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1. Introduction

Water level and water flow rate are one of the most 
important water management characteristics of rivers, es-
pecially in water-deficient regions. Accordingly, the more 
stable these indicators are during the year, the better. In 
the practice of water use, this condition is implemented 
with the help of reservoirs, often without taking into ac-
count the seasonality of the high and low water periods. 
For example, some experts in the hydropower industry op-
erate with the idea (in the context of increasing the volume 
of the river channel reservoir) that a flooded floodplain 
is a normal natural phenomenon [1]. However, it is not 
mentioned that this is typical for one or two months of the 
year, during floods. The natural dynamics of waters are not 
taken into account.

River damming is a global practice and usually performs 
several functions: energy, irrigation and water supply. How-
ever, with the construction of any river channel reservoir, the 
defining parameter of any hydroecosystem – continuity of 
river flow – is practically leveled [2]. While flow velocity af-
fects the formation of some important “economic” indicators 
of the aquatic ecosystem: productivity, biodiversity, quality 
of water resources [3, 4].

The difficulty of finding a compromise in creating reser-
voirs to provide household and industrial water needs and 
environmental flows into the lower reaches is explained by 
the consumer approach to the river ecosystem. This prob-
lem is common all over the world, causing the degradation 
of biodiversity, physical and chemical parameters of water, 
disrupting the sustainable flow of ecosystem services. The 
creation of a large cascade of reservoirs on the Colorado Riv-
er, for example, has exacerbated the scarcity of freshwater re-
sources in the arid zone, rather than solved the problem [5].

One of the obligatory compromises is environmental 
flows to the tailwater of river channel reservoirs. However, 
their establishment is currently carried out by several meth-
ods. And each state independently institutionalizes regula-
tions of the corresponding calculations.

Methods for determining the volume of environmental 
flows are focused either on specific river parameters (hy-
drology, hydraulics, biota, anthropogenic capacity, etc.), or 
a combination thereof. But the minimum functional require-
ments of aquatic organisms to flow (water) velocity and their 
ecological features of survival remain underestimated. This 
is especially important in terms of significant niches in infor-
mation about fundamental aspects of aquatic biology, when 
the ecological processes that support aquatic ecosystems are 
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In the practice of using river resources accumulated in 
reservoirs, there is a typical problem of unreasonably large water 
intake for industrial-household needs to the detriment of the aquatic 
ecosystem. An important tool for balancing these links is to provide 
environmental flows based on a comprehensive analysis of river 
functioning patterns. And in terms of a progressing negative impact 
of reservoirs on the integrity of river ecosystems, the choice of 
indicator hydrobiota for the calculation of environmental flows 
should be considered insufficiently substantiated. The solution 
of this problem, by filling the appropriate methodological niche, 
allowed substantiating the hydrological-stenobiontic method for 
determining environmental flows. The developed solutions are based 
on the minimum possible values of tolerance of aquatic ecosystems 
stenobionts to water velocity. Five groups of macrozoobenthos 
represent relevant target organisms. The hydrological calculations 
presented in the paper are based on the data of daily water flow 
rate for 80 years and the results of field studies of the river channel 
depth in the low water period. On this basis, it was determined 
that for lowland parts of rivers, the flow velocity in the tailwater 
of reservoirs should be at least 0.2 m/s. Comparison of the curve 
of the average monthly water velocity dynamics of 95 % runoff 
availability with the minimum corresponding requirements of 
stenobionts allowed determining the most threatening period of 
the year for the aquatic ecosystem – summer low water. For a 
reservoir in the lowland parts of the river, based on the developed 
method, the calculations substantiate an increase in the minimum 
volume of environmental flows by 40 % relative to the current 
one. It is also estimated that the average annual and average 
second volumes of environmental flows should be about 38 % 
of the respective river runoff. The obtained results are close to 
those found on rivers in China, Iran and the United States in the 
framework of a comprehensive analysis of hydrological, hydraulic 
and hydrobiological parameters of the aquatic ecosystem
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insufficiently studied [6]. In addition, threats to river integ-
rity are increasing due to rising water intakes, disturbance 
of river basins and climate change.

