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Abstract
Channel response to dam removal is still poorly understood, as there is a lack of monitoring data. A small dam in the gravel 
bed Krzczonówka Stream was lowered in 2014 as the first in the Polish Carpathians. The paper describes the direction and 
magnitude of channel changes after the check dam lowering against the backdrop of slow changes in the riverbed occurring 
over a period of several decades. Geomorphologic mapping and geodetic measurements started in 2013 and were repeated 
in 2014. Archived cartographic sources were used to identify channel morphology in the past. After the studied check dam 
had been partially lowered, a flood occurred and caused movement of sediment from the reservoir into the channel down-
stream. Debris filled pools and artificial riffles were created in 2013—the largest deposition occurred just below the dam. 
The channel width also increased in this area. The channel reach upstream from the dam was incised. Additional gravel 
supply is limited because of a sequence of drop structures just upstream of the studied reach. Long-term channel evolution 
after dam lowering depends on flood events and the availability of material for fluvial transport.

Keywords Channel morphology changes · Stream channel adjustment · Stream channel restoration · Dam removal · Polish 
Carpathian Mountains

Introduction

The problem faced in Carpathian rivers in Poland, as is the 
case with many mountain rivers in the world, is the present-
day shortage of material for fluvial transport (Park 1977; 
Richards and Lane 1997; Liébault and Piégay 2001).

One of the main reasons for the decrease in the amount of 
material available for fluvial transport in streams is the wide-
spread use of dams of different size (Kondolf et al. 2014). In 
the Polish Carpathian Mountains, many small check dams 
were built, mostly in the years 1930–1970. Today, many 
of them do not serve their intended purpose, as their reser-
voirs are completely filled with sediment (Ratomski 1991). 
Check dams break stream continuity, store bedload, and this 
starves the stream downstream of material (Petts and Gurnell 
2005). Underloaded rivers experience erosion and low geo-
morphologic diversity of channel landforms (Korpak 2018). 

Water quality worsens (Jaske and Goebel 1967; Doyle et al. 
2003), as does the general state of the ecosystem (Ward and 
Stanford 1995). Deepened and steep channel reaches create 
the threat of flooding for valley areas downstream of them 
(Wyżga and Radecki-Pawlik 2011).

One way of restoring a dammed river is dam lowering 
or removal. Such solutions are frequently used in the US 
(Gleick et al. 2009). River channels regain transport con-
tinuity, but may experience a number of geomorphologic 
and ecological problems such as increased sedimentation, 
changes in water quality, altered nutrient loads, and harm to 
living organisms (Wohl and Cenderelli 2000; Stanley and 
Doyle 2002; Hart et al. 2004; Rathburn and Wohl 2004). 
Excess deposition downstream of a removed dam may 
reduce channel capacity and generate flood risk (Bednarek 
2001; Randle 2004). On the other hand, the reach upstream 
of a removed dam experiences base level lowering and con-
sequently greater erosion, which may cause social and eco-
nomic problems in the form of loss of land and undercutting 
of bridges or other technical structures (Amos 2008).

Research has shown that the scale of channel change due 
to dam removal may vary (Grant 2001). To predict changes 
and understand their mechanisms, multiple monitoring 
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studies are needed in channels with different local condi-
tions (Pizzuto 2002). Yet most dam lowering projects are 
not continuously monitored (Stewart and Grant 2005), which 
explains the large number of questions surrounding this solu-
tion. One question concerns transport of the sediment wave 
in translation or dispersion mode (Madej and Ozaki 1996; 
Pizzuto 2002) as well as the rate of transport and deposition 
(Shuman 1995; Doyle et al. 2003). The key problem is the 
direction and rate of change in the channel reach upstream 
of the dam following its removal and base level lowering 
(Simon 1989; Simon and Hupp 1992). In addition, it is not 
known how long a given river needs to regain hydrodynamic 
equilibrium following dam removal (Burroughs et al. 2009).

