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Introduction

A number of projects looking at changes in the 
natural fl ow of water have been carried out in Lithuania 

and worldwide. Due to human economic activities, the 
morphometric parameters of the riverbed have been 
extensively transformed. Natural riverbeds have been 
straightened and deepened, artifi cially forming slopes and 
erecting dams. The works done have changed not only the 
morphometric parameters of rivers, but also water fl ow 
has been generated, the processes of erosion have become 
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more intensive, and vegetation growing on the slopes of 
the bed has varied [1].  

Recently, a revision of surveillance technologies for 
regulating streams focused on drainage has become a 
burning issue in European countries and globally, and 
new methods  for harmonizing agricultural productivity 
or at least partially restoring the lost ecological balance 
have been applied. Therefore, a number of economically 
developed countries have accomplished mechanical 
naturalization, including regulated rivers having excavated 
meanders and backwaters not suitable to the bed, and 
pools and shoals forming with coastal areas being greeted 
with trees and shrubs [2-3]. The beds of regulated streams 
face spontaneous deformation processes [4-5]. 

A protection zone for river/stream banks is a crucial 
element of an ecological network. The signifi cance and 
impact of the protection zone on the quality of water has 
been described by Lithuanian and foreign scientists [6-
10]. Woody and grassy vegetation growing in protection 
zones for river/stream banks helps prevent contamination 
by nutrients and pesticides, partially suppresses dirt 
brought by fl ooding, protects against erosion, and reduces 
the intensive prosperity of water crops, thus producing a 
shading effect and creating new land aquatic ecosystems. 

Works by Lamsodis et al. [11] and Thomas et al. [12] 
widely described the composition of the species of woody 
vegetation. Lamsodis [13] investigated the distribution 
of woody vegetation according to frequency and density 
in reclamation trenches. They discovered that the density 
of shrubs rather than that of trees in the Nevėžis plain 
is always higher. Although absolute differences are 
constantly decreasing at the distance from the forest, 
in relative terms the greatest variations are detected 
in ditches, which means that shrubs – particularly the 
willows of Salix species – make up the major part (54-
88) of woody vegetation in the ditches investigated by 
R. Lamsodis.   

Woody vegetation, trees, and shrubs growing on 
the regulated slopes of streams have an impact on the 
morphometric parameters of the stream [14]. It has also 
been found that the cross-section of the streams overgrown 
with woody vegetation takes more space than that of 
the streams having no woody vegetation [15]. Thus, the 
streams with no overgrown woody vegetation and steeper 
slopes have higher probability for tides and destroying 
slopes. Bertoldi et al. [16] agree that ensuring the stability 
of stream slopes and an increase in hydraulic conductivity 
are the two main factors that help woody vegetation make 
an impact on the morphometric parameters of the stream. 

The growth of grassy and woody vegetation in drainage 
channels and regulated streambeds is one of the natural 
processes most radically affecting their condition. The 
conducted research has disclosed that grasses growing 
in regulated streambeds increase the roughness of their 
surface, reduce the velocity of water, promote sediment 
deposition, and increase the risk of fl ooding [17–19].

Our paper is aimed at investigating the quantitative 
and qualitative peculiarities of regulated streams 
overgrown with spontaneous woody vegetation under 

naturalization processes and using hydraulic modelling to 
assess variations in the functionality of regulated streams 
(hydraulic roughness of slopes, hydraulic conductivity) 
and the possibilities of planning the naturalization 
processes of regulated streams in the region of the 
highlands of southeastern Lithuania. 

Materials and Methods

Study Area

We chose to research 17 regulated streams in Lithuania: 
Vaišvilė (1), Dūkšta (2), Vilnoja (3), Gnesvianka (4), Ž-2 
(5), Girija (6), Žalesa (7), Ž-3 (8), R-55 (9), Riešė (10), 
G-1 (11), Nemėža (12), Mažasis (13), Rudamina (14), N-2 
(15), Asdrė (16), and Bezdonė (17). Research locations 
are from 24o55’ to 25o35’ east longitude and from 54o33’ 
to 54o53’ north latitude (Fig. 1).

