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ABSTRACT Gully erosion is a widespread natural hazard that causes substantial financial losses
every year. Dendrogeomorphic (tree ring-based) methods are a good alternative approach for
assessing gully development in forested areas. The majority of previous dendrogeomorphic
studies dealing with erosion focused on sheet erosion or erosion rates in the active channels of
old, stabilized gullies. This study aims to asses newly originated gully development based on an
analysis of exposed tree roots. Moreover, the root exposure data were used to calculate rates
of linear and areal gully headcut retreat (GHR). In total, 81 samples (microcuts) from common
spruce (Picea abies (L.) Karst) were analyzed for anatomical responses to root exposure. The exist-
ence of the shallow channel preceding the gully itself was identified. This GHR reconstruction
(for a limited time period of eight years) provides evidence of highly active gully development
in the forested area of the Flysch Carpathians that is comparable with results from semi-arid
regions.
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1. Introduction

Soil erosion is a widespread geomorphic process representing a potential natu-
ral hazard (Valentin, Poesen 2005). As anthropogenic, accelerated erosion can
affect gentle, as well as steep, slopes in various climatic conditions (from arid
to periglacial), it constitutes a global problem (Poessen et al. 2003). Soil erosion
causes substantial damages primarily to agriculture. Sheet erosion decreases soil
fertility and thickness of soil cover and can change physical (Bryan 2004) as well
as chemical soil properties (Sanchis et al. 2008). Gully erosion decreases the area
usable for agriculture and can damage infrastructure (Poesen et al. 2003). The
sediments produced by soil erosion clog reservoirs (Poessen et al. 2003, Was-
son et al. 2002) and decrease the navigability of rivers. In general terms, gully
erosion could be one of the most dangerous types of soil erosion if it directly
threated infrastructure (Ionita et al. 2015). The main drivers of gully erosion are
topography, slope lithology, vegetation cover, land use and climatic conditions
(Janeau et al. 2003; Li, Poesen, Valentin 2004; Avni 2005). Forested slopes are in
general more protected against erosion processes due to increased infiltration
rates. For this reason, anthropogenic activity is often the main driver of gully
erosion in forested landscapes (Reid, Dune 1996; Nyssen et al. 2002). As changes
in global climatic conditions are expected in the future, gully erosion intensity
and extent will likely also change. Therefore, an understanding of past gully ero-
sion is crucial for projecting future gully development. The development of past
gully erosion was reconstructed using several approaches. Aerial orthophotos
enable fast reconstruction over relatively large areas (Vandekerckhove, Poesen,
Govers 2003). However, the accessibility and resolution of images, as well as dense
vegetation cover, limit the accuracy or even feasibility of reconstruction from
these images. Field monitoring using installation of erosion pinsis a very accurate
method (Sirvent et al. 1997). Unfortunately, this approach is very time consuming
and applicable to only limited areas. The abovementioned limitations of these
methods call for the development of alternative approaches for past gully erosion
reconstruction.