The first partial lowering of a check dam in the Polish 
Carpathians occurred in 2014 on Krzczonówka stream. The 
restoration works included, in addition to dam lowering, the 
erection of artificial riffles along a stream section from the 
check dam to the stream mouth (Fig. 1b). As reconstruction 
work was being performed on the dam, and after it had been 
already partially lowered, a rainfall event occurred, which 
then led to a flood event. This event created a very unique 
opportunity to observe the response of the stream to the 
intervention in question.

The paper describes initial changes in stream channel 
morphology, which occurred as a result of check dam low-
ering against the backdrop of stream channel change over 

a period lasting several decades. As the Krzczonówka dam 
is the first dam lowered in Poland, the main purpose of the 
paper is to determine whether the direction and scale of 
changes in the Krzczonówka channel are similar to changes 
in channels in other regions that have been subjected to such 
an intervention. The paper also aims to show the need to 
study the evolution of a given reach over a longer period of 
time to better understand local conditions, anticipate pos-
sible channel changes and related problems, and choose the 
best possible restoration strategy.

Study area

Krzczonówka Stream is located in the Western Carpathi-
ans in the catchment of the Raba River (Fig. 1). The stream 
separates the Beskid Wyspowy Mountains from the Beskid 
Makowski Mountains, both belonging to Flysch Western 
Carpathian Mountains. The entire catchment is formed 
of sedimentary rocks, mainly sandstone and shale of high 
resistance (layers of the Magura series). The area is charac-
terized by very small tectonic activity. Rates of river down-
cutting associated with neotectonic uplift are estimated at 
0.2–2.0 mm/year in the last 15,000 years. The recent sig-
nificant acceleration of the river downcutting is related to 
human activity (Zuchiewicz 1998). The surface area of the 
Krzczonówka stream catchment is 92.2 km2; elevations 
range from 329 m a.s.l. at the mouth to 866 m a.s.l. at its 
highest point. The channel is 17 km in length. The channel 
gradient is 0.024 and average channel width is 14 m. The 
average annual precipitation for the period 1961–2000 at 
the Lubień precipitation station, which lies in a neighbor-
ing catchment, was 1050 mm (Paszkiewicz 2009). Average 
annual discharge for the period 1961–2000 was 1.615 m3/s 
(Nachlik 2006). The studied stream is characterized by great 
variability of discharge.

A comprehensive research study covered the downstream 
part of the stream channel—length of 4.6 km. This is a 
stream reach that experiences the impact of a small dam 
located at 2.25 km measured from the mouth (Fig. 1b). The 
Krzczonów gauging site is located downstream from the 
dam at 2.0 km. Most of the stream debris may be classified 
as gravel; medium grain size in the studied reach is 0.04 m 
(Project No. 214004-00 2011).

Substantial rainfall occurred in southern Poland in May 
of 2014, after the dam had already been partially lowered 
and did not constitute a barrier to sediment transport. 
The highest discharge at the Krzczonów gauging site was 
observed overnight on May 15 into May 16, with a value of 
about 133 m3/s (probability 5%). This value was calculated 
based on readings at the nearest gauging sites in adjacent 
catchments (gauges: Stróża and Kasinka Mała on the Raba, 
Fig. 1a, Table 1). The Krzczonów gauge provided a reading 

Fig. 1  Location of study area: a Krzczonówka River catchment, b 
studied channel segment; 1—studied channel segment, 2—channel 
segment regulated with drop structures, 3—gauging site, 4—precipi-
tation station, 5—cross section, 6—check dam, 7—artificial riffle and 
its number, 8—drop structure, 9—footbridge, 10—bridge
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of 254 m3/s (probability 0.2%), which appears to be elevated 
compared with values (probability 4–14%) obtained in adja-
cent catchments. Readings from area precipitation stations 
show that the precipitation occurring during this event was 
distributed evenly across the region (Fig. 1a, Table 1). The 
vast amount of material carried away by floodwaters from 
the dam reservoir to the reach downstream was most likely 
the reason for the elevated water levels measured at the 
Krzczonów gauging site.

Methods

Collection and analysis of field data

To show changes in channel morphology after the restora-
tion works, the channel was studied in 2013, before dam 
lowering but after erection of artificial riffles, and in 2014, 
after dam lowering and a flood event. Both geodetic meas-
urements and geomorphologic mapping were performed.