Currently, there are about 58 thousand large and 16 mil-
lion small reservoirs in the world, which retain 20 % of 
river freshwater runoff [7]. As a result, the transformation of 
aquatic ecosystems downstream and upstream has similar, if 
not greater, scales. Therefore, the complexity and validity of 
methods for determining environmental flows are important 
to ensure balanced water use in river basins and minimize 
the negative impact of reservoirs on aquatic ecosystems.

2.  Literature review and problem statement

In the practice of water use, several methods of calculat-
ing environmental flows have become widely used:

1) hydrological (according to the long-term supply curve; 
by the Tennant (or Montana) method [8, 9]). It is based on 
the observation data of river water flow over some time and 
statistical analysis methods [6];

2) hydraulic (for example, according to the wetted pe-
rimeter of the channel);

3) modeling of the physical habitat (Physical Habi-
tat Simulation System  (PHABSIM)) within incremental 
(Instream Flow Incremental Method (IFIM)). A detailed, 
simulated analysis is performed both for water amount and 
for the suitability of the river’s physical habitat for the target 
biota [10], which is fish [11];

4) response of the aquatic ecosystem to its transfor-
mation (Downstream Response to Imposed Flow Trans-
formations (DRIFT)). Factors of hydrology, hydraulics, 
water quality, geomorphology, hydrobiota are taken into 
account [12]. DRIFT is an example of holistic (complex) 
methods (Environmental Flow Management Plan Method, 
Building Block Methodology, etc.) aimed at providing the 
water needs of the entire river ecosystem [6].

According to [13], relatively fast hydrological and hy-
draulic methods are the most inaccurate in practice. And 
methods that take into account the biota response take 
1–5 years to obtain reliable results.

There are opposing views. According to the conclu-
sions [14], hydraulic and hydrological modeling methods 
provide the most comprehensive approach to flood and low 
flow period forecasting. But in this case, when the priority 
is a resource view of the river, it is impossible to predict the 
productivity of the aquatic ecosystem and its recreational 
status.

In the case of PHABSIM, there are opinions [15, 16] on 
the complexity of the practical application of this method to 
establish a river flow regime in order to achieve environmen-
tal goals in the basin.

Therefore, holistic methods have become widespread in 
the practice of substantiating the volume of environmental 
flows. The practical sense of their application is to determine 
the regime of river runoff, which supports the existence of all 
species, not just one or several [6], mainly fish. In addition, 
the water regime should be as close as possible to natural.

A common poorly studied feature of hydrological-biotic 
methods (IFIM and holistic group) is that they do not take 
into account the peculiarities of ecological survival strat-
egies of target (indicator) species of aquatic organisms. In 
particular, the sensitivity of eurybionts and stenobionts to 
hydrodynamic changes in the river, namely, the tolerance 

range of these changes. From the point of view of the ecosys-
tem approach, this suggests the presence of an error in the 
known hydrological-biotic methods of calculating environ-
mental flows.

According to [17], irrational and scientifically unrea-
sonable use of water resources in river basins causes their 
degradation, reduces groundwater levels and worsens hy-
drobiological indicators. Thus, the application of morpho-
logical and ecological methods (based on ichthyofauna) of 
environmental flow calculation revealed that in the low flow 
period on the Liao River, the ratio of environmental flows to 
the average annual natural runoff is 5–13 % and 19–37 %, 
respectively. Obviously, using the peculiarities of the eco-
logical functioning of the river biota to substantiate the 
volume of environmental flows is more “watery” than purely 
abiotic parameters. Despite the comprehensive approach, 
the analysis of the methodology of this study suggests the 
approximate accuracy of the results. This is due to the lack 
of “synthetic analysis” criteria. In particular, the procedure 
of comparing the water flow and wetness curves of the chan-
nel by “manually” determining the points of their function 
change needs additional substantiation.

In [18], in terms of substantiating environmental flows 
from the Guanting Reservoir on the Yongding River (China), 
the spawning velocity of fish was identified as a priority 
environmental goal in water management. This is especially 
true in the most critical period in the region, when much wa-
ter is taken for irrigation. According to the obtained results, 
the minimum, average and ideal average annual environmen-
tal runoff for the Yongding River is 1.56·108 m3, 5.97·108 m3 
and 11.02·108 m3. These are approximately 7.19 %, 27.51 % 
and 50.78 % of natural river runoff, respectively. At the 
same time, during the periods of floods and biological repro-
duction in spring on the Yongding River, the needs of the 
economic complex should be within 20 % of runoff volume.

