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Abstract: Most European riverine ecosystems suffer from the negative influence of impoundments
on flow regime. Downstream effects of dams lead to a number of environmental and
socioeconomic risks and, therefore, should be thoroughly examined in specific contexts. Our study
aims to quantify the downstream effects of the Siemianoéwka Reservoir (Upper Narew, Poland),
using statistical analysis of key elements of the river’s flow regime, such as the flow duration and
recurrence of floods and droughts. In a comparative study on control catchments not influenced
by impoundments (the Suprasl and Narewka Rivers), we revealed the following downstream
effects of the analyzed dam: significant shortening of spring floods, reduction of the duration and
depth of summer droughts, decrease of the maximum discharge, and homogenization of the
discharge hydrographs. Although we determined a significant decrease in the duration of summer
floods in the “before” and “after” dam function periods, we showed that this issue is regional,
climate-related, and replicated in control catchments, rather than an evident downstream effect of
the dam. We conclude that significant hydrological downstream effects of the Siemianéwka dam-—
reservoir system could have been the main driver inducing the deterioration of the anastomosing
stretch of the Narew River downstream of the dam.
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1. Introduction

The vast majority of rivers in the northern hemisphere have been segmented by dams, which
poses the risk of significant deterioration of downstream riverine and riparian ecosystems [1]. The
influence of dams on river systems is reportedly several times greater than, for example, the
influence of climate change [2]; therefore, the analysis of downstream effects of dams (reservoirs)
remains an important issue in international scientific literature [3-5]. Based on the modification of
river discharge on an hourly and daily basis, seasonal changes of flow regimes [6,7], and water
temperature modification [8] in impounded rivers, dams can be considered a key element affecting
the hydrology of downstream reaches of rivers.

Dams negatively influence all elements of riverine ecosystems. First and foremost,
downstream effects of dams induce sediment transport and river channel sedimentation/erosion
balance [9]. Changes of the river channel caused by sediment trapping by dams and reservoirs
affect the distribution of flow velocities and induce incisions in river channels [10]. Changed water
exchange and in-stream biogeochemical cycles affect the water quality of impounded rivers [11].
The changes in the longitudinal connectivity of river reaches and unstable flow regime and water
temperature affect fish communities [12,13]. The alteration of the river baseflow due to the
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operation of the dam negatively affects macroinvertebrate communities by changing their trophic
structure [14]. The changed flow regime, including modified inundation periods and seasons, also
affects the riparian vegetation [15]. Complex interactions of riverine ecohydrological processes
affected by dams need to be addressed in river management strategies [16] because observed and
documented downstream effects of dams influence the broad spectrum of the anthroposphere,
challenging livelihoods and economies [17].

Large dams have significant downstream effects [3,4,13,16,18-20] and are thus more frequently
studied than small ones [8,21]. However, small- and medium-sized dams and associated reservoirs
influence the vast majority of the world’s rivers [1]. The role of these dams in shaping the global
environment remains widespread and locally critical.

In Europe, north-east Poland is known for its high environmental awareness; the area is home
to four national parks, five landscape parks, and multiple environmental reserves. Nearly 56% of
the area of the Podlaskie Voivodeship province—the highest rate among all regions of the
country —is covered under the EU environmental conservation program Natura 2000. The cultural
landscape, consisting of a mixture of agricultural land, forests, wetlands, and settlements, is called
the “Green Lungs” of Poland. The core of this unique region is the Narew River, which remains the
backbone of local agricultural and environmental issues. Part of the middle reach of the Narew
River formed the continent’s unique anastomosing system of river branches [22,23], which was the
main reason for establishing a national park in this region. The uppermost reach of the Narew River
was dammed in 1990 when the Siemianéwka Reservoir (SR) was constructed. Since then, specific
studies have revealed changes in discharge and water-level dynamics [24-28] and biodiversity [29-
32] of the riverine ecosystem. These changes have been attributed to the SR. Some observed
biogeochemical changes in the downstream anastomosing river system have also been attributed to
the dam [33]. The most recent negative hydrological and geomorphological changes of the
anastomosing stretch of the Narew River are thought to be accelerated by the downstream effects of
the SR [23]. However, no comprehensive long term data-supported hydrological research on the
downstream effects of the SR has been conducted so far.

A dataset of more than 20 years of hydrological discharge data for the Narew River after the
SR was established is available. Therefore, we aim to conduct a data-based and statistically
supported assessment of the river’s flow regime based on comparative before—after control-impact
comparisons. We investigated the impact of the reservoir construction on the flow regime of
downstream reaches of the Narew River. Statistical analyses of the precipitation pattern, daily
discharge records (minimum, maximum, 1st, 2nd, and 3rd quartile), and occurrence and recurrence
of floods and droughts were conducted for two different time periods: 1951-1989 (pre-dam) and
19902012 (post-dam). Our study provides hydrological evidence of the influence of the SR
downstream of the Narew River; thus, we open new avenues for the interpretation of biological,
ecological, hydrological, and geomorphological research.