Geodetic measurements, which included cross-sectional 
analysis, were performed using a GPS Topcon Hiper II 
receiver set. A total of 20 cross sections were examined 
downstream of the dam and 6 upstream of it (Fig. 1b). Cross 
sections were situated on crests of artificial riffles and down-
stream from them. It proved impossible to establish reliable 
cross sections above riffle no. 2, because the section between 
the check dam and riffle no. 2 was quickly extracted after 
flood to dig out a buried water level gauge. Cross sections 
were also not made below riffle no. 12, because the lower 
section of the stream experienced changes in morphology in 
2014 due to a flood on the Raba River. Raba then altered its 
course and forged forward into the valley of Krzczonówka 
stream increasing its water levels.

An attempt was made to estimate the volume of debris 
accumulated in reaches between riffles. Sediment volume 
was computed by dividing average net change in channel 
area measured from cross sections of adjacent riffles by the 
channel length between the given cross sections (Madej and 

Ozaki 1996). Net change in streambed cross-sectional area 
was defined as the difference between fill and scour in the 
streambed between surveys in 2013 and 2014. This calcula-
tion of debris volume must be treated as an estimate and may 
be used to show certain tendencies that are associated with 
riffle effects on deposition.

Geomorphologic surveys of the studied channel were 
performed using a method developed specifically for Car-
pathian rivers (Kamykowska et al. 1999) and tested multiple 
times in the Carpathians as well as in other mountain areas 
(Kaszowski and Krzemień 1977; Chełmicki and Krzemień 
1999; Korpak 2007). The channel was divided into three 
reaches based on the general pattern of the watercourse and 
distribution of channel forms (Fig. 1b):

• Reach no. 1—from the first drop structure (which initi-
ates a series of drop structures) to the footbridge, with a 
length of 0.83 km.

• Reach no. 2—from the footbridge to the check dam, with 
a length of 1.52 km.

• Reach no. 3—from the check dam to the mouth, with a 
length of 2.25 km.

The reaches were described using a special table on the 
basis of many different quantitative and qualitative charac-
teristics. Six of them were selected for further analysis of 
channel reaches morphology:

1. number of bars per km,
2. area of bars (product of their length and width) in  m2 per 

km,
3. braiding ratio (number of central bars per km),
4. number of cutbanks per km,
5. area of cutbanks (product of their length and height) in 

 m2 per km,
6. number of rocky steps per km.

The length, width, and height of fluvial forms were meas-
ured in the field with a tape.

Table 1  Maximum stream discharge and precipitation during a flood in May 2014 (data from the Institute of Meteorology and Water Manage-
ment)

Gauging site or pre-
cipitation station

Stream or river Catchment 
size  (km2)

Maximum discharge on 
May 16, 2014  (m3/s)

Probability of 
occurrence

Precipitation on May 14–16, 2014 
(mm/day)

May 14 May 15 May 16

Kasinka Mała Raba 353.3 243 Q13% – – –
Lubień Lubieńka 47.8 51.9 Q14% 34.8 117.5 41.0
Krzczonów Krzczonówka 92.2 254 Q0.2% – – –
Stróża Raba 644.1 676 Q2% 32.0 87.2 54.9
Bogdanówka Krzczonówka 92.2 – – 41.0 125.1 41.7
Krzeczów Lubieńka 47.8 – – 23.3 94.6 33.8
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Analysis of cartographic sources and archived 
materials

General changes in channel course and land cover patterns 
were analyzed using a topographic map from 1879 (Aus-
trian map, 1:75,000) as well as aerial photographs taken in 
1963 (1:19,000), 1977 (1:16,000), and 1993 (1:30,000), and 
orthophotomaps from 2006 to 2016. Prior to comparative 
analysis, all materials were brought to a uniform scale of 
1:10,000 and a coordinate system known as PUWG1992. 
Boundaries of the active stream channel were then digi-
tized from georeferenced and ortho-rectified sources using 
OCAD software. An active stream channel was defined as 
a wetted low-flow channel and gravel bars without vegeta-
tion or with patches of young vegetation (Hajdukiewicz and 
Wyżga 2019). The area of active channel was measured for 
the same three reaches determined during geomorphologic 
surveys. Then for each reach, the channel width was cal-
culated by dividing the area of active channel reach by its 
length. Moreover, the minimum and maximum widths of 
channel reaches were measured perpendicular to the active 
channel axis. Measurement error resulting from the difficulty 
in determining where precisely the water’s edge is located 
due to streambanks concealed by trees or shadows cast by 
trees was estimated to be 0–5 m.

