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cal features of gullies. In this paper. gully erosion network and gullies in upland areas within south-eastern part
of Latvia 1s studied 1n relation to the geological and geomorphological structure of the terntory. Interpretation
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INTRODUCTION

Gully erosion 1s a widespread geological process of
denudation, fluvial network development and land-
scape evolution caused by diversification of relief. At
the same time development of gullies 1s associated
with the accelerated soil eresion on cultivated plots and
degradation of agnicultural land, hence gully erosion
has been recogmised mn many countries as an environ-
mental problem (Valentin et al. 2005). A reference
review reveals that this problem has been studied from
the different points of view i Western Europe (e.g.
Nachtergaele er al. 2002; Poesen ef al. 2003; Valentin
et al. 2005; Vanwalleghem ef ol 2005), however most
of studies litherto focus on gully development under
cropland.

A lot of gullies as fluvial landforms can be also
found 1n Latvia, but only some studies have reported
factors controlling thetr genesis and regulanties of
spatial distibution (Stalbovs 1977; Soms 1999). In
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its turn, the lack of available scientific data does not
allow to evaluate the impact of global environmental
change and variability of meteorcological factors on
concentrated erosion by water in Latvia, though as-
sessing the expected consequences of geomorphic
processes and hazards due to climatic changes 1s the
objective of national and mternational researches (e g.
Favis-Mortlock, Boardman 1995; Poesen ef al. 1996;
Collison et al. 2000; Dehn er /. 2000; Nearing 2001;
Poesen et al. 2003; Sidle er al. 2004). Projected models
of Europe’s changing climate show a 1to 2% increase
per decade m annual precipitation (Impacts of Europe’s
changing climate 2004) and a 10 to 50%% increase in the
anmual river discharge by 2070 (Lehner ef 2/, 2001) 1
the northern and north-eastern Europe. Such changes of
climate factors and hydrological regime will relate to
all elements of fiuvial systems from small catchments
to regional river basins, therefore these changes will
trigger increase of mnoff and mrtensification of acceler-
ated erosion by water in existing gullies.



This demonstrates the need for monitoring, ex-
perimental and modelling studies of gully erosion as a
basis for predicting the effects of climatic changes on
the rates of gully erosion. as well as for the evaluation
of possible reuewmg of incision processes in nactive
gullies 1 Latvia too.

In order to interpret the thresholds and geological
and topographic factors controlling the development
of gullies presently found in SE Latvia, as well as to
elucidate regulanties of spatial distribution i gully
erosion network, permanent gullies in the Latgale Up-
land, Augézeme Upland and River Dangava Valley are
studied. The specific objectives of this study are (1) to
obtain data in sitt on morphological and topographi-
cal characteristics of gullies in the environments with
a differing topography; (2) to determine patterns of
the gully network and to calculate the gully network
density; (3) to correlate the obtained data with geology
and topography of the study area.

STUDY AREA

The mnvestigation of gully erosion network 15 per-
formed in the case-study area of the Latgale Upland,
Aungizeme Upland and River Daugava Valley indi-
cated in Fig. 1. The territory of south-eastern glacial
uplands encompasses 8423 3 km’ of the entire Latvian
territory and could be subdivided into three large
scale landforms, which differ by genesis: the Latgale
Upland (an msular shaped and bedrock cored glacial
upland by Abolting 1989; Aboltins 1995) covers 79%,
the Augizeme Upland (a marginal glacial upland by

Abolting 1994b) — 19%, and the River Daugava Val-
ley (a proglacial spillway valley modified by fluvial
processes by Eberhards 1972; Aboltins 1994a) — 2%
respectively.