In [19], an attempt was made to combine the biosphere 
law of tolerance, the adaptation properties of aquatic organ-
isms and the laws of the hydrological regime of the Wei River 
to calculate environmental flows. In particular, the Tennant 
method was improved by using the frequency of runoff in 
each month, rather than the average annual value of water 
flow. However, the author’s conclusion is contradictory in 
that it is necessary to regulate the maximum water flow (to 
restrain the river), and not only environmental (often, the 
minimum necessary) flow. But this eliminates the ecosystem 
property of the river to self-purify by flood waters.

In fact, the range of maximum values of the monthly 
flow probability curve in other works [20] is also considered 
as the optimal environmental flow for a given month, which 
is fundamentally true according to the biosphere law of 
optimum.

Attention should be paid to the fact that many research-
ers, working with hydrological methods, do not take into 
account the factor of water evaporation from the reservoir, 
which affects the average second water flow. That is, at the 
point of runoff detention through the dam, water is not only 
accumulated, but also lost in the form of steam. This, in 
turn, causes a decrease in the average annual flow of water 
from the river, while other factors may remain unchanged. 
In this context, [20] concluded that the damming factor is 
more influential on river water content than climate change.

Noteworthy are the results of determining the volume 
of environmental flows from many channel dams in Iran, on 
the Zab River. Based on the use of hydrological, hydraulic 
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Thus, the hydraulic requirements of macrozoobenthos 
are recognized as useful tools for managing aquatic ecosys-
tems and assessing their integrity in terms of the dynam-
ics of water flows, which is inherent for the river channel 
dam [28, 29]. In the United States, for example, aquatic 
invertebrates are used in 50 states to assess the biological 
health of streams and rivers [29].

Relevant studies of US rivers have revealed [30] that 
the lower the river velocity, the smaller the distance of 
mayflies movement (drift, migration). This conclusion is 
extremely important for environmental protection in the 
context of substantiating the possibility of organizing 
water intakes and domestic discharges on lowland parts 
of rivers. In such conditions, if the river velocity is not 
taken into account, the risk of death of a significant part 
of the food chain increases due to the inability to leave the 
contaminated area.

The US experience has also shown [29] that water intake 
of more than 85 % of river runoff, combined with increased 
water temperatures, reduces macrozoobenthos species diver-
sity. At the same time, the most stress-sensitive species were 
the first to respond to changes and were displaced by more 
adapted ones to the deficit of runoff.

The expediency of involving ecological survival strat-
egies of macrozoobenthos in the process of environmental 
flows substantiation is related to the fact that they: are 
sensitive to the stability of hydrological and hydraulic 
conditions [28, 29] and the presence of pollutants in wa-
ter [31–33], occupy an important place in food chains [34], 
are economically and practically available [35], the life 
cycle involves a sedentary lifestyle [33, 35], have a wide 
distribution area [35]. 

The results of the analysis of the outlined target group of 
organism’s sensitivity to flow velocity are given in Table 2.

Table	2

Requirements	of	stenobionts	for	river	flow	velocity	

Stenobionts Flow velocity

Mayflies (Ephemeroptera) >0.2 m/s [36–38]

Stoneflies (Plecoptera) >0.2 m/s [38–40]

Alderflies, dobsonflies and fishflies  
(Megaloptera)

>0.2 m/s [38]

Caddisflies (Trichoptera) >0.2 m/s [38, 41, 42]

Amphipods (Amphipoda) >0.1 m/s [43]

In contrast to the data in Table 2, in [26], for example, 
the minimum flow velocity for most representatives of 
macrozoobenthos (except amphipods) is determined to be 
0.1 m/s, and the average (normal) is 0.6±0.1 m/s.

Comparing the data given in Table 1, 2, it is seen that 
the minimum requirements of macrozoobenthos for flow 
velocity are higher than for fish. The same aspect confirms 
their stenobiont features at least in the range of low river 
flow dynamics. Therefore, for ensuring the functional in-
tegrity of the aquatic ecosystem, in the process of substan-
tiating the volume of environmental flows, it is logical to 
rely on the biological requirements and ecological features 
of benthic invertebrates.

