), the anatomical changes in the growth rings
are related to the effects of root exposure to the atmo-
sphere, such as variations in temperature, reduction of
soil cover pressure or incidence of light, but also to the
mechanical stress that occurs in the root when it loses
the edaphic cover continuously and progressively. Ex-
posed roots and tree trunks have been used in
dendrogeomorphology research since the 1960s to de-
termine erosion rates exclusively in temperate climates
(Bodoque et al. 2015), posing a great challenge to the
use of this technique in tropical tree species (Stoffel et al.
2013). The advantage of dendrogeomorphology, when
compared to conventional techniques for soil erosion
measures, is that erosion rates can be quantified with
annual resolution at average rates and also for single
events (Ballesteros-Cánovas et al. 2013).

In this study, we describe the anatomical responses
and changes in the pattern of root growth subjected to
exposure due to erosive processes in a native hardwood
tropical tree species growing on Hapludult-type soils in
southeastern Brazil. We identified the beginning of ero-
sion by application of dating methods of the anatomical
alterations identified in the exposed roots of this tree,
aiming to reconstruct the dynamics of the erosive pro-
cess and to infer soil loss rates. The results of the present
study can be extrapolated to other regions with the same
type of soil, being relevant to warn about the dangers of
soil loss in agricultural areas that sustain large econo-
mies in the Neotropics.

Material and methods

Study area

The study area is part of the Experimental Station of Tupi,
located in the county of Piracicaba, state of São Paulo,
Brazil (Online Resource 1). In the first half of the twen-
tieth century this area was transformed into crops (cotton,
coffee, sugar cane) after deforestation and later reforested
with exotic and native tree species during the 1960s.

The climate of the region is tropical humid, classified
as Cwa according to Köppen (Köppen classification)
(Alvares et al. 2013a), with a wet summer and dry
winter that determines the climatic seasonality of the
region. The mean total precipitation is 1275 mm year−1,
with the rainiest period between December and Febru-
ary (mean rainfall of 610 mm) and the driest period
between June and August (mean rainfall of 101 mm).
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The annual average temperature is 21.4 °C, with an
annual maximum mean of 28.2 °C and an annual min-
imum mean of 14.8 °C (Alvares et al. 2013b).

The study site is located in the Paulista Peripheral
Depression with moderate undulating landscapes with
local slopes that vary from 12 to 57% and altitudes
varying from 505 to 565 m above sea level (Vidal-
Torrado and Lepsch 1999). In the field, active soil
erosion is mainly evidenced, from initial processes of
degradation – sheet erosion - to the most advanced, such
as permanent gullies and subsurface erosions (piping).
The dominant soil was classified as Typic Hapludult.
Ultisols and Oxisols are the most expressive soils of
Brazil and occupy, respectively, 24% and 39% of the
total area of the country (IBGE 2007; Santos et al.
2011). Classification of soils was according to the Soil
Survey Staff (1999). The parent material is composed of
sandstones, belonging to the Itararé Group. The soils
have an approximate depth of 1.7 m; the surface hori-
zons are moderately well drained, sandy textured (clay
content less than 100 g kg-1); the subsurface horizons
are poorly drained, with a medium texture (clay content
between 200 and 220 g kg-1).

Selection of tree species

For this study, the semi-deciduous species Esenbeckia
leiocarpa (guarantã), a tree native from Brazil and be-
longing to the Rutaceae family, was selected. The selec-
tion of the tree species was based on the presence of
distinct annual growth rings, already referenced in the
literature.

The anatomical structure that defines the limit of the
growth rings consists of a combination of marginal
parenchyma, a thick-walled latewood fibers and chang-
es in vessel diameter (Lisi et al. 2008). Changes in leaf
biomass are linked to partial loss of leaves during the
dry winter season (July and August) and development of
new leaves at the beginning of the rainy season (Lisi
et al. 2008). This phenological behavior is probably
linked to the good demarcation of the growth rings.

Field sampling

Root samples were collected in July 2014. Exposed
roots were sampled from 22 trees that were affected by
soil erosion and buried roots were collected from 10
trees without evidence of soil erosion. In both situations,
one to two roots were collected per tree and one to two

cross sections per root. Before the sample collection of
each exposed root, the erosive process was classified, as:
sheet erosion, ephemeral gullies, permanent gullies and
subsurface erosion (piping). Permanent were differenti-
ated from ephemeral gullies when surpassed 50 cm in
depth (Poesen et al. 2003; Woodward 1999). The roots
were collected with the use of a chainsaw, obtaining
transverse sections of approximately 2″ thick. Before
cutting, measurements of the exposed root height up to
the current surface of the soil were performed every
10 cm. The roots were collected at a minimum distance
of 0.5 to 1.5 m from the stem, since at smaller distances,
root morphology may be influenced by stem growth
(Corona et al. 2011; Gärtner 2007; Hitz et al. 2008).
During the root collection, the upper part of the root and
the direction of impact of the water flow were identified
in the cross-sections. Figure 1 shows the digital eleva-
tion model with the erosion process localization and the
spatial distribution of the arboreal individuals.