The present day topography and geology of this
territory has been largely formed by Pletstocene glacia-
tions, particularly by the last Weichsehian (Vistulian)
event (Zelés, Markots 2004). The highest point of the
Latgale Upland 15 Lielais Liepukalns (289 m asl)
and of the Augizeme Upland — Eglukalns (220 m
a.5.1). The average difference in local topography is
about 10 to 25 m with 1ts maximum up to 50 to 60 m
in glacial uplands and in some places along subglacial
tunnel valleys. The mean height 15 175 m a.s 1. how-
ever, almost 97 8% of study ternitory situated below
200 m a.sl. and elevations over 250 m a.s 1. occupy
only 0.03% of the area. The ternitory 1s characterised
by a temperate semi-humid climate influenced by the
westerly winds. The mean annual precipitation var-
1es mostly withan 600 to 700 mm/vr; number of davs
with precipitation 100 to 120 d/vr; mean temperature
i January from —7°C to —5°C; the mean temperature
in July from +16°C to +17°C; recurrence interval of
extreme rainfall events (more than 20 mm/d) 15 10
vears and more.

Soils occurred relatively quickly in Latvia because
the glaciation that ended about 10000 years ago had
deposited an abundance of easily weathered ground-
up parent material. Soils formed mainly on glacial,
glacifiuvial and alluvial deposits. They also pose en-
vironmental problems, for they are easily eroded nto

rills or even gullies by

relatively small streams,
at the same time they
are susceptible to mass
movement like solifluc-
tion and earth-flows.
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MATERIAL AND METHODS
Analysis of topographic maps

The analysis of topographic maps was carned out to
locate all representative channel-like incisions in the
study area. The lines of thalwegs and watersheds,
and areas of gully catchments were derived from
topographic maps (coordinate system 1963) in scale
1:10.000 and elevation contour interval of 2 m. Later
these maps were used to construct digital elevation
models (DEM) (pixel size 2x2 m) by digitising and
mnterpolating procedures.

Field studies

During field studies the depth, width, length, channel
gradient and sidewall slope gradient were measured by
standard geomorphological methods (Blong 1972; Gar-
diner, Dackombe 1977; Goudie et al. 1990). Morphol-
ogy of smaller gullies (width less than 30 m. depth less
than 15 m) was measured by two T—coupled fibreglass
measuring tapes (length 50 m. accuracy =5cm/50m).
When the gully width exceeded 30 m, 1t was measured
by Bushnell Yardage Pro 500 laser rangefinder (accu-
racy =10cm/100m). Width and depth were measured
several ttmes along each gully in order to determine
maximum values. Sidewall slope gradients were de-
termined with a clinometer (type Suunto, error 0.005
m/m). At the same time morphology of gully channels,
forms of cross-profiles and longitudinal profiles, as
well as the type and intensity of geological processes
i gullies were assessed. An AMS auger hand dnill
kit was used to collect data on filled cross-sections of
permanent gullies.

Geomatic studies (GPS and GIS)

After analysing of topographic maps and locating linear
erosion landforms in the study area, representative gul-
lies were identified during field studies and their posi-
tion was mapped with GPS (Trimble GeoXT). Mainly
because of a dense canopy of broad-leaved forests that
are common in gullies, errors remained (3 maximum
error up to several metres) even after the differential
correction. The obtained data were converted mnto * shp
format GIS files for further importing and processing
by GIS software. The lines of gully thalwegs and wa-
tersheds, and the areas of gully catchments were digi-
tised from topographical maps (scale 1:10 000) using
the ESRI GIS software ArchIap 9.0, and corrected by
comparing with GPS data. 2 m contour DEMs (pixel
size 2x2 m) of the selected areas were developed by
digitising and interpolating the topographical maps
(scale 1:10.000) using the ESRI GIS software Arc-
Ilap 9.0 and extension Spatial Analyst 9.0. The spatial
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analysis and calculating of gully network density was
made by GIS. Finally, principal geomorphological,
geological, climatic and anthropogenic factors which
have affected gully erosion were studied to determine
the correlation between the intensity of gullying and
the factors mentioned above.

