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Abstract: Channel bed levels are highly dynamic in time and across space, constantly adjusting under the 
influence of natural and anthropogenic controls. The aim of this study was to assess the role of flood events 
recorded between 1994 and 2018 in the bed elevation changes documented on the major tributaries of 
Trotuș River (Eastern Carpathians). To this purpose, the data from fifteen gauging stations was used, based 
on which the evolution trends of channel bed levels were determined for the investigated channel reaches. 
The role of geomorphic threshold was assigned to stream power. The daily maximum and total values of 
this parameter were used to explain the bed elevation shifts. The average channel bed deepening rate was 
2.2 cm/yr. Depending on the variation trend of channel bed levels, three evolution patterns could be 
distinguished in relation to the reference year: (i) a category where channel degradation was nearly 
continuous; (ii) another one where initial aggradation of the channel bed occurred, ensued by continuous 
degradation, without reverting to the initial state, and (iii) a group with oscillating aggradation-degradation 
evolution resulting in the eventual recovery of the initial state. The recovery time for changes triggered by 
major flood events ranged between one and nearly 10 years, whereas in the case of shifts generated by high 
frequency, low magnitude events, the recovery time was maximum one year. Over short term flood events 
drive the direction and intensity of channel bed elevation adjustments. 
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1. INTRODUCTION 
 
The morphology of river channels is highly 

dynamic in space and time, thus constantly changing 
under the influence of natural and anthropogenic 
controls (Grabowski et al., 2014; Wiejaczka & 
Kijowska-Strugała, 2015; Dewan et al., 2017). 
Rădoane et al. (2013) have shown that climate 
changes and related changes in the frequency and 
amplitude of floods are an essential part of the historic 
dynamics of river channel, and that human 
interventions only modulate these dynamics, most 
often by exacerbating the modifications induced by 
climate changes. Against this backdrop, episodic, 
high-magnitude geomorphic events (such as floods) 
can trigger significant changes in river channels due 
to the large amount of energy expended during these 
events (Rusnák & Lehotský, 2014; Nelson & Dubé, 
2016). The main geomorphic responses of river 
channels to such events consist in channel widening, 

channel deepening and aggrading (Joyce et al., 2018). 
Channel bed level changes can be determined by 
certain long or short term shifts of control factors. 
Thus, the short term variability of these controls can 
result in reach-scale scour/fill, whereas long term 
variability leads to channel aggrading or degrading 
(Slater & Singer, 2013). Such shifts are reported in 
the literature either as a synchronous response to 
global climate changes (long term) (e.g. Blum & 
Törnqvist, 2000; Mol et al., 2000; Marchese et al., 
2017), or in relation to the increasing frequency of 
extreme flood events (short term) (e.g. Knox, 1983; 
Macklin & Lewin, 1989; Rumsby & Macklin, 1994; 
Macklin et al., 1998). While the papers reporting 
channel widening subsequent to flood events are 
more common, the studies that analyze the correlation 
between channel elevation changes and certain 
characteristics of flood events are less numerous 
(Pfeiffer et al., 2019). Therefore, this study is focused 
on the short term changes (under the influence of 
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flood events) of channel bed levels.   
Geomorphically effective flood events 

(according to Eisenbies et al., 2007) can be regarded 
as geomorphic thresholds in the evolution of channels 
if the channel changes persist for a longer period of 
time in relation to the frequency of the event 
(Brunsden & Thornes, 1979; Erskine, 2011). The 
concept of geomorphic threshold was introduced by 
Schumm (1973) in the attempt to explain the 
evolution and the permanent tendency of geomorphic 
systems to reach a state of dynamic equilibrium 
(Ichim et al., 1989). Later on, Schumm (1979) 
defined the geomorphic threshold as “... a threshold 
of landform stability that is exceeded either by 
intrinsic of the landform itself, or by a progressive 
change of an external variable”. Thresholds hold a 
particular significance in geomorphology, 
particularly in fluvial geomorphology (Coates & 
Vitek, 1980; Chappell, 1983; Schumm, 1991; 
Church, 2002; Phillips, 2006). Thresholds can be 
intrinsic (when the force driving the change acts 
within the system or is a consequence of system 
evolution) and extrinsic (when the force acts from 
outside the system) (Schumm, 1973). In fluvial 
systems extrinsic thresholds can be caused by climate 
fluctuations, base level changes, land use shifts etc., 
whereas intrinsic thresholds could originate, for 
instance, in the increasing sediment amounts, shifts in 
slope gradients (Ichim et al., 1989). In relation to 
these thresholds, the resulting changes occurring 
within river channels can be autogenic or allogenic 
(Lewin 1977). One of the geomorphic thresholds 
utilized frequently in fluvial geomorphology is the 
stream power during flood events (Miller, 1990; 
Magilligan, 1992, 2015; Erskine, 2011; Thompson & 
Croke, 2013; Buraas et al., 2014; Marchi et al., 2016; 
Yochum et al., 2017). In this study the changes in 
channel bed elevation subsequent to flood events 
were related to the stream power. This relation has 
seldom been approached in fluvial geomorphology 
(Simon & Rinaldi, 2006; Scorpio et al., 2018). 