Archived materials on river regulation projects obtained 
from the Kraków Regional Water Management Authority, 
as well as project of renovation of the Krzczonówka stream 
obtained from Ab Ovo Association were used to identify 
engineering works performed on the studied stream in the 
past.

Results

Evolution of the channel in the past

In 1879, the studied reach was alluvial with a wandering 
channel pattern despite the presence of water mills, which 
involved local channel deepening and the installation of 
structures to manage the flow of water (Fig. 2).

In the years 1935–1951, a 7 m high concrete and stone 
check dam at 2.25 km was built. Its main purpose was to 
prevent the erosion of the channel bottom, which caused the 
process of sliding on high, steep slopes present in most cases 
along the right stream bank. Once completed, the dam inter-
rupted sediment transfer downstream resulting in sediment 
deposition upstream and erosion downstream with associ-
ated channel morphology (Korpak 2007).

In the 1960s and 1970s, the studied check dam reservoir 
still trapped large quantities of sediment, and the channel 
upstream from the dam was alluvial, with width exceeding 
100 m at some locations (Figs. 3b, 4). The channel down-
stream from the dam was narrowed and deepened (Figs. 3e, 
4). Erosion threatened the stability of roads situated along 
the banks. To protect roads, an array of longitudinal hydrau-
lic structures such as groins, longitudinal dams, and embank-
ments were built in the late 1950s and early 1960s. 

In the 1980s, the installation of concrete drop structures 
upstream of the studied channel section was begun. Addi-
tional drop structures were added along the river up to the 
4.6 km from the mouth (Fig. 1a). This project substantially 
impacted further development of the channel. Material 
carried by the stream became trapped between drop struc-
tures, which then starved the stream channel downstream 
of material.

In 1993, channel regulation with drop structures con-
tinued and was expected to include the last reach with a 
length of about 3.4 km. Hence, the channel upstream of the 
dam was still experiencing debris supply. It was much more 

Fig. 2  Studied segment of the 
Krzczonówka stream channel 
in 1879 (dotted areas adjacent 
to the stream denote bars): 
1—location of water mills and 
a water sawmill, 2—present 
location of check dam, 3—pre-
sent location of concrete drop 
structure
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Fig. 3  Changes in the morphology of the Krzczonówka stream chan-
nel along three studied reaches: a timeline graph with stages of engi-
neering works, b–d channel changes from the first drop structure to 

the footbridge (reach no. 1) and from the footbridge to the check dam 
(reach no. 2), e–g channel changes from the check dam to the mouth; 
the yellow line indicates the boundary of the active channel
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narrow than it had been in 1977 (Fig. 4), but still tended to 
follow a braided pattern in some areas (Fig. 3c).

The renovation of the studied dam occurred in the late 
1990s. The reservoir above the dam was already com-
pletely filled with sediment. The dam was in very poor 
technical condition. There were concerns that the self-
destruction of the dam would cause strong erosion in 
the channel reach upstream from it, which in turn would 
threaten the stability of recently performed stream regu-
lation using drop structures. Renovation works helped 
lower the principal chute spillway by 2 m. The dam was 
re-engineered into a cascade composed of three concrete 
steps (Fig. 5a).

The Krzczonówka stream channel, both downstream 
and upstream from the dam, was single threaded and nar-
row in 2006 (Fig. 4), and in many places, it was cut down 
to the bedrock. By this time, the period of regulation via 
drop structures had ended. Hence, the influx of material 
to the studied reach was very limited.