More detailed study on the roughness coeffi cient 
involved 4 regulated streams. Single cases of investigation 
into the roughness coeffi cient were conducted in the 
stretches that were extremely overgrown with woody and 
grassy vegetation. 

Nemėža stream (12) is a tributary of the Rudamina 
River. The length of the stream is 10.3 km with an adjusted 
catchment area of 42.8 km2 [20]. For research purposes, 
we selected the middle part of the stream (from pickets 
22 to 29). We found a 4.5‰ slope in the upper part of the 
investigated stretch from pickets 27 to 29, while that in the 
lower part (from 22 to 27) reaches only 0.6‰. According 
to data provided by the Lithuanian Water Management 
Institute, the expected lowest discharge (90%) at the 
beginning of the researched stretch takes place in summer 
and reaches 0.365 m3/s, whereas the expected highest 
discharge (10%) at the end of the researched stretch can 
be observed in the spring period and makes 5.50 m3/s.

Girija Stream (6) is a tributary of the Žalesa River. 
A 4 km stretch from the confl uence of the stream is 
regulated. The stream is 5.5 km in length with an adjusted 

Fig. 1. Location of the study area.
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catchment area of 35.2 km2 [20]. We chose to look at the 
middle part of the stream (from pickets 3 to 11). A slope 
in the investigated stretch of the stream varies from 2.5 to 
3‰ in different profi les. 

The Žalesa (7) is a tributary of the Neris River. A 
7.6 km stretch from the springhead is regulated. The 
length of the river is 18.8 km with a catchment area of 
97.1 km2. Again, we selected the middle part of the stream 
(from pickets 8 to 13). A slope in the investigated stretch 
of the stream varies from 0.3 to 2.5‰ in different profi les.

Stream Ž-2 (5) is completely regulated. The length of 
the stream is 4.5 km and the catchment area is 10.5 km2 
[20]. We selected the middle part of the stream (from 
pickets 2 to 17). A slope in the investigated stretch of the 
stream varies from 0.5 to 8.0‰ in different profi les.

Investigation Methods

To establish the coeffi cients of the hydraulic roughness 
of regulated streams, we applied methodology based on the 
hydraulic calculations of deformed ditches overgrown with 
shrubs and trees as worked out by the Water Management 
Institute of the Lithuanian University of Agriculture 
[21]. To discover roughness coeffi cient n, the following 
parameters of the regulated stream were measured: the 
width of ditch bottom b (m), slope coeffi cient m, the 
width of the shrubby section of the left and right slopes 
bKrD, bKrK (m), the width of the lower and upper sections 
not overgrown with vegetation on the left and right slopes, 
the density of woody vegetation T (items m-2: the quantity 
of stems per 1 m2 of the slope area), the number of trunks 
in the linear metre of the tree section on the left and right 
slopes, and the incidence of woody vegetation D (%: the 
ratio of slope sections where a species was identifi ed with 
the number of all investigated sections). We measured 
the height of sediments in bed h (cm) and bed-load grain 
size d90 (mm) in order to evaluate the dependency of 
sediment accumulation on the streambed slope. Data on 
the spread of woody vegetation in regulated streambeds 
was processed by applying the methods of mathematical 
statistics.  

The force of hydraulic resistance T affecting the stem 
cell of a sapling of H in height and d in diameter can be 
expressed as follows:

                (1)

…where ρ is fl uid density, Cf  is the coeffi cient evaluating 
the form of the trunk, Kl is the coeffi cient evaluating the 
density of the trunk, H is the height of the stem cell, d 
is the diameter of the sapling stem, and v is fl ow velocity. 

To assess the roughness coeffi cient (the width of the 
slope sections overgrown with coarse-grassy vegetation) 
we measured the height of grass and the bottom overgrown 
with grassy vegetation. The slope of the calculated stretch 
was received with reference to data provided by the 
Lithuanian Water Management Institute. 