The above also shows a practical need to integrate the 
ecological characteristics of stenobionts in the process of 
reservoir management.

and hydrobiological methods (indicator group – fish), it 
was found that to preserve the river ecosystem in the upper, 
middle and lower reaches, it is necessary to provide 35 %, 
17 % and 18 % of the average annual runoff, respectively [21].

Environmental flow calculation programs or sites are 
also used in water management practice. However, these 
tools are either very simple [22] (only the cross-sectional 
area of the channel, water velocity (m/s) and water flow 
rate (m3/s) are taken into account), or the result is based on 
expert opinion [23].

In general, the analysis of the practice of determining 
environmental flows showed that the issue of substantiation 
of the target biota and its requirements for the river flow 
velocity is insufficiently resolved.

According to [17], for most species of fish, the optimal 
river flow velocity during spawning is 0.3–0.4 m/s, and 
should be at least 0.15 m/s [24] to ensure minimal living 
activity (Table 1).

Table	1

Flow	velocities	(m/s)	taken	into	account	in	fish	ladder	
design	[24]

Fish species Threshold Stimulating Flushing

Sturgeon:

adult fish 0.15…0.2 0.6…0.9 0.9…1.2

young – – 0.15…0.2

Salmon:

adult fish 0.2…0.25 0.8…1.0 1.1…1.6

young – – 0.25…0.35

Ordinary fish:

adult fish 0.15…0.2 0.5…0.7 0.9…1.2

young – – 0.15…0.25

However, a significant disadvantage of fish ladders is 
that these hydraulic structures are usually built in the form 
of steps. This form and dynamics of water flow are normal for 
salmon, but other fish species cannot overcome them [25], 
not to mention other aquatic organisms. In view of this, it 
may be assumed that insufficient elaboration of this method-
ological niche in the known hydrological-biotic methods for 
determining environmental flows lays down an error in the 
corresponding calculation results.

The fundamental river property, “fluidity”, is crucial 
in the formation of the ecosystem. And hydrological-biotic 
methods for determining the volume of environmental flows 
emphasize the importance of taking into account river flow 
velocity [6]: either as a factor in forming the environment for 
hydrobiota, or as a tool for assessing complex changes in the 
aquatic ecosystem. However, the requirements of hydrobiota 
for the minimum numerical value of the flow velocity in the 
tailwater and lower reaches of the river after reservoirs and 
the justification for the choice of appropriate target (indi-
cator) organisms remain insufficiently taken into account.

Since the most sensitive inhabitants are the first to 
respond to ecosystem changes [26, 27], it is important to 
determine the level of this sensitivity and, in fact, the ecolog-
ical requirements of stenobionts for flow velocity.

The target group of organisms was selected among the rep-
resentatives of macrozoobenthos: stoneflies (Plecoptera), may-
flies (Ephemeroptera), caddisflies (Trichoptera), alderflies, dob-
sonflies and fishflies (Megaloptera), amphipods (Amphipoda).
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3. The aim and objectives of the study

The aim of the study was to develop a hydrological-steno-
biontic method for determining environmental flows, taking 
into account the functional requirements and environmental 
features of some representatives of macrozoobenthos to wa-
ter flow velocity. This will increase the ecosystem objectivity 
of the volume of environmental flows from reservoirs, which 
will promote balanced water management in the upper and 
lower reaches of the river.

To achieve the aim, the following objectives were set:
– to substantiate the method of determining the volume 

of environmental flows, taking into account the hydrological 
and hydrobiological parameters of the aquatic ecosystem (on 
the Southern Bug River example);

– to assess the ecosystemness of current environmental 
flow volumes, based on the functional requirements of steno-
bionts to water flow velocity.

4. Materials and methods for determining the volume  
of environmental flows

The volume of environmental flows was determined by 
synthesizing hydrological, hydraulic and biological methods.

The river flow availability of the Southern Bug River 
was determined based on data from the Oleksandrivka hy-
drological post for 1936–2016 (taken from the Central Geo-
physical Observatory of Ukraine) and analysis of relevant 
information sources.