2. Materials and Methods

2.1. Study Area

The study area, the Upper Narew Catchment (NE Poland), is the sub-catchment of the largest
Polish river basin, namely, the Vistula (Figure 1). The analyzed catchment covers an area of 6656
km? (of which 17% belongs to Belarus). The region was formed by glacial erosion and accumulation
in the Pleistocene. It is characterized by a flat relief with an average elevation of 152 m above sea
level.
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Figure 1. Case study location: Siemianéwka Reservoir (SR) and Upper Narew River Catchment, and
location of water gauges used to record the data used for the analysis.

The climate of the Upper Narew Catchment is continental; it is influenced by cold polar air
masses originating in Russia and Scandinavia. This is reflected in the mean annual air temperature,
which equals 7.1 °C, and annual magnitude of air temperature changes that can reach up to 55 °C
according to the data of the Institute of Meteorology and Water Management-National Research
Institute IMGW-PIB). Mean annual sums of precipitation oscillate at about 600 mm. Land cover in
the Upper Narew Catchment is dominated by agriculture (53%) with arable lands (39%) and
pastures (14%) [34]. Urban and settled areas cover less than 3% of the catchment. Dominant types of
soil are pure and loamy sands; very heavy impermeable soils (clay, clay loam, and silt loam) are
rare [34]. The topographical setting of the catchment determines the typical lowland character of the
river valley, which in primeval conditions was supposed to be exposed to regular and long-lasting
inundation, most frequently during the early spring snowmelt season. The rivers of this region of
Europe are subject to thaw floods, which are considered to be the most important regular extreme
phenomenon shaping riparian wetlands, including the anastomosing channel of the Narew
downstream of the SR [22]. Substantially lower rain-event driven floods occur occasionally in the
summer season.

The Upper Narew Catchment, being a part of the Narew Basin, is surrounded by multiple
environmental protection sites, including national parks and Natura 2000 sites (Birds and Habitat
Directive; Figure 1). Among the protected areas in the catchment, the Narew National Park (NNP),
Upper Narew Valley Refuge Special Area of Conservation (SAC), and Upper Narew Valley Special
Protection Area (SPA) are the most important due to their location in an area downstream of the SR.
All three protected areas embrace unique wetland habitats shaped by and dependent on regular
inundations.

2.2. Siemianéwka Reservoir

The SR has a total capacity of 79.5 million m? and was created through dam construction in the
course of the River Narew, (432 km, measured from the outlet). The first construction started in
1977, whereas the complete filling dates back to 1992 when the SR became entirely operational [35].
The dimensions of the reservoir are as follows: 11 km length, 0.8 to 4.5 km width, 2.5 m mean depth,
7 m maximum depth, and 1050 km? catchment area. The reservoir and dam were created for
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multiple purposes including the enhancement of local tourism and recreation, energy production,
flood protection, fishing, and irrigation of agricultural lands [36]. According to reservoir
management instructions [35], one of the main objectives is to increase the low flow during the
summer season in the Narew to maintain biological life, and to mitigate high peak flow to reduce
flood risk in the valley during the spring season. Reference catchments used as control sites in our
research, that is, from the Narew River down to the Narewka gauge station, and from the Suprasl
River down to the Fasty gauge station (Figure 1; Table 1), are located in the same region. Their
physiographic features are similar to the analyzed catchment of the Narew River.

Table 1. Gauge stations in the Upper Narew Catchment. The asterisk “*’denotes catchments of major
tributaries of the Narew River, which are used as references in this study.

Gauge Station River Flow Data Availability Catchment Area (km?)

Narewka * Narewka 1951-2013 590.4
Bondary Narew 1963-2013 1094.6
Narew Narew 1951-2013 1978.0
Suraz Narew 1951-2013 3376.5
Fasty * Suprasl 1975-2013 1818.0
Strekowa Géra Narew 1951-2012 6656.0

2.3. Hydrometeorological Analysis

This study used daily precipitation records from 20 meteorological stations for the period
19512012 for the analysis. Daily flow records for six gauge stations covering different time periods
(Table 1) were subjected to a statistical analysis. Both meteorological and hydrological data were
acquired from the IMGW-PIB. Whilst four flow gauge stations (Bondary, Narew, Suraza, and
Strekowa Gora) are located on the Narew River and are used for direct dam impact assessment, the
remainig two (Narewka and Fasty, located on the Narew tributaries and not influenced by the dam)
constitute control stations to eliminate potentially wrong inferences due to the climate impact on
the flow regime. To assess the significance level of the precipitation trend, the non-parametric
Pettitt's test [37] was applied, with a significance level of p < 0.05. This test provides the assessment
of the null hypothesis Ho, implying that the data are homogeneous throughout the period of
observation. Pettitt’s test was reported in the literature to be sufficient for detecting break points in
a set of long-term observations [38,39]. In addition, flow-duration analysis was conducted, yielding
the annual minimum; maximum; and 25, 50, and 75 percentile discharge for all gauge stations.
Statistical analysis of flow data homogeneity based on Pettitt’s test was conducted to indicate
significant breakpoints and timescale trends to assess the impact of dam construction on the flow
regime.

