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ABSTRACT. Despite numerous researches on river channel incision, there are fewer studies on the impact of channel
adjustments on floods. This paper aims to investigate channel adjustments and to analyse their impact on the frequency of
floods by estimating the return period of the bankfull discharge of the Prahova River in the South-Eastern Subcarpathians
(Romania). The study is based on the analysis of the maximum annual discharges and cross-section profiles of the Prahova
River at Campina gauging station (1976-2015). To estimate the return period of the bankfull discharge, the log Pearson Il
distribution was used. Overall, the maximum depth and the cross-section area at the bankfull stage increased during the
analysed period, indicating channel incision and lateral stability. The bankfull discharge of 1976 could be reached every year
and the one of 2015 could occur almost every 5 years. Therefore, due to channel incision and increased channel capacity,
overflowing the bankfull stage is a less frequent hazard on the Prahova River at Campina gauging station. River management
appears to maintain this situation as no measure is taken to decrease channel incision.
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INTRODUCTION

In the context of the European Union Water Framework
Directive  (EU-WFD), all water bodies affected by
anthropogenic impact should be rehabilitated to a good
status (European Commission 2000). One of the key reasons
for failing a good ecological status are hydromorphological
alterations (e.g., Haase et al. 2013; Richter et al. 2013; Karthe
etal. 2018). Nowadays, channel incision is a common process
in river channels as sediments are trapped by various human
pressures (e.g., Landon et al. 1998; Hajdukiewicz et al. 2019)
and all studies aimed at understanding the various effects
of this process as scientific and practical interest. Previous
studies showed that efforts are made to rehabilitate incised
channels (e.g., Beechie et al. 2008; Stahly et al. 2019).

In the context of river basin management, the countries
in Eastern Europe have recently made the transition from a
legislation based on Soviet water governance to the EU-WFD
(Krengel et al. 2018); and Romania, which joined the EU in
2007, is a good example for a country where the goal of a
‘good ecological status'was recently introduced. Small scale
studies conducted in the Carpathian Mountains reported
river channel adjustments due to various natural and
anthropic causes such as periods lacking high magnitude

floods, afforestation, river damming, flow control works, and
channeldredging/mining (e.g., Korpack 2007;loana-Toroimac
et al. 2010; Armas et al. 2012; Chiriloaei et al. 2012; Wyzga
et al. 2012; Wyzga et al. 2016a, 2016b; loana-Toroimac 2016;
Wyzga et al. 2018; Hajdukiewicz et al. 2019). Previous studies
in the South-Eastern Subcarpathians showed a decrease of
the braiding activity intensity in the last century, shrinking
of braided sectors until fluvial metamorphosis, a narrowing
process, and an increase of woody riparian vegetation
on the riverbanks of the now-abandoned active channel;
conversely, in-stream vegetation was severely reduced as
a result of changes in the dominant geomorphological
processes, namely erosion is more intense than deposition
(loana-Toroimac 2016). Only few studies investigated the
river channel incision in the South-Eastern Subcarpathians
(e.g., Armas et al. 2012; Radoane et al. 2013).

The impact of channel adjustments on floods was less
studied. As example, the increase in flow capacity of the
channel was reflected in considerable lowering of stages
for low flood discharges and markedly smaller one for high-
magnitude floods, with particularities depending on the river
type, followed by increasing return period of the bankfull
discharge (Armas et al. 2012; loana-Toroimac et al. 2013;
Wyzga et al. 2016b). Most of the rivers crossing the South-
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Eastern Subcarpathians and the neighbouring areas have
high return periods of the bankfull discharge (i.e., up to 8 years
at gauging stations without engineering works according to
loana-Toroimac et al. 2013).

The aim of this paper is to contribute at better
understanding the impact of channel alteration on floods
based on (i) the analysis of channel adjustments and (ii) the
estimation of the return period of the bankfull discharge. The
analysis was conducted on the Prahova River in the South-
Eastern Subcarpathians (Romania), where the river channel
is closely followed by the main national road and railway,
of European importance, which cross the Carpathians and
connects the capital (Bucharest) to the country’s central and
western regions, then continuing to Western Europe. In the
studied sector, this transportinfrastructure of majorimportance
is highly vulnerable to the risk induced by the river channel
dynamics and floods (Zaharia et al. 2017), therefore studies
on the relationship between channel adjustments and flood
features have practical interest, for the proper management of
the river in order to mitigate the related risks.