Dendrogeomorphic methods have been successfully used for reconstruction of
past events and assessment of geomorphic processes (Alestalo 1971). For example,
tree ring-based methods enable reconstruction of the timing and spatial develop-
ment of past debris flows (Strunk 1997; Bollschweiler et al. 2007; Silhan 2012b;
Tichavsky, Silhdn 2015), rockfalls (Stoffel 2006, Silhan, Pdnek, Hradecky 2013;
Trappmann, Corona, Stoffel 2013), landslides (Fantucci, Sorriso-Valvo 1999; Lopez
Saez et al. 2012; Silhan, Panek, Hradecky 2012; Silhan et al. 2013), and snow ava-
lanches (Corona et al. 2010; Voiculescu, Onaca, 2013; Silhan, Tichavsky 2017). Soil
erosion has often been reconstructed using dendrogeomorphic methods (Hitz et
al. 2008; Malik 2008; Chartier, Rostagno, Roig 2009; Ballesteros et al. 2013; Rovéra
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et al. 2013). Nevertheless, most previous research has focused on sheet erosion,
whereas gully erosion is rarely analysed. Much progress has been made during
the last several decades in sheet erosion reconstruction. Previously unexamined
tree species (Sun, Wang, Hong 2014) and even shrubs (Chartier, Rostagno, Roig
2009) have been successfully used for erosion rate determination. Corona et al.
(2011) demonstrated that tree roots respond to decreased soil cover before actual
root exposure. This finding was subsequently used for sheet erosion analysis (e.g.,
Ballesteros et al. 2013). Moreover, the results obtained with tree root analysis
compare favourably with data from monitoring of erosion pins (Lopez Saez et al.
2011), and point data were successfully extrapolated to larger areas. On the other
hand, gully erosion has rarely been studied using exposed tree roots. Gully erosion
rates were reconstructed by Malik (2006, 2008) and Moravska, Wronska-Walach
(2012), but these studies focused exclusively on the active floors of large, stabilized
gullies. Stoffel et al. (2012), Bodoque et al. (2011), Chartier et al. (2016), Silhén,
Ruzek, Burian (2016) and Silhan et al. (2016) reconstructed erosion rates on the
sides of gullies, but linear (i.e. the distance along the slope over which the gully
head retreated per unit of time) and areal (areal expansion of the gully over time;
Frankl et al. 2012; Vanmaercke et al. 2016) gully headcut retreat (GHR) were not
determined. Vandekerckhove et al. (2001) described methods for GHR reconstruc-
tion using exposed tree roots in detail. Unfortunately, studies on detailed GHR
determination using exposed tree roots are generally still lacking with exceptions
of Vandekerckhove et al. (2001) or Ballesteros et al. (2017). This statement is es-
pecially true for new, fresh gullies that are a primary factor in the loss of usable
land for agriculture or silviculture.

The Flysch Carpathians are among the areas in Europe that are most affected by
gully erosion (Buzek 1999, Cerdan et al. 2010, Panagos et al. 2015). The slopes of the
Flysch Carpathians are very prone to gully erosion in spite of dense forest cover
(Buzek 1994, Silhan 2012a). Gullying processes are frequently triggered by unsuit-
able anthropogenic interventions on slopes (forest roads, culverts, clearcuttings;
Buzek 1998, 2000). Moreover, the underlying lithologies are rich in smectite clays
(Pének et al. 2010) that, together with high precipitation, increase susceptibility
to erosion. Detailed GHR reconstruction has still not been performed in this area
using dendrogeomorphic methods, although the gully drainage network is dense
in places, and the tree species present in this region (Picea, Larix, Abies, and Fagus
spp.) are very suitable for dendrogeomorphic analysis.

The aims of this study are i) to explore the potential of exposed tree roots for
analysis of gully erosion in the Flysch Carpathians, ii) to reconstruct detailed de-
velopment of a newly generated gully using dendrogeomorphic methods, and iii)
to quantify gully headcut retreat rates based on the data from exposed tree roots.
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2. Study area

The area investigated in this study, which has suitable conditions for reconstruct-
ing gully development using dendrogeomorphic methods, lies in the Vsetinské
vrchy Mountains (Czechia; 18°07' E; 49°23' N; Fig. 1). The mountains are of Ter-
tiary age and are built up of flysch rocks, primarily claystones and mudstones
interbedded with thin sandstones. Moreover, the rocks contain large amounts of
smectite as a result of mineral weathering (Baroii et al. 2004). These lithological
conditions in combination with the underlying nappe structure and the existence
of fault zones, predispose the Vsetinské vrchy Mountains to various types of slope
processes and mass movements (Barofi et al. 2004, Klimes et al. 2009), including
gully erosion (Silhdn 2012a). Mean annual precipitation is 1231 mm, as measured
at the Horni Be¢va meteorological station, which is 10 km from the study site. Most
of this precipitation falls in the warmer half of the year, and the mean annual
temperature is 7.2 °C. The vegetation forest cover of the study area consists mainly
of Norway spruce (Picea abies (L.) Karst.) and European beech (Fagus sylvatica L.).