Additionally, flow-duration curves (FDCs) have been created for every gauge station to
express the overall regime change in the analyzed time frame. The FDC is a plot that shows the
percentage of time during that discharge in a stream is likely to equal or exceed some specified
value of interest. In this study, the flow datasets for each gauge station were divided into two
subsets (pre-dam, until 1988; and post-dam, since 1989) for which FDCs were created separately.
Finally, temporal patterns of floods and droughts were analyzed. We applied standard thresholds
of river discharge assessment, such as the median of the highest annual discharges (MHQ, proxy
for a bankfull discharge) and average lowest discharge (ALQ), both from multi-year records, for
flood and drought analysis, respectively. The study calculated the number of days with discharge
higher than MHQ and lower than ALQ for selected gauge stations to reveal whether the occurrence
and recurrence of floods and droughts, that is, extreme hydrological phenomena critical for the
functioning and preservation of anastomosing river branches and related biocenoses, have
maintained trends similar to pre-establishment of the dam or have changed. For a comprehensive
view on the aspect of floods and drought distribution and frequency, we analyzed these
phenomena in for all years considered (1951-2013) and separately for summer (May—October) and
winter (November—April). In addition, we analyzed floods and droughts of the Narew River for the
period from 1975 to 2013 because reference data for the SR were available. This approach allowed
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us to draw conclusions on the importance of the length of the river discharge dataset with respect to
its usefulness for before—after control-impact studies of downstream effects of dams, which has
already proven to be a critical issue in downstream effect analysis [40].

3. Results

3.1. Precipitation

The rainfall statistics (Figure 2) based on Pettitt’s test clearly indicate a moderate increasing
trend over the last 60 years with some wetter and drier periods. Over the period analysed, no
statistically significant differences in monthly sums of precipitation were detected between the
results from 20 stations analysed (statistics available in the supplementary material, Section 1).
Average annual precipitation sum within the Upper Narew catchment in the years 1951-2012
equalled 598 mm. The total annual precipitation was slightly higher in 1970-1980 than in 1951-1969
or 1981-2012. This pattern was significantly broken in 2010 due to an extremely wet year with
flooding across Poland; however, the pattern appears to be continuing in recent years. This
characteristic precipitation pattern is a crucial result, and in addition to dam construction, it needs
to be taken into account as a potential key controlling factor with respect to further interpretation of
flow regime changes.
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Figure 2. Total annual precipitation for the time period 1951-2012 in the Upper Narew Catchment.
“mu” stands for the average value at each time period. The black arrow indicates the year the SR
started operation.

3.2. Discharge

3.2.1. Minimum Discharge

The analysis of the annual minimum discharge pattern based on Pettitt’s test indicated diverse
results for each gauge station. No significant trend was detected in the analyzed period for the
Fasty (Figure 3A) and Narewka (Figure 3B) gauge stations located on the tributaries of the Narew
River, where the influence of the SR on the flow regime was not an issue. In contrast, characteristic
trends and breakpoints were noted for gauge stations located along the Narew River. However, due
to different occurrence times, the detected trends were most likely driven by varied factors. For the
Bondary gauge station (Figure 3C), located immediately downstream of the SR, one significant
break point occurred in 1994, indicating an average increase of 60% between the separated time
periods. Moving on further downstream of the Narew gauge station (Figure 3D), two significant
breakpoints were detected (1971 and 1994). During the first time period (1951-1971), the annual
minimum flow was 1.6 m?®s™, increasing from 1972 to 1993 by 87%, and increasing yet again in
1994-2013 by 17%. The Suraz gauge station (Figure 3E) recorded trends identical to those at Narew
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but of lower magnitude in the corresponding time periods (an increase of 71% from 1972 to 1993
and of 14% from 1994 to 2013). Whilst the first increase of the annual minimum flow is most likely
related to the precipitation increase, as the occurrence of both coincide in time, the latter is most
likely due to reservoir operation. The Strekowa Gora gauge station (Figure 3F), which is located in
the most downstream part of the catchment seems to reflect only precipitation-driven changes of
the minimum flow pattern, which increased from 1972 to 1987 by 55% and decreased by 11% from
1988 to 2012. This indicates that the dam impact subsides at some point of the Narew River between
the Suraz and Strekowa Goéra gauge stations.
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Figure 3. Annual minimum discharge for selected gauge stations of the Upper Narew Catchment:
(A) Fasty, (B) Narewka, (C) Bondary, (D) Narew, (E) Suraz, and (F) Strekowa Goéra. “mu” stands for
the average value of each time period. The black arrow indicates the year the SR started operation.