Determining the temporal changes of channel 
bed levels has been a very common approach since 
the early 1900s (Juracek & Fitzpatrick, 2009). These 
analyses were made either based on the relation 
between the stage and the discharge (if the data used 
for the study is yielded by gauging stations) 
(Williams & Wolman, 1984; Juracek & Fitzpatrick, 
2009; Rădoane et al., 2010, 2013; Wiejaczka & 
Kijowska-Strugała, 2015), or on topographic surveys 
(cross-sections, longitudinal thalweg or water-surface 
profiles) (Le Coz et al., 2018; Gibson & Shelley, 
2020). Both approaches have advantages as well as 
downsides (Bowen & Juracek, 2011; Pandi & 
Horváth, 2012). 

The temporal changes in channel bed levels 
originate in the local discrepancies of the sediment 
flow in relation to the transport capacity of the 
discharge. When the transport capacity is higher than 
the sediment flow, the bed is eroded; conversely, if 
the sediment flow exceeds the transport capacity of 
the discharge, the sediment is deposited and the 
channel bed aggrades as a result (Wyżga et al., 2016; 
Hajdukiewicz et al., 2019; Pfeiffer et al., 2019). The 
analysis of the double mass curve was used in order 
to detect the relation between channel bed elevation 
changes and sediment flow shifts. This application 
which analyses the role of flood events in changing 
the channel bed levels by using the double mass curve 
is novel and has been employed previously solely for 
other purposes (Gao et al., 2010, 2017; Jiang et al., 
2015). 

Channel recovery following disturbances can 
be defined in several ways. Wolman & Gerson (1978) 
characterize recovery in terms of reestablishing 
channel form following large storms and climatic 
variations (Madej & Ozaki, 2009). The recovery time 
after flood events varies greatly, ranging from several 
years to hundreds of years, whereas some channels 
never recover to reach the conditions prior to the 
flood event (Sloan et al., 2001; Lancaster & Casebeer, 
2007; Joyce et al., 2018). 

In Romania the temporal changes of channel 
bed levels have been investigated previously. These 
studies focused either on rivers from the entire 
country (Diaconu et al., 1962), from the Eastern 
Carpathian area (Rădoane et al., 1991, 2010, 2013), 
or refer to a single river (Popa-Burdulea, 2007; 
Canciu, 2008; Perșoiu, 2010). However, none of the 
above mentioned studies approaches the relation 
between the characteristics of flood events and the 
shifts in channel bed elevation. 

The aim of this study is to identify the role of 
flood events in the changes of channel bed levels on 
the most important tributaries of Trotuș River (in the 
Eastern Carpathians) between 1994 and 2018. In 
order to attain this goal, the geomorphic effects 
(short-term change and subsequent recovery) of flood 
events were assessed based on the data provided by 
15 gauging stations. The reason for selecting these 
particular streams was that all previous studies were 
focused on major watercourses, despite the fact that 
small catchments are in fact the fundamental units for 
interpreting landform dynamics (Rădoane et al., 
2006b; Dumitriu, 2007). 

The specific objectives of the study focus on: 
(i) quantifying the temporal changes of channel bed 
elevation; (ii) assessing the relation between channel 
bed level changes and the stream power; (iii) 
identifying the events that generated disturbances in 
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the channel equilibrium using the double mass curve; 
(iv) determining the recovery time for channels after 
these events. 
 

2. STUDY AREA 

The analysis of channel bed level change was 
carried out based on the data recorded at gauging 
 stations located on the following tributaries of Trotus 
River: Valea Rece, Sulța, Ciobănuș, Asău, Uz, 
Dofteana, Slănic, Oituz, Cașin and Tazlău (Fig. 1). 
Suspended sediment load measurements are 
performed only for four tributaries (Asău, Uz, Oituz 
and Tazlău). The main characteristics of drainage 
basins upstream of the gauging stations are listed in 
Table 1. The Dărmănești gauging station are located 
downstream of Uz reservoir, therefore the flow 

discharge is controlled by human design and 
intervention. 
Trotuș basin is an upper mesoscale mountainous 
catchment (i.e. 4350 km2) located in the central-
eastern part of the Eastern Carpathians (Fig. 1). 
Trotuș River is one of the major tributaries of Siret 
River, which is, in turn, the largest tributary of the 
Danube within the Romanian territory (Dumitriu, 
2018). The hydrology of Trotuș River basin is 
regulated by the pluvio-nival regime, with spring 
flooding occurring typically in April-May as a result 
of snowmelt, high precipitation or the overlapping of 
both. In June, July and occasionally extending to 
August, summer floods can occur as a result of 
abundant precipitation, reaching very high 
amplitudes, as was the case with the floods of June-
July 2005 (Dumitriu, 2007, 2018).  

 

 
Figure 1. Location of the study area in Romania and the Eastern Carpathians (a); Location of analyzed gauging stations 

within Trotuș drainage basin (b). 
 

Table 1. Main characteristics of drainage basin and channel at gauging stations. 
 