The studied gully (49°23' N; 18°07' E) originated on the left bank of the Tistiavy
stream (Fig.1). The gully density in the surrounding of the study site is ca.
1.1km-km™. The gully is eroded into the adjacent slope, and has a length of ca.
8 m. The depth of the gully decreases from ca. 3 m at the mouth to ca. 90 cm at the
headcut. In plan view, the gully has the shape of an acute triangle with a width
of ca. 5 m at the mouth. A shallow channel, at most 20 cm deep and with a length
of ca. 18 m, enters into the gully at the headcut. The channel starts below a forest
road culvert, where the areal water flow is concentrated. Seven tree roots crossing
this shallow channel were used for analysis of its development (channel roots).
The position of the gully headcut itself is controlled by the presence of transverse
P. abies roots that constitute a temporary hindrance to further gully propagation.
The gully headcut is a ca. 90 cm high wall eroded in weathered sediments, with
flysch rocks under these roots. The analysed gully segment was ca. 3 m long below
the gully head. In this segment, 12 transverse tree roots occurred. Nine of these
roots were used for detailed gully development analysis (gully roots).

3. Methods

3.1. Field dendrogeomorphic approaches

The chosen gully was geomorphically mapped to record the positions of the gully
edge, neighbouring trees, the shallow channel, all visible tree roots, and other

relevant features. The gully dimensions (length, width, and the perimeter shape)
were surveyed geodetically in local coordinate system only once - before the
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Fig. 1 - The location of the study site (A), a map of the gully and its surroundings (B), and a photo
showing an overview of the broader gully area (C).

sampling. The position of each studied transverse root was recorded, and root
parameters (please see next) were measured with 1 cm accuracy by tape. Two
groups of tree roots were sampled. One group contained roots crossing the gully
itself (gully roots) and another group contained roots exposed in the shallow
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Fig. 2 - The positions of analyzed roots crossing the gully head and the locations of individual samples
(1 - the root number, 2 - the sample position, 3 - root).

channel located above the gully head (channel roots). This approach was selected
due to supposed different mechanism of root exposure (abrupt exposure in the
case of gully roots vs. gradual exposure in the case of channel roots). The measured
parameters (by tape with 1 cm precision) and recorded for each studied root were
the root length, the distance from each root end to the gully head, and the height
of the root above the gully floor (this parameter was measured every 10 cm along
each root’s length). The vertical distance from the channel floor and the distance
from the gully head were measured for all analysed roots in the shallow chan-
nel located above the gully head. Sampling of tree roots was done by handsaw.
Samples (approximately 2 cm in length) were extracted at 10 cm intervals along
each transverse root (Fig. 2). The nearest tree was located 1.7 m from the gully’s
edge. For this reason, all tree roots could be sampled over their full lengths. Is such
distances from tree stem (in general more than 1 m; Stoffel et al. 2013) the effect of
vertical tree stem movements during tree growth and corresponding anatomical
reactions in the root that are not caused by gully incision can be excluded. Only
living tree roots were sampled.
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3.2. Laboratory dendrogeomorphic approaches

All samples were air dried for several weeks. The analysis of samples followed the
approach presented by Corona et al. (2011). Each sample was divided into two ca.
1cm wide discs. The discs were sanded (up to 1,000 grit) to enable good visibility
of individual tree rings. The widths of tree rings on the first disc were measured
using a TimeTable dendrochronological measuring device (VIAS 2005) and PAST4
software under binocular stereoscopic microscope. Tree ring widths were meas-
ured on several (4-5) radii per disc. Individual increment curves from measured
values were subsequently cross-dated to minimize the possibility of incorrect
dating due to false, missing or wedge rings (Morawska, Wronska-Walach 2012). As
the lengths of tree ring series were limited, only visual cross-dating was possible.
The second disc in each pair was prepared for microsectioning. Disc was split into
smaller pieces and a 15 pm-thick slice was cut using a G.S.L.1 microtome (Gértner
2007). The microcut was stained with safranin and Astra blue, dehydrated with
alcohol mixtures (50, 70, and 96% alcohol), rinsed with Diasolv and fixed in Canada
balsam (Schweingruber 1978).