The assessment of the impact of woody vegetation on 
the hydraulic conductivity of the stream assisted in setting 
water levels for simulating regulated streams in which 
the HEC-RAS program was chosen. Software (RAS-
River Analysis System) developed by the Hydrologic 
Engineering Centre (HEC) focuses on making one-
dimensional calculations of a steady and unsteady fl ow or 
sediment [22]. The HEC-RAS model solves full 1D St. 
Venant equations for an unsteady open channel fl ow:

             (2)

     (3)

              (4)

     (5)

…where Q is the total fl ow down the reach, A (Ac, Af) 
is the cross-sectional area of the fl ow (in the channel, 
fl oodplain), xc and xf  are distances along the channel and 
fl oodplain (these may differ between cross-sections to 
allow for channel sinuosity), P is the wetted perimeter, R 
is the hydraulic radius (A/P), n is Manning’s roughness 
coeffi cient, and S is friction slope. φ determines how 
fl ow is partitioned between the fl oodplain and channel, 
according to conveyances Kc and Kf. These equations are 
discretized using the fi nite difference method and solved 
using a four-point implicit (box) method [23].

The thickness of the accumulated sediment layer was 
measured in the stream stretches having different slopes 
(S0), and the samples of bed-load sediment were taken for 
granulometric analysis. 

Water overfl ow rate was established in the investigated 
stretches of the stream. It can be accepted as positive (hv≤ 
hg) when the level of water in the investigated regulated 
streambed (hv) is lower than or equal to the depth of the 
regulated stream (hg) (water doesn’t overfl ow) and can 
be referred to as negative when the level of water in the 
streambed (hv) is higher than the depth of the regulated 
stream (hg) (water overfl ows from the streambed).

Results and Discussion

The conducted research on regulated streams in 
Lithuania has revealed that the slopes of beds are covered 
by different trees and shrubs. In total, 33 species of woody 
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vegetation have been found, including 16 species of trees 
and 17 species of shrubs. The general frequency of all 
species of woody vegetation on the slopes of regulated 
streams reaches 71% (shrub prevalence is 59% and that 
of trees is 49%). 

To evaluate the multiplicity of vegetation we calculated 
the general density of woody vegetation T. The general 
number of stems is T = 1.26±0.20 items m-2 (variation 
coeffi cient CV = 2.14, the standard error of the mean 
SX = ±0.06, the average error under the reliance of 95%, 
SX0.05 = ±0.12 items m-2), that of trees is TM = 0.23±0.04 items 
m-2, and that of shrubs is TK = 1.04±0.20 items m-2.

The evaluation of overgrown stretches only 
demonstrates that the density of the woody vegetation of 
different regulated streams also varies and depends on a 
number of natural (distance to the forest, slope exposition) 
and anthropogenic (agricultural land) factors, whereas 
woody vegetation growing on the slopes of regulated 
streams has an impact on the morphological parameters 
of the riverbed [15]. An increased density of woody 
vegetation was observed in the regulated streams crossing 
a non-urbanized territory thickly overgrown with woody 
vegetation (Fig. 2). The density of the woody vegetation 
of regulated streams close to settlements and cultivated 
fi elds is much lower (Rudamina, Mažasis, Riešė). The 
density of woody vegetation has also been noticed to be 
low in the regulated streams crossing the forest (Bezdonė), 
as their slopes are overgrown with trees. 

At the distance from the forest, the general density of 
woody vegetation as well as – separately – that of trees and 
shrubs decreases. As regards the forest and the outskirts 
of the forest, the decreased general density of woody 
vegetation, at a distance of 100-300 m from the forest, was 
noticed, which is determined by the increased density of 
the trees rather than by that of shrubs found in the forest 
and the outskirts of the forest. The diameter of tree stems 
is larger and, therefore, general density is lower. A heavy 
dependence of the density of general woody vegetation 
on the distance of the places of fi ndings to the forest was 
received (r = 0.70-0.90).  