STUDY AREA

The Prahova River is a second-order tributary of the
Danube River, in Romania. It has its source in the Carpathians,
then crosses the South-Eastern Subcarpathians, and reaches
the Romanian Plain (Fig. 1a), having a total length of 193
km and a catchment area of 3754 km? In this paper we
investigated the adjustment of the Prahova River channel
in the subcarpathian sector, namely at Campina gauging
station, located 55 km away from the source, controlling a

watershed with an area of 486 km?, at 1124 m a.s.l. mean
altitude (Aquaproiect 1992). Along the section of the gauging
station, the Prahova can be clasified as a high energy river on
greywacke and marls, with a specific stream power of 665
W m at bankfull discharge in 2015 and the competence of
moving a particle with approximatly 160 mm in diameter
(loana-Toroimac et al. 2017). At this gauging station, during
the period 1976-2015, the river had a mean multiannual
discharge of 7.55 m? s, with variations of the mean annual
flow ranging between 2.64 m* s (in 2012) and 14 m? s (in
2005) (Fig. 1b). The maximum annual discharges ranged
between 20.7 m? s (in 2011) and 399 m? s (in 2005) (Fig.
1¢). The premise of all interpretations in this paper consists in
the lack of trend in the variability of the mean and maximum
annual discharge of the Prahova River at Campina gauging
station according to the Mann-Kendall test at a < 0.05 (Mann
1945; Kendall 1975; Gilbert 1987).

During the analyzed time interval, the subcarpathian
sector of the Prahova River was affected by fluvial
metamorphosis — most of the braided features have been
lost, together with significant expansion of vegetation on
the banks and erosion of in-stream vegetated islands to the
point of disappearance (loana-Toroimac et al. 2010; loana-
Toroimac 2016). The same sector went through a severe
incision, up to 5 m in certains sites (Armas et al. 2012). The
river has a natural long-term tendency for incision due
to geological causes (Armas et al. 2012). It is hazardous to
consider the precipitation as responsible for the river incision
in this sector, because no statistical trend was detected in the
annual amount of precipitation recorded at weather stations
in the Upper Prahova catchment (Marin et al. 2014) except
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for a decreasing trend in summer in the mountains in the
last decennies (Dumitrescu et al. 2014). Daily precipitation
characterizes by a negative trend of the number of days
with heavy rains and of daily intensity, but a positive trend
of the number of consecutive dry days (Croitoru et al.
2016). Despite the deduction of a decrease of the pluvial
erosivity, some torrents and landslides were reported as
active with socio-economical impact in the Carpathians
and Subcarpathians, therefore contributing to the river
sediment supply (loana-Toroimac et al. 2010). Moreover,
several morphogenic floods (e.g., return period > 10 years)
have temporally reactivated the floodplain (loana-Toroimac
et al. 2010) despite its overall trend of narrowing. Therefore,
we conclude that the anthropic factor is the main driver of
fluvial metamorphosis and river incision (loana-Toroimac et
al. 2010; Armas et al. 2012). An example of channel incision is
shown in Fig. 2a and b. Human interventions, such as check
dams, bank protection, channel rectification, water intakes,
micro power plants, torrential works in the catchment,
increasing soil sealing, probably diminished the sediment
supply of the river and accelerated the channel incision. The
Prahova River channel is one of the most altered by various
human pressures in the South-Eastern Subcapathians (loana-
Toroimac et al. 2017). The high alteration is due mainly to
socio-economic stakes in the Prahova upper watershed. In
the vicinity of Campina gauging station, the management of
fluvial processes and hydrological hazards must also consider
the international road E60 on the left bank and the railway
and small enterprises (i.e., built area) on the right bank.