3.2.2. First Quartile Discharge

The analysis of the first quartile flow, which represents the median of the lower half of the
dataset indicates moderate changes. At the three gauge stations (Fasty, Narewka, and Bondary;
Figure 4A-C, respectively), no significant trend was recognized during the analyzed period. In the
case of minimum flow, a similar response was observed at the Narew (Figure 4D) and Suraz gauge
stations (Figure 4E). An increase occurred in 1970, with rates reaching 71% and 60% at the Narew
and Suraz gauge stations, respectively. Taking into account the time of appearance, this correlates
with the break point of the precipitation pattern shift observed in 1970. It is similar to the response
of the minimum flow pattern, with one major exception: it did not subside after 1980 when the
precipitation decreased. Considering changes detected at the Strekowa Gora gauge station (Figure
4F), the flow trends precisely follow the precipitation pattern, increasing at first by 50% in 1972-
1987, and finally decreasing by 11%.
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Figure 4. Annual first quartile discharge for selected gauge stations in the Upper Narew Catchment:
(A) Fasty, (B) Narewka, (C) Bondary, (D) Narew, (E) Suraz, and (F) Strekowa Goéra. “mu” stands for
the average value of each time period. The black arrow indicates the year the SR started operation.

3.2.3. Second Quartile Discharge

The analysis of the second quartile flow, which simply represents the median of the observed
dataset, indicated no significant trends for the two gauge stations (Fasty and Bondary; Figure
5A,C). Two characteristic patterns were observed at the remaining gauge stations. First, at the
Narewka (Figure 5B) and Strekowa Gora (Figure 5F) gauge stations, we observed two significant
breakpoints of the trend reflecting variation in precipitation from 1970 to 1980. Second, at the
Narew (Figure 5D) and Suraz (Figure 5E) gauge stations, we observed one significant trend shift in
1970. Regarding the rates of increase, the highest rate was noted at the Narew and Suraz gauge
stations (64% and 60%, respectively) and a significantly lower one was detected at the Fasty and
Strekowa Gora gauge stations (42% and 34%, respectively). The decreasing trends observed at the
latter two gauge stations reached 10%.
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Figure 5. Annual second quartile discharge for selected gauge stations of the Upper Narew
Catchment: (A) Fasty, (B) Narewka, (C) Bondary, (D) Narew, (E) Suraz, and (F) Strekowa Gora.
“mu” stands for the average value of each time period. The black arrow indicates the year the SR
started operation.

3.2.4. Third Quartile Discharge

The analysis of the third quartile flow, which represents the median of the higher half of the
dataset, indicates diverse changes. No significant alteration of the trend during the analyzed period
was detected at the three gauge stations (Fasty, Bondary, and Strekowa Gora; Figure 6A,C and F).
Identical changes were observed at the Narewka (Figure 6B) and Narew (Figure 6D) gauge stations,
accurately reflecting the precipitation pattern, which increases in 1970 (by 42%) and decreases in
1983 (by 15%). The flow pattern at the Suraz gauge station (Figure 6E) seems to have partial
fluctuations in precipitation, because the increase date coincides with the time in both cases.
However, there is a disagreement in the subsidence seen in total precipitation, which is not visible
in the flow alteration noticed around 1980.
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Figure 6. Annual third quartile discharge for selected gauge stations of the Upper Narew
Catchment: (A) Fasty, (B) Narewka, (C) Bondary, (D) Narew, (E) Suraz, and (F) Strekowa Gora.
“mu” stands for the average value of each time period. The black arrow indicates the year the SR
started operation.

3.2.5. Maximum Discharge

The changes in the annual maximum flow trends in the analyzed period seem to be the most
conspicuous. Among the investigated gauge stations, two indicated no significant trend changes
(Fasty and Narewka; Figure 7A,B). However, an explicit decrease was noted at the remaining four
stations. Although the direction of change is consistent, the time of occurrence differs. This proves
that the driving force of such change is not homogenous at all stations. In particular, it is most
probable that the shifts occurring in 1988 at the Bondary (Figure 7C), Narew (Figure 7D), and Suraz
(Figure 7E) gauge stations are caused by the dam construction. A substantial decrease was detected
in all cases, reaching 67%, 52% and 33% at the aforementioned gauge stations, respectively.
Although the decrease (by 43%) was also noted at the Strekowa Gdra gauge station (Figure 7F), the
time of the breakpoint occurrence (1983) suggests that it is most likely driven by precipitation

decrease.
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Figure 7. Annual maximum discharge for selected gauge stations of the Upper Narew Catchment:
(A) Fasty, (B) Narewka, (C) Bondary, (D) Narew, (E) Suraz, and (F) Strekowa Gora. “mu” stands for
the average value of each time period. The black arrow indicates the year the SR started operation.

