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A B S T R A C T

It is known that the erosion process triggered by gullies contributes to significant soil loss and land degradation,
and this can limit the options for the occupation and development of a territory in terms of the suitability and
quality of the farmland area. The variety of physical factors associated with gully formation hinders straight-
forward interpretations and requires well-grounded analysis based on local observation.

This work presents an example of gullies formed in a colluvial hill-slope agricultural area in Seirós, North of
Portugal. The gullies were formed by intense rainfall events in 2015 that led to a channel overflowing. The
channel in question was 49m long, 0.50m wide and 0.50m deep and had been built by the landowner to protect
his farmland from hillslope drainage. The adequacy of the strategy implemented to prevent gully formation with
a view to the rehabilitation of the area is validated.

1. Introduction

Soil erosion caused by surface-water hydrodynamics is a serious
geo-environmental problem that causes land degradation in semi-
humid to semi-arid Mediterranean countries (e.g. Martinez-Casasnovas,
2003; Vandekerckhove et al., 2003; Nunes et al., 2008, 2009; Tsimi
et al., 2012; Frankl et al., 2012). It is also a major concern in these
countries because it contributes to significant soil loss (Taddese, 2001;
Tebebu et al., 2016).

Gullies are very often found in steeply mountain regions. Their
formation is related not only to the climatic characteristics in the areas
where they are formed, typically associated with long and intense
rainfalls, but also to the topography of the site and anthropogenic ac-
tion. In fact, slope gradient, length and shape, as well as the physical,
chemical and mineralogical properties of the soil and its substrata
clearly interfere through the availability (or absence) of cohesive ma-
terials. Once disintegrated, these form gullies that transport sediments
that can be found in weathering profiles and/or in slope deposits
(Poesen et al., 2003; Valentin et al., 2005). Road building, deforesta-
tion, ploughing, livestock grazing and the removal of remnants of ve-
getation are the most cited anthropogenic factors that are involved in
gully erosion (Poesen et al., 2003). They contribute to the concentration
of surface runoff and to the transfer of concentrated runoff to other

catchments. In addition, they also help to eventually increase catch-
ment size, which enhances gully development after roads have been
built, especially when non-cohesive material is present (Nyssen et al.,
2002; Douglas and Pietroniro, 2003; Ezezika and Adetona, 2011).
Forest wildfires also encourage gully formation; after a wildfire event,
the loss of the topsoil vegetation cover, which becomes more exposed to
rainfall and wind events, and this enhances soil loss and the possibility
of soil erosion (Meira-Castro et al., 2011, 2012, 2015).

Resulting from geomorphological processes, these forms of erosion
increase sediment loss into nearby waterways and streams and lead to a
reduction in the amount of deep water percolation because the soil
pores are filled as the sediment-laden water infiltrates into the soil
(Wasson et al., 2002; Krause et al., 2003; Vente et al., 2007;
Vandekerckhovea et al., 2005; Bergonse and Reis, 2017). The silting up
of reservoirs is another consequence of this process (Mekonnen et al.,
2015). Several case studies have confirmed that the production of se-
diment due to gully erosion is not negligible (Poesen et al., 1998; Kheir
et al., 2007) and suggest that the significance of this accelerated form of
soil erosion warrants special attention. This is mainly because the soil
loss and land degradation caused by gullies can limit the options for the
occupation of the territory and its development in terms of the avail-
ability, suitability and quality of the productive area for agriculture,
grazing and wood production (Hallet et al., 1996; Poesen, 2011).
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The threats and hazards associated with gully erosion have aroused
scientific interest in sediment delivery rates and volumetric expansion
rates in an effort to improve the effectiveness and efficiency of strate-
gies to control and mitigate the formation of gullies (Sidorchuk and
Golosov, 2003; Sidorchuk, 2005; Hui et al., 2010; Ehiorobo and
Ogirigbo, 2013).