MATERIALS AND METHODS

To analyse the channel adjustments of the Prahova
River, we used cross-section profiles at Campina gauging

station. The analysis overlaps the time interval 1976-2015,
during which the staff gauge was fixed and represented
the landmark used for comparison of all cross-section
profiles. The cross-section profiles (randomly chosen 1/year
during the studied period) were analysed at the bankfull
stage according to the topographic criterion of the lowest
bank. The chronological series of cross-section parameters
(i.e., depth, width, area, wetted perimeter, hydraulic radius)
were analysed by using the non-paramentric test of Mann-
Kendall to detect a trend of evolution (a < 0.05) and the
non-parametric test of Pettitt (a < 0.05, Pettitt 1979) and the
procedure of Hubert (Scheffé 1%, Hubert 2000) to detect a
changing point. In order to better understand the vertical
dynamics of the riverbed, we analysed the variation of
the absolute altitude (in m a.s.l) of the point of maximum
depth (PDmax) for all the available cross-sections during the
studied period (approximately 70 values per year during the
40 years of the analysis.) The PDmax was computed for each
cross-profile, as difference between the absolute altitude (in
m a.s.l) of the point zero («0») set on the gauging station’s
staff (this altitude does not change over the years) and
«hp oscillation», which expresses the difference between
the water stage and the corresponding water maximum
depth relative to the point «0» of the gauging station’s staff
(according to the methodology described by Zaharia et al.
2011).

To characterize the flow of the Prahova River at Campina
gauging station, the bankfull discharge was calculated based
on the Manning equation (Manning 1889), integrating the
cross-section parameters at the bankfull stage, the water
slope measured simultaneously with the cross-section
and Manning roughness coefficient corresponding to
bed material grain size (80% medium, coarse gravel and
cobble; 20% fine gravel and sand on the latest cross-section

Fig. 2. Dynamics of the Prahova river channel at ca. 200 m upstream of Campina gauging station in April 2007 (a) and
in November 2017 (b)
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profile). Further, the return period of the bankfull discharge
was estimated based on the series of maximum annual
discharges (1976-2015) by using the log Pearson type Il
distribution.

RESULTS

During the analysed period, we found that the Prahova
riverbed has been deepening. Thus, the maximum depth
of the cross-section recorded a positive trend according
to the Mann-Kendall test. The maximum depth increased
from 1.3 min 1976 — min to 3.0 m in 2015 — max (mean =
1.9 m; median = 1.7 m; standard deviation = 0.5 m). The
maximum depth registered a changing point in 1998
according to Pettitt test and three segments were identified
(1976-1991, 1992-2000, and 2001-2015) according to
Hubert procedure (Fig. 3a). The PDmax appears to confirm
the negative trend in the variability of the maximum depth
of the river channel (Fig. 3b). Overall, the PDmax varied on
an amplitude of approximately 3.5 m. The deepest incision
between two consecutive cross-section profiles of about —
1.3 m occurred in July 1988 followed a few days later by the
highest aggradation of +1.3 m in relation to the second peak
of the maximum annual discharges of the period 1976-2015
(Fig. 10), indicating the new equilibrium of the hydrosystem
disturbed by a flood. The overall incision was gradually and
the PDmax generally maintained under its mean value after
2001 (Fig. 3b).

The cross-section width didn't register a trend in its
variability (mean = 444 m; median = 44.7 m; standard
deviation = 2.6 m). Similarly, the width chronological series
had no changing points or segments (Fig. 4a).

The cross-section area had a positive trend during the

analysed time interval according to the Mann-Kendall test.
The area increased from 39.7 m?in 1976 to 90.2 m? in 2015
- max (min = 340 m? in 1989; mean = 58.1 m? median =
51 m? standard deviation = 18.8 m?). The cross-section area
recorded a changing point in 1997 according to Pettitt test
and several segments were identified (i.e. 1976-1992, 1993—
1997, 1998-2000, and 2001-2015), according to Hubert
procedure (Fig. 4b).

The wetted perimeter didn't register a trend in its
variability (mean = 45.5 m; median = 458 m; standard
deviation = 2.4 m), with no changing points according to
Pettitt test. However, Hubert procedure revealed several
segments: 1976-1994, 1995-1996, 1997-2011, and 2012-
2015 (Fig. 5a).

