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Abstract. This study presents the results of the calculation of the ecological flows below the
parameters base, maintenance and maximum of Ecuadorian basins that have hydrometric data,
based on the new methodology called Slope Method to the Mass-Curve. For Ecuador to
establish the flows is of vital importance for the preservation of the natural ecosystems, taking
into account that currently the investment in hydraulic constructions such as dams,
hydroelectric power stations and others is enormous. The results obtained allow to establish a
baseline for all the projects that somehow affect the fluvial ecosystems, of the geographic
basins of Ecuador, in agreement with the availability of the water. The values of the ecological
flows are presented graphically according to the location of the hydrometric stations, allowing
to appreciate the magnitude of variation of these flows.

1. Introduction

In engineering and environmental projects, establishing the ecological flows of a small or large basin
allows us to know the quantity of water in quantity, quality and regularity to ensure the natural
development of flora, fauna, river health and other aquatic ecosystems [1-3]. All construction work in
a water source must include devices that maintain a minimum flow rate to guarantee the life,
circulation and reproduction of the species that inhabit the water at the moment of installation of the
work [4-7]. There is also the need to define flows in the minimum surface currents that allow, due to
the different uses that are given to the water circulating through them, the existence or permanence of
aquatic fauna to protect the environmental conditions and the ecological balance of the system [8-10].
In this way, determining the ecological flows is one of the most important parameters in any project
that modifies the natural conditions of the ecosystem of a basin, because the existence of the same has
a direct relation with the availability of water and this in turn with the precipitation in the basin [11-
14]. Failing to establish an appropriate ecological flow may have a significant environmental impact,
which may be critical to the plant and animal life of the area [3,15-16].

In order to determine the ecological flows for the main basins of Ecuador where hydrometric
stations are available and to draw up a map of ecological flows, we propose to use the new
methodology, called the Slope Method to the Mass-Curve (MPCM), which has been generated with
flow data measured in a predetermined basin [17].

2. Methodology

Due to its condition of frequent use in projects, several methods were taken into account to compare
the results obtained by the MPCM, such as the hydraulic method among others [18-23]. The hydraulic
method used in Ecuador and in almost all Latin America, considers as a minimum flow 10% of the
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average flow, which ensures 60% of the hydraulic parameters of the channel as area a wet perimeter
and water strap [18,24-26].

Qe = 0,10m 1)

Further studies [19,27-29] establish that the ecological flow is composed of a base flow Qg
corresponding to 20% of the average flow, meaning Qg = 0,2Q,,,, plus a flow rate of conditioning Qa
which is taken by 10% of the average flow, meaning Q, = 0,1Q,,, by adding obtaining the flow or
ecological maintenance with Q,, = Qg + Q4 , wWhich allows the conditions of maintenance for the
flora and fauna of the channel, with:

Qe = 0,30, )

An ecological flow is taken as a function of the average flows for the period of minimum runoff,
according to the following relationships:

Qel = O,7Q50% (3)
Qez = 0,8Q750 (4)
Qe3 = 0,9Q950, (5)

Where Q. is the recommended flow rate to maintain the most adequate conditions of the channel, the
Q. flow to ensure the basic conditions of life of the channel and Q.; the minimum flow for the
channel to exceed the conditions of extreme drought [25,30-31]. Qse, Q75% Y Qooscare the flow rates
corresponding to the indicated percentages of the Flow Duration curve.

The Mexican Standard [21] defines that ecological flows range from 5% to 40% for permanent flows
based on water supply and demand. Reference [23] recommends to determine the ecological flows
with the following formulas, of which the first is not applicable to small flows.

Qos9
=15 —=2__ 3]
=15 n0om)? (©)
Qo = 0,25(Qosy, + 0,075) @)

To determine the ecological flows by the MPCM method according to Reference [17] the average
monthly flows should be ordered from the highest to the lowest value. Let the mean monthly flows be
the values Q1, Q2, .. Q12 and the mean annual flow rate Qm. By ordering them from the highest to the
lowest, the ascending and descending character of the flows in the basin is normalized. The variation
of the increases or decreases of the monthly flows with respect to the average annual flow, is given
analytically by the following relation (figure 1):

Qi_Qm Qi
T=Q—m—1=ki—1 (8)

Let the equationbe y = [(k; — 1)
Its differential dy = (k; — 1)dk

The slope m of the curve at each point may be % =m=k; -1
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Figure 1. Integral mass-curves.The integral curve of masses of green color

represents the maximum flow rate, medium flow blue color and red flow rate,
respectively.
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This slope m is determined graphically, which corresponds to the gradient of each month (figure 2).