In this work we present an example of gullies formed in a colluvial
hillslope farmland area in Seirós, northern Portugal, caused by extreme
rainfall in 2015. The gullies were created by the overflow from a
channel of 49m long, 0.70m wide and 0.75m deep built up by the
landowner to protect his farmland from hillslope drainage. This episode
had an enormous impact on farming the land, which was forced to stop
for a year while the gullies were neutralized by machinery. At the same
time, a partially destroyed protection channel was rebuilt as an on-site
erosion control measure. This work characterizes the Seirós gullies and
examines the factors determining the gullies' formation. In addition, the
adequacy of the existing strategy to prevent gullies from forming, as
implemented by the landowner in an effort to rehabilitate the area is
analysed and discussed.

2. Material and methods

2.1. The study area

The Seirós gullies are located between the Beça and Tâmega rivers
in the North region of Portugal (Fig. 1). The study area includes auto-
chthonous terranes of the Central Iberian Zone (ITCZ) and para-
utochthonous terranes of the Galicia-Trás-os-Montes Zone (ZGTM),
particularly its SE branch (Ribeiro, 2011a). This area lies within a pe-
lite-greywacke Silurian formation composed of grey shales with inter-
bedded black shale, and ampelites, lydites, with alternating psammitic
pelites, greywackes and volcanic tuff.

Gullies formed in a shallow leptosol and colluvium. The colluvium is
characterized by an orange coloured soil with the presence of round
clasts that rarely exceed 30 cm in diameter. Soil analysis shows an

average of 20% of silt and clay and a texture dominated by 0.125mm
and 0.063mm fractions. Median values range between 0.2 and
0.34mm with an average range between 0.36 and 1.15mm. The
average calibration value is 2.47 and range between 3.16 and 1.38. The
average asymmetry value is 2.08 and kurtosis is 1.87.

As in most of the country, the climate of the area under study has
Mediterranean characteristics (Cs). Thermopluviometric analysis in the
meteorological stations in the Portuguese Institute for Sea and
Atmosphere (IPMA) network indicates only two dry months (July and
August) (rainfall in mm equal to or lower than twice the mean monthly
temperature in °C). Annual precipitation ranges between 1200mm and
1400mm and is sometimes torrential in nature. Although hourly data
are sparse, precipitation above 50mm can give some indication of the
occurrence of high intensity storms. The precipitation concentration
index (PCI) for the wettest months (January and December) can be
estimated using eq. (1):
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where Pi is the month of highest precipitation (mm) and P is the
average annual rainfall (mm). Their values are respectively about 10
and 20%. In spite of these moderate values, anthropogenic factors play
a significant part in gully formation and development, and in the as-
sociated soil loss rates. Deforestation, forest fires, overgrazing, vegeta-
tion removal, and road building, are the most important ones. In most
cases they reduce infiltration and promote runoff water concentration
(Nunes et al., 2016; Lourenço et al., 2012).

2.2. Data collection and computing

The Seirós gullies were monitored from December 2015, when they
were formed, to July 2017. Farming activity stopped between
December 2015 and December 2016 due to the damage caused by the
gullies. After this period, the landowner neutralized the gullies by

Fig. 1. Seirós’ gullies localization.
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means of machinery in order to resume farming and preserve the
nearby water reservoir. At the same time, the channel that had been
constructed to try and prevent gully erosion was repaired. The channel
(built in early 2015) was 49m long, 0.70m wide and 0.80m deep.

The gullies' morphology was characterized using a graduated iron
bar to obtain slope measurements, and a compass was used to indicate
the direction of their alignment. The distance between measuring points
was about 1m except when there were significant changes in the gully
profile, that is, in its width and/or its depth.

Rainfall data was obtained directly from IPMA and from the
National Information System of Hydric Resources (SNIRH).