The hydraulic radius statistically increased from 0.8 m
in 1976 to 1.8 m in 2015 (mean = 1.2 m; median = 1.0 m;
standard deviation = 0.4 m). The hydraulic radius time series
didn't record a changing point according to Pettitt test, but
it is segmented in 1976-1998, 1999-2001, and 2002-2015
according to Hubert procedure (Fig. 5b).

In the morphology of the cross-section of the Prahova
River at Campina gauging station, different changes were
identified (Fig. 6): increase of the maximum depth between
1991-1992; increase of both cross-section area and
maximum depth between 1997-1999; and overall drastic
channel incision between 1976-2015.

As a consequence of increased channel capacity, during
the analysed period, the bankfull discharge increased from
449 m3sTin 1976 to 163.8 m3s' in 2015 (mean = 97.9 m3s’
median = 61.1 m3s’; standard deviation = 65.4 m3s"). The
maximum bankfull discharge occurred in 2007, while the
minimum bankfull discharge in 1988 (Fig. 7a).

The return period of the bankfull discharge increased
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from 1.1 years in 1976 to 5.3 years in 2015. The maximum
value of the return period, i.e. 9 years, corresponded to the
high bankfull discharge of 2007 (Fig. 7b).

DISCUSSION

The analysis of the Prahova river channel dynamics at
Campina gauging station indicated a severe incision of the
riverbed and increased channel capacity associated to lateral
stability. These processes were followed by a decrease of the
probability of flooding over the bankfull discharge.

Understanding channel incision

Our results confirm previous works concerning
the incision of the Prahova River in the South-Eastern
Subcarpathians (Armas et al. 2012). The magnitude of the
incision is probably maximum in the studied area, while the
lower course of the Prahova River was not affected by this
processaccording to loana-Toroimacetal. (2015). As response

to disturbances, major channel adjustments occured in the
beginning of 1990s and especially at the end of 1990s. At
the beggining of 2000s, the hydrosystem probably relaxed.
Since, the hydrosystem preserved the new features, namely
channel incision.

The Prahova river channel incision at Campina
gauging station should be interpreted as part of the entire
hydrosystem functionning: the channel incision appears to
be the process following the channel narrowing upstream
and downstream (loana-Toroimac et al. 2010). The incision
isn't followed by banks' collapse due to the relativelly hard
rocks constituting the river channel. Therefore the incision
can't naturally be attenuated. The river channel pattern
dynamics in our case study is relativelly similar to the ones of
the Italian rivers described by Surian and Rinaldi (2003).

We can only hypothesise about these disturbances in
the Prahova hydrosystem. Finding the precise disturbance
responsible for the channel incision, which took place 20
years back, is impossible in lack of detailed registers. We
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advance the hypothesis of human pressures as no major flood
occured in the end of 1990s (Fig. 1¢); moreover, the highest
flood as dischage in 2005 didn't manifest itself by notable
channel adjustments. As example of human pressures,
dredging was a common practice in the region to avoid
river channel aggradation in the vicinity of bridges (loana-
Toroimac 2014). Therefore, gravel and sand exploitation from
the river channel maintained as frequent practice in Romania
(Salit and loana-Toroimac 2013). Similarly, anthropic increase
of the channel capacity is still seen as a way to protect against
floods in Romania (ABAS 2015).

There are numerous gaps in the analysis of channel
incision of the Prahova River. In lack of other long-term and
precise topographic measurements, data from gauging
stations are the most suitable and accurate to quantify
the channel incision. However, the low number of cross-
section profiles diminishes the precision of the results. The
decreasing number of points along a cross-section profile
(e.g., 46 points on 43.5 min 1976 versus 15 points on 48 min
2015 - Fig. 6) also diminishes their fidelity when compared
to the studied section. Other measurements compared to
stable landmarks, such as the bankfull stage, should complete
the ones associated to hydrological variability. Measuring
only the PDmax is incomplete as the cross-section area at
the bankfull stage also describes the features of the incision.
We recommend to enhance cross-section topographic
measurements at gauging stations. We recommend as well
to continuously and rigorously monitor and inventory human
pressures in order to track back disturbances corresponding
to channel adjustments.