3.3. Flow-Duration Curve

The results indicating the change in the FDC prove the undeniable impact of reservoir
construction on the flow regime of the Narew River. The alterations at the Fasty (Figure 8A) and
Narewka (Figure 8B) gauge stations exclusively reflect climate-driven changes because both are
located at the Narew tributaries, which are not impacted by the dam construction. Figure 8A,B
show that the shape of the curve remains similar during pre- and post-dam periods; only a regular
shift (overall decrease) in magnitude is detected in all exceedance probability intervals. In contrast,
such a shift does not occur for gauge stations located directly on the Narew River (Figure 8C-F).
Instead, a flattening of the curve is observed at all gauge stations during the post-dam period,
leading to varying intersections of the curves at different exceedence probability points. The
response is homogenous at all gauges, indicating that the daily streamflow decreases in the lower
percentiles (i.e., higher flow) and increases in the higher percentiles (i.e., lower flow). Moving from
upstream (Bondary) to downstream (Strekowa Gora), the magnitude of change seems to decline
gradually, whereas the curve intersections shift to lower percentiles.
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Figure 8. The changes in FDCs at selected gauge stations of the Upper Narew Catchment: (A) Fasty,
(B) Narewka, (C) Bondary, (D) Narew, (E) Suraz, and (F) Strekowa Gora. The discharge is presented
on a logarithmic scale.

3.4. Ocurrence and Recurrence of Floods and Droughts in Different Seasons

The analysis of temporal trends of floods and droughts revealed significant changes in the
ocurrence and recurrence of these extreme phenomena (Figures 9 and 10). In the period “before”
the SR was established, the frequency of years without flooding (daily average discharge higher
than MHQ) reached only 0.1 (floods did not occur in 4 out of 39 analyzed years). In the period
“after” the SR was established, the frequency of years without flooding and higher than the applied
threshold reached 0.3 (floods did not occur in 7 out of the 23 analyzed years). The longer inundation
periods observed in the Narew River Valley in the past, mainly in March and April, which were
assessed using records from the Suraz gauge station, are most likely related to the unmanaged flow
regime, which is affected by snowmelts and thaws. Although the annual recurrence of floods tends
to decrease on the regional scale (a statistically significant decrease was recorded both for Narew in
Suraz and the reference catchment Narewka in Narewka; Figure 10G,T), the decrease of the spring
thaw flood recurrence and duration is statistically significant only for Narew (Figure 10LL vs.
Figure 10V,Z). This observation leads to the conclusion that the SR has a significant and
considerably high influence on the recurrence and duration of floods for the Narew River: (1) the
contemporary recurrence of Narew floods on the annual basis is 34% lower than before the SR was
established; and (2) the contemporary duration of spring thaw floods declines by 56%, from an
average of 26 days to 15 days before and after the SR started to operate, respectively.
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Figure 9. Matrix presenting the occurrence and duration of floods (blue) and droughts (red) of the
Narew River at the Suraz gauge station.

The detection of a significant difference of the flood duration (decline) in Narewka (reference
catchment) between the whole year (Figure 10T) and summer (V-X; Figure 10U) leads to the
conclusion that the operation of the SR does not significantly reduce summer flooding. In terms of
flooding, the flow regime of the other reference catchment (Suprasl River, Fasty gauge station) does
not show significant changes throughout the analyzed years (Figure 10Y-Z). Despite the fact that
the recurrence and duration of flooding generally decreases with respect to the whole year from
1951-2013, for both summer—autumn and winter-spring phenomena, the before-after comparison
is not statistically significant (p values range from 0.188 to 0.608).

The SR has a completely different influence on the low flow of the Narew River. On the
regional scale, the duration and recurrence of droughts lower than the applied threshold tends to
significantly increase (e.g., in the reference catchments of Narewka and Suprasl; Figure 10M-O and
P-S5, respectively). In contrast, both the short- (1975-2013) and long-term (1951-2013) horizon
recurrence and duration of droughts decrease in the case of the Narew downstream SR, similar to
short-term observations presented by Romanowicz and Osuch [28]. A statistically significant
decline of the drought frequency was recorded in summer (May-October; Figure 10B,E), winter,
and in the long term (whole year; Figure 10A,C), which is an important downstream effect of the
SR. Although no statistical significance was revealed in the case of Narewka when comparing the
durations of droughts before and after the establishment of the SR (Figure 10M-O), we observed a
significant increase in the recurrence and duration of droughts in the case of the Suprasl River
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(Figure 10P,R). Discrepancies in the statistical significance of the before-after regime of floods and
droughts between short-term (Figure 10D,]) and long-term analyses (Figure 10A,G) prove that
using short sets of data to reveal flow regime changes due to dams may lead to wrong
interpretations, as also shown by Huh et al. [40]. Different conclusions drawn by Mioduszewski et
al. [27] and Cygan et al. [24] confirmed the hypothesis of Huh et al. [40] who stated that the use of
too short a series of discharge records may lead to wrong conclusions about the influence of dams
on the flow regime of a particular river. Considering the presented data, one can conclude that the
reduction of the recurrence and duration of droughts remains the most notable and unilateral
downstream effect of the SR on the flow regime of the Narew River. In combination with the
interpretation of floods, we conclude that the SR supports the significant homogenization of the
Narew River’s discharge, which likely has important consequences for downstream riverine and
riparian ecosystems.