Environmental flows at the level of 17 m3/s are regulated 
for the Oleksandrivsky Reservoir for today. However, meth-
ods of calculating and principles of substantiating this value 
cannot be found, because “Temporary rules of operation of 
the Oleksandrivsky Reservoir at the normal supported level 
of 16.0 m” is confidential information.

The essence of applying the biological part of the meth-
od was to determine the functional needs and ecological 
characteristics of aquatic organisms to the minimum flow 
velocity in the river. The indicators obtained within this 
framework are the result of the analysis of relevant informa-
tion sources (Table 2).

The parameters of the width and slope of the river chan-
nel for calculating environmental flows by the hydraulic 
method were obtained using Google Earth software tools. 
The depth of the Southern Bug at the research point was de-
termined in the field. It was decided to calculate the length 
of the wetted perimeter and the channel cross-sectional area 
based on the geometric method, by combining the figures of 
a triangle and half of an ellipse (Fig. 1). Solving such prob-
lems by the geometric method has shown its effectiveness in 
forecasting the quantity and quality of water resources [44].

Fig.	1.	Scheme	of	the	river	channel

In this case, the above scheme should be taken as a gen-
eralized schematic representation of the cross-section of the 
river channel.

The calculation of hydraulic parameters is based on the 
Chezy formula (1):

,hv C R I⋅ ⋅=     (1)

where C is the coefficient of friction resistance of water along 
the length of the channel (Chezy coefficient), which is an 
integral characteristic of resistance forces; Rh – hydraulic 
radius, m; I – hydraulic slope, m/m.

The hydraulic radius, the value of which, according 
to [45], for open watercourses should not exceed their depth, 
was determined by formula (2):

,h

A
R

P
=      (2)

where A is the cross-sectional area of the river, m2; P – wet-
ted perimeter, m.

The Chezy coefficient (C) was determined by the for-
mulas of Pavlovsky N.N. (3), (4) (calculated values of the 
hydraulic radius Rh further did not exceed 3 m, which is 
methodologically correct):

,
1 y

hC R
n

= ⋅      (3)

( )2.5 0.13 0.75 1hy n R n= − − −  at 3 5hR < −  m,  (4)

where n – channel roughness coefficient. According to [45], 
n=0.33 for the studied section of the Southern Bug river 
channel (Fig. 2).

Fig.	2.	Layout	of	the	studied	section	of	the	Southern	Bug	river	
channel	(А:	47°41’39’’N	31°15’39’’E;	В:	47°41’37’’N	31°15’36’’E)

The adequacy of the results was checked by comparing 
them with available published data on environmental flows 
into the reservoir tailwater and with the river runoff avail-
ability curve.

5. Results of determining environmental flows by 
hydrological and stenobiont indicators of the river

5. 1. Estimation of ecosystemness of modern environ-
mental flow volumes

With the required amount of initial data, the cross-sec-
tional area of the river channel and the wetted perimeter 
were calculated.
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The half-area of the ellipse (S1) 
and the area of the triangle (S2) are 
determined by formulas (5) and (6), 
respectively:

1

1
,

2
S a h= ⋅π ⋅ ⋅    (5)

2

1
,

2
S AB h= ⋅ ⋅

  
 (6)

where a – half the width of the river 
channel (Fig. 1) or large radius of the 
ellipse, a=47.5 m; h – depth (small 
radius), h=2 m; AB – width of the 
river (Fig. 2), AB=95 m.

The cross-sectional area of the 
river channel will be half the sum of 
S1 and S2 (7):

( )1 20,5 .rcS S S= ⋅ +  (7)

To apply the Chezy formula, the last necessary compo-
nent, the area of the wetted perimeter, is determined by the 
formulas (8)–(10).

2 2

2 ,
2el

a h
P

+
= ⋅π ⋅     (8)

1 2,trP d d= +     (9)

( )1 .
2rc el trP P P= ⋅ +

 
   (10)

In the case of the riverbed perimeter by Pel, the value  
of 211.11 m is halved.