Dendrochronological analysis

The root cross sections were allowed to air-dry for
~30 days and then sanded sequentially with 60 to 1200
grit sanding belts. Identification and demarcation of the
growth rings were performed in a binocular microscope;
for each polished cross-section, three rays were demar-
cated. Then, high-resolution images (1200 dpi) of the
cross-sections were obtained, and the growth rings were
measured in millimeters using Image-Pro Plus software
(version 4.5.0.29), with an accuracy of 0.01 mm.

For the control and correct dating of the growth rings
and the identification of possible false, discontinuous or
absent growth rings, the statistical cross-dating procedure
was used in the COFECHA program (Holmes 1983). The
annual series of growth rings were filtered using the cubic
spline function, with the segments examined being
20 years with a 10-year overlap. For the identification of
false growth rings, the continuity of each ring was mon-
itored in the cross-section of each sample. As only live
roots were collected, the last growth ring corresponded to
the year in which the sampling was done (Hitz et al.
2008). Some rays had absent or thin growth rings due to
the high eccentricity and deformation of the exposed
roots, which made difficult to measure and cross-date
rings. To solve the problem, a value of 0.01 mm was
assigned to the missing rings (Howell and Mathiasen
2004). We synchronized measurements of growth rings
from 40 exposed roots of 22 individuals and nine buried
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roots from 8 trees. For four exposed roots, due to the high
eccentricity or deformation of the growth rings, it was not
possible to perform cross-dating with other samples; these
samples were taken from the statistical analysis, and only
visual cross-dating was performed.

Geomorphological events and the first year of root
exposure dating

The following tree ring indicators were used to detect the
first year of exposure linked to the soil erosion process: 1)
growth ring width, 2) growth ring eccentricity and 3)
vessel frequency (vessels/mm2); as an auxiliary indicator,
the presence of root scars in wood was used. Abrupt
changes in these parameters were used to date the first
year of root exposition. The methodologies used for the
determination of the tree ring indicators are detailed below:

Growth ring width: corresponding to the mean annu-
al growth ring measurements of three radii from each
cross-section of the exposed roots.

Eccentricity: derived from the calculation of the growth
ring eccentricity index performed by adapting the eccen-
tricity index suggested by Šilhán and Stoffel (2015) and

developed by Braam et al. (1987) for dating landslide and
mass movements. Initially, the index (values between 0
and 1) is calculated using the following equation:

E ¼ a−c
aþ c

� �
ð1Þ

where a is the width of the growth ring of the eccentric
radius and c is the width corresponding to the growth ring
of a perpendicular position (90 °) to that radius. However,
for the analyzed species in this study, there is not only one
direction for the growth eccentricity. To solve this prob-
lem, the eccentricity index was calculated for the largest
and smallest width of the same growth ring, among the
three radii measured in each sample.

Vessel frequency: for the exposed roots, after verifying
an abrupt change in the eccentricity index of the growth
rings, the number of vessels (vessels mm−2) was counted
for the three years before and three years after the year
showing any abrupt change in eccentricity. In the case of
buried roots (control), the count was performed for all
growth rings, except for those very narrow rings because
of the difficulty in counting the vessels. This count was
performed using high-resolution images (2400 dpi) of the

Fig. 1 Digital elevation model of the study site (red area in Online Resource 1) and localization of the trees: affected by soil erosion (prefix
Gt) and control (T prefix)
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samples. For counting the number of vessels, a band of
1 mm in length was demarcated at the beginning and the
end of the growth ring. Within this area, the number of
vessels was counted. After this count, the area correspond-
ing to this rectangle was determined, and the number of
vessels was transformed into an area of 1 mm2, as sug-
gested by IAWA (1989).

Scars: the scars in the cross sections of the exposed
roots were dated. For each scar, the approximated angle
of its position was determined, respecting the same
position found in the field.

All the anatomical parameters selectedwere analyzed
together for the determination of the first year of expo-
sure. The first growth ring with all the anatomical
changes was determined as the growth ring relative to
the initial exposure (called zero ring).

For the data analysis, a nonparametric ANOVAwas
used to determine the statistical differences for the
growth ringwidth, eccentricity, and frequency of vessels
per mm2 for the three years before and three years after
the year determined as the year of exposure of the root.
A preliminary Shapiro-Wilk test was used to determine
the normality of the data. As the data obtained had a
non-normal distribution, the non-parametric Kruskal
Wallis test was used. Statistical analyzes were per-
formed with the Infostat program (version 2016). The
level of significance was set at p < 0.05.

Determination of erosion rate

Two references were used to calculate the rate of soil
loss:

1) Gärtner (2007) - eq. 2: in this equation, the average
rate of soil loss was obtained by the value of the
eroded soil layer (between the root and the current
soil surface) and the exposure time determined in
each exposed root. In this work, this calculation will
be called vertical erosion rate.

ver=cm year−1
� � ¼ her=cm½ �= nex=year½ � ð2Þ

where:

ver average vertical erosion rate (cm / year);
her height of the root exposed to the current soil

surface;

nex difference in the number of growth rings (date of
the first year of the root exposure to the year of
sampling).