n
1951-2013 1951-2013 1951-2013 1975-2013 1975-2013 1975-2013
Year V-X XI-Iv Year V-X XI-IvV
200 140 %0 20
s A - p=0.006 B p=001a] % € p=0.009 D p=o0ss E s i p=0.305
5 140 20 70 =
160
70
g 120 o0, p=0.042
T 140 100
T % 50
v 8 120 100 ° 50 o
w = 20 50
£ § 100 2 20 a0
®E s 60 5 0
3 a B 60 o % 30
E 60 40 o1
a0 % x 40 20 % % x
20
30 = 20 5 10 10
0 o 0 = 0 0
160 70 50 160 70 90
G p=0.020 H . p=0.017 w0 1 - p=0.037 ] p=0209 K . p=0851 L p=0.026
140 . 60 . 140 . 60 =
70 70
g A 50 o 420 50 & =
2 & 100 100
Az a0 . 50 o 50
w 5 80 80
B 3 30 40 30 40
& 5 60 " 60
= 38 - 30 30
a0 .
8 20 i 40 H 20
H X
ol 1 [ | Y 0 8 o L — 4
180 140 70 140 140 = 70
p=0.130 p=0.057 =0.815 p=0.013 p=0.024 P =0.055
w/M N [o] P P ! R 3 ;
120 60 ° 120 120 60
g 10
< 7 i 1m 50 100 = 100 50
v 2 80
8 =100 20 20 20 o 40
£ 5 s
ERR ° 60 30 60 60 30
2 & 0
g 40 20 T £ 40 40 20
40 x H H . =
20 s | 2 - 2 e
160 50 100 120
T - p=0.018 U . p=0.001 Vv p=0252| *° Y p=0.285 X - p=o1sg| 20 7z p=0.608
140 Y & = 100
100
4 20
g _ 120 . - ) g e
I 2 60 80 80 T
= 500 60 150
N Fd 50 ° .
n & 80 s 50 60 60
o 8
e 5 e 40 100
s & 30 o a0 a0
a0, 20
20 50 - -
2 0 10 |
[ 0 0 0 0 0

Figure 10. Comparison of the “before” (1951-1988/1975-1988) and “after” (1989-2013) durations of
droughts (Q < ALQ; orange/yellow) and floods (Q > MHQ; blue/dark blue) for Narew-Suraz (A-L),
Narewka-Narewka (MNO-TUV), and Suprasl-Fasty (PRS-YXZ). (A-C,G-I,M-O,T-V) represent
data from 1951 to 2013. (D-F,J-L,P-S,Y-Z) reflect data from 1975 to 2013.

4. Discussion

4.1. Hydrological Aspects

The results show that the SR altered the flow regime of the Narew River. Although the
influence of the SR operation on the average and median flows is not significant compared with
studies of Mioduszewski et al. [27] and Cygan et al. [24], and as presented by Kiczko et al.
[26] —strongly depends on the river stretch, we revealed the influence of the SR on the extreme flow
of the Narew River. Marcinkowski et al. [23] investigated seasonal changes in water flow and
indicated that average flows are lower in April but higher in February and March, which is
determined by dam operations, in which water is released from the reservoir in advance of the
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spring thaw to prevent flooding in municipalities close to the reservoir (see supplementary
material, Section 2).

A temporal precipitation increase recorded in the past (1970-1980) was taken into account in
addition to the construction of the SR, as one of the most crucial factors altering the river flow
regime, which was also observed by Mioduszewski et al. [27]. The impact of precipitation
fluctuations is clearly visible in Figures 5B,F and 6B,D, which show that the temporal increase of the
median flow precisely follows the precipitation pattern.

Marcinkowski et al. [41], by means of a hydrological model and nine General Circulation
Model-Regional Climate Model (GCM-RCM) runs, evaluated pure effect of climate on water
resources for the Upper Narew catchment for the 2020-2050 time horizon. They postulated that the
median of projected changes in water yield, i.e., the portion of precipitation that reaches the stream,
indicate an average annual increase of 9%. Notably, they observed the most pronounced increase in
winter, and a substantially lower increase in other seasons. Given the fact, that the SR controls the
release of water, storing most of it during the spring season, the increased flow caused by climate
change might be significantly suppressed.

The differences observed for the recurrence and duration of droughts between the Narew
River and reference catchments of Narewka and Suprasl may result from land-use changes [28].
However, the aspects of land use in Narew and the analyzed reference catchments are controlled by
similar drivers originating from environmental policies (e.g., the Common Agricultural Policy of
the EU, responsible for subsidising grassland farming in valuable riparian wetlands). Hence,
completely antagonistic trends of the recurrence and duration of droughts of the Narew River
compared with control catchments, also reported by Romanowicz and Osuch [28], tend to be a clear
flow-regime change attributed to the SR’s operation. This downstream effect of the SR can be
considered positive, both from environmental and socioeconomic perspectives. Higher water levels
during droughts are likely to prevent desiccation, which may reduce CO: emissions from drained
wetlands in some areas of the valley. However, so far, no links have been found between increasing
river water levels during droughts and rising groundwater levels in the valley [27,42], indicating
that it may be difficult to mitigate general groundwater decline in the area with an appropriate
water spill control from the SR. Hence, the role of the SR in improving downstream habitat quality
by decreasing the frequency of deep droughts and increasing the water levels in the river appears
to be negligible. On the other hand, the lack of long droughts in recent years could also be
considered as less stressful for the riverine ecosystem. One might suspect that if this stress factor
occurs repeatedly over time, biota would have to adapt to this phenomenon, and species with
higher resistance to this stress factor would become more abundant in the ecosystem. However, so
far, not much is known about the role of droughts as an ecosystem stress factor influencing the
specific and unique biodiversity of river systems.