The identification of the timing of root exposure was determined from the
analysis of woody cells. Microsections were photographed at 50x magnification
with a precision of 1 pm. The images of permanent sections (microcuts) were
analysed using WinCELL Reg software. As the most important anatomical reac-
tion of coniferous trees to root exposure is a significant (ca. 50 %) decrease in the
cell lumen area of early earlywood (Géirtner, Schweingruber, Dikau 2001), the
parameter of early earlywood cells (lumen area) was measured for 12 cells per
tree ring, as recommended by Rubiales et al. (2008), Corona et al. (2011), or Lopez
Saez et al. (2011). The significance of changes in the mean cell lumen size of each
pair of adjacent root rings was assessed using the Mann-Whitney test. Moreover,
the occurrence of reaction (compression) wood was analysed macroscopically.
Reaction wood is known to be a growth response to mechanical stresses that can
be induced e.g. by decreasing soil cover and changing temperature, moisture and
pressure conditions during root growth (Corona et al. 2011). Potential signs of
root exposure, such as the proportion of latewood and the root ring widths, were
also examined (Fig. 3).

3.3. Gully headcut retreat rate reconstruction

The years of exposure were determined for each root sample. The coordinates
of each sample were placed into a geographical information system (ArcGIS 9.2
software; ESRI 2005) as point data associated with the number of years of expo-
sure. Based on these data, the gully development was reconstructed. The linear
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Fig. 3 - The anatomical reactions of roots to exposure, including the increase in the early earlywood
cell lumen area, the increase in the proportion of latewood in root ring, and the increase in the root
ring width.

and areal GHR was calculated using ArcGIS’ Spatial Analysis toolbox with 1cm
and 10 cm? accuracy, respectively. The volumetric GHR estimation would suffer
from an unreasonably large degree of uncertainty, and so it was not calculated.

4. Results
4.1. Sample number and age; anatomical reactions

In total, nine living transverse roots were analysed in the top segment of the
gully, and seven roots crossing the shallow channel were analysed. Sixty samples
were extracted from nine gully roots (roots that crossed the gully; Fig. 4), and 21
samples were extracted from seven channel roots (roots that crossed the channel).
A maximum of 12 samples were extracted from one root. On average, 6.7 samples
were extracted per gully root. Three samples were extracted from each channel
root. The mean age of all roots was 26.7 years (stdev: 8.8 years). In general, the
gully roots were older (mean age: 29.8 years; stdev: 9.2 years) than the channel
roots (mean age: 22.7 years; stdev: 6.8 years). The oldest sample contained 48 root
rings, and the youngest sample contained only 16 root rings.

In total, 81 microsections were prepared and analysed. The abrupt decrease in
the early earlywood cells lumen area was identified in most samples. This anatomi-
cal reaction was present in all samples that were exposed after 2008. In samples
exposed before this year, the decrease in lumen area was not always abrupt and
statistically significant. Moreover, samples exposed before 2008 frequently
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Fig. 4 - The anatomical (mean early earlywood cell lumen area) and macroscopical analysis of all
samples from the gully roots (1 - reaction wood, 2 - abrupt growth increase, 3 - increase of the
latewood proportion), and the picture of the studied gully head.
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contained reaction wood (80.2%). In contrast, reaction wood occurred only in
22.2% of samples with exposure after 2008. The root ring widths increased in
the exposure year in 61.7% of all samples, whereas the proportion of latewood
increased in the exposure year in 76.5% of all samples.