2) Malik (2008) - eq. 3: calculated considering the
distance between two adjacent roots, arranged in
parallel form in an erosive feature, divided by the
exposure time of these neighboring roots. It was
used exclusively for trees that had neighboring
roots and parallel to each other. In this work, we
call this equation horizontal erosion rate, which is
representative of the backward erosion process of
the gully head.

Her cm=yearð Þ

¼ distance between rootsð Þ
difference in the exposure of these two rootsð Þ

ð3Þ
For the determination of the average vertical and

horizontal soil erosion rates, we divided the study area
into three sectors, according to the morphology of the
main gully and the shape of the landscape
(Online Resource 2). Changes in the gully morphology
separate Sector I and Sector II. Sector I present a
shallower and branched process and sector II a deeper
and less branched gulling process. At the junction of
Sector I and Sector II, there is a representative feature of
the junction of two different linear erosive processes: an
“erosion step” (brown circle of Online Resource 2). The
presence of discontinuous erosive processes and not
connected to the central gully characterize Sector III.
For the calculation of the average soil loss, the different
types of erosion processes were considered separately.

Meteorological data

The meteorological data for the analysis of the erosive
rainfall events were acquired through automatic stations
installed at the University of São Paulo, distant approx-
imately 12 km from the study area and which data is
available at http://www.leb.esalq.usp.br/posto/. For the
analysis of the erosive rains, the period analyzed covers
the years 1997 to 2013, due to the availability of the
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data. The data of the acquired rainfall intensities were
classified in intervals, namely: 25 to 50 mm/h, 50 to 75
mm/h and greater than 75 mm/h. For tropical and sub-
tropical countries, rainfall is classified as erosive when
they have intensities higher than 25 mm/h (Hudson
1965). From these data, the number of erosive events
was counted, and correlated with the total precipitation,
to understand the relation of erosive rains to the total
precipitation.

Results

Dendrochronological dating of growth rings series

The root samples of exposed and buried roots analyzed
showed growth rings anatomically demarcated andmac-
roscopically visible. In exposed roots, the formation of
discontinuous growth rings was observed, due to vas-
cular cambium reactions or high eccentricity after expo-
sure. In the sameway, the presence of double or multiple
rings was identified, being checked and corrected for the
accurate dating by cross-dating with other samples
(Ballesteros-Cánovas et al. 2013) through the
COFECHA software.

For the exposed roots, the ages of the samples ranged
from a minimum of 13 years to a maximum of 38 years,
with a mean inter-correlation of 0.435 and a mean
sensitivity of 0.530 (99% confidence). For the exposed
roots, 84 growth ring series of 40 exposed roots from 22
trees were inter-correlated. For the buried root samples,
the minimum age found was 20 years and a maximum
of 40 years was recorded, with an average inter-
correlation of 0.470 and mean sensitivity of 0.527
(99% confidence). A total of 22 growth ring series of 9
buried roots (control) from 8 trees were considered in
the analysis.

Tree ring indicators for dating the first year of exposure

All the exposed root samples analyzed showed changes
in the anatomical parameters compared to the buried
root samples, namely: eccentricity, vessel frequency,
appearance of scars and change in the width of growth
rings (Figs. 2 and 3).

Figure 4a shows the growth ring width analysis of all
the exposed roots, relating the years determined as be-
fore and after the exposure process and the year of
exposure (year zero). A width increase in the first

growth ring after exposure (year 1) is noted. In the
following growth rings, a decrease in the width of the
rings is observed.

All samples of exposed roots showed an increase in
the eccentricity index in the most recent growth rings
after the root exposure. The growth ring eccentricity
index of the exposed roots samples presented an in-
crease of 40.3% when compared to the average of the
rings considered as year zero (year of exposure) and
year 1 (first year after exposure). The eccentricity of the
unexposed growth rings of the exposed roots (years −3,
−2 and − 1) presented significant differences when com-
pared to the growth rings that grew after exposure (years
1, 2 and 3). In other words, after the occurrence of soil
erosion and consequent root exposure, there was an
evident and significant increase in the eccentricity of
the growth rings (Fig. 4b).

Roots lost concentricity of the rings when exposed,
passing from a concentric growth to eccentric growth of
the rings (Fig. 3). Comparing the eccentricity indexes of
the growth rings before and after the erosive process
with the eccentricity indexes of the growth rings of
control roots samples, a statistically significant differ-
ence was observed between the three groups analyzed
(Fig. 4c). The growth rings of the control samples
showed significant differences in the eccentricity index-
es when compared to the unexposed growth rings of the
exposed roots. Figure 5 shows that Esenbeckia
leiocarpa presents an intrinsic and natural eccentricity
index of the growth rings, with values reaching a max-
imum of 0.50. However, the mean eccentricity index of
all growth rings analyzed for the buried root samples
was approximately 0.27 (Fig. 4c).

On average, the eccentricity index of the growth rings
after exposure was, approximately, 0.48 and the eccen-
tricity index of the growth rings before the erosive
process was, approximately, 0.32, similar to the eccen-
tricity index of the rings of the buried samples (Fig. 4c).
Figure 5b shows a relatively low percentage of growth
rings in the buried samples with an eccentricity index
higher than 0.5 and 0.75.