No. River Gauging station 

Distance 
from river 

mouth 
(km) 

Data regarding the 
drainage basin 

Gauging 
station 

elevation 
(m) 

Gauging 
station 
slope 

(m m-1) 

Mean 
multiannual 
discharge 
(m3 s-1) 

Area 
(km2) 

Mean 
elevation (m) 

1 Valea Rece Valea Rece 1 120 1145 790 0.019 1.35 
2 Sulța Sulța 1 116 1041 551 0.023 1.06 
3 Ciobănuș Ciobănuș 1 135 1052 475 0.022 0.96 
4 Asău Asău 2 204 951 430 0.012 1.83 
5 Uz Valea Uzului 22 150 1070 628 0.015 1.43 
6 Uz  Cremenea 16 337 1070 545 0.012 3.96 
7 Uz Dărmănești 2 470 949 403 0.011 2.86 
8 Dofteana Dofteana 0.4 110 735 301 0.014 0.93 
9 Slănic Cireșoaia 7 105 775 340 0.019 1.10 

10 Oituz Ferăstrău 19 267 810 300 0.008 2.75 
11 Cașin Haloș 18 220 717 298 0.004 2.14 
12 Tazlăul Sărat Lucăcești 18 118 801 425 0.010 1.30 
13 Tazlău Tazlău 72 129 793 435 0.010 1.51 
14 Tazlău Scorțeni 40 412 574 294 0.006 3.00 
15 Tazlău Helegiu 14 998 520 209 0.002 6.50 
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The resistance to erosion of the geological 
substrate differs depending on the types of rock 
outcropping in these basins: thus, erosion resistant 
rocks are prevalent in basins such as Valea Rece, 
Sulța, Ciobănuș, Asău, Uz and Oituz (upper and mid 
basins), and Cașin (upper basin); moderately resistant 
rocks are dominant in Dofteana and Slănic basins; 
and rocks with low resistance are prevalent in basins 
such as Tazlău, Oituz (lower basin) and Cașin (mid 
and lower basins) (Dumitriu, 2014). Consequently, 
the most significant sediment yields were 
documented in basins whereby the rock resistance to 
erosion is low. These basins are also under the 
influence of strong anthropogenic intervention 
(Dumitriu et al., 2017). Gravel bed channels are 
typical for all 10 investigated streams (Dumitriu, 
2007; Rădoane et al., 2006a). With the exception of 
Tazlău and Valea Rece basins, within the remaining 
basins the forested area accounts for more than 75% 
of the total basin area (Dumitriu, 2020). 
 

3. DATA AND METHODS 
 
3.1. Data sources 
 
The data regarding the flow discharge (Q, m3 s-

1), the suspended sediment load (SSL, kg s-1), the 
stage of the stream (above the zero stage of the gage) 
(S, cm), the maximum depth of the river bed (MD, 
cm) and the cross-section surveys are provided by the 
“Romanian Waters” National Administration-Siret 
Water Branch, which manages the fifteen gauging 
stations included in this study (Table 1 and Fig. 1). 
The data analyzed in the study corresponds to the 
1994-2018 period, with the exception of Tazlău and 
Scorțeni gages, which have provided data series 
covering the 2000-2018 period. 

 
3.2. Methods 
 
3.2.1. Determining the channel bed elevation 
The analysis of the vertical dynamics of the 

channel bed was carried out using “discharge 
centralizers” according to the methodology 
introduced by Rădoane et al., (2010). Thus, the 
channel bed elevation (BE) characteristic for a certain 
time frame is defined as the difference between the 
water gage height measured above the zero stage of 
the gage (S) and the maximum water depth (MD). At 
each gauging station between 3 and 15 S and MD 
measurements were carried out every month in order 
to calculate monthly averages. This resulted in two 
data series for the monthly bed elevation (MBE) and 
the annual bed elevation (ABE), based on which the 
dynamics of the monthly and annual average values 

were derived at the 15 gauging stations. Furthermore, 
the mean annual values were used to determine the 
annual bed level change (ABLC). For that purpose, 
the mean bed elevation in 1994 and 2000 (for Tazlău 
and Scorțeni gages), respectively, were considered as 
reference values. The values characteristic for the 
years 1994 or 2000 were subtracted from all the other 
values. If the results were positive we considered that 
during that particular year the channel bed aggraded, 
whereas negative differences indicated bed 
degradation. In this context some additional notes are 
required. During flood events, abrupt processes, such 
as scouring and filling, occur as short duration 
hydraulic adjustments of the channel (lasting for 
hours, days, months, sometimes even 1 year). The 
two processes alternate in time, creating the 
appearance of low amplitude, high frequency 
oscillations. Scour-fill oscillations correspond 
typically to the rising and falling limbs of flood events 
(usually, scouring on the rising limb and filling on the 
falling limb) (Andrews, 1979; Rădoane et al., 1991). 
Bed elevation changes throughout long periods of 
time (i.e. years or decades) are called aggradation 
(bed level increase) and degradation (bed level 
lowering). Whereas the rhythm of these processes is 
much slower compared to scouring and filling, their 
amplitude is considerably larger (Rădoane et al., 
2010). Channel bed level variations were also 
examined using temporal cross sections. These 
profiles were also provided by the gauging stations. 