To facilitate the calculations for Ptr, a simplification 
is made in the form of d1=d2, assuming that the relief of a 
straight segment of the riverbed can be considered symmet-
ric. At the same time, there is an awareness that the center 
of the channel, under the action of Coriolis forces, is shifted 
from the visual center. However, assume that this does not 
significantly affect the size of the wetted perimeter.

Thus, having obtained an isosceles triangle (Fig. 3), it is 
easy to determine the wetted perimeter (AB – river width).

Fig.	3.	Schematic	shape	of	the	river	channel	(second	
component)

Based on reference data [45], it was found that the Chezy 
coefficient is equal to 30.0. While its calculated value (C) is 
slightly different – 32.145.

According to empirical calculations, the slope of the 
river (I) in the study area is 0.57 m/km (between points 2 
and 4) (Fig. 4).

According to the Chezy formula, it was found the flow 
velocity in this section of the river channel – v. The results 
of all calculations are summarized in Table 3.

Table	3

Results	of	calculations	of	hydrological	and	hydraulic	
parameters	of	the	river	channel

Parameter Content
Result of 

calculation

S1 Ellipse area 149.15 m2

S2 Triangle area 95 m2

Src
Cross-sectional area of the river 

channel
122 m2

v0

Long-term average flow velocity 
based on the corresponding water 

flow rate
0.77 m/s

Pel Wetted perimeter of the ellipse 105.55 m

Ptr Wetted perimeter of the triangle 95 m

Prc
Wetted perimeter of the river 

channel
101 m

Rh Hydraulic radius 1.21 m

y
Dimensionless coefficient of Chezy 

formula (3)
0.31

C Chezy coefficient 32.145

I River slope 0.00057 m/m

v
Flow velocity according to Chezy 

formula
0.84 m/s

The obtained value of the cross-sectional area of the 
Southern Bug River within the village of Oleksandriv-
ka (122 m2) was compared with the long-term average daily 
water flow rate before the creation of the existing channel 
reservoir and dam of Oleksandrivka HPP (1936–1983; 
sample of 17,623 values). The average long-term water veloc-
ity (v0) was 0.77 m/s.

The obtained value of v0 does not differ much from 
the calculated v (at C=32.145) and is almost identical – 
0.78 m/s (at C=30.0), which in general can be considered as 
confirmation of the correctness of the obtained results.

Comparing the value of the current environmen-
tal flows (17 m3/s) with the calculated cross-sectional 
area (122 m2), the flow velocity will be lower than the re-
quired minimum – 0.14 m/s.
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Fig.	4.	Dynamics	of	the	Southern	Bug	River	slope	(according	to	Table	4):		
1	–	slope;	2	–	height	of	water	surface	above	sea	level
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The obtained value does not even satis-
fy the minimum required for limnophilous fish 
species (Table 1). Regarding the typical for the 
Southern Bug rheophilic and permeable ich-
thyofauna, hydrological conditions are gener-
ally unsatisfactory. The obtained value of the 
flow velocity allows assessing the current stan-
dard of environmental flows as non-ecosystem.

5. 2. Determination of the ecological volume 
of environmental flows according to hydrological 
and biotic indicators

According to [46], environmental flow charac-
terizes the quantity, time and quality of freshwater 
flows, as well as the levels required to maintain 
aquatic ecosystems, which support human cultures, 
the economy, sustainable existence and well-being.

In some documents [47], environmental flows 
are classified into two types: natural (environmental 
flow) and ecological (ecological flow). The first is de-
fined as the flow regime necessary to meet socio-cul-
tural and environmental needs, i.e. taking into account human 
needs. And the second – as a flow needed to support the func-
tions of the ecosystem affecting native species of fish and wildlife.

In any case, the concept of environmental flows includes 
the need to preserve aquatic ecosystems for the sustainable 
use of relevant services in the future by all water users (both 
man and nature).

Given the minimum requirements for the flow velocity of 
stenobionts (0.20 m/s) (Table 2), the value of the minimum 
environmental flow for the Oleksandrivsky Reservoir must 
be at least 24 m3/s.

At the flow velocity of 0.29 m/s (obtained by the value 
of the river slope between points 2–4), the minimum envi-
ronmental flow to the Oleksandrivsky Reservoir tailwater 
will be 35.38 m3/s.