For exposed roots, there was an increase in the
eccentricity index in the most recent growth rings,
that is, at the end of the growth ring series (Fig. 6).
The exposed roots had a high eccentricity index at
the end of the growth ring series (> 0.75), delimiting
the concentric phase of the roots in the oldest
growth rings (beginning of the series) and the
eccentric phase of the roots (end of the series). In
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Fig. 6b, a significant increase in the relative percent-
age of samples with an eccentricity greater than 0.5

and 0.75, after the approximate year of 1994 is
noted.

Fig. 3 Example of root samples. a exposed root: delimitation of the concentric phase and the eccentric phase; b buried: concentric growth rings

Fig. 2 Left image: sample of exposed root. a delimitation of concentric to eccentric growth; b vessel frequency before the appearance of
eccentricity; c vessel frequency after the appearance of eccentricity; d scar in the first growth ring after exposure
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In addition to changes in the growth pattern from
concentric to eccentric, anatomic reactions occurred in
the growth rings after exposure. The first year of expo-
sure can be determined precisely by the microscopic
characterization of the anatomical changes that occur
in the wood (Hitz et al. 2008). In this sense, the growth
rings after exposure showed a decrease in the frequency
of vessels. The Fig. 4b shows the decrease in vessel
numbers concomitantly with the increase in eccentricity
is documented. From year zero (exposure year) to year 1
(after exposure) a 39% drop in vessel number was
observed. There are statistically significant differences
in vessel frequency between the samples of growth rings
before and after the erosive process. Likewise, there is a
statistically significant difference between the growth
rings before the exposition and the buried group.

Regarding the appearance of scars, 37% of exposed
root samples showed scars and 18% of scars appeared
concomitantly at the first/s year of exposure. The re-
maining of the scars appeared in later years; however, all

appeared in years after the first year of exposure.
Figure 7 shows the approximate position (angle) of the
scar appearance, for all cross-sections of all exposed
roots that showed scars. It is noted that 83.3% of the
scars appears in the upper part of the root and only
16.6% of the scars appears in the quadrants of the lower
part of the root (3 scars of 3 different exposed roots).
However, some of them are directed towards the oppo-
site side to erosive flow. The scars that appeared in the
lower quadrants may have been formed when it was
fully exposed.

Relation between root exposition, eccentricity and total
precipitation

Figure 8a shows that the number of exposed roots
per year begins to appear after 1983, an extremely
rainy year. The exposition of the roots begins in the
year 1988. The year 1982–1983 was marked by an
El Niño event, responsible in the region of the

Fig. 4 Variations of themean (and standard error) over the relative
years of exposed and buried roots: a in growth ring width and b in
vessel frequency and eccentricity index. Year zero represents the
first year of exposure. Negative values represent unexposed rings,
and positive values represent exposed rings. Quantification of the

anatomical changes (eccentricity and frequency of vessels) asso-
ciated with the rings before exposure, after exposure and rings of
buried samples: c eccentricity index and d vessel frequency.
Means followed by different letters indicate statistically significant
differences (p < 0.05)
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study area for more than 2,000 mm of rain (the
long-term regional precipitation average is approx-
imately 1,275 mm). The erosive event and the
consequent exposure of the tree roots may have
been initially triggered by this extreme rainfall. In
the following years, the increase/decrease of the
exposure of the roots together with the increase/
decrease of the accumulated precipitation is veri-
fied. A high number of exposed roots in the years
1996 and 2000 is observed.

Figure 8b shows the number of exposed roots related
to the relative proportion of samples with eccentricity
>0.75. The eccentricity peaks/falls are related to the
increase/decrease in the number of exposed roots, that
is: the higher the number of exposed roots, the greater
the total eccentricity index of the sample set. This index
continues to increase until the end of the time series

since the eccentricity tends to increase always after root
exposure.

The Fig. 8c shows a relation between the accu-
mulated precipitation and the relative percentage of
samples, coincident with an eccentricity index
greater than 0.75. Moreover, a relationship be-
tween the eccentricity peaks/falls with accumulated
precipitation peaks/falls is slight.

Calculation of the erosion rate

We present in Table 1 the erosion rates allied to the type
of erosive process for each exposed root. In Sector I,
erosive processes were classified as piping, permanent
gullies and ephemeral gullies, being responsible, on av-
erage, for the vertical soil loss of 0.81 cm year−1,
1.07 cm year−1 and 1.70 cm year−1, respectively. For

a

b

Fig. 5 Eccentricity index of the buried root samples: (a) eccen-
tricity index values per analyzed sample and per year; (b) relative
percentage of samples with an eccentricity index greater than 0.5

and 0.75. The samples are identified as follows: n, identification of
the tree; r, identification of the buried root; fn, analyzed root slice.
Example: 2r3f1: tree 2, exposed root 3, slice number 1
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Sector II, the average vertical soil loss was 0.58 cm year−1

for the piping erosion, 1.77 cm year−1 for permanent
gully, 1.91 cm year−1 for ephemeral gully and
2.87 cm year−1 for sheet erosion. In Sector III, we only
found gully and sheet erosion processes, with rate values
of 0.73 cm year−1 and 4.10 cm year−1, respectively.