The width of the Krzczonówka stream channel 
decreased and became uniform along the entire studied 
section during the period 1963–2006 due to the interven-
tions performed (Fig. 4). The channel upstream from the 
dam changed much more than the channel downstream 
from it. The greatest change occurred during the period 
1977–1993 and was driven primarily by the filling of the 
dam reservoir with sediment and a significant decrease in 
the supply of material from the channel segment regulated 
using drop structures. Only in reach no. 1 did the main 
change in channel width occured earlier—in the period 
1963–1977. For unknown reasons, a significant part of the 
area of the active channel became transformed into a ter-
race at the time. Drop structures in the upstream reach had 
not been constructed yet and there does not exist any infor-
mation on any other regulation work at the time. The most 
likely reason was channel deepening due to the extraction 
of debris, but there is no proof of this.

Major changes in the width and morphology of the 
channel are visible on an orthophoto from 2016 (Figs. 3d, 
g, 4). These changes are mainly the result of restoration 
work.

Fig. 4  Changes in the maximum, mean and minimum width of the 
active channel in three studied reaches of the Krzczonówka stream in 
the years 1963–2016

Fig. 5  Results of restoration works in the Krzczonówka stream channel: a check dam prior to lowering, b lowered and modernized check dam
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Changes in the stream channel due to the lowering 
of the check dam

In the years 2013–2014, a restoration project was imple-
mented along the Krzczonówka channel segment from the 
check dam to the mouth. The main goals of the project were 
to prevent further downcutting downstream from the dam 
and to restore the continuity of the stream and the opportu-
nity for fish to migrate upstream to their spawning grounds. 
Twelve artificial riffles about 120 m apart from each other, 
with height rangeing from 0.6 to 1.2 m, were created in 2013 
to decrease the channel gradient, unit stream power as well 
as the intensity of erosion. The riffles were made of piled-up 
broken rocks of a size exceeding the natural grain size. A 
reconstruction of the check dam was performed in 2014. The 
highest step of the dam was lowered by 1.8 m, the middle by 
0.96 m, and the lowest by 0.37 m. Additionally a trapezoidal 
notch was made in the central part of every step to provide 
for the free movement of fish (Fig. 5b).

The results of field observations will be presented in rela-
tion to the three channel reaches identified in the course of 
geomorphologic mapping (Fig. 1b).

In reach no. 1, the number and area of bars nearly did not 
change and remained small in the period 2013–2014 (Fig. 6). 
The number and area of cut banks did increase substantially. 
This reach was also characterized by the largest number of 
rock steps with a height of about 0.3 m.

The most readily observable change in reach no. 2 is a 
large increase in the number and area of cut banks (Fig. 6). 
The number and area of bars decreased. A large part of sedi-
ment, especially those found in the reservoir, was eroded and 
transported downstream. The stream channel bottom here 
was lowered by as much as 2 m (Fig. 7a).

Finally, in reach no. 3, the number and area of cut banks 
increased to some extent, but in comparison with the two 
other reaches, the effects of bank erosion here were the 
least important. The most readily observable change in this 
reach was a large increase in the area of bars and a relatively 
small increase in their number (Fig. 6). About 38% of the 
bars surveyed in 2014 were mid-channel bars, as seen in 
the increased braiding ratio The large deposition was the 
effect of an abrupt delivery of debris from the reservoir and 
a decrease in the channel gradient along this section due to 
the construction of artificial riffles. Almost all the artificial 

Fig. 6  Change in the number 
and area of channel bed forms 
in the studied reaches of the 
Krzczonówka channel in the 
years 2013–2014: a number of 
bars per 1 km, b area of bars in 
 m2 per 1 km, c braiding ratio, d 
number of cut banks per 1 km, 
e area of cut banks in  m2 per 
1 km, f number of rocky steps 
per 1 km
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riffles in 2014 were covered with sediment and not visible. 
The thickness of the layer of deposited material reached val-
ues ranging from 0.21 to 0.91 m and, in general, was largest 
nearby the dam and decreased in the direction of the stream 
mouth (Lenar-Matyas et al. 2015, Fig. 7b, c). This trend is 
also visible in the diagram showing the volume of material 
and area of bars deposited between riffles 2 and 12 (Fig. 8). 
Field surveys conducted the day after the studied flood indi-
cated the largest deposition just below the dam before riffle 
no. 2. However, the cross sections were measured later when 
this reach had already been dug out. In 2013, small bars 
occurred usually between riffles 6 and 12 (Fig. 8). After a 
flood, a large number of bars were noted close to the dam, 
especially between riffles 5 and 6 due to the small gradient of 
this river section (Fig. 8). Deposition substantially decreased 
further downstream—it did not occur near or atop riffle 
no. 10. The large deposition of material helped widen the 
channel in relation to its width in 2006 (Fig. 4), especially 
between the dam and riffle no. 10 where the mean width of 
the channel increased from 16.4 to 21.7 m The width of the 