The established distribution of woody vegetation 
may also vary depending on the exposure of the slope. 
The average of the density of woody vegetation on 

slopes with northeastern exposure (TNE = 0.905±0.304 
items m-2) is 2.42 times more than that of eastern slopes 
and 2.30 more than southern ones (TS = 0.393±0.118 
items m-2). A greater amount of vegetation on the slopes 
of northern, northeastern, southwestern, and northwestern 
slopes shows that conditions for the growth of wooden 
vegetation are much better in such places. Western and 
southwestern winds prevail in Lithuania. Thus, the 
wind most frequently blows to the slopes with western 
and southwestern exposure. These slopes, due to more 
frequent rains blown by the previously mentioned winds, 
receive more rainfall, whereas northern- and northeastern-
exposed slopes are less warmed and therefore dry out or 
burn. In order to evaluate the main differences between 
the densities of woody vegetation on the slopes with 
different exposures we conducted dispersive analysis. 
This examination disclosed that the averages of density on 
the slopes of different exposures are essentially the same 
(Fig. 3). 

Research on the distribution of woody vegetation 
overgrown on the slopes of regulated streams reveals 
variations in the slopes of regulated streams. The 
highest density and frequency of woody vegetation were 
established in the middle part of the slope. The density of 
woody vegetation was measured in the middle part of the 
slope and makes T = 2.000.48 items m-2, whereas that at 
the base is lower and reaches T = 1.530.27 items m-2. The 
lowest density and frequency of woody vegetation can 
be observed in the upper part of the slope and is equal to 
T = 0.55±0.11 items m-2. 

A comparison of the density of trees and shrubs points 
to a smaller amount of trees rather than shrubs, the highest 
density of which was measured in the middle part of the 
slope; however, the difference – 0.14±0.04, 0.32±0.06, 
0.24±0.05 items m-2 – is not large.

Tymiński and Kałuża [24] suggest that the growth of 
grassy and woody vegetation in riverbeds is one of the 
processes taking place in nature and signifi cantly affects 
their condition. The growth of grasses has been found 
to decrease erosion risk in the beds of regulated streams 
but, according to our research, increases the roughness 
of their surface, reduces water fl ow rates, stimulates 

Fig. 2. The dependence of the density of woody vegetation on the 
distance of the stream to the forest.

Fig. 3. The density of woody vegetation on slopes with different 
exposures.



1249Assessment and Research of River...

sediment deposition, and raises the risk of fl ooding. 
Flood risk depends on the density of vegetation, the slope 
of the riverbed, and the species composition of woody 
vegetation. After a fl ood, some types of woody vegetation 
(such as willows and alders) are restored to their original 
condition, whereas other species are destroyed.

The conducted natural research has disclosed that the 
density of woody vegetation in the investigated Nemėža 
Stream varies from 0.01 to 0.68 items m-2, in the Ž-2 
Stream from 0.17 to 5.42 items m-2, in the Žalesa River 
from 0 to 2.14 items m-2, and in Girija Stream from 0 
to 3.33 items m-2. The interdependence between the 
density of woody vegetation and the value of Manning’s 
roughness coeffi cient has been noticed. Under the density 
of woody vegetation of 0,01-0.16 items/m2 in the Nemėža 
stream, Manning’s roughness coeffi cient has amounted to 
0,035. An increase in the density of woody vegetation on 
the slopes resulted in a Manning’s roughness coeffi cient 
of 0.040. 

As for Ž-2, under the density of woody vegetation 
of 0.17-1.62 items m-2, Manning’s roughness coeffi cient 
reached 0.040. When the density of woody vegetation 
varies from 2.30 to 5.42 items m-2, Manning’s increases 
to 0.050. The dependence of the hydraulic roughness 
coeffi cient on woody vegetation has also been assessed in 
several stretches of other regulated streams of Vilnoja and 
Vaišvilė. Under the density of 1.66 items m-2 of woody 
vegetation in the regulated Vilnoja stream, Manning’s n 
amounts to 0.057 [25]. Besides, Nemėža and Ž-2 streams 
overgrown with coarse-grassy vegetation have been 
regulated, thus assessing its impact on the roughness 
coeffi cient.  

The slopes of Vaišvilė stream overgrown with reeds has 
resulted in a Manning’s roughness coeffi cient n of 0.094, 
which is the highest value received within experimental 
research.