The values found for the horizontal erosion rates
were higher (Table 1). The expansion in length is more
accelerated than the deepening of the soil by erosion.
The values presented a high variability, and the gullies
were responsible for the highest values, reaching in
some cases more than 120 cm year−1.

Discussion

Growth rings and tree ring indicators

The inter-correlations in the growth ring series of
exposed and unexposed roots indicate high ring
growth syncronization, which is a consequence of
the influence of a dominant factor on growth,
probably the climatic factor (Chartier et al. 2016).
The mean sensitivity, with values above 0.30,
shows that plants react to the environment through
annual growth variability (Grissino-Mayer 2001).

a

b

Fig. 6 Eccentricity index of the exposed root samples: (a) eccen-
tricity index values per analyzed sample and per year; (b) relative
percentage of samples with an eccentricity index greater than 0.5

and 0.75. The samples are identified as follows: n, identification of
the tree; xn, identification of the exposed root; fn, analyzed root
slice. Example: 2x3f1: tree 2, exposed root 3, slice number 1

Plant Soil

Author's personal copy



Fig. 7 Approximate location and
scars dated of all exposed roots
analyzed and the direction of
erosion flow. Zero angle indicates
the top of the root

Fig. 8 a Relation of the number of exposed roots and accumulat-
ed precipitation; b Relation of number of exposed roots and
percentage of samples with eccentricity index greater than 0.75;

c Relation of accumulated precipitation and percentage of samples
with eccentricity index greater than 0.75
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Table 1 Year of exposure, vertical erosion rate (VER) and horizontal erosion rate (HER) in cm year−1 for each type of erosion process and
exposed root

Year of root
exposure

Height root-
soil (cm)

Years after
root exposure

VER Horizontal
distance (cm)

Year of exposure
neighboring roots

HER Soil erosion
process

Sector I 28x1f2 1994 13 19 0,68 r1-r2: 64 5 12.80 P

28x1f5 1994 30 19 1.58

28x2f3 1999 8 14 0.57

6x1f1 2000 1 13 0.08 r1-r4: 128 1 128.00 G

6x1f4 1997 18 16 1.13

6x2f3 2001 11 12 0.92

6x2f5 1998 21 15 1.40

6x4f2 1999 2 14 0.14

4x1f3 1994 8 19 0.42 – – – P

3x1f9 1996 91 17 5.35 r1-r3: 46 4 11.50 EG

3x3f2 2000 7 13 0.54

2x1f1 2000 5 13 0.38 r1-r2: 32; r1-r3: 8 1.00 32.00 EG

2x2f1 2001 2 12 0.17 7.00 1.14

2x3f3 1993 14 20 0.70

1x1f3 1996 13 17 0.76 r1-r2: 27 1 27.00 EG

1x2f3 1996 13 17 0.76

7x1f2 1990 8 23 0.35 r1-r2: 93 9 10.33 G

7x1f4 1990 24 23 1.04

7x2f4 2008 22 5 4.40

7x2f1 1999 2 14 0.14

21x1f7 2004 32 9 3.56 r1-r2: 23; r2-r3: 62 1 23.00 EG

21x2f3 2003 37 10 3.70 7 8.86

21x3f3 1996 18 17 1.06

Sector II 10x1f6 1988 25 25 1.00 r1-r2: 15 14 1.07 P

10x2f2 2002 6 11 0.55

11x1f5 1993 63 20 3.15 r1-r2: 72 1 72.00 G

11x2f3 1994 20 19 1.05

11x3f5 1996 24 17 1.41

14x2f4 2006 27 7 3.86 – – – S

27x1f4 2005 15 8 1.88 – – – S

12x1f4 2001 12 12 1.00 r1-r2: 65 4 16.25 EG

12x2f3 2001 9 12 0.75

12x2f5 1997 18 16 1.13

22x1f2 1996 7 17 0.41 r1-r5: 80 2 40.00 EG

22x1f4 1996 15 17 0.88

22x5f7 1998 137 15 9.13

22x5f1 2000 1 13 0.08

24x1f3 1998 6 15 0.40 r1-r3: 30 1 30.00 P

24x3f2 1999 5 14 0.36

Sector III 25x1f1 2000 2 13 0.15 – – – G

26x1f4 2000 17 13 1.31 40.00 – 48.00 G

15x1f10 2007 87 6 14.50 – – – S

17x1f7 2007 39 6 6.50 – – – S
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The eccentricity index, vessel frequency, and width of
the growth rings allowed the determination of the first
year of root exposure, allowing the soil erosion rate cal-
culation. These changes in the wood anatomical structure
following the soil erosion process occur due to the expo-
sition of the root to atmospheric conditions (for example,
variations in temperature, reduction of soil layer pressure,
incidence of light) andmechanical stress due to the impact
of debris carried by soil erosion (Bodoque et al. 2011).
Growth eccentricity is one of the most common and
visible characteristics of change after exposure
(Ballesteros-Cánovas et al. 2013; Stoffel et al. 2013).
The starting point for determining the first year of expo-
sure in the present study was the eccentricity index. Root
eccentricity begin to manifest even before root exposure
since unexposed growth rings of exposed roots already
exhibit higher eccentricity rates. Trees suffering the influ-
ence of erosive processes can respond to soil instability,
leading to the formation of eccentric growth rings even
before exposition. On the contrary, together with the
eccentric growth rings, there is a decrease in the frequency
of vessels in the growth rings after the occurrence of the
root exposition. This pattern is not universal, Chartier
et al. (2016) indicate an increase in frequency of vessels
and decrease in vessel area. These differing responses
may be related to the species considered and their reaction
to environmental changes.