channel below riffle No. 10 virtually did not change, which 
serves as proof of low deposition in this river section. It may 
be inferred that the debris wave propagating from the dam 
reached riffle no. 10 covering a distance of about 1.2 km. 
Channel material found further downstream came mostly 
from bank erosion.

The morphology and dynamics of the stream channel 
along the studied reaches completely changed in the years 
2013–2014. Such substantial channel changes had occurred 
in the past due to extensive regulation works such as the con-
struction of a dam and drop structures. The channel down-
stream from the dam was an erosional channel since the con-
struction of a dam in 1951. As a result of restoration works, 
performed in the years 2013–2014, the channel became 
transformed into a depositional channel. An opposite ten-
dency applies to the channel section between the studied 
dam and the footbridge—it changed from a depositional 
channel into an erosional one. The channel segment between 
the footbridge and the first drop structure changed after the 
erection of drop structures. Sediment trapping between drop 

Fig. 7  Changes in the morphol-
ogy and geometry of the studied 
channel reaches due to restora-
tion works and flooding: a in 
the reach from the footbridge 
to the check dam, b, c in the 
reach from the check dam to the 
mouth; 1—gravel bar, 2—high 
gravel bar with vegetation, 
3—dry high-water channel, 
4—natural riffle, 5—artificial 
riffle, 6—rip-rap, 7—rocky 
step, 8—rocky outcrop, 9—cut 
bank (height 0–2 m), 10—cut 
bank (height > 2 m), 11—flow 
direction, 12—location of cross 
sections
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structures has been essential to its functioning as an ero-
sional channel. Lateral erosion plays a dominant role in the 
shaping of the channel upstream from the dam. The threat 
of the loss of streambank stability, which was the original 
reason for the construction of the dam in the late 1990s, 
became relevant again. It was just within 1 year’s time that 
lateral erosion on the left bank caused the widening of the 
channel by about 10 m along three channel sections of an 
approximate length of 80 m each. In one of such places, the 
river approached homes, which created a dangerous situation 
in the case of a flood. On the steep right bank, a landslide 
occurred due to a flood, which narrowed the channel and 
decreased its bedload capacity.

Discussion

Long-term channel changes following the lowering of a dam 
are due to technical interventions and also rainfall events 
that occur after the completion of a project (Stanley et al. 

2002). This is especially the case with gravel bed streams, 
where the shifting of fluvial material needed to reshape the 
channel occurs fairly rarely—usually in the course of flood 
events. Such an event occurred in the Krzczonówka stream 
channel while the project was in progress. As a result, vast 
quantities of sediment became eroded out of the reservoir 
and then transported downstream.

The direction of stream channel change downstream from 
the dam was generally in agreement with the assumptions of 
the restoration project. Artificial riffles constructed in order 
to decrease the channel gradient trapped debris in the chan-
nel segments between them and prevented further transport 
to the Raba River. What was surprising was the extent and 
rate of change. It was predicted that the process of supply-
ing material from the upper to the lower channel segment 
would last several years and that the channel downstream 
would become gradually filled with material. Meanwhile, 
this change occurred abruptly.