RESULTS

Field studies, analysis of topographic maps and spatial
analysis of the arrangement and spatial distribution of
gully network show that erosion landforms are rather
common 1n upland areas of SE Latvia where gullies
formed predominantly on the slopes of river valleys
and subglacial tunnel valleys, as well as on the slopes
of moraimic hills and plateau-like hills. Whereas 1n
lowland areas of SE Latvia gullies occur occasionally
and are not common feature 1n general. The distribu-
tion of gully erosion landforms 15 mainly determined
by the location of glacial and fluvial landforms. This
fact could be 1llustrated by the regularities studied 1n
the selected model territories.

Development and location regularities of gullies
in river valleys

Conclusions about the development and location regu-
larities of gullies in the model territory of the River
Daugava Valley from the town of Kraslava down to
the Naujene Village are based on the field data. Within
this 48 kilometres course of the river the total number
of gullies 15 352 registered and measured.
Non-branched, from 100 m to 400 m long perma-
nent gullies of the 1% or 2™ arder, which are crossing the
edge of the valley are a predominant type in this area.
The expansion range of gullies of a higher (2% to 4%)
order 1s much lower. Gullies of the 5% order have not
been registered in the study area. Gullies i the model
territory range from 2 to over 20 meters in depth and
from 8 to over 100 meters in width. The largest of them
are flat-bottom dry valleys indicated in Fig. 2. and are
characterised by impressive morphology (up to 15 m
deep, up to 80 m wide, up to 1.5 km and more long).
Short ephemeral gullies incised into the valley
slopes and terraces, as well as hanging gullies are also
widespread. Hanging gullies started to develop as ordi-
nary gullies when their temporary base level of erosion
was equal to the river floodplain surface. The growth
and mncision of such gullies stopped when they had cut
their thalweg closer to the base level, their longitudi-
nal profiles reached the concave-upward equilibrinm
longitudinal profile form, and their lower ends were
approaching the local base level. In that situation the
steepness of walls was reduced by mass movement
processes (e.g. slumps, landslides etc), gully thalwegs
were filled with silty sediment washed down from the



Fig. 2. An inactive gully, located within the River Dangava
Spillway Valley near Slutiski, 21 km east of Daugavpils.

slopes, and vegetation slowly covered gentle slopes
of former gullies. Eventually gullies transformed into
mactive small flat-bottom dry valleys or balka®.

Changes in the regional base level of the River
Daugava, 1ts lowering (Eberhards 1977) and the
renewal of down-cutting process transformed the
former floodplam into a valley terrace. Stabilisation
of a regional base level after a short but intensive
down-cutting pertod caused the reduction of a gradi-
ent, deposition of sediment 1n the stream channel and
the process of meandenng. During the development of
meanders and widening of the valley by lateral erosion,
the river eroded and washed out terraces, alluvial fans
and lower parts of former gullies or dalias. During the
following valley down-cutting period, the river formed
a younger terrace at a lower level, but partially cut
former gullies were left as the hanging gullies, whose
flat bottom lies now 12 to 14 m above the present lo-
cal base level of erosion. The down-cutting process 15
not renewed 1n these hanging gullies because of a turf
cover on slopes and vegetation that prevent erosion
processes. Estimation of the river terrace development
pertods (Eberhards 1977) permits us to conclude that
hanging gullies can be defined as 9000 to 11000 cal.
BP It means that these gullies were formed i the pre-
agricultural times. towards the end of Younger Dryvas
or at the beginming of Holocene.

The longest and deepest gullies have developed by
leaps during several short reactivation periods together
with the Daugava Faver Valley formation process and
according to the changes in a regional base level of the
river and formation processes of the terraces. The com-
plicated cross and longitudinal profiles of gullies testify
to this fact. Ephemeral gullies in landshide cirques and
short ephemeral gullies incised into slopes of valleys
and terraces are comparatively voung, i 1ts turn hang-
ing gullies and flat-bottom dry valleys are older.

* Balka — geomorphological term used in Russia to
describe gullies transformed info mactive fat—bottom dry
valleys (Dokuchayev 1877).