The proven and evident reduction of the spring thaw flood duration and frequency that can be
attributed to the operation of the SR in the analyzed years along with recent milder winters and less
snow accumulation than before [42] can contradict the environmental effects of wetland restoration.
Bush encroachment in open areas of Narew Valley wetlands, which was reported to be successfully
mitigated by birch removal [43], can continue because lowered and shortened inundation allows
the re-establishment of young birch stands and feedbacks with evapotranspiration [44]. Hence,
shrub removal, although so far successful and important, appears in this case to be a measure
tackling the result of the process rather than affecting the process of bush encroachment itself.

4.2. Hydromorphological Aspects

Results of the reconnection of abandoned side arms and anabranches of the Narew River in the
NNP area appear to be contradicted by the operation of the SR as well. Although sidearm
reconnection projects implemented in the Narew Valley were reported to have positive
environmental effects [45], one could suspect that facing a continuing trend of high flow reduction
attributed to the function of the SR, managing appropriate levels of sidearm connectivity to the
main river channel in the future will remain a challenging task. In addition to negative responses of
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biota to river maintenance work performed in the Narew River System [46], flow-regime changes
remain an important issue to be addressed in future river management strategies and also within
the NNP.

The NNP, located downstream of the SR, has been facing the loss of anabranches in recent
decades [23]. It has been recognized that the highly variable flood-prone flow regime characterized
by the occurrence of seasonal high discharges is one of the most crucial factors for global
anastomosing rivers to persist [47,48]. Frequent or high-magnitude flooding is assumed as a
precondition for avulsion and the eventual formation of new channels. The SR-induced decrease of
the magnitude and duration of floods can, therefore, be deemed as one of the factors, among others
recognized by Marcinkowski et al. [23], speeding up the gradual extinction of the valuable
anastomosing character of the Narew River. It is critical to address this issue in any amendments to
contemporary water management instructions governing the flow regime of the Narew River.

4.3. Ecological Aspects

Another crucial factor responsible for anabranch loss was reported by Marcinkowski et al. [23]
and relates to the uncontrolled expansion of Common Reed (Phragmites australis) in the NNP in
recent decades. As reported by Prochnicki [49], the analysis of aerial imagery revealed a two-fold
increase of the reed share in the valley vegetation between 1987 and 1997. It was justified by the
overall shift in management strategies and cessation of floodplain mowing, which was very
popular until 1980 in this region. However, as recognized in other studies, it could also be
determined based on water-level changes. These water-level changes could reflect intensification of
drainage and land reclamation directly within the river valley, but—noteworthy —could also result
from the SR operation. Stromberg et al. [50] stated that aquatic plant species have been observed to
increase in association with riverine alterations such as river channelization, stabilized water levels,
reduced frequency of inundation, and altered timing of water and sediment flow. Moreover,
Galatowitsch et al. [51] showed that the intensive invasion of Phragmites australis in the Platte River
(Nebraska, USA) was caused by changes of the natural flow regime after the catchment has been
highly altered by water development for irrigation and hydropower production. They stated that
rapid expansion of reed followed the significant decrease of the flood flow. Therefore, it is highly
probable that the invasion of Common Reed in the NNP, which coincides with the construction of
the SR, might be caused by SR-induced flow regime changes, in addition to positive correlations of
reed expansion and the cessation of mowing. Reporting downstream effects of the SR on the flow
regime of the Narew River, and considering a number of environmental issues examined in the
Narew Valley in recent years, similarly to Romanowicz and Osuch [28] we stress that further
research is critically needed to reveal the influence of the SR-induced flow regime change on biota
and biocoenosis of this area in a site-specific context. Based on the knowledge of the response of
riparian environments to reservoir-influenced flow regime changes [1,3,4,6,7,50,51], we stress that
keeping the status quo with respect to the regulation of river discharge by the SR can eventually
result in irreversible changes of the downstream environment of the Narew River and its valley,
such as the deterioration of the main objects of environmental conservation of the NNP related to a
functioning anastomosing river channel. Considering the results of Piniewski et al. [52], and given
the findings presented in this paper, we also stress that the SR-induced flow regime changes of
Narew are likely to be more unilateral and stronger than the ones resulting from prospective
climatic changes.