Recent studies show a two-phase process of reservoir 
sediment release in dam removal projects. The first phase 

Fig. 8  Deposition of material 
between artificial riffles: a lon-
gitudinal profile of the channel 
bed, b volume of deposited 
material in  m3 per 1 km, c area 
of bars in  m2 per 1 km



 Environmental Earth Sciences (2019) 78:404

1 3

404 Page 10 of 13

of erosion occurs shortly after the lowering of the base level 
due to floods, both large and small, and eliminates 30–50% 
of the collected debris (Major et al. 2012; Randle et al. 2015; 
Collins et al. 2017). The second phase depends on the size of 
the flood in order to activate material situated farther away 
from the newly formed channel. However, this erosion pat-
tern has been proven for rivers with a sand fraction or sand 
fraction with some gravel. In the gravel bed Krzczonówka 
channel, almost all of the material was eroded in the course 
of a single event. Key reasons may have included small rela-
tive reservoir width (understood as the width of the reservoir 
relative to the width of the active river channel upstream 
from the reservoir). Research has shown that when a res-
ervoir is narrow, the river may be capable of eroding the 
entire reservoir sediment volume over a short period of time 
(Morris and Fan 1997). Another example of almost complete 
reservoir sediment release following dam removal and a sin-
gle flood event in a gravel bed mountain channel is described 
by Stewart (2006).

The deposition of debris in the Krzczonówka channel 
was the greatest just downstream of the dam, and decreased 
downriver, while the sediment wave stretched along a long 
section of stream. This appears to confirm findings by Lisle 
et al. (2001), Stewart (2006), Thomas et al. (2015) and 
Pace et al. (2017) which suggest that debris activated by 
floods in mountain channels, if Froude numbers are high, is 
transported via dispersion and not translation. In the stud-
ied channel, both pools and riffles became filled in. Wohl 
and Cenderelli (2000) described a case where, after a single 
delivery of a large amount of debris from a dam to a gravel 
bed channel below, the deposition covered mainly the pools. 
Laboratory research by Lisle et al. (2001) used a simulation 
of mountain river conditions to show that an abrupt delivery 
of debris may destroy all channel bed forms by filling in 
pools and riffles, as in the case of the Krzczonówka stream. 
Riffles buried by a sudden influx of material to the chan-
nel were also described by Egan (2001) and Kanehl et al. 
(1997). The time necessary for the channel to reconstruct 
the riffle-pool sequence and regain equilibrium after such 
an event is not known. It is supposed that the entire process 
likely takes several years in a gravel bed river, depending 
on the frequency of large flood events (Kanehl et al. 1997).

The reach situated between the dam and the footbridge, 
including the reservoir, became deepened by erosion. One 
year after the event, it seems that the primary role in the fur-
ther development of the channel is played by lateral erosion 
or by landslides from the streambanks, which had lost their 
stability due to the deepening of the channel. The channel 
upstream from the dam may respond in different ways to 
the dam lowering, depending on local conditions, such as 
median grain size, level of cohesion, spatial variability of the 
deposit, and removal timeline (Sawaske and Freyberg 2012). 
According to Schumm (1993), a slight lowering of the base 

level does not necessarily have to lead to the deepening of 
a channel; a river may adjust to new conditions through a 
change in its pattern such as an increase in its sinuosity. 
However, if base level lowering is only a short-term process, 
such as in the case of Krzczonówka Stream, the stream most 
frequently responds by downcutting. The scale and rate of 
erosion depend on weather conditions immediately follow-
ing dam lowering (Randle 2004). If a flood event occurs, 
vast amounts of fluvial material are set in motion immedi-
ately. Later, the rate of deepening usually decreases (Randle 
2004).