Human activities, e.g. directing drainage water
flow into gullies, forest cutting, turf cover destroving,
soil cultivating etc.. as well as heavy rainfalls have
stimulated the renewal of erosion processes in inactive
gullies and even i ancient gullies or balkas. Fresh
W-shaped down cuts in the bottoms of gullies and al-
luvial fans demonstrate that. However, the formation
of new deep gullies in the model territory has not been
observed during the last 50 years.

The exposure of slopes (aspect) of the Daugava
Faver Valley 1s a second-grade factor, which has af-
fected the development and location of gullies. The
data correlation between the gully network density
and the exposure of slopes 1 this area shows that the
gully network density on the slopes of southern expo-
sure 15 only 5 to 8% higher than that on the slopes of
northern exposure.

Maximal values of the number of gullies along the
river bank (up to 14 gullies per 1 km of a river bank)
and the highest density of the gully network have been
registered on the terrtories where the erosion base
level exceeds 30 m, the slope inclination 1s more than
15°, slopes have a convex form, their length exceeds
100 m. These slopes are composed of stony sandy
clayey diamicton and basal t1ll deposits. The complex
of factors mentioned above has been registered mainly
along the undercut concave banks of the meander bands
(Fig. 3). The most complicated landscape and the most
mntricate topography of slopes relate exactly to such
sections of the river valley, where the highest density
of gully network (up to 4.5 km'km?) in the temtory
under consideration has been ascertamned. The most
commonly encountered gully network pattern 1s of
dendritic character.

The rate of gully erosion dramatically accelerates
in places where the slopes of the river valley are bualt
up by erosion resistant clayey or silty till overlying
a glactfluvial fine to medium grained sand lavers. In
these localities also mass movement processes mainly
formation of landslides and slumps are common. These
geological and exodynamic factors lead to the forma-
tion of the morphologically spectfic gullies in landslide
cirques as a result of piping.

The greatest part of the measured thalwegs of gul-
lies do not correspond to the concave equilibrium lon-
gitudinal profile. During the down-cutting process, fine
to medium grained sand and silt particles were washed
out from the channel floor leaving litter pebbles and
boulders. As a result of the continuous concentration
of pebbles and boulders washed out from stony basal
till boulder-floored gullies have been formed. In 1ts
turn the occurrence of such erosion resistant debris in
the lowest part of gully facilitates convex or step-like
longitudinal profiles with knick points. Such convex
knick points ndicate that at the boulder-floored por-
tions of gullies the down-cutting 1s impossible.
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Fig. 3. Spatial distribution of gullies in the Eiver Dangava Valley from Kraslava down to the Naugjene Village and com-

puted zully ercsion network density.

Development and location regularities of gullies
in areas of plateau-like hills

The density of gully network up to 1.2 km/km’ has
been registered in the northern part of the Latgale
Upland. The plateau-like hills or zvoncy are the most
common feature of glacial landscape of this area. The
relative height of plateau-like hills exceeds 15, with a
maximum up to 35 to 40 m. These hills have relatively
steep slopes (gradient up to 20° to 40%) which 1 places
are terraced (Meirons 1975). The base of these hlls
15 made up of glaciotectonically deformed till strata
encompassing the glacioaquatic deposits (Abolting
1989). Tops of the plateau like halls have a flat surface.
Besides the topmost part 1s formed from glaciolacus-
trine clay. As a result of the morphological features and
complex geological structure favour to a great extent
the formation of the gullies on the slopes.

The data obtained duning field studies and map
analysis in the model territory show that long and
deeply incised gullies dominate on the slopes of the
platean-like hills which flat-topped area covers about
1 km® and more. If the area of the plateau-like hill top
surface 1s lesser only short ephemeral gullies occur.