 
3.2.2. Stream power 
In this study the changes in channel bed 

elevation were also related to stream power. This 
parameter was often used to explain channel changes 
occurring subsequent to flood events (Lea & 
Legleiter, 2016), despite the fact that it cannot fully 
account for the response of the river to flood events 
in all instances (Heritage et al., 2004; Surian et al., 
2016; Scorpio et al., 2018).  

Specific stream power (SSP, W m-2) is defined 
as:    SSP =γQS/w                          (1)     
where γ is the unit weight of water (9800 N m-3), S is 
channel bed slope, and w is the channel bankfull 
width (m) (Bagnold, 1966; Bizzi & Lerner, 2015). 
The average annual dynamic of bed elevation was 
correlated with maximum annual stream power 
(MSP) and to total stream power (TSP). The latter is 
determined as the sum of daily average stream power 
values. 

 
3.2.3. Double mass curve 
Due to its simplicity, the double mass curve 

(DMC) was often used to analyze long term trends for 
hydro-meteorological variables (Gao et al., 2017). 
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The DMC theory is based on the fact that a plot of 
two cumulative quantities during the same period 
exhibits a straight line if the proportionality between 
the two remains unchanged; the slope of the line 
represents the proportionality. This method can 
smooth a time series and suppress random elements 
in the series; thus, it can show the main trends of the 
time series (Jiang et al., 2015). In this study DMC 
(SSL vs Q) was used to correlate channel bed level 
changes subsequent to flood events with sediment 
flow shifts generated by the same events. This 
approach is a novelty for fluvial geomorphology 
studies. 

 
4. RESULTS 
 
4.1. Monthly bed elevation (MBE) changes 
 
As regards the dynamics of channel bed 

elevation throughout the entire analyzed period (1994 
to 2018 or 2000 to 2018) it was established that 
channel bed degradation was prevalent, whereas 
aggradation was documented only at two gauging 
stations (Valea Rece and Cireșoaia) and channel 
stability was determined at one station (Valea Uzului) 
(Fig. 2). Although for the entire analyzed period 
degradation was dominant, during certain sub-periods 
the situation was much more complex. The short term 
succession of stability phases with 
aggradation/degradation phases was attributed to 
flood events. High frequency, low magnitude flood 
events (recurrence intervals of 1-2 years) generate 
minor disturbances (due to scouring and filling) in 
terms of channel bed elevation. Therefore, they are 
less likely to change the general trend of channel 
aggradation or degradation. Conversely, low 
frequency, high magnitude events have generated 
significant changes in channel bed elevation. Such 
abrupt shifts were documented, either from a state of 
aggradation (or stability) to degradation, or inversely. 
At the majority of gauging stations from the study 
area the flood event of 2005 (12-13 July) stood out as 
the main threshold in the dynamic of channel bed 
elevation. Other major changes were generated by the 
flood events of 1997, 2004, 2010, 2016. Depending 
on these events which left their mark on the bed 
elevation, several major intervals were separated in 
terms of the bed level dynamics.  

For the vast majority of analyzed gages, the 
first homogeneous interval was the one prior to the 
flood event of 1997. In this period the channel bed 
was rather stable in seven sections. In three sections 
(Valea Uzului, Cremenea and Dofteana) the dominant 
process was aggradation, whereas in the three 
remaining sections (Valea Rece, Sulța and Helegiu) 

channel degradation was prevalent. Aside from these 
major tendencies, short duration scouring and filling 
were also documented 

The flood event of 1997 had a wide range of 
effects on channel bed level. Thus, in five sections 
(Ciobănuș, Asău, Dărmănești, Cireșoaia and 
Lucăcești) this event resulted in an increase of bed 
elevation; in six sections (Valea Uzului, Cremenea, 
Dofteana, Ferăstrău, Haloș and Helegiu) the bed 
elevation decreased, whereas in the two remaining 
sections (Valea Rece and Sulța) both degradation and 
aggradation ceased and a state of relative stability of 
the channel bed became prevalent. 

The state of the channel bed generated by the 
flood event of 1997 persisted for different periods of 
time depending of the geomorphic effectiveness of 
flood events (Dumitriu, 2016): at some stations 
(Valea Rece, Valea Uzului, Cremenea, Cireșoaia, 
Lucăcești) until 2001 or 2002 (Ferăstrău); at others 
(Ciobănuș, Asău) until 2004 or 2005 (Sulța, 
Dărmănești, Dofteana, Haloș, Helegiu). At Tazlău 
gage the bed level was relatively stable between 2000 
and 2004, whereas at Scorțeni station the trend 
indicated a decrease (at these stations the analysis 
spanned from 2000 to 2018). After the flood events 
mentioned previously, evident processes of channel 
bed degradation were documented at all gauging 
stations. The maximum degree of bed degradation in 
this period was generated by the succession of several 
major geomorphically effective flood events (2001, 
2002, 2004, 2005). Subsequent to the flood event of 
2005 the channel bed had deepened by at least 50 cm 
in all analyzed sections. The exceptions to this rule 
were documented at Valea Uzului, Dofteana and 
Tazlău gauging stations where channel bed deposits 
are not as thick (Dumitriu, 2007), albeit the deepening 
reached the bedrock. The only station where 
aggradation was documented after the flood event of 
2005 was Lucăcești. 