Now that 25 years have passed since the first spill of water was released from the fully filled
SR, and given that data-based quantification of the influence of the SR on the Narew River flow
regime allows drawing comprehensive and statistically relevant conclusions, the environmental
management of the area should anticipate SR-induced flow regime changes of the Narew River.
Although not many studies present acceptable solutions allowing functioning dam-reservoir
systems and sustaining resilient anastomosing rivers downstream, we hope that our findings will
allow other researchers to view environmental factors of the Narew River and its valley with a
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different perspective. This perspective should emphasize flow-regime alteration as potentially a
critical aspect, followed by the response of ecosystems.

4.4. Implications for Management

In view of our results, all considerations concerning instructions for water release and water
management in lowland reservoirs, in particular those relating to the SR, gain new meaning and
should be revisited. The observations of Kiczko and Napiorkowski [53] and Kiczko et al. [54],
addressing the need for anticipation of environmental issues in water management measures
implemented at the reservoir, should be used to provide answers to new management questions,
such as ‘How should water release from the reservoir be managed in order to keep the level of
habitat degradation risk as low as possible?” and ‘Is optimization of water release possible when
limitations originate from both environmental and agricultural requirements?’.

Finally, a possible negative influence of the SR on downstream environments should be
revisited in terms of gains and losses. Although the reservoir itself provides new habitats for birds,
remains an important local attraction for recreational fishing, and provides some hydropower
energy, it is necessary to calculate environmental and socioeconomic benefits and trade-offs of the
SR. This calculation should anticipate actions related to environmental restoration in the Narew
Valley and declining areas of valuable habitats downstream, because they might result from the
negative influence of the downstream effects of the SR. Revealing the full set of benefits and losses
associated with the function of the dam is expected to support (economically) decisions on the
maintenance of the dam or on its removal in the future. Observing quick and positive responses of
river systems to dam removals [5] fosters hope that there is still a chance to preserve Europe’s
unique anastomosing system before its complete degradation, which appears to result partly from
the operation of the SR, by managing the landscape of the Narew Valley.

5. Conclusions

(1) The SR impact on the flow regime differs among gauge stations and indicators. The most
significant and direct change was observed for extreme flow (minimum and maximum) of three
subsequent gauges (Bondary, Narew, and Suraz). In each of them, a substantial decrease of high
flow and an increase of low flow were detected. The quartile discharge alteration was more blurred
and seems to be rather climate change-affected, reflecting precipitation pattern fluctuations.

(2) The SR has a significant and considerable influence on the recurrence and duration of
floods of the Narew River: (1) the contemporary recurrence of Narew floods on an annual basis is
34% lower than before the SR was established; and (2) the contemporary duration of spring thaw
floods has declined by 56%, from an average of 26 days before to 15 days after the SR has started to
operate.

(3) An overall and significant increase in low flow was noted along the course of the Narew
River downstream of the SR (in particular, at the Suraz gauge station), while a significant increase
in the frequency and duration of droughts was detected in reference catchments of Narewka and
Suprasdl. However, the role of the SR in improving the quality of downstream riparian habitats
tends to be insignificant, because the continuously reported trend of groundwater-level decline in
the valley seems not to be reversed once the SR has been established.

(4) The significant change in floods and the flood-drought balance revealed in this study and
attributed to the function of the SR poses a great threat with respect to the extinction of anabranches
depending on the regular occurrence of high flow. This conclusion needs to be accounted for in the
future management of the most valuable anastomosing stretch of the river in the NNP.

(5) The flow regime of rivers in control catchments (Narewka and Suprasl) reflects exclusively
temporal changes of precipitation. The flow regime of the Narew River downstream of the SR from
1951 to 2013 presents different dynamics. Flow regime alterations of the Narew River observed for
neighboring gauges—that is, the decrease of the duration and extent of spring flooding, increase of
low flow, and altered flow durations—can be attributed to the operation of the SR. This observation
is contradictory to several previous hydrological studies [24,27], which might have drawn wrong
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conclusions on the small (or even lack of) influence of the SR on the flow regime of the Narew
based on the analysis of too short a data series. However, our observations on the influence of the
SR on the flow regime of the Narew River confirm some of the previous suspicions and hypotheses
of hydrologists working with limited sets of data [28] and environmentalists tackling biocoenosis of
the area [42,55,56].

(6) With respect to the presented conclusions, some changes of riparian and riverine
ecosystems of the Narew River and its valley attributed to climate change, land-use modification, or
a switch in the role of riparian vegetation in water consumption, and reported in numerous
scientific studies, require revision in terms of considering the SR as the dominant factor inducing
the flow regime of the Upper Narew River.

Supplementary Materials: The following are available online at www.mdpi.com/2073-4441/9/10/783/s1, Figure
S1: Monthly precipitation sum for 20 gauging stations in the Upper Narew catchment, Figure S2: Flow regime
in Suraz gauging station 1951-2012. A —1st quartile monthly discharge, B—median monthly discharge, C—3rd
quartile monthly discharge, Table S1: T test results of statistical significance of monthly precipitation sum
between meteorological stations in the Upper Narew catchment.
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