Due to the fat hilltops of glaciolacustrine clay and
steep slopes of till infiltration rate 15 too low to absorb
falling rain or melting snow. It causes the ronoff con-
centration into small streams and rill erosion. If these
rills are not destroved. they soon begin to integrate and
form gullies. The mugged topography of plateau-like
hill slopes indicated in Fig. 4 15 formed by the 100 to
400 m long 1* order, and in some places by the 2%
order permanent gullies. The exposure of plateau-like
hills slopes. like in the previously described model ter-
ritory, 15 of little importance on the development and
location of gullies. Gully network spatial distribution
can be described as the radial pattern.

76

The prnincipal geomorphological factors that have
affected gully erosion are the following, temporary
erosion base level (relative height of a plateau-like
hall), inclination and length of slopes. Formation of
gully network has been registered on the plateau-like
hall slopes. the length of which exceeds 50 m, the slope
gradient 15 at least 8° to 10° and the erosion base level
exceeds 20 m.

The flat surface of plateau-like hill tops and fertile
soils, which were formed on a glaciolacustnine clay
subsoil deposits, caused favourable pre-conditions for
agriculture and attracted ancient farmers. Taking into
consideration the fact mentioned above. it could be
concluded that in this model territory the formation of
gullies 15 related to intensive forest clearing as result
of slash-and-burn agriculture and beginning of soil
cultivation i the 9% and 10% centuries (Strods 1992).
To verify this assumption, 1t 15 necessary to obtain
rachocarbon or/and OSL dates.

Development and location regularities of gullies
on the slopes of subglacial tunnel valleys

Glacifluvial landforms and tunnel valleys are
particularly widespread in the AugSzeme and Latgale
uplands (Eberhards 1977). The relative depth of such
forms varies from 20 to 35 m. The depth and the steep
slopes (20°to 40°) of the tunnel valleys are the most
common geomorphological conditions for gully forma-
tion 1n these areas.

The density of gully network up te 0.6 km/km” has
been registered in model territories of the Latgale and
Aungizeme uplands. The rugged topography of the tun-
nel valleys slopes 1s formed by short 80 to 150 m long
non—branched permanent gullies of the 1* order. The
expansion range of the 2™ order gullies 1s much lower.
Gully network spatial distribution can be described as
the subparallel pattern.



Fig. 4 DEM (A) and 3D model (B) of plateau-like Iull 8 km north of the town of E&zekne depicts spatial distribution of

gullies and radial pattern of erosicn networlk

The cormrelation of the data obtained during field
studies and analysis of data derived from topographic
maps show that the degree of the gully erosion is
mainly determined by the slope gradient and tempo-
rary erosion base level, in fact by the depth of tunnel
valleyvs. Low values of the erosion base level (10 to 15
m) and gentle slopes (less then 10%) have determined
the inactrvation of linear erosion after the formation
of rills. Deeply mncised permanent gullies have been
formed predominantly on the slopes of those tunnel
valleys, which depth exceeds 25 m, and the angle
of slope inclination exceeds 20° The increase of the
stream erosion potential was caused by the growth of its
velocity and the height of the erosion base level. Short
ephemeral gullies incised into the slopes of subglacial
channels are also comparatively widespread.

It should also be emphasized that the nternal struc-
ture of glacial deposits forming the slopes of tunnel
valleys and neighbounng areas determines favourable
conditions for the gully formation on the slopes of
these landforms. As a rule, along the tunnel valleys the
uppermost part of Quatemary sequence 1s made up by
facies of massive basal till or silty dianmucton (Abolting
1989) that could be characterised of low infiltration
indices. Consequently mentioned factor causes the
concentration precipitation and snow melting water
surface runoff and gully erosion.

Summing up it could be concluded that the develop-
ment and location of gullies on the slopes of subglacial
channels in SE Latvia are determined by the peculi-
arities of the geomorphological features. particularly
surface topography and morphometry of slopes, and
geological structure of Pleistocene glacial deposits.