This value is 38 % of the average long-term water 
flow rate (94 m3/s), which is comparable with the re-
sults [17, 18, 21] in terms of substantiation of the ecological 
volume of environmental flows.

It should be noted why the study adopted Src=const for 
different water flow rates in the river. This is because the 
salt waters of the Bug estuary, in the absence of freshwater 
runoff, tend to rise 100–150 km upstream under the influ-
ence of southern winds. This is facilitated by 
the low values of the river slope from north 
to south: from 70 mm to 4 mm (Table 4). 
As a result, this causes salinization of wa-
ters, irrigation systems, changes in species 
diversity and deterioration of the sanitary-ep-
idemiological situation in the lower reaches 
of the Southern Bug River in general [48].

The proposed approach (Src=const) al-
lows expanding the geography of its appli-
cation. Dynamic factors can be the width of 
the river and the reference point (according 
to Google Earth).

The obtained results of the non-compliance 
of the current standard at 17 m3/s with ecosys-
tem requirements for environmental flows (in 
terms of flow velocity and volume) are logical-
ly related to the processes of siltation, water 
quality deterioration and depletion of species 

biodiversity, which are typical for dammed lower reaches of 
the Southern Bug River [49–51].

According to Fig. 5, comparing the conditions before and 
after the regulation of the river channel (1936–1983 and 1984–
2016, respectively), threats to hydrobiota seem to be minimal 
under conditions of proper environmental flows.

However, the extreme danger for hydrobiota is the 
lack of environmental flows in the low water period (with 
the prioritization of industrial needs) or unreasonably low 
regulatory value. In particular, for winter and summer low 
water (Fig. 6). Using the calculations of river flow availabil-
ity [50], the approximate values of water velocity during the 
year under current conditions of water use were determined.

According to Fig. 6, the risk of violation of the func-
tional integrity of the ecosystem at the level of stenobi-
onts (0.20 m/s) in a low-water year (95 % of runoff availabil-
ity) is typical for the period from June to October: during the 
most productive phase of the river. The situation is similar 
for fish (0.15 m/s line). At the same time, six of the last ten 
years have been shallow. 

Given the above, during the specified period of the year, 
priority in water supply should be given to the aquatic eco-
system to ensure the minimum required (environmental) 
flow velocities in the reservoir tailwater and river lower 
reaches.

Table	4

Southern	Bug	River	slope	in	the	part	of	middle	and	lower	reaches

Reference 
points

Relevant set-
tlement

Distance from 
the mouth, km

Height of the river sur-
face above sea level, m

Slope, 
m/km

0 Savran 330 90 –

1 Pervomaisk 243 62 0.322

2
Yuzh-

noukrainsk
202 26 0.878

3 Oleksandrivka 187 3 1.533

4 Voznesensk 158 1 0.069

5 Nova Odesa 103 0.01 0.018

6 Mykolaiv 49 –0.2 0.004

7 river mouth 0 –2 0.037
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Fig.	5.	Dynamics	of	average	monthly	flow	velocity	of	the	Southern	Bug	River	
based	on	average	monthly	water	flow	rate
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6. Discussion of the results of the study of hydrological-
stenobiontic content of environmental flows 

Close values of the calculated water velocity by hydro-
logical perennials (v0=0.77) and hydraulic parameters of the 
river (v=0.84 at C=32.145 and v=0.78 at C=30.0) confirm the 
possibility of applying the geometric method [44] to determine 
the cross-sectional area of the river channel and the length of 
the wetted perimeter (Fig. 1–3). And, as a result, to involve 
them in the process of environmental flows substantiation.

Despite the fact that the relevant methods can be used 
independently of each other, as confirmed by international 
practice, they are not able to provide an ecosystem justifi-
cation for environmental flows without taking into account 
the hydrobiological component. After all, the latter largely 
determines not only the minimum volume of discharges from 
reservoirs, but also the parameters of water velocity in the 
river channel. The linear dynamics of the flow becomes even 
more important because it prevents, due to the creation of a 
certain level of turbulence, the uniform heating of the entire 
water column in the river and its deoxygenation.