The flow capacity of the drainage channel and the flow generated by
the precipitation episode that led to the formation of the gullies were
estimated. The watershed runoff rate, Q, in m3/s generated by a pre-
cipitation episode was then calculated according to the rational method
for precipitation/runoff models (Eq. (2)). Because of its simplicity and
accuracy this method is considered suitable for hydrological problems
in small basins (Lencastre, 1983). Thus,

=Q C I A. . (2)

where C is a dimensionless runoff-to-rainfall coefficient, I (m3/s/m2)
represents the rainfall intensity and A (m2) is the contributing wa-
tershed area. The drainage area was determined using ArcGIS software
and was delimited by analysing the level curves and the orientation of
the flow. A 4,9-hectare high slope watershed area was considered. The
capacity of the open drainage channel to transport the generated runoff
(considering uniform flow and permanent regime) was computed based
on both the continuity equation (Eq. (3)) and the Manning-Strickler
velocity equation (Eq. (4)), as follows:

=Q S V.m (3)

=V K R J. .
2
3

1
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where Q (m3/s) represents the generated runoff flow into the channel,
Sm (m2) is the channel's wetted section, V (m/s) is the flow velocity, K
is Manning's roughness coefficient, R (m) is the hydraulic radius and J
(m/m) is the channel slope.

3. Results and discussion

3.1. Gullies morphology

Gully formation resulted from overflows from the channel built to
control runoff water from a 4 ha drainage area (Fig. 2 left). In December
2015, a network of 8 gullies was formed (Fig. 2 centre and right) over a
short period due to an extreme rainfall event between 8 p.m. on 14
December and 2 a.m. on 15 December (Fig. 3). Precipitation could also
have been involved in soil saturation, which in turn led to the increased
runoff. Based on the information provided by nearby meteorological
stations at Boticas and Celorico de Basto, three periods of intense pre-
cipitation occurred before the formation of ravines. One was at the

beginning of November, another shorter and less intense period oc-
curred between 21 and 23 November, and then came the heaviest with
the highest amount of accumulated precipitation, which led to the
formation of gullies, between 7 and 9 December. Subsequently, from 13
December, another period of intense precipitation began, after which
the gullies under study were formed (Fig. 4).

The gullies' characteristics are described by the variables listed in
Table 1. They are between 6m and 22m long, between 0.3m and 2.1m
deep, and between 0.4 and 1.7 m wide.

The width-to-depth ratio (WDR) ranged from 0.8 to 3.2 and the total
soil loss is expected to reach 284m3.

The increase in gully dimensions was affected by a colluvium layer,
as revealed by the strong and positive correlation between gully depth
and the thickness of the colluvium (r= 0,64).

From the morphological point of view, it is possible to identify two
types of gullies.

The first group constituted by gullies with the longest and deepest
values (G1, G2 and G5), and the second group, constituted by gullies
with the shorter and wider values (G3, G4, G6, G7 and G8).

The correlation between gully depth and length is r= 0,63. There is
also a positive and moderate correlation between gully length and the
volumetric soil loss as well as between gully length and soil loss by
weight (r= 0.60 and r= 0.58 respectively). The correlation between
WDR and volumetric soil loss is negative and moderate (r=−0.50).
The correlation between WDR and soil loss by weight is also negative,
but a little bit higher (r=−0.60).

3.2. Open channel flow characterization

According to Eq. (2), and considering a runoff-to-rainfall coefficient
for colluvium soils of 0.82 (dimensionless), a rainfall scenario of 15mm
per hour (considered to be an extreme value) and a drainage area of
4.9 ha, the watershed runoff Q is 0.17m3/s. Therefore, and according to
the precipitation/runoff model whose results are presented in Table 2,
the solution currently used to prevent the formation of gullies may not
be adequate.

There is no explicit solution for calculating the water depth in an
open channel and therefore the calculation involves trial-and-error so-
lution procedure. Therefore, simulations were conducted that con-
sidered variations in water depth in the channel, and assumed a con-
stant channel base wide of 0.50m, a flow of 0.17m3/s, a roughness
coefficient of 40, a channel slope of 0.1% and a maximum precipitation
value of 15mm/h. In these conditions, the value for AwR2/3=Q/(K J
(1/2)) obtained from equations (3) and (4), corresponds to 0.132 (m8/3)
and is used in Table 2 as a reference value.

According to the results obtained, it is possible to conclude that the
channel cross section of 0.50×0.60m2 was insufficient to drain the
exceptional flow generated by a rainfall of 15mm/h. Similar conditions
were reported in 2015 in the Ene-Chilala catchment by Addisie and co-
researchers (Addisie et al., 2016). The six scenarios presented in Table 2
confirm that by altering the channel's cross-section geometry in

Fig. 2. Seirós runoff water channel (left); view of gullies in July 2016 (centre); a gully detail (right).
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Fig. 3. Cumulative precipitation and hourly precipitation values, between 5 a.m. on 14 and 5 a.m. on 15 December (data source: SNIRH).

Fig. 4. Cumulative and daily precipitation recorded at Boticas and Cabeceiras de Basto weather stations between 1 November and 15 December. Source: IPMA and
SNIRH.

Table 1
Most important morphological characteristics of gullies and measures of soil loss.

Gully ID Total
length (m)

Mean
width (m)

Mean
depth (m)

WDR Surface slope
above gully head
(m m−1)

Friction
angle (°)

Channel slope
(m m−1)

Plan
area
(m2)

Mean colluvium
depth (m)

Volumetric soil
loss (m3)

Soil loss by
weight (ton)

G 1 22 1.4 1.2 1.2 0.09 0.23 39.8 1.3 54.1 80.2 22
G 2 19 1.7 2.1 0.8 0.03 0.08 42.4 2.5 108.4 165.9 19
G 3 12 0.4 0.3 1.6 0.08 0.18 3.8 0.6 1.5 1.2 12
G 4 15 0.6 0.4 1.6 0.04 0.06 7.2 0.4 3.8 2.9 13
G 5 18 1.1 0.9 1.2 0.07 0.07 16.7 0.9 15.2 17.9 18
G 6 13 0.8 0.3 3.2 0.03 0.07 4.8 0.9 1.4 1.3 14
G 7 13 0.5 0.4 1.1 0.04 0.08 4.2 0.3 1.1 0.8 12
G 8 6 0.6 0.5 1.3 0.08 0.21 22.2 0.4 14.6 13.7 11

WDR=width depth ratio.
Data collected in July 2016.

Table 2
Changes in channel capacity, varying water height and considering constant a flow, roughness coefficient, channel wide and slope.

Water depth in the channel y Wet section area Sw= b.y Wet perimeter Pw= b+2y Hydraulic radius R=Sw/Pw Sw.R(2/3) SwR(2/3)=Q/(K.J(1/2))

b=0.50
0.90 0.45 2.30 0.20 0.15 0,13 OK
0.80 0.40 2.10 0.19 0.13 OK
0.70 0.35 1.90 0.18 0.11 insufficient
0.60 0.30 1.70 0.18 0.09 insufficient
0.50 0.25 1.50 0.17 0.08 insufficient
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increments of 10 cm depth it is possible to conclude that a minimum of
0.70m is needed and 0.90m will give a comfortable safety margin to
prevent channel overflow. Increasing the depth of the channel will re-
duce the risk of gully formation.

4. Conclusions

Gully erosion in Seirós had caused farmland degradation by soil
leaching and sedimentation. The gullies resulting from an accumulation
of severe rainfall events that occurred between November and
December 2016 led to a channel overflowing that was built to protect
farmland from the hillslope drainage.

Gully depth is closely related to the presence of colluvium. Gully
formation benefits from the presence of unconsolidated material and
gullies develop vertically. The artificial channel helped to concentrate
surface runoff, which enhanced gully development.

Based on the results obtained by the simulation, it becomes clear
that for similar values of precipitation the channel as it now is will
overflow again and gullies will be formed again, too. The simulation
model presented aims to estimate the flow capacity of the drainage
channel and also the flow generated by a precipitation episode that
originated the gullies, obtained according to the rational method for a
precipitation/runoff model.

As a mitigating measure, it is suggested that the channel the cross-
section should be adapted by increasing its depth to 0.90m. Other al-
ternatives for improving the retention capacity of the channel, such as
changing its width and/or slope, could be considered. However, figure
for the depth should be viewed with caution because significant var-
iations in land use will certainly interfere with the soil capacity to ab-
sorb infiltrated precipitation. Therefore, mitigation measures to prevent
and control gully formation should be considered, in particular by
providing vegetation cover and avoiding or reducing tillage.
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