DISCUSSION AND CONCLUSIONS

Ilany scientists (Haigh 1980; Besler 1987: Burkard,
Kostaschuk 1995, 1997; etc.) have mentioned the hu-
man activities (e.g. cultivation, forest cut and clearing,
overgrazing. disruption of natural vegetation cover,
constructing, mining, extension of dramge ditches and
use of subsurface dramnage etc.) as the main reason of

oully erosion. Only some authors (Bettis 1983, 1994)
have pointed out that gullies are “native” to uplands and
hally ternitories. The latter view point 15 also justified
by recent studies (Vanwalleghem er al. 2003) which
prove that no gully erosion 15 expected to occur under
undisturbed forest vegetation; hence forest gullies that
are common to SE Latvia must be recogmised as old
landscape elements. Recogmition of the fact that old
gullies are widespread in upland areas of SE Latvia
15 important because it indicates that gullies are not a
uique phenomenon resulting entirely from human ag-
nicultural activities. Dunng Holocene at the territory of
the Latgale and Augézeme Uplands. the gully erosion
has altered glacial landscape creating in some locali-
ties the rugged topography. This process is active and
still going on. Currently our knowledge of the factors
contributing to gully mitiation, particularly about the
exact start time of gully formation is very incomplete.
To verify conclusions carried out as far as it 15 neces-
sary to obtamn radiocarbon, ¥'Cs or/and OSL dates.

Analysis of data shows that short non-branched
permanent 1% order, sometimes 2™ order gullies are
prevailed in upland areas in SE Latvia. In lowland
areas of SE Latvia. gullies occur occasionally and are
not common feature.

Geological processes caused by gravity, rainfall
wash denudation and lateral erosion are still going
on and can frequently be observed m gullies. even if
the down-cutting process have stopped. The forma-
tion of landslides and slumps on the slopes of gullies.
the presence of yvounger V-shaped gullies incised
mnto flat-bottom inactive gullies or balkas, as well as
other signs testify to the continuing evolution of these
landforms.

The principal geomorphological and geological
factors that have affected gully erosion in SE Latvia
are slope gradient, length. profile form, exposure (as-
pect). local base level, type and geological structure
of outcropped deposits. The complex of these factors
has primanly deternuned the possibility of gully for-
mation, intensity of gully erosion and density of gully
network.
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The values of gully network density vary from 0 to
0.4 km/km’ in the localities built up sandy alluvial and
glacifluvial deposits to 0.3 to 4.5 km'km® in the areas
composed of glaciolacustrine clay, stony sandy clavey
diamicton and other facies of glacigenic deposits.

The data correlation between the gully network
density and the geclogical structure in this area shows
that one of the principal geological factors that deter-
mine the gully erosion process and the development
of erosion landforms are the mfiltration mdices of
sedimentary rocks. 1.e. glacial deposits. The erodibality
of glacial deposits 15 a second-grade factor affecting
the gully erosion process in this area.

The densest (more than 2.0 km/km?) and most
mtricate gully erosion patterns are common on the
slopes of the Daugava River Spillway Valley, i the
areas, where this river crosses Baltic Morainic Ridge
between the Latgale and Augizeme uplands. The
longest (longer than 1000 m) and the deepest (deeper
than 20 m) gullies have developed by leaps dunng
several short reactivation periods alongside the valley
formation process and according to the changes in the
regional base level of the rivers and the formation of
terraces. Most intricate erosion patterns in uplands are
determined by the lithostratigraphic sequence. The lat-
ter 1s characterised by alternation of Pleistocene fine to
medum glacifluvial deposits covered by stonv sandy
clayey till. This type of geological structure leads to
an increase of erodibility and to the development of
gullies as the result of combination of the surface run-
off (incision process) and sub-surface run-off (piping
process). In the countries with semi-humid temperate
climate, e.g. Latvia, the potential susceptibality of an
area to erosion could be also related to extreme rain-
falls. This climatic factor plays the mamn role 1 the
formation of gully erosion network. The development
of gullies 1 Latvia could be tniggered by intensive
snow melting 10 spring and ramnfalls of high intensity
(more than 50 mm per 24 h), with recurrence interval
40 to 50 vears.
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