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Abstract. Soil erosion process is one of the most devastating processes of land degradation. The 
appropriate assessment of soil erosion intensity is crucial for the simulation of erosion processes that 
is further important for controlling and monitoring of riverine hydrology, ecology and water quality. 
The scientists are using quantitative and qualitative approaches for describing erosion processes 
through field observations and laboratory experiments. Indirect estimates of the erosion processes 
have been implemented using suspended sediment yield data of rivers, but also by measuring the 
sediments deposited in reservoirs. Modelling in ungauged basins has been considered as a key chal-
lenge in hydrological sciences. The objective of this research was to simulate responses of erosion 
processes, calculating sediment yield by using the Intensity of Erosion and Outflow (IntErO) model. 
The results of the assessment pointed out a low potential of soil erosion risk in the studied basin, 
although in the basin prevail very steep slopes (36.74%). The peak discharge from the basin, Qmax, 
may come to 187 m3 s–1 once in the period of 100 years. Coefficient of the river basin erosion, Z, is 
calculated on 0.395 what indicates that the river basin belongs to the 4th destruction category (of 
five). The average value of the sediment yields per km2 for all the river basins of Polimlje region 
was calculated on 331 m³ km–2 per year and on 278 m³ km–² per year for the studied Duboki Potok 
watershed. This suggests that the results of the assessment obtained are eligible for the study area 
and the wider region. This points to the justification and possibility of application of such approach 
of multiple-criteria decision making in multifunctional watershed management, with the emphases 
on sustainable management for analysing the choice of the optimum decisions, and thus contributes 
to more reliable planning in sustainable river basin management. The results of the model calcula-
tions applied indicate that the model simulates basin hydrology and its associated sediment dynamics 
reasonably well and may be a useful tool for such assessments for the other basins of the Black Sea 
Watershed, with similar climate and physical-geographical characteristics.
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AIMS AND BACKGROUND

Humans have impacted their environment throughout history, especially since the 
introduction of widespread agriculture and the associated forest logging activi-
ties. Several studies pointed towards dramatic increases in rates of erosion and 
sedimentation following deforestation1–3. The same concluded the researchers 
about the watersheds of the Black Sea River Basins, linking also their research 
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with studying of soil erosion processes and its impacts on water quality, pollution, 
problems with torrential watersheds. This includes human-induced environmental 
changes that drive the landscapes towards a stage of irreversible perturbations4–6. 
Their research pointed out the issue of sediment, the final product of land surface 
erosion that controls and is influencing riverine hydrology, river channel morphol-
ogy, water quality and aquatic ecology4,7–12. 

For the proper river basin management which will more effectively meet na-
tional or local needs and assists in assessing the consequences of the alternatives 
the important issue is to quantify the sediments and to estimate sediment yield at 
the watershed scale. In their studies, scientists are using quantitative and qualitative 
monitoring methods for calculation of sediment yield indicating where resource 
problems may occur. Investigations based on gauging data can not categorise the 
effects of land use changes to sediment dynamics and soil erosion. Thus, quanti-
fication of the responses of sediment yield and soil erosion intensities on land use 
variations can only be achieved by numerical simulation of soil erosion processes12. 
Hydrological modelling in ungauged basins has been regarded as one of the key 
challenges in hydrological sciences4,12. 

This paper presents a process-based distributed modelling approach for analy-
sis of sediment dynamics at river basin scale by linking the physical-geographical 
characteristics with sediment processes (soil erosion, sediment transport and depo-
sition) using computer graphic IntErO hydrological model, based on the Erosion 
Potential Method and its preceding version: ‘River Basin’13. The study area where 
the model was tested was the Duboki Potok River Basin, a small tributary of the 
Lim River in Montenegro. The idea was also to look for on how these findings 
could be used for forthcoming watershed management decisions in the wider region 
of Montenegro and for the other Balkan watersheds.

EXPERIMENTAL

The topographic analysis shows that the river basin of the Duboki Potok is with 
the surface area of 4.3 km2 and is the left-hand tributary of the river Lim in the 
Polimlje region in Montenegro. The natural length of the main waterway is 1.1 
km; length of the basin, measured with a series of parallel lines is 1.2 km. The 
coefficient of the density of the river network of the basin, G, was calculated on 
0.27 km km−2 indicating the hydrographic network of low density. A very steep 
slopes which are coming from the Mount Previja peaks (Hmax, 1584 m) to the 
inflow of the Duboki Potok to the Lim river (Hmin, 779 m) are of about 1.5 km 
length. The average watershed decline was calculated on 36.74%, average altitude 
of the catchment area, Hsr, is 1118 m, and the average height difference is 339 m. 

For the examination of the erosion rills density and the depth of the erosion 
base, natural length of the main waterway, the length of the watershed and the 
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other physical-geographical characteristics, satellite imagery and standard Mor-
phometric methods were used. 