To evaluate the dependence of water levels on the 
hydraulic roughness coeffi cient, we simulated water levels 
using HEC-RAS. RAS-River Analysis System software 
created by the Hydrologic Engineering Centre (HEC) 
focuses on making one-dimensional calculations of a 
steady and unsteady fl ow or sediment [22]. We performed 

simulations under the current set hydraulic roughness 
coeffi cients and maximum fl ow rates. 

Our hydraulic simulations of regulated streambeds 
revealed that, under the present roughness of the Nemėža 
(from 0.030 to 0.045), Ž-2 (from 0.030 to 0.053), and 
Girija (from 0.036 to 0.067) streams, and the Žalesa River 
(from 0.033 to 0.042), spring fl ood water is within the 
boundaries of the stream and therefore does not overfl ow. 
In all cases, water level hv is lower than streambed hg.

An increase in the hydraulic roughness coeffi cient 
of up to 0.136-0.145 causes the overfl ow of water in 10 
stretches of the Nemėža, in 12 stretches of the Ž-2, in 
four stretches of the Žalesa, and in six stretches of the 
Girija under Manning’s roughness coeffi cient of 0.170. A 
negative index of the overfl ow of water is received in all 
investigated stretches of the streams (Fig. 4).  

The indexes of the overfl ow of water – under the 
maximum fl ow rate of 10% probability at the time of the 
spring fl ood and considering an increase in the values of 
hydraulic roughness coeffi cient n – vary signifi cantly. 
The number of stretches where water overfl ows from the 
streambed (hv>hg) substantially grows along with the 
values of the roughness coeffi cient.    

According to Rimkus [21], in order to avoid the above-
introduced situation, woody vegetation should be thinned 
out or other methods for decreasing streambed roughness 
should be applied. For example, if the slopes of the 
streambed overgrew with woody or grassy vegetation and 
Manning’s hydraulic roughness coeffi cient exceeded the 
value of 0.060-0.080, complying with requirements for 
the hydraulic conductivity of streambeds, a section free of 
trees should be formed at the bottom of the slope, or trees 
should be thinned out along the whole slope, or vegetation 
should be completely removed from one of the slopes, 
thus decreasing the roughness coeffi cient of the streambed 
within acceptable limits (0.060). Under cutting down 
trees or shrubs, leaving the southern slope overgrown 
is recommended [11, 21] because, as mentioned above, 
wooden vegetation growing on the southern slope will 
produce stronger shadows into the streambed as well as 
inhibit the scale of an overgrowth of the northern slope 
and the bottom with grassy and water vegetation, thus 
decreasing streambed silting. 

In the case of the stream overgrown with coarse-
grassy vegetation (roughness may reach 0.290 an even 
more), slopes could be mown so that the maximum fl ow 
of 10% probability should be within the boundaries 
of the streambed. Mowing frequency should be in the 
range so that coarse-grassy vegetation should not prevail 
(Manning’s roughness coeffi cient should not exceed 
0.080).

The Nemėža stream fl ows from northeast to 
southwest, and thus woody vegetation should be left on 
the southeastern slope of the regulated stream. The Ž-2 
stream fl ows from west to east, and therefore wooden 
vegetation should be left on the southern slope of the 
stream. At the moment, the roughness coeffi cients of the 
streams have not yet reached a critical threshold (0.060-
0.080). The index of the overgrowth of water is positive 

Fig. 4. The dependence of the overfl ow of water indexes on 
hydraulic roughness coeffi cient n under the maximum fl ow rate 
of 10% probability at the time of spring fl ooding.
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along all stretches of all investigated streams, and hence 
the removal of saplings and shrubs is not required. The 
regulated streams of Girija and Žalesa fl ow at the outskirts 
of the forest with no cultivated fi elds around, and therefore 
the removal of woody or grassy vegetation does not make 
any sense. Regarding these stretches, a large increase in 
the density of wooden vegetation along with hydraulic 
roughness is fully acceptable. However, the cycle of 
the regulated stream becomes similar to that of natural 
streams. Due to the fact that these streams run in poorly 
urbanized areas, restoring the natural cycle of these 
streams is much easier and does not require huge fi nancial 
resources, which is confi rmed by works performed in 
urbanized areas by Bernhardt and Palmer [2]. 