Remarks on the return period of the bankfull discharge

The return period of the bankfull discharge of the
Prahova River increased especially after 1997 in relation to
channel capacity growth: from 1.1 years in 1976 to about
5 years in 2015. The latter value is higher than those in the
literature, where the return period of the bankfull discharge
is thought to be 1-2 years (Leopold 1954) or 1.58 years (Dury
et al. 1963) and similar for the majority of stable channels
(Doyle et al. 2007), which confirms Prahova river channel
adjustments when compared to a normal situation. To better
understand the relation between channel incision and
floods, the analysis must be completed by estimating the
effective discharge that transports the greatest quantity of
sediments (Doyle et al. 2007).

However, the values of the bankfull discharge and
return period must be carefully interpreted. As shown in
Fig. 7a and b, these values appear to have high variability.
They strongly depend on the hydrological variability and
more precisely on the water slope. In our estimations, the
water slope corresponds to the measurement of a random
water stage, which probably is lower than the bankfull stage
for safety during field work. Therefore, to gain precision
in estimating the bankfull discharge, we recommend to
enhance knowledge on water slope by field measurements
related to the hydraulics of floods or by hydraulic modelling.

Managing complex effects of channel incision

The Prahova River long-term incision and high erosion
during floods determined an increase of the channel capacity
and return period of the bankfull discharge up to maximum
9 years in the studied section. Additionally, the minimum

22

annual water stages probably decreased with ecological
negative effects. As a consequence, the morphogenic floods
are less frequent in the floodplain area and the floodplain
accretion is expected to take a longer time. The river became
largely disconnected from the floodplain, which reduced
delivery of organic matter and wood debris from the riparian
zone and limited the availability of remnant channels and
ponds in the floodplains for river biota (WyZzga et al. 2011).
As incision probably increased the velocity of flood flows in
the channel and the river competence, floods may be more
destructive now for the structures located within the channel
(Wyzga et al. 2016b), which is even more intense in the case
of a high energy river such as the Prahova River. In our case
study, the loss of floodwater storage in the floodplain area
doesn't imply the increase in flood hazard to downstream
river sector as the braided river channel becomes very large
(up to 300 m according to loana-Toroimac 2016) and takes
over the capacity to stock floodwater.

As river management practice, Fig. 2a and b shows
concrete bank protection structures on the right side built
up before 2007 against lateral erosion. Between 2007-2017,
a low-invasive rectification was set up (i.e, raise of an in-
stream alluvial bar) to deviate the main flow from the right
bank. Further field investigations revealed that, after 2015,
the left bank of the Prahova River at Campina gauging
station was protected against lateral erosion by gabions.
Hypothetically, the bank stabilisation works further increase
the incision (Galia et al. 2015). Therefore, we conclude that
river management maintains channel incision in the studied
area.

The channel incision of the Prahova River at Campina
gauging station reduce the frequency of river overflowing,
therefore mitigate the flood risk in the studied area. This
solution appears to be preferred by river managers probably
for socio-economic purposes. Future transdisciplinary
studies must analyse the sustainability of this solution.

CONCLUSIONS

This paper showed that the impact of channel incision on
floods is translated by an increase of the bankfull discharge
and of its return period. In the case of the Prahova River
at Campina gauging station, during 1976-2015, the total
incision was of 1.7 m of maximum depth and the channel
capacity doubled. Between the two extreme years of the
analysedtimeinterval (1976 and 2015), the bankfull discharge
raised from 44.9 m3s™ to 163.8 m3s’, and the associate return
periods increased from 1.1 years to 5.3 years. However, these
values are oscillating, depending on the dominant fluvial
process associated to the hydrological variability. The values
also depend on the accuracy of field measurements, which
should be a major concern for river managers.

As implications for river management, overflowing
became less frequent while floods probably became more
competent and destructive in the channel. As no measure
was taken so far to diminish the Prahova river channel
incision, the situation may be considered worthwhile for
flood risk management in the studied area, and should
be taken into consideration for river basin planning in the
context of the EU-WFD. Future transdisciplinary studies are
needed to reveal the sustainability of this solution. Il
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