Another characteristic phase started in 2005 
(after the main peak of the flood event of 12-13 July) 
and lasted until 2010. However, this phase is not valid 
for Scorțeni gage, where the maximum degradation in 
the upstream section extended until 2009. In this time 
frame a tendency of channel bed aggradation was 
recorded in late 2005 and early 2006, ensued by a 
phase of relative stability which lasted until the flood 
events of 2010. This phase was disturbed only by the 
scouring generated by the flood event of 2007. 
However, in Asău section the flood event of 2007 
marked the onset of a longer period of lowering of 
channel bed elevation. 

The flood events of 2010 are regarded as the 
second major threshold in terms of channel bed level 
dynamics after the events of 2005, although the 
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changes caused by the former were not as persistent 
as the shifts which occurred after the floods of 2005. 
Channel bed deepening was slightly prevalent (Sulța, 
Asău, Cremenea, Dărmănești, Dofteana, Haloș, 

Lucăcești, Helegiu) compared to aggradation. 
However, these processes were not exclusive, as it 
was observed that aggradation and degradation can 
both occur during the same flood event. 

 

 
Figure 2. Trend of the monthly average bed elevation in relation to streamflow discharge (a) Valea Rece; (b) Ciobănuș; 

(c) Valea Uzului; (d) Ferăstrău; (e) Lucăcești; (f) Helegiu. 
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Between 2010 and 2018 the channel bed level 
was in a state of relative stability at most of the 
monitored gauging stations, with the exception of five 
stations where either degradation (Asău, Dofteana, 
Scorțeni and Helegiu) or aggradation (Valea Rece) 
were documented. These general trends were 
interrupted by short-duration scour-fill processes, 
such as the ones generated by the flood events of 
2012, 2014, 2016 and 2018. 

 
4.2. Annual bed elevation (ABE) changes 
 
By using the annual bed elevation averages the 

oscillations generated by scour-fill processes are 
removed, thus preserving only the tendencies induced 
by aggradation or degradation. The annual bed 
elevation dynamics was correlated with MSP (Fig. 3). 
In the vast majority of cases the annual trends of bed 
level decline were near perfectly correlated with the 
highest MSP values. However, in certain situations 
(particularly in the cases of the 1997, 2010 and 2007 
flood events) the annual trend of channel bed 
aggradation corresponded to high MSP values. In the 
latter instances it was observed that aside from stream 
power, the duration of the event plays a critical role. 
When the event duration is significant (more than 15 
days) the bed elevation increase becomes prevalent 
(Dumitriu, 2016). Lower MSP values typically 
corresponded to either a state of stability of the 
channel bed or to slight aggradation. Overall, the 
most significant bed level changes were documented 
when MSP values exceeded by far the Miller-
Magilligan threshold (300 W m-2) (Miller, 1990; 
Magilligan, 1992), as was the case with the flood 
events of 1997, 2001, 2002, 2004, 2005, 2007, 2010, 
2016. A particular situation occurred at Lucăcești 
gauging station where the highest MSP values (1998 
- 367 W m-2, 2005 – 1733 W m-2, 2010 – 572 W m-2, 
2016 – 816 W m-2) coincided with the tendencies of 
channel bed elevation increase. At this gage it was 
observed that the MSP values ranging around the 
Miller-Magilligan threshold correlate with the most 
significant bed level changes. A conclusive example 
in this regard is the situation corresponding to the 
2001-2004 period (i.e. with MSP values ranging 
between 200 and 300 W m-2) when the most marked 
degradation of the channel bed was documented 
throughout the entire analyzed time frame. 

During the years with high magnitude flood 
events, the abrupt changes of channel bed level were, 
as previously mentioned, due in part to the very high 
MSP values. In certain instances, these exceeded by 
up to 6 times the Miller-Magilligan threshold above 
which major changes can occur within the channel 
bed. For example, in 1997 the maximum MSP value 

was recorded at Ciobănuș and was as high as 845 W 
m-2. In 2005 the extreme MSP values amounted to 
1895 W m-2 (Dofteana) and 523 W m-2 (Haloș), 
whereas the average for the 15 gauging stations was 
1072 W m-2. In 2010 the MSP values ranged between 
827 W m-2 (Scorțeni) and 150 W m-2 (Ciobănuș), with 
an average of 405 W m-2. Consequently, the Ciobănuș 
reach was among the few which underwent small-
scale changes subsequent to the 2010 flood events. 
The flood events of 2016 and 2018 had similarly 
average MSP values above 300 W m-2 (453 W m-2 
and 456 W m-2, respectively), although their long 
term effects are not comprised in this study. 