2.00

=
u
o

Suma (ki-1)
5

0.50

0.00

L

APR

Q MINIMUM

MAY MAR JUN FEB JUL OCT NOV DEC
Months

Figure 2. Slope of the minimum flows.
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Here, Qi is the value that the basin requires to overcome the negative gradient of the flow of the
data series, which we will call ecological flow Qe.

Qe = Q1 +m)

(10)

The ecological flows are determined from the hydrometric data of several available multi-year
series [32]. The obtained results allow to know the minimum ecological availability of water of the
geographical zones of Ecuador. With the information of average monthly flows available, the
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methodology has been applied in the basin of the Mira river and in other different basins of Ecuador
(tables 1-5).

Table 1. Morphometric parameters of the Mira Basin. The parameters are: P = Perimeter; AH =
Altimetric difference of the Basin; Fj = Form Factor; Lr = Length of main river; Hm = Mean height;
Ip = Slope Index; Im = Average slope of the basin; J = Slope of the channel.

Station P Fj Lr Hm AH Ip Im J
[Km] [] [Km] masl [M] [%] [%] [%]
Apaqui D.J. Minas 77,3 1,29 30,3 2265 771 17,48 3,3 1,32
Apaqui en Gruta La Paz 103 1,32 40,2 2365 851 5,92 298 147
Apaqui A.J. Chota 122 1,26 43,3 1715 1155 19,39 4,82 2,58

Chota en Pte. Carretero 217 1,41 86,2 1515 1890 16,62 3,11 2,18
Jutanyacu A.J. Blanco 63 1,12 172 2470 1275 3055 11,2 0,85
Ambi D.J. Cariyacu 123 126 431 2015 1580 22,46 6,00 1,3

Mira en Carchi 291 1,24 110 1250 1975 15,73 3,04 1,99
Blanco A.J. Mira 57 1,29 212 890 2085 34,92 128 8,8

Lita A.J. Mira 107 1,39 41,7 550 2630 27,77 7,32 5,63
Mira en Lita 350 1,38 136,7 530 2575 15,8 298 1,72

Table 2. Average, minimum and maximum monthly flows of the Mira Watershed in Lita.

Month Q Aver. Q Min. Q Max.
(m3/s)
JAN 171,455 15,733 335,610
FEB 175,364 81,773 294,156
MAR 175,019 91,320 295,248
APR 202,018 132,030 295,223
MAY 176,686 123,515 266,909
JUN 145,848 90,061 213,786
JUL 121,239 72,741 227,104
AUG 88,167 40,149 131,734
SEP 90,142 41,764 202,816
OCT 131,514 72,335 206,284
NOV 153,386 72,129 299,449
DEC 160,724 44,494 283,775

Table 3. Processing for the mass-curves.

m -0,618 -0,403 -0,482
ki 0,382 0,597 0,518
Qe 27,94 89,160 131,72
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Table 4. Comparison of our results with other methodologies. Method used in Ecuador proposed by
[18] or Montana; European and Chilean Method according to [19], Russian Method according to the
norm No. 314 (2007) of the Ministry of Natural Resources of the Russian Federation [20], use of the
Mexican Standard NMX-AA-159 SCFI-2012 [21], Chamber of Deputies of the H. Congress of the
Union [22], Swiss method and method of The principality of Asturias, according to [23].

Q (m’s) Asturias Chile Ecuador Spain Méico Russia Switzerland  Authors

Qemmn 19,33 29,86 14,93 29,86 7,46 69,52 61,32 27,94
Qe med 44,79 59,72 90,98 89,16
Qe m& - - 107,27 131,72

Table 5. Data of the Ecuadorian Basins [32]. Explanation see text.