4.2. Spatio-temporal development of roots exposure

The root samples recorded exposure events in ten distinct years, 1977, 1988, 1997,
2002, 2006, 2010, 2011, 2012, 2014, and 2015. These data yield a mean interval
between erosion events of 3.9 years. Interestingly, roots crossing the shallow chan-
nel revealed in general older exposure age in comparison with the roots crossing
the gully head. The channel roots were exposed in 1988, 1997, 2002, 2006 and
2010, whereas the gully roots were exposed in all ten mentioned years. The gully
roots were exposed before 2009 near the middle of the gully. On the other hand,
the root samples collected from near the gully sides were exposed much later
(all after 2009). Moreover, the number of years since root exposure decreases
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Fig. 5 - The development of the gully horizontal projection as reconstructed from tree root exposure.
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with decreasing distance to the gully edge (Fig. 5A). These results suggest that the
studied gully segment grew episodically, in six distinct years (Fig. 5B). The roots
crossing the shallow channel were between 2 and 17 cm above the channel floor.
The channel incision rate values were calculated to be from 0.6 to 1.4 cm - year™
(Table 1). The channel roots near the gully head revealed generally older exposure
years (1988, 1997, and 2002) than the roots that were further from the gully head
(2006 and 2010). Calculated values of vertical channel incision rates generally
decrease with increasing distance from the gully head (Table 1).

4.3. Gully headcut retreat rate
The total linear gully retreat was 274 cm since 2010 (that is, 39 cm - year™). The
largest single-year gully headcut retreat occurred in 2010, when the headcut

retreated 112 cm. In contrast, the gully head retreated only 27 cm in 2014. The
gully head did not move in 2013, and in 2011, the gully became wider without any

Table 1 - Overview of sampled channel roots exposure, and calculated rates of channel incision.

Root ID Distance from the road  Distance from gully floor Year of root Channel incision rate
(m) (cm) exposure (cm.year™)
Cc1 5 10 1997 0.5
C2 7 15 2002 11
C3 9 17 1988 0.6
C4 11 14 2006 14
C5 13 8 2010 13
Ccé 19 2 2010 0.3
Cc7 21 14 2006 14

Table 2 - The values of linear and areal gully headcut retreat (GHR), and values of gully widening in
cross sections with various distance from gully head

Year Areal GHR Cumulative  Linear ~ Cumulative Gully widening (cm)
(m?) are(arLZC-;HR GHR (em) Gl:';e(i:n) 25m 20m 1.5m 1.0m 0.5m
from head from head from head from head from head

2010 1.09 1.09 112 112 69 90 43 x x
2011 0.63 1.71 0 112 76 56 14 x x
2012 1.35 3.06 88 200 19 39 79 97 x
2013 0.00 3.06 0 200 0 0 0 0 0
2014 1.10 4.17 27 227 64 69 40 20 74
2015 0.74 491 47 274 0 0 0 26 56

Note: x - the gully head did not reach the cross section in a given year.
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Fig. 6 - The reconstruction of linear and areal gully headcut retreat (GHR) rates, and the gully widen-
ing in various cross sections.

elongation (Table 2, Fig. 6). Gully widening was calculated in five cross sections in
0.5 m steps from the gully head (Fig. 6). Various patterns of gully growth occurred
in various years. For example, the gully widened more with decreasing distance
to gully head in 2012. However, in 2011, gully widening decreased with decreasing
distance to gully head (Fig. 6).

The total areal GHR in the studied gully segment was calculated as 4.91 m®. The
most important erosion event impacting the areal GHR occurred in 2012 (1.35 m?).
Although the linear GHR was zero in 2011, the areal GHR was 0.63 m? due to gully
widening. The last dated erosion event (AD 2015) led to an increase in gully area
of approximately 0.74 m. It was the second lowest calculated areal GHR (Table 2).

5. Discussion

The development of the selected gully segment was reconstructed in detail using
microscopic analysis of exposed tree roots. The analysis of a dense net of samples
(on average, 12.1 samples per m?) allowed us to characterize the gully’s develop-
ment since 2009. Moreover, this represents the first time that gully headcut retreat
rates were calculated based on root exposure data in a newly originated gully.
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5.1. The potential of exposed P. abies roots for reconstructing gully erosion