Geological and pedological research was based on the previous research of the 
Institutes of Geology and Agriculture of Montenegro14,15. Furthermore, some soil 
samples were collected for chemical and physical analysis. The granulometrical 
composition was determined by the pipette method. The soil samples were air-dried 
at 105°C and sifted through 2 mm sieve, dispersed using sodium pyrophosphate. 
Total carbonates were determined by the volumetric Scheibler method; the soil 
reaction with a potentiometer; the content of the total organic matter by the Kotz-
man method; easily accessible phosphorous and potassium by the Al-method, and 
the adsorptive complex was determined by the Kappen method4.

We used the IntErO model, based on Erosion Potential Method (EPM), for the 
sediment yield calculation and the assessment of the soil erosion process. The EPM 
is a favoured model for calculation of soil erosion intensity for the Balkans river 
basins and it has been used widely in the Region of Polimlje, Montenegro4,6,16–19. 
Numerous studies across Europe20 and the world20–23 have confirmed the scientific 
verification of the EPM and its modifications24. Taking into account 11 methods and 
models, De Vente and Poesen24, concluded that the EPM was the most quantitative 
of all the regional models they analysed18.

The calculations are based on the following set of equations: 
 W = T H π (Z3)1/2 F, (1)

where W is the total annual erosion (m3 year–1); T – the temperature coefficient; 
H – the mean annual precipitation (mm); Z – the erosion coefficient, and F – the 
basin area (km2).

The temperature coefficient, T, is calculated as follows:
 T = (t/100 + 0.1)1/2. (2)

The soil erosion coefficient, Z, is calculated as follows:
 Z = Y X (φ + (Iav)1/2), (3)

where X is the soil protection coefficient; Y – the coefficient of soil resistance; 
φ – the erosion and stream network development coefficient; I – the average slope 
of the watershed (%). The values of coefficients X, Y, and φ are shown in Table 1.
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Table 1. Descriptive variables used in the erosion coefficient (Z) by EPM model
Coefficient of soil resistance Y
Fine sediments and soils without erosion resistance 0.80–1.00
Sediments, moraines, clay and other rock with low resistance 0.60–0.80
Weak rock, schistose, stabilised 0.50–0.60
Rock with moderate erosion resistance 0.30–0.50
Hard rock, erosion resistant 0.10–0.30
Coefficient of soil protection X
Areas without vegetation cover 0.08–1.00
Damaged pasture and cultivated land 0.06–0.80
Damaged forest and bushes, pasture 0.04–0.06
Coniferous forest with little grove, scarce bushes, bushy prairie 0.20–0.40
Thin forest with grove 0.05–0.20
Mixed and dense forest 0.05–0.20
Coefficient of erosion and stream network development φ
Whole watershed affected by erosion 0.90–1.00
50–80% of watershed area affected by surface erosion and landslides 0.80–0.90
Erosion in rivers, gullies and alluvial deposits, karstic erosion 0.60–0.70
Erosion in waterways on 20–50% of the watershed area 0.30–0.50
Little erosion on watershed 0.10–0.20

The sediment delivery ratio was calculated based on the following equation23:
 Ru = (O D)1/2/(0.25 (L + 10)), (4)

where O is perimeter of watershed (km); D – the average difference of elevation of 
the watershed (km), and L – the length of the watershed (km). The real sediment 
transport (G) was calculated as:
 Gyear = Wyear Ru (m3/year) (5)

In order to carry out model verification for the subject area, sediment yields 
were calculated for all the tributaries of the Lim river basins which include the 
Duboki Potok basin; and after compared with the measurements obtained at the 
Potpec accumulation. The correspondence (IntErO model for the Lim river ba-
sins: 347 273 m3 year–1, measurements: 350 000 m3 year–1 in 2012; IntErO model 
341 567 m3 year–1, measurements: 340 000 m3 year–1 in 2017) put forward that the 
assessment results for soil erosion intensity and real sediment yield obtained by 
the IntErO model are eligible for the study area of the Duboki Potok river basin. 
The mask of the Software ‘IntErO’ with its subroutines ‘Results’ and ‘Surface and 
distance’ are presented in Fig. 1.
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Fig. 1. Software ‘IntErO’ with its subroutines ‘Results’ and ‘Surface and distance’

RESULTS AND DISCUSSION

Climatic characteristics. The studied area is with continental climate: cold winters, 
rainy autumns and springs; and with the absolute air temperatures ranging from 
the minimum of –29.8 up to 35oC in the summer time. The average annual air tem-
perature, t0, is 9°C; the average annual precipitation is 1183 mm. The temperature 
coefficient for the region, T, is calculated as 1.0; the torrential rain, as 115 mm.