 
4.3. Annual bed level change (ABLC)  
 
The annual bed elevation dynamics as 

observed in 1994 or 2000 illustrates the extent of 
channel bed degradation or aggradation. This change 
cannot be correlated with MSP values in all instances, 
thus we related it to TSP. In some cases, TSP 
accounted to a higher degree for the rising or lowering 
tendency of the channel bed. For example, during wet 
years with numerous low magnitude flood events, 
while the changes occurring within the channel bed 
could not be related with the MSP (which had values 
well below the Miller-Magilligan threshold), they 
could be explained based on the high TSP annual 
values (Fig. 4). This situation was documented at 
various gauging stations: Valea Rece (2001), 
Ciobănuș (2010-2011), Dofteana (2010), Cireșoaia 
(2010), Ferăstrău (2001-2002), Tazlău (2008-2009), 
Scorțeni (2008), Helegiu (1996-1997). However, in 
the vast majority of cases, high MSP values coincided 
with the highest TSP values, therefore bed level 
changes could be attributed to a certain flood event. 

Whereas the annual trend of bed elevation 
change varied at each station, three types of channels 
can be distinguished in terms of their evolution 
compared to the reference year: (i) a category wherein 
channel degradation was nearly continuous; (ii) 
another one where initial aggradation of the channel 
bed was documented, ensued by continuous 
degradation, without recovery of the initial state, and 
(iii) a group with oscillating aggradation-degradation 
evolution resulting in the eventual recovery of the 
initial state. The first class includes five gauging 
stations (Sulța, Ferăstrău, Tazlău, Scorțeni, Helegiu), 
where the channel bed underwent a nearly continuous 
deepening process. The highest degree of degradation 
compared to the 1994 reference was recorded at Sulța 
gage and amounted to 104 cm, closely followed by 
Scorțeni where the channel bed deepened by ca. 100 
cm compared to the 2000 reference. The second 
category includes Ciobănuș, Asău and Dofteana 
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Figure 3. Dynamics of the annual average bed elevation in relation to maximum stream power (MSP) (a) Valea Rece; 

(b) Ciobănuș; (c) Asău; (d) Cireșoaia; (e) Haloș; (f) Helegiu. 
 
gauging stations. At Ciobănuș, compared to 1994, the 
channel bed rose by 27 cm and later deepened by 47 
cm, whereas at Asău the deepening amounted to 67 
cm. The third category comprises the channel reaches 
at the following stations: Valea Rece (where the bed 
level recovered the initial state after the flood events of 
2010), Valea Uzului (with three recoveries: 1997, 2010 
and 2016), Cremenea (2001), Dărmănești (2005-
2006), Cireșoaia (2005-2006), Cașin (1997, 2005-
2006) and Lucăcești (2005-2006). 

 
4.4. Double mass curve (DMC)  
 
Although this method was used for the first time 

for the study of channel bed changes after flood events, 
the results obtained thus far are promising. Any 
significant changes in the DMC slope indicate 
variations of the two variables (Q and SSL). The 
disturbances occurring in the sediment flux during and 
subsequent to flood events are well reflected the 
variation of bed levels. Changing points correspond to 
high magnitude flood events which triggered major 
changes in channel bed elevation (Fig. 5). The most 

striking changing point in this case is marked by the 
flood events of 2005 which generated major changes in 
terms of the bed level. Additionally, other changing 
points were triggered by the flood events of 1997, 2010 
and 2016. This method clearly highlights the role of 
flood events as thresholds in the evolution of channel 
beds. 

 
5. DISCUSSION 

 
5.1. Effectiveness of the method used to 

determine bed elevation 
 
As regards the method employed for this 

purpose, the question inevitably arises whether it is 
effective enough to determine the variation of channel 
bed levels or if the use of daily data on the stream 
stage provides sufficient information regarding these 
changes. Wiejaczka & Kijowska-Strugała (2015) 
state that this method can be used when other types of 
data are missing, although the combined use of 
various methods for more reliable results would be 
preferable. In this context, we used the information 
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Figure 4. Annual bed level change (ABLC) in relation to total stream power (TSP) (a) Valea Rece; (b) Ciobănuș; (c) 

Asău; (d) Cireșoaia; (e) Haloș; (f) Helegiu. 
 

provided by the temporal cross-sections at all the 
gages (Fig. 6). From the large amount of data 
(generated by 2-4 annual cross-sections) only the first 
and the last ones from the available data series were 
selected for this study. In all cases, the state of the 
channel bed as shown in the ABE plots corresponded 
to the state revealed by the cross-sections. This 
correspondence provides evidence that the method 
based on the daily stream stage yields reliable data 
regarding the direction (i.e. scour-fill or aggradation-
degradation) and intensity of processes leading to 
channel bed change. 

 
5.2. Long-term and short-term in the 

dynamics of bed elevation 
 

Whereas long-term shifts of environmental controls 
and anthropogenic activities lead to allogenic changes 
of channel beds, short-term events, such as floods, can 
trigger autogenic changes, which include channel bed 
lifting or deepening, as well (Erskine, 2011). In the 

case of river reaches analyzed in this study we observed 
that channel bed degradation is the long-term 
predominant process. The same observation was made 
frequently in the Carpathian area (Korpak, 2007; 
Wyżga, 2008; Rădoane et al., 2010, 2013; Zawiejska & 
Wyżga, 2010; Wiejaczka & Kijowska-Strugała, 2015; 
Kidová et al., 2016; Škarpich et al., 2016; Wyżga et al., 
2016, 2020) and the surrounding areas (Sipos et al., 
2008; Kiss et al., 2011, 2017, 2019). However, if the 
channel bed stability criterion taken into account is the 
bed level change threshold below ± 50 cm (Rădoane et 
al., 2010), only some of the investigated reaches can be 
regarded as degraded channel beds which underwent a 
deepening process by more than 50 cm (Fig. 7). 