Other anomaly that we found was that the number of
vessels in the growth rings of the buried samples was
higher than the number of vessels in the unexposed rings
of the exposed roots. This wood anatomical change can
be explained by the fact that the count of the number of
vessels carried out in the buried samples covered the
newest and the oldest growth rings, i.e., practically the
whole series of growth rings. On the contrary, for the
exposed root only three rings previous and three rings

after the exposure process were analyzed. So, we can
argue that the change in the number of vessels is occur-
ring before the root is exposed. Similar results were
found by Gärtner (2007), where it was shown that
anatomical changes due to continuous denudation of
the soil occur 30 mm before the root is exposed. More
recently, Corona et al. (2011) demonstrated that in the
case of continuous ground retraction, roots do not react
to exposure with anatomical responses at the time these
are exposed, also demonstrating that anatomical chang-
es occur when the soil is reduced to, approximately,
30 mm from the root.

Similarly, the scars found in transverse sections of the
exposed roots served to assist in the determination and
confirmation of root exposition and also in the dating of
unique events. In some root samples, the scars appeared in
the first or second year after root exposure but in other
cases these were coincident with the first year of exposure.
In the study carried by Chartier et al. (2016), the scars
were always coincident with the first year of root expo-
sure. In this context, scars are formed by abrasion of the
cambium tissue and are anatomically detected and easily
dated (Ballesteros-Canovas et al. 2013). Considering
others causative effects, after root expossure, the upper
part of the root is more susceptible to effect of climatic
factors (e.g., UVradiation, tissue drying and freezing) and
to impact from rocks, debris, tree branches, and injuries
caused by animals, among others. These disturbances are
recorded in the root wood as scars and can be used as a
means of dating geomorphological processes since the
buried roots did not present the formation of scars.

The width of the growth rings did not find significant
differences between the years before and after the ero-
sive event. However, there is a tendency to increase the
width of the first growth ring after exposure (year 1)
(Fig. 2). The next growth rings (year 2 and 3) showed a

Table 1 (continued)

Year of root
exposure

Height root-
soil (cm)

Years after
root exposure

VER Horizontal
distance (cm)

Year of exposure
neighboring roots

HER Soil erosion
process

18x1f5 1995 25 18 1.39 r1-r2: 20 7 2.86 S

18x2f5 2002 25 11 2.27

19x1f1 2006 3 7 0.43 r1-r2: 20 2 10.00 S

19x2f4 2004 16 9 1.78

20x1f3 2008 9 5 1.80 – – – S

Soil erosive processes: P: piping; G: gully; EG: ephemeral gully; S: sheet; n: ientification of the tree, xn: identification of exposed root, fn:
analyzed root slice. Example: 2x3f1: tree 2, exposed root 3, slice number 1
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tendency of decrease in width. Similar results were also
found by Ballesteros-Canovas et al. (2013), Bodoque
et al. (2011) and Gärtner et al. (2001).

Reconstruction of erosion dynamics using exposed
roots

Through the determination of the first year of root
exposure, it was possible to reconstruct the dynamics
of the erosive process, reaching a better understanding
about the evolution of the erosive features and landscape
changes. Figure 9 represents the erosive features with
the location of the trees and exposed roots studied. For
each exposed root there is a root exposure year.

For Sector I, the oldest date of root exposure was
from the year 1990, coming from the gt7 tree. The roots
of gt7 tree were in a branch of the main gully, where it is
possible to verify the process of expansion of the drain-
age head by means of the observed exposure dates. The
root r1, located more downstream, was exposed in 1990,
and r2f1, located more upstream of the gully branch,

was exposed 9 years later regardless of the height of the
root to the current surface of the soil. Also, root r2f4
presented date of exposure in 2008; however, this sec-
tion was located at the edge of the gully and may have
been exposed more recently by the widening of the edge
of the gully. In this same sector, the gt1 tree presents the
same exposure date for the two roots studied: 1996. For
gt1, the erosion feature was characterized as an ephem-
eral gully that will probably connect to the branched
sector of the gully, causing its expansion. This ephem-
eral gully may have been formed by the process of
subsurface erosion, which will later connect to the cen-
tral erosion, since it is not linearly connected to a branch
of the gully and neither to the main gully.