Several models showing river channel adjustment to con-
ditions associated with the dam lowering were created and 
tested both in the field and laboratory (e.g., Simon 1989; 
Simon and Hupp 1992; Doyle et al. 2002; Evans 2007; 
Major et al. 2012; Randle et al. 2015). According to Doyle 
et al. (2003), six stages in the development of a river chan-
nel above removed dams have been identified: stage A is 
the state of the channel that exists before dam removal, 
stage B—conditions in place right after removal, but before 
sediment release, stage C—onset of downcutting, stage 
D—continuation of downcutting and channel widening, 
stage E—further channel widening and aggradation, stage 
F—emergence of a new channel equilibrium and reinforce-
ment of an old dam reservoir with vegetation. Pizzuto (2002) 
states that the duration of these six stages may last several 
decades, while research by Stanley et al. (2002) has shown 
that when volume of stored sediment was small, the chan-
nel could regain its equilibrium within some months. Under 
the assumption that the Krzczonówka stream channel also 
develops in such a manner, the channel reach upstream from 
the dam would currently be at stage D of its development. 
It is worth noting that as a result of a sudden flood, stage 
B was skipped entirely and stage C occurred during one 
event. It is also possible that the further development of the 
Krzczonówka channel will not occur in line with the above 
model. Wildman and MacBroom (2005) have shown that 
in gravel bed channels with a large gradient, failure of the 
loose, coarse grain banks occurs with less sediment mass as 
in the case of cohesive banks and channel capacity exceeds 
the sediment supply rate, so that bed aggradation due to bank 
collapse is little or none. Further investigations in the Krzc-
zonówka stream will make it possible to assess the manner 
and time of channel adjustment to a reduced base level.

Conclusions

The paper describes changes in the mountain Krzczonówka 
stream channel triggered by the lowering of a check dam and 
the release of large amounts of sediment. Thanks to research 
work on the morphology of the channel before and after 
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restoration works; it was possible to document the magni-
tude and rate of these changes.

The observed direction of change is consistent with pat-
terns described in the literature for river channel transitions 
following similar interventions. What makes the Krzc-
zonówka case unique is the high rate of change. The accel-
eration of channel processes was triggered by the temporal 
superimposition of dam lowering work and flooding. Since 
the probability of the occurrence of a flood event right after 
the lowering of a dam is very small, the Krzczonówka case 
represents a valuable contribution to research on the effects 
of the lowering of dams.

The goals of the project of the Krzczonówka stream chan-
nel restoration were achieved. The continuity of the stream 
channel was restored. The stream downstream from the dam 
received a supply of material. The morphologic conditions 
in the channel became more diversified, which supports bio-
diversity. Fish of the Salmonidae family are now able to 
migrate freely to their spawning grounds. However, 1 year 
after the lowering of the dam, there are two problems that 
were not predicted earlier.

The first problem is the absence of material in the former 
reservoir. Almost all of the material, which was to be trans-
ported to gradually fill the stream channel segment down-
stream from the dam with sediment, was transported there 
within one night. It appears that this problem could have 
been partially avoided by securing reservoir sediment from 
too fast releasing. There exists a belief that the rate of dam 
lowering is relevant only in the case of large dams with large 
reservoirs and sediment volumes (Randle 2004). However, 
research in the Krzczonówka channel has shown that even 
in the case of small dams located on mountain streams with 
highly variable discharge, dam lowering most likely should 
occur gradually and the rate and volume of downstream sedi-
mentation should also be controlled.

The second problem is the lack of material supply from 
the upstream channel section regulated using drop struc-
tures. Currently, the only source of new material is river-
banks experiencing erosion. However, it may turn out that 
this is insufficient and the debris shortage in Krzczonówka 
stream may continue in the future. Again erosion may start 
to dominate and the result of restoration will be lost. The 
problem was to be predicted by analyzing the history of reg-
ulation and evolution of the studied channel on the longer 
river section and over a longer period of time. This type of 
analysis was performed for the purpose of this paper and 
showed that a check dam is not the only cause for the lack 
of continuity of debris transport in a stream channel, which 
makes it impossible for fish to migrate and causes channel 
erosion. Drop structures are also relevant. Debris transport 
downstream of the structures has virtually ceased to exist 
since they were built. It appears that restoration cannot be 
fully successful without reconstruction of the continuity of 

the channel segment affected by drop structures. An in-depth 
historical analysis of a river reach intended for restoration 
helps to understand its functioning within the overall flu-
vial system, which may help in the river change planning 
process, forecasting of changes, and prevention of potential 
problems.

This research also seems to be valuable for practical rea-
sons. There is still a large number of old, filled with sedi-
ment check dams found across the Polish Carpathian Moun-
tains. They are important factors that reduce the ecological 
quality of rivers. The results of our study will help make 
decisions on the possible removal, lowering, reconstruction 
or change of purpose of selected dams.
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