An important point of restoring the disturbed 
hydrological and environmental balance of regulated 
streams is fulfi lling the function of draining streams to 
avoid an increase in maintenance costs. Depending on 
the square of the river basin, land use, topographical-
geographical conditions, and surface runoff, different 
contents of outwash enter regulated streams [26]. The 
transfer of outwash in regulated streams is introduced as 
one of the most important naturalization processes [27]. 
However, discharge forming the bed in the investigated 
streams is only recorded at the time of spring fl ooding. 
From this point of view, the stretches of regulated streams 
with a small slope seem to be very dangerous. The research 

carried out demonstrates that, under small slopes, sediment 
accumulation can be observed in regulated streambeds 
(Fig. 5). The above-discussed sediment accumulation 
process is usually monitored under streambed slopes of 
less than 3.0‰.

An increase in the streambed slope (Fig. 6) along 
with fl ow velocity allows us to observe the transfer of 
the sediment falling into the riverbed in a downstream 
direction. The amount, content, and composition of the 
transferred sediment depends on a number of natural 
factors such as precipitation, pool-prevailing sediments, 
and their conductivity, dominant vegetation, etc.

Either with surface runoff or in the course of the 
erosion of riverbed slopes, sediment entering the bed – 
under slopes higher than 3.0‰ – are transferred along the 
bed, and silting does not take place. This form of transfer 
depends on the terrain, geological basin architecture, water 
and ice events in the pool, hanging and bed-load sediment 
in the catchment, the methods they access the bed, coarse 
sediment, etc. Nevertheless, planning the naturalization of 
regulated streams is a crucial factor that allows maintaining 
the draining function of streams. Considering the stretches 
having a higher slope and maintaining certain roughness 
of the bed, the overgrowth of both slopes with woody 
vegetation can be planned. Meanwhile, in the stretches 
having a lower slope (S0<0.003), necessary sediment 
removal works must be fi gured out and therefore, in this 
case, it seems to be optimal to plan the overgrowth of a 
single slope of the bed with woody vegetation.     

Conclusions

The diversity of the species of woody vegetation on 
the slopes of regulated streams depends on the position 
of streams in the territory (forest, outskirts of the forest, 
agricultural land). A heavy dependence of the density of 
general woody vegetation on the distance of the places of 
fi ndings to the forest (r = 0.70-0.90) has been received. 

Our research has disclosed the highest average 
(TNE = 0.905±0.304 items m-2) of the density of woody 
vegetation on northeasterly exposed slopes (2.42 times 
higher than those of eastern and 2.30 times higher than 
those of southern (TS = 0.393±0.118 items m-2) exposure. 
However, our dispersive data analysis has revealed that 
the averages of density on the slopes of different exposure, 
under 95% reliability, mainly remain the same. 

With reference to the morphometric parameters of the 
beds of regulated streams and the distribution and density 
of woody vegetation in the transversal profi le of the bed, 
the established Manning’s roughness coeffi cient varies 
from 0.030 to 0.094. Thus, it can be stated that regulated 
streams in southeastern Lithuania involve stretches where 
the margin of hydraulic conductivity at the time of fl ooding 
decreases up to the limits of an overfl ow to the valley. 

The performed simulation has demonstrated that 
the margin of hydraulic conductivity in the investigated 
stretches of regulated streams is lost when Manning’s 
roughness coeffi cient is within the limits of 0.060-0.080. 

Fig. 5. The dynamics of the streambed slope and accumulated 
sediments.

Fig. 6. Variations in the size of the streambed slope and bed-load 
sediments.
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It can be maintained that, in case the slopes of the 
streambed overgrew with woody and grassy vegetation 
and Manning’s roughness coeffi cient should exceed 
0.060-0.080, it might be necessary to reduce streambed 
roughness up to acceptable limits, thus ensuring the 
hydraulic conductivity of beds. 

For planning the naturalization of regulated streams, 
we fi rst sugges t focusing on the stretches having higher 
slopes (S0>0.003) where, under the maintenance of a 
certain roughness of the bed, the overgrowth of both 
slopes with woody vegetation needs to be designed. 
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