In the same way, tree gt2 follows the same pattern:
roots r1 and r2 show similar dates of exposure (2000 and
2001). This erosion feature is not connected to the
branch of the main gully. Tree gt3 presents date of
exposition of root r3 in the year 2000, similar to the
roots of the gt2 tree. However, r1 of this same tree
presents date of exposure in the year 1996, but this root
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Fig. 9 Schematic representation of the erosive features and the location of trees and exposed roots along with exposure years
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is much closer to the surface and close to the border of
the wall of the erosive feature, demonstrating the pro-
cess of deepening and lateral expansion of erosion. The
gt4 tree presents an older period of root exposure (year
1994) corresponding to a piping erosive process. In
general, in Sector I, the older exposures are related to
the piping process, which may be related to the subse-
quent triggering of gully formation by subsurface ero-
sion processes. The gt4 and gt28 trees, both influenced
by the piping process, are in different locations, howev-
er, they present the same date of root exposure - the year
1994 -, indicating that this process can be co-occurring
in different locations by the connection of subsurface
ducts. These ducts connect linearly with each other and
with the main gully (Díaz et al. 2007). The gt6 tree
presents different exposure dates for the three roots
studied. The roots closer to the drainage head, with the
cross-section of the root located in the middle of the
gully (r1f1 and r2f3), show the most recent dates of
exposure (year 2000 and 2001), whilst the downstream
root (r4) presents an earlier date of exposure (1999),
indicating the process of backward movement of the
drainage head. The roots r1f4 and r2f5, with exposure
dates in 1997 and 1998, were located at the edge of the
gully showing that the upslope expansion of the gully in
this portion initiated from the borders inwards, probably
was affected by the piping process.

For gt28 tree, the difference between the exposure of
r1, located 8 cm from the soil surface, and r2, located at
30 cm, shows that the erosive process exposes first the
roots closer to the current soil surface since r1 was ex-
posed in 1994 and r2 in 1999. With r1 being closer to the
soil surface and being exposed five years before r2, we
can note a process of deepening and collapsing of the
piping ceiling. On the other hand, gt21 tree presents a
process of gully opening that starts upslope, where r3 is
located, and evolves downslope in direction to r1. In
general, for Sector I, the earliest date of the erosive process
dates back to the year 1994. It should be remembered that
this dating is restricted to the exposed roots that were
found and collected in the field. Therefore, the erosive
process may have started earlier. The relative percentage
of samples with eccentricity index >0.75, verified in Fig.
6, increase in the period after 1994 suggesting that the
erosion processes were more intense since then.

In Sector II, gt10 tree, which is influenced by piping,
presents dates of root exposition in 1988 and 2002. The
year 1988 is the oldest one found in this study. Possibly
this cavity will connect to the central gully system since

it is close to this system. For gt11 tree, r1 and r2 cross
transversely the main gully. The date of exposure of
these roots is 1993 and 1994, respectively for r1 and
r2. Once again, the process of headcut retreat of the
main gully was confirmed. The sampled roots of gt27
and gt14 trees are oriented parallel to the edge of the
gully and showed very close exposure dates, namely
2005 and 2006, respectively. This information permits
to chronologically evaluate the process of lateral expan-
sion of the gully that occurred in more recent years of
exposure. In this way, the dates obtained show the
advancement of the gully in three directions: deepening,
expansion of the lateral walls and headcut retreat (Toy
et al. 2002). The gt24 tree, also influenced by piping,
shows that the process occurs almost concomitantly
with the opening of the gully, resulting in exposure dates
close to the gt11 tree: 1998 and 1999 for roots 1 and 3,
respectively. The trees gt22 and gt12 represent, once
again, the process of headcut retreat of the gully branch,
started in 1996 according to the gt22 tree evidence and
with a new advance in the year 2001, according to the
two analyzed roots of the gt12 tree.

Sector III is the one that presents the most recent
dating and, for the most part, the sheet erosion was the
dominant process. Although the root exposure dates are
more recent, the process of sheet erosion in Sector III
was the one that presented the highest soil losses when
compared to the rest of the system. Only the gt25 and
gt26 trees are being affected by gully erosion. Both trees
are located in different positions along an ephemeral
gully and the exposition year of the respective analyzed
roots is the same (year 2000). This fact shows that the
ephemeral gully was formed at the same time along its
whole extension probably due to a partial collapsing of
the ceiling of a pipe during that year. This partial col-
lapsing of the pipe was not able to superficially connect
the ephemeral gully to the main gully.

The system of gully opening influenced by piping

Soil erosion features disconnected from the main gully
can be observed in the study area, in the form of ephem-
eral gullies. Three different types of ephemeral gullies can
be found, according to their origin (Casalı et al. 1999): 1)
classical ephemeral gully, formed by the concentration of
surface flow that promotes localized degradation, which
in turns causes the gully to migrate upstream, widening
and deepening the gully channel; 2) drainage ephemeral
gullies: formed by drainage flows that reach the upstream
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end of a slope and form a gully in a downstream direction;
3) discontinuous ephemeral gully: usually found in places
where there is an abrupt change in slope or areas of local
instability. In this case, the headcut retreat can be triggered
by the existence of areas of instability, such as small
pipings (Casalı et al. 1999). In the study area, there are
several dispersed areas of ephemeral gullies disconnected
superficially from the main gully. Field observations,
along with root exposure dating information, show that
the formation of ephemeral gullies can originate in the
process of headcut retreat of small pipings that appear on
the surface after subsidence of the soil surface, as can be
verified in the exposed roots of the gt1, gt2, gt4 and gt28
trees, for example.