On short-term, the average channel bed 
deepening rate calculated for three streams (Ropa, 
Zdynia and Wisłok) from the Polish Carpathians 
(Wiejaczka & Kijowska-Strugała 2015) of 0.3 cm/yr 
(between 1997 and 2014), with extreme values 
ranging between 0.3 and 2.4 cm/yr. The data 
generated by this study indicate an average rate of
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Figure 5. Double mass curve of streamflow versus sediment load highlighting the changing points of channel bed 

elevation (a) Asău; (b) Valea Uzului; (c) Cremenea; (d) Ferăstrău; (e) Scorțeni; (f) Helegiu. 
 
2.2 cm/yr, with a minimum deepening rate of 0.8 
cm/yr (at Valea Uzului) and a maximum value of 5.2 
cm/yr (Scorțeni). The strikingly higher values 
determined for the rivers from the central area of the 
Romanian Eastern Carpathians can be attributed to 
two major traits: the peak activity exerted in this area 
by the retrograde cyclones of the Black Sea which 
resulted in increasing frequency of flood events; and 
the relative vicinity of the seismic area of Vrancea 
which is reflected in the high deepening rates of 
channel beds on the long-term (Dumitriu, 2020). 

Pfeiffer & Finnegan (2018) stated that the 
sediment input appears to be the main drive of the 
intensity of changes underwent by channel beds, 
whereas the temporal dynamics is determined to a 
large extent by the hydrological regime. In Trotus 
drainage basin the hydrological regime shifted 
significantly during the last quarter of a century, as the 
frequency of high magnitude flood events increased 
markedly. However, no direct correlation was found 
between Q and the occurrence of bed level changes, 
whereas other variables are likely more relevant (such 
as the duration, flood frequency and power, the 
availability of sediment sources, the nature of the 
channel bed etc.) (Rădoane et al., 2010). Pfeiffer et al., 
(2019) showed that bed elevation variability reflects to 

a larger degree the sediment supply compared to the 
peak flow. However, major changes coincided visibly 
with high magnitude flood events, and in particular 
with those which exceeded 5 to 10 times the average 
streamflow discharge (Qmean). In the case of the reaches 
examined in this study the peak discharge of the most 
important flood events surpassed Qmean by more than 
10 times. For example, in the reaches where the highest 
rates of channel bed degradation were documented 
(Scorțeni and Sulța), during the flood event of 2005 the 
peak discharge exceeded Qmean by 135-fold and 50-
fold, respectively, whereas in 2010 Qmean was 
exceeded 72-fold and 57-fold, respectively. However, 
the channel bed response to these discharge peaks was 
inconsistent, with contrasting consequences which 
were in agreement with the observations made by 
Pfeiffer et al., (2019), who found that events with equal 
magnitude triggered different changes in the channel 
bed levels (lifting, lowering or none of these 
processes), both in time and across space. For example, 
whereas after the flood events of 2005 the process of 
channel bed deepening was nearly ubiquitous, similar 
discharge peaks recorded during the 2010 flood events 
led mainly to channel aggradation. Thus, the situation 
appears to be more complex, as it was observed that in 
most flood events the rising limb of the event is marked 
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mainly by deepening processes, while the falling limb 
is associated with channel aggradation (Rădoane et al., 
2010). However, channel bed degradation is not 

limited to major flood events and occurs during high 
frequency, low magnitude events, as well. This 
situation was often observed in our study area. 

 
Figure 6. Cross-sections highlighting channel bed aggrading or degrading processes at several analyzed reaches (a) 

Valea Rece; (b) Sulța; (c) Ciobănuș; (d) Asău; (e) Valea Uzului; (f) Cremenea; (g) Dărmănești; (h) Dofteana; (i) 
Ferăstrău; (j) Haloș. 
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Figure 7. Channel bed dynamics at analysed reaches. 

 
Channel bed changes which occur during major flood 
events are regarded as “acute” flood disturbance, 
whereas the others are ranked as “chronic” incision 
between floods (Gibson & Shelley, 2020). 

The effects of these flood events cannot be fully 
addressed by global laws (Phillips, 2006) and no single 
standard pattern for channel bed evolution exists 
(Rădoane et al., 2010). However, the fact that certain 
thresholds manifest during flood events which often 
trigger irreversible channel bed changes is undisputed 
(Joyce et al., 2018). In this study, the geomorphic 
threshold introduced by flood events was related to 
stream power. Once the Miller-Magilligan threshold is 
exceeded, various changes occur in terms of bed 
elevation, although the intensity and direction of these 
shifts is just as inconsistent as in the case of the peak 
discharge. In our study, the most visible discrepancies 
(particularly in the case of the 2010 flood events) were 
attributed to flood duration (Dumitriu, 2016, 2018). 
This approach is in agreement with the findings of 
Costa & O'Connor (1995) and Magilligan et al., (2015) 
who suggested that in order to better explain these 
changes, event duration must be taken into account 
along with stream power. 