Name of the Basin Area Lr Im Hm Qmin  Qavg  Qmax
(Km?) (Km) (%) (masl) (m%s)
Zapotal en Lechugal 2187,39 107 4,10 40 12,24 139,32 936, 91
Jubones DJ S. Francisco 3376,37 99,30 3,34 712 9,23 48,71 200,17
Esmeraldas DJ Sade 19667,81 209,02 9,10 51 423,30 888,63 1832,99
Pindo AJ Amarillo 5802,03 72,46 2,12 520 9,49 2479 56,36
Carrizal en Calceta 551,4 52,76 6,67 47 0,54 11,78 53,12
Puyango en CPTO. Militar 2739,85 174,18 2,00 300 28,06 87,58 233,87
Coca en San Rafael 3746,45 9858 3,29 1160 157,63 287,18 439,13
Daule en la Capilla 10481 87,20 245 13 21,30 273,36 1064,60
Tomebamba en Monay 1274 37,44 540 2353 3,61 19,49 43,49
Arenillas en Arenillas 505,85 55,84 6,82 20 0,56 7,00 30,29
Uchima AJ Chamba 48,89 10,1 6,96 1603 0,66 2,54 6,67
Cebadas AJ Guamote 706,06 59,31 2,24 2840 3,61 19,49 43,49
Toachi AJ Pilaton 1522,80 1159 2,97 820 1395 42,22 96,04
3. Results

As a methodological proposal for the determination of the ecological flows, the hydrological study for
the basin of the Mira river is presented, with data from the hydrometeorological station of the Lita
Parish (figure 3). The Mira river that is constituted by the rivers Apaqui, Mataqu ¥ Ambi, Chota is
located to the extreme north of the country and forms part of the great Inter-Ecuadorian valley known
as Chota-Mira. The Mira river basin is made up of ten sub-basins (table 1).

With the data of the series of the flows and the monthly average values, the integral mass--curve
has been established for minimum, medium and maximum flows (table 2).

We ordered from the largest to the smallest the data and we calculated the integral mass-curve for
the three series (figure 1). In each of these curves the slopes are determined graphically in the descent
stage, as illustrated in figure 2.

For example, for the series of the minimum flows the equation of the line of the form y=mx+b is
obtained where the slope m is equal to -0.6181, a value that we have replaced in equation (9) to obtain
the ecological flow. For this case it corresponds to the minimum necessary flow that the basin needs to
conserve its ecosystem.

For each of the series we obtained the values of the slopes, the coefficients of reduction of the
flows ki and the flow Qe minimum, average and maximum as listed in table 3.

In order to compare the ecological flows obtained with other methodologies, the flow duration
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curve has been required. This curve is the result of the frequency analysis of the historical series of
ordered flows from highest to lowest (figure 4). There, Q represents the average monthly flows of the
different years of the series and p% is the probability that these flows may be matched or exceeded. In
the analyzed case, the Mira basin in Lita, the series consisted of 192 data.
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Figure 3. Mira Watershed in Lita with its rivers and contour lines, as well as the position of
the Checkpoint.
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Figure 4. Flow duration curve.
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We obtained an average annual flow of the Mira basin in Lita of about 149.3 m¥/s (table 2) and the
flow duration curve yields the following results:

Qsov= 143,03 m¥s; Qysy= 113,73 m*/s y Qeses= 77,24 m’/s.

As the methodology used is hydrological, the results are only comparable with other hydrological
and hydrological methodologies as listed in table 4.

Table 5 presents the morphological data of the Ecuadorian basins and the average, minimum and
maximum flows that are necessary to establish the integral mass-curve [32].

The values of the basic, maintenance and maximum ecological flows for each of the briefs obtained
with the Slope Method of the Mass-Curve are presented, compared with other regulations already
indicated (table 6). Some of the methodologies are not listed in table 6 because they consider a single
value as an ecological flow, which does not allow comparison with the proposed methodology. Only
Ecuador is included as the reference value used in this country.

Table 6. Comparison of results according to the methodology of some selected countries.

Name of the Basin Q (m®s) Ecuador Spain Mexico Russia Proposed
Zapotal en Lechugal Qemin 13,93 27,86 6,97 29,31 4,50
Qe avg 41,8 55,73 36,03 31,68
Qe m& - - 46,48 125,19
Jubones DJ S. Francisco Qemin 4,87 9,74 2,44 9,52 4,06
Qe avg 1461 19,48