Exposed roots of P. abies were previously used for analysis of erosion processes
several times. For example, Hitz et al. (2008), Malik (2008) and Malik, Matyja
(2008) used exposed P. abies roots for reconstruction of erosion rates on gully
sides or river banks. Abrupt decrease in the early earlywood cell lumen area
agrees with the findings of Gartner (2007) and Malik (2008), who attributed this
type of reaction to abrupt exposure of tree roots. P. abies roots react to changes in
edaphic temperature and humidity, as well as soil pressure. Smaller woody cells
are more resistant to the development of ice crystals and air bubbles and associ-
ated embolisms. Higher numbers of cells in wide post-exposure rings helps ensure
that exposed roots can still participate in the plant’s circulation (Schweingruber
1978). As only early wood cells changes are standardly used as an evidence of root
exposure, potential shift in dating occur if root exposure occur during the summer
or autumn. In this case, other evidences of root exposure (changes in ring width
or reaction wood) is suitable use for dating precision. Abrupt (and statistically
significant) changes in cell size were visible particularly in the marginal parts
of tree roots that had been exposed most recently. This result suggests that the
parts of roots in the middle part of the gully were exposed rapidly. In contrast,
most of the samples from roots crossing the shallow channel do not display an
abrupt decrease in the cell lumen size, and moreover, reaction wood occurred
frequently in these samples. This anatomical behaviour is similar to the anatomi-
cal response of Scots pine roots (Pinus sylvestris L.) to decreasing the soil cover to
less than 30 mm (Corona et al. 2011). As the material of weathered flysch rocks
has a slightly different grain size distribution and density compared with the
porous material investigated by Corona et al. (2011), we expect that changes in
soil cover thickness will cause growth responses that are more or less similar to,
those reported by Corona et al. (2011). Such reactions, regarding the new findings
by Corona et al. (2011), Ballesteros et al. (2013) and Bodoque et al. (2015), can
be explained given that the roots cross the channel. Partially exposed roots can
cause channel blockage and prevent sediment movement (Stoffel et al. 2013). The
sediments accumulate above the root, increasing the material pressure on it and
producing conditions that are similar to those prior to root exposure. In such cases,
the anatomical reaction in P. abies is gradual, and reaction wood can develop, just
as it does in P. sylvestris.

5.2. The interpretation of exposure data regarding development of erosion forms

These findings have an important impact on the interpretation of our results, as
well as optimal sampling strategies for future gully erosion studies. Because the
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middle parts of transversal gully roots were exposed gradually, as were roots cross-
ing the shallow channel, it seems likely that the gully occupies the same general
course as the original shallow channel. Only limited lengths of the tree roots were
exposed in each event, and these roots could constitute small dams for sediment.
The other roots were exposed totally and rapidly during individual events of gully
headcut retreat. This conclusion is supported by abrupt and significant anatomical
reactions in root rings (Fig. 7A). Thus, for reconstruction of real gully headcut
retreat using data from exposed tree roots, it is necessary to take several samples
(in various positions of root length) from each root crossing the gully. Sampling
and analysing only the middle part of the root, as used by several authors in past
(e.g., Malik 2006, 2008; sampling for the analysis of active gully floor develop-
ment) could introduce substantial errors in gully erosion reconstructions because
the incision of original shallow channel or rill could be dated instead of incision of
the actual gully. On the other hand, if the possible damming effect of roots cross-
ing shallow channel and the pre-exposure anatomical reactions are considered,
the data from such roots can be used for the reconstruction of channel incision
rates. Roots crossing the shallow channel can even constitute baseline local erosion
(Fig. 7B). Sedimentation rates increase above these roots, whereas vertical erosion
is very common below such roots due to water cascading over the root. The result
of this process is an unbalanced longitudinal channel profile with micro step-pool
morphology (Montgomery, Buffington 1997). This fact can influence reconstructed
incision rates based on root exposure data.

The relationship between the distance from the gully head and rates of gully
widening can be caused by the presence of transverse roots in the gully head.
These roots can stabilize the gully head and temporarily interrupt gully retreat
(Vannoppen et al. 2015). In such cases, widening can occur even without any gully
elongation (Fig. 6).