Comparison of the curves of hydrological runoff availabil-
ity and the minimum functional requirements of hydrobio-
ta (representatives of macrozoobenthos and fish) to the water 
velocity (Fig. 6) shows insufficient environmental justifica-
tion of environmental flows in modern reservoir management 
practice. Whereas the calculations show that the situation can 
be improved by replacing the indicator biota: from fish – to 
some representatives of macrozoobenthos, which are stenobi-
onts by the factor of ecological features of life.

In the context of the study, another point needs to be tak-
en into account: despite the presence of some volume of water 
in the river channel that corresponds to the environmental 
flow, it is necessary to ensure the minimum environmental 
dynamics of the flow. The outlined situation can be typical 
for lowland parts of rivers that flow into a more watery river 
or sea (estuarine mouth type). As a result, with a slight slope 
of the river, the water level can raise upstream: the volume of 
water is constant, but the flow is almost absent. According to 
the data of Tables 1, 2, the conditions for normal functioning 
of hydrobiota are practically leveled. We consider it possible 
to apply the developed method for other rivers, where there 
is no support of estuarine waters, taking into account the de-
pendence of the river cross-sectional area on water flow rate.

The issue of the volumes of environmental flows depend-
ing on the season and phases of the river ecosystem, including 

spawning and flooding, requires a separate 
thorough study. After all, with the help of max-
imum water flow rate, the channel is naturally 
cleaned, and the fish receives a “signal” about 
the optimal conditions for mating. Given the 
above, there is a need to study the seasonal 
change of indicator biota in the future: for 
example, on rheophilic fish species. In the case 
of the Southern Bug, for example, limiting the 
environmental flow to only 38 % of the river 
runoff in the third and fourth months of the 
year (flood season), the flow velocity in the cur-
rent regulated conditions (Fig. 5) will be lower 
than the “stimulating” one (Table 1) – about 
0.4 m/s. While, from a hydrobiological point of 
view, we can consider the corresponding values 
of the flow velocity of 0.78 m/s for March and 
0.68 m/s for April in the version with an unreg-
ulated channel quite satisfactory.

However, for those regions where climate aridization is 
observed, the phase of the summer low water on the river, 
which falls on the period of active increase of biomass in 
the aquatic ecosystem, deserves priority attention. After all, 
during the flood period, the probability of providing envi-
ronmental flow velocities in the reservoir tailwater and, re-
spectively, river lower reaches, can be considered quite high.

In contrast to [11, 17, 18, 21], where the hydrobiological 
component of environmental flows is based on the require-
ments of ichthyofauna to the volume and velocity of water 
flow, the proposed method allows optimizing the management 
process, first of all, through crisis low water situation on the 
river. It corresponds to the low water period: water intake 
remains constant or increases when the river runoff reaches 
minimum values. The advantage of macrozoobenthos, in con-
trast to fish, in addition to a narrower ecological valence to 
flow velocity, is its lower mobility. And with the deterioration 
of water resources, in the absence or unreasonably low volume 
of environmental flows, this link in the food chain can signifi-
cantly degrade in biomass and diversity. This, in particular, 
allows using environmental features and functional require-
ments of benthic invertebrates in the process of substantiation 
of environmental flows from reservoirs.

7. Conclusions

1. The hydrological-stenobiontic method for determining 
environmental flows is proposed, taking into account the 
ecological valence of aquatic organisms to changes in river 
flow dynamics. The main indicator group of organisms is 
macrozoobenthos stenobionts. Unlike ichthyofauna, benthic 
invertebrates are more demanding on water velocity, which 
allowed justifying the importance of determining and taking 
into account its ecological values in the reservoir tailwater 
and river lower reaches. For lowland parts of rivers, this val-
ue should be at least 0.2 m/s, which is the lower limit of the 
tolerance zone of stenobionts to this factor.

2. The calculations of the minimum environmental flow 
volume for the reservoir, situated in the lowland parts of the 
river, based on the proposed solutions, allowed justifying 
the increase of the minimum environmental flow volume 
by 40 % relative to the current one. The average annual and 
average second volumes of environmental flows should be 
about 38 % of the corresponding river runoff.

Fig.	6.	Average	flow	velocities	of	the	Southern	Bug	at	different	levels	of	
flow	availability	in	regulated	conditions
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