 
5.3. Recovery time 
 
Recovery time can be generally defined as the 

time required to transition from a „degraded” state to 
a state resembling a „reference” condition (Beechie et 
al., 1996, 2008). In this study, the recovery time refers 
to the time required for the channel bed level to revert 
to the state of reference (in our case, the state specific 

to the years 1994 and 2000). In our case, the analysis 
of bed level adjustments was focused on the short term, 
therefore the recovery times subsequent to major 
changes amounted to a few years. However, in some 
situations the channel bed never reverts to its reference 
state. This was the case with certain reaches comprised 
in our study, such as Sulța, Ferăstrău, Tazlău, Scorțeni 
and Helegiu. Overall, it was observed that in the case 
of “acute” changes the recovery time ranges between 
1 year and nearly 10 years, whereas for “chronic” 
shifts (generated by scour-fill) the recovery time was a 
year at most. Moreover, “chronic” shifts can be ranked 
as “river behavior”, while “acute” shifts are regarded 
as “river change” (Khan & Fryirs, 2020). In the 
reaches analyzed in this study the channel “sensitivity” 
(according to Fryirs, 2017) to bed level adjustments 
also depended of the characteristics of channel deposits 
and the availability of sediment sources. For example, 
at Valea Uzului and Dofteana the thickness of alluvial 
deposits is rather reduced compared to deposits from 
other reaches, therefore the amplitude of bed elevation 
changes in the former is low, and they recover at a 
much faster rate. At Scorțeni și Helegiu the significant 
thickness of alluvial deposits and the high availability 
and capacity for sediment transport resulted in high 
amplitude adjustments of the channel bed level which 
in turn led to a much longer recovery time. 

Another aspect refers to the recovery of the 
channel bed elevation subsequent to each flood event, 
without taking into account the 1994 and 2000 
reference points. In this case, after major flood events 
(particularly those recorded between 2001 and 2005, 
which triggered the most significant channel bed 
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deepening processes), the channel recovery to the pre-
flood bed elevation required nine years at Lucăcești, 
eight years at Valea Rece, seven years at Cireșoaia, six 
years at Ferăstrău, four years at Asău and Haloș, three 
years at Valea Uzului and one year at Dofteana. In the 
other channel reaches the recovery process is still 
ongoing and the bed level has not reached to date the 
state prior to the events of 2001-2005. In fact, in some 
instances the channel bed recovery stopped the 
deepening process and the onset of a state of stability 
or slow aggradation (Sulța, Ciobănuș). 

 
6. CONCLUSIONS 
 
The analysis of the temporal change of channel 

bed levels at fifteen gauging stations located in Trotuș 
drainage (the Eastern Carpathians) revealed that over 
short term, major flood events act as geomorphic 
thresholds. For the purpose of this study, the 
geomorphic threshold was represented by stream 
power during the flood events. In the majority of 
investigated reaches, a direct correlation was found 
between the annual trend of bed level elevation 
lowering and the highest MSP values. Furthermore, in 
many of the cases where a direct correlation between 
ABE and MSP could not be established, the annual bed 
elevation change could be explained to a satisfactory 
degree by the TSP values. Whereas the behavior of 
channel bed level change varied at each station, three 
evolution patterns could be distinguished depending on 
the reference year: (i) a category where channel 
degradation was nearly continuous; (ii) another one 
where initial aggradation of the channel bed occurred, 
ensued by continuous degradation, without recovery of 
the initial state, and (iii) a group with oscillating 
aggradation-degradation evolution resulting in the 
eventual recovery of the initial state. 

The first-time use (according to our knowledge) 
of the DCM method to assess the role of flood events 
in terms of channel bed level change has yielded 
conclusive results. Thus, the changing points of the 
DCM curve correspond to high magnitude flood events 
which triggered significant bed elevation shifts. 

The short-term average deepening rate for 
analyzed channel beds was 2.2 cm/yr, comparatively 
much higher than the rates determined elsewhere in the 
Carpathians. The elevated values documented for the 
rivers from the central area of the Eastern Carpathians 
can be attributed to two major traits: the peak activity 
exerted in this area by the retrograde cyclones of the 
Black Sea which resulted in a higher flood event 
frequency and the relative vicinity of the seismic area 
of Vrancea which is reflected in the high deepening 
rates of channel beds on the long-term (Dumitriu, 
2019). 

Channel bed level changes were ranked in two 
categories (acute and chronic), depending on which the 
recovery time varied in relation to these shifts. Thus, 
the recovery time for “acute” changes ranged between 
one and nearly 10 years, whereas in the case of 
“chronic” changes the recovery time was one year at 
most. 

While over long term the evolution trend of 
channel level is highly sensitive to environmental 
controls shifts and anthropogenic influence, on short 
term flood events drive the direction and intensity of 
bed elevation adjustments. 
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