5.3. The intensity of gully development

Based on the root exposure data and the nature and intensity of anatomical reac-
tions, a theoretical model of gully development was built. As the obtained data
about the chronological gully development cover only limited time period (eight
years: 2009-2016) the created model can be valid just for limited period of gully
existence (period of active gully elongation). The present-day gully probably fol-
lows the course of the pre-existing shallow channel that connects to the gully head.
The gully itself developed episodically, by gully headcut retreat. These erosion
pulses appear to stop when they encounter transverse roots. Water cascading over
these obstructing roots next shapes the steepness of the gully head wall below
which a plunge pool may develop (Poesen et al. 2002). The root scouring by water



DETAILED RECONSTRUCTION OF GULLY HEADCUT RETREAT USING EXPOSED TREE ROOTS... 193

Reaction wood
occurence

)
o
<)
|

o

=)

a
]

p-value
from M-W test

(changes in cell lumen area)

o
o
=
<0.01
ul
ul
—
ul
ul
ul
—
ul
ul
—

20157 ¢ o °

2010 3 ° o ®

2005 3

Exposure year

2000

1995 4

90BNS Juasald

E Surface

|

Gully headcut retreat

s,

Gully longitudinal profile

Fig. 7 - The gully cross section development based on the root exposure data (A), and the principle
of longitudinal profile development.

eventually precede the next erosion event. In general, the gully development is
very rapid thereafter. The gully head wall in smectite rocks is unstable, and in
combination with frequent extreme precipitation events in the Flysch Carpathians
(Brazdil, Kirchner 2007), mean rates of retreat may reach several tens of centi-
metres per year (mean 39 cm - year™" in this case). Melting water from fast spring
snowmelt can play an important role in gully development, nevertheless the role
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of this potential trigger is rather minor in the study area (Silhn, 2012a). In con-
trast, the main triggers of gully erosion are short duration (less than 24 hours)
above-average (even more than 100 mm) precipitation totals in the study region.
The reconstructed values of GHR in this study are comparable with those from
highly erosive environments in the semi-arid regions of Spain (up 51 cm - year™),
Morocco (31 cm - year™) (Marzolff, Ries 2007), and Ethiopia (34 cm - year™; Frankl
etal. 2012).

As the gully head wall is practically vertical, the gully floor is very uneven, and
P. abies roots grow just below the soil surface, the calculation of volumetric GHR
was not possible using the dendrogeomorphic approach. This limitation could be
overcome at study sites where tree species with deep roots occur.

6. Conclusions

Exposed tree roots were used in this study to reconstruct the linear and areal gully
headcut retreat rates (GHR) of a fresh, newly originated gully. In total, microscopic
analysis of 60 samples (microsections) from nine living roots that extended all the
way across the gully head revealed six erosion events since 2009 when the gully
horizontal projection was changed. A shallow channel emptying into the gully
in an upslope direction was analysed using 21 microsections of seven crossing
roots. The channel yielded a longer record of erosion (since 1977) that reflected less
dynamical development (0.9 cm - year™ of vertical incision, on average), compared
to the gully.

The main signs of root exposure were a decrease in early earlywood lumen area,
an increase in the proportion of latewood in tree ring width, and an increase in
tree ring width. Roots crossing the shallow channel displayed similar anatomi-
cal reactions to roots exposed by sheet erosion, probably due to their ability to
temporarily dam the channel. Moreover, this study yields important findings and
recommendations for future sampling strategies. Gullies are usually preceded
by shallow channels, and the development of these shallow channels is recorded
within locally exposed parts of tree roots. Gully headcut retreat exposes the rest
of the roots abruptly, so the anatomical reaction in the parts of tree roots near
the margins of gullies are different from the reactions of the middle parts of the
roots. For this reason, roots crossing gullies should be sampled in several positions
to differentiate the effects of the original shallow channel from subsequent gully
headcut retreat. In contrast, previous studies recommended sampling only the
middle of each gully-crossing root.

The approach described here enabled detailed reconstruction of linear and areal
GHR in the forested area of mountains underlain by weak sedimentary rocks with
important anthropogenic influences. The values were surprisingly similar to GHR
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rates in semi-arid environments. These findings correspond with reconstruction
of erosion rates in the close neighbourhood of studied locality, and support the
general assumptions about high activity of gully erosion in the wider region. This
suggests that additional dendrogeomorphic (tree ring-based) research is necessary
for assessing gully erosion activity in forested areas that do not have a history of
systematic gully monitoring.
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