Pipings are linearly connected in the subsurface and,
in their expansion process, the tunnel ceiling loses its
resistance, collapsing and causing the opening of a
channel. There is a strong association between the pip-
ing process and the gully formation related to the pro-
cess of headcut retreat and the deepening and lateral
branching of the gully (Díaz et al. 2007; Faulkner
2013; Jones 2004; Verachtert et al. 2013).

In the central gully, a “step erosion” (Online Resource
2 - brown circle) was observed at the connection between
Sectors I and II. This is a typical feature of an integration
system between two types of processes of gully opening:
connected and disconnected from the local hydrography
(De Oliveira 1989). In the disconnected system, the ad-
vance of the gully occurs upstream, forming a cone of
sediment deposition downstream. This system corre-
sponds to Sector II of the study area. In the connected
system, a channel is connected to the main drainage
system that develops by headward expansion. The system
connected to the local hydrography (Sector I of the study
area) may have been caused by concentrated surface flow
causing excavation and channel widening. The trigger of
this process is a complex combination of concentrated
surface flow and mass movement. The integration of the
connected and disconnected systems, where the slope
becomes flatter, is considered the final stage of gully
evolution (De Oliveira 1989).

The study area presents a complex erosive system
composed of several stages and types of erosion that
currently evolve concomitantly. In summary, this sys-
tem was divided into three sets of processes: 1) initial
process - the oldest gully - consisting of the most ad-
vanced erosion process; represents the deepest part of
the gully, reaching the parent material, responsible for
great soil loss; 2) an intermediate process, encompassing

the ephemeral gullies and the branches of the central
gully, responsible for massive soil losses and influenced
by the piping process for the formation and retraction of
the drainage head which, over time, will connect with
the central gully; 3) more recent erosion features in the
form of sheet erosion (some already reaching the
ephemeral gully stage) located in Sector III that repre-
sent the less evolved erosion processes of the study area,
however, responsible for massive soil losses.

Estimative of the erosion rate using exposed roots

The lowest values of soil loss rate were recorded in piping
and the highest values in the sheet erosion process
(Table 1). However, subsurface erosion in pipes should
be considered of extreme importance, since it is responsi-
ble for triggering of gullies with vertical walls (Díaz et al.
2007). The permanent gully, because it is a more evolved
and possibly more stabilized process, presented smaller
soil loss values when compared to ephemeral gullies. For
the horizontal evolution of the erosion features, the values
found were high. This type of process is represented by
the headcut retreat of the gully, demonstrating its expan-
sion horizontally. The upslope linear process occurs faster
than the process of deepening.

Thigh erosion rates found in the study area mainly
related to a combination of factors that involves intense
and concentrated rainfalls, but also because it presents a
soil highly susceptible to erosive processes and favorable
to the formation of subsurface erosion, which triggers and
accelerates surface linear erosion features. In tropical coun-
tries, rainfall is the main erosive agent responsible for soil
degradation and loss, having a positive correlation be-
tween rainfall intensity and rainfall erosion rate (Chaplot
and Le Bissonnais 2000; Iserloh et al. 2013).
Online Resource 3 shows a relationship between total
precipitation and the number of erosive rainfalls, where
the highest number of erosive rainfalls is related to the
increase in total precipitation of the year. Consequently,
there is an increase (decrease) in the number of exposed
roots and eccentricity index with increasing (decreasing)
accumulated total precipitation (Fig. 8), and this, in turn, is
directly related to the increase in the number of erosive
rainfalls.

The Gärtner (2007) equation used to calculate soil
loss was initially developed for sheet erosion rate calcu-
lations. However, in the present study, the equation used
by Gärtner was also used for gullies, ephemeral gullies,
and piping. This approach has brought a significant
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understanding of the deepening process of gullies and
pipings. In contrast, the Malik equation was used for all
types of erosive processes with the presence of exposed
neighboring roots.

Conclusions

In this paper we present the use of a tropical tree
spec i e s in the app l i c a t i on o f an ex i s t i ng
dendrogeomorphological method—the analysis of
wood anatomical structure in exposed roots—for de-
termining the first year of exposure. This contribu-
tion presents novel information on the application of
dendrogeomorphology in the tropics.

We demonstrated that anatomical changes in growth
rings of exposed roots, such as increase in vessel fre-
quency, increase in ring eccentricity and increase in
growth ring width can be used to determine the first
year of root exposure. In addition, the formation of scars
was also used in the dating of exposed growth rings by
soil erosion. Consequently, this analysis allowed to
quantify and evaluate the erosive process dynamics of
complex systems in Hapludult soils, in time and space,
helping to infer soil erosion rates vertically and horizon-
tally. We verify the impact of piping on gully initiation
and development. The subsidence of the soil surface by
piping is responsible for the formation and evolution of
the ephemeral gullies and the branching of the central
gully. The heavy rains proved to be linked to the begin-
ning of the erosive processes, as evidenced by the den-
drochronological dates obtained through the exposed
roots.

Erosive and geomorphological processes are com-
plex, and the reconstruction of their dynamics and his-
tory is always a challenge. The presence of trees with
exposed roots or buried stems can act as a real living
testimony to these processes of geomorphological evo-
lution, either downhill or surface uplift, on a temporal
and spatial scale Therefore, dendrogeomorphology is a
powerful tool for the reconstruction of past events and
for the calculation of the speed of this process.
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