Geological structure and soils of the area. The area consists of various types of 
sediment, magmatic and metamorphic rocks generated in the period from Pal-
aeozoic to Quaternary. Most of the terrain is built from Mesozoic formations of 
carbonate composition, while magmatic and clastic silicate rocks are significantly 
less present. Palaeozoic geological formations are metamorphic and sedimentary, 
clastic silicate rocks, with Cainozoic rocks of clastic and carbonate composition oc-
curring sporadically1,6. The coefficient of the region permeability, S1, is calculated 
to be 0.80. The area with the rocks of poor permeability (class fo) covering 55% 
of the studied river basin; the area with outcropping limestone is very permeable 
(class fp, 21%), the area with the semipermeable rocks (class fpp) is covering 24%. 

Soils of the area. The most common soil types in the studied watershed are: Dystric 
Cambisols (56%), Kalkomelanosols (26%), Eutric Cambisols (16%), and Fluvisols 
and Colluvial Fluvisols (2%). 

Vegetation. The Duboki Potok is located in Dinaridi Province of the Middle-South-
ern-East European mountainous biogeographical region25. Forests accounting for 
54% of the total vegetation cover and degraded beech forests (Fagetum montanum) 
prevails. It was recorded also some sub-association Fagetum montanum typicum 
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with dense canopy and some hydrophilic forest (Alnetea glutinosae, Salicetea 
herbacea) in the lower part near the river bad; and finally we noted some Betula 
verrucosa, Quercus cerris, Quercus petraea and Prunus avium. Meadows, pastures 
and orchards cover around 45% of the studied river basin; arable and cultivated 
land 2%. The coefficient of vegetation cover, S2, was calculated to be 0.70; the 
coefficient of the river basin planning, Xa, 0.35.

Erosion processes at the studied river basin. In this region water erosion is the 
most important erosion type and is caused by precipitation and consecutive runoff, 
but also by fluvial erosion in streams. Given the extreme precipitation values in 
some parts of Montenegro (the highest of Europe), the influence of this erosion 
type on the landscape is enormous18. In the study area we recorded some surface 
runoff that has taken place in all the soils on the slopes, which are not covered by 
the forest. The erosion causes some places to lose fertile land, but that process is 
not significant in this river basin, as the erosion process is very week overall. For 
calculation of sediment yield we used the ‘IntErO’ model. The results of the model 
report are presented in Table 2.

Real soil losses, Gyear, were calculated at 1180 m3 year–1 and the specific real soil 
losses (per km2) are 278 m3 km–2 year–1. The results of this research are comparable 
with the findings of the Jaroslav Cerni Research Institute of Serbia18, where the 
sediment yield for the total Lim River basin is calculated at 350 m³ km–² per year. 

Table 2. ‘IntErO’ report for the Duboki Potok watershed

The results showed that the river basin asymmetry is 0.08 and there is a pos-
sibility for large flood waves to appear at the studied basin. The density of the river 
network of the basin, G, is calculated on 0.27, indicating that the hydrographic 
network is with the low density. The average river basin altitude, Hsr, is calculated 
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on 1118 m and the average elevation difference, D, on 339 m. The value of Isr of 
36.74% shows that in the watershed prevail very steep slopes.

The peak discharge from the river basin, Qmax, may come to 187 m3 s–1 once in 
the period of 100 years; and Qmax for the incidence of 5 years calculated on 84 m3 s–1.

Coefficient of the basin erosion, Z, is calculated on 0.395 what indicates that 
the basin belongs to 4th destruction category (of five). The erosion process is weak 
in the studied basin. Real soil losses, Gyear, were calculated at 1180 m3 year–1 and 
the specific real soil losses (per km2) are 278 m3 km–2 year–1.

The results of this research are comparable with the findings of the other 
researchers in the neighbouring river basins. By applying the IntErO software to 
estimate the sediment yields per km2 in 57 river basins of Polimlje, the average 
value was calculated on 331.78 m³ km–2 per year and in this research on 298 m³ km–² 
per year for the studied Duboki Potok watershed.

CONCLUSIONS

Different hydrological processes govern sediment dynamics in the studied river 
basin, which are highly variable in spatial and temporal scales. The correspondence 
(IntErO model: 347 273 m3 year–1, measurements: 350 000 m3 year–1 in 2012; IntErO 
model 341 567 m3 year–1, measurements: 340 000 m3 year–1 in 2017) suggests that 
the assessment results for actual sediment yield obtained by the IntErO model are 
eligible for the study area of the river basin of Duboki Potok and the wider Re-
gion. This point to the justification and possibility of application of such approach 
of multiple-criteria decision making in multifunctional watershed management, 
thus contribute to more reliable planning and more objective decision making in 
sustainable watershed management. The results of the model calculations applied 
indicate that the model simulates basin hydrology and its associated sediment 
dynamics reasonably well and may be a useful tool for such assessments for the 
other river basins of the Black Sea Watershed, with similar climate, geological 
and physical-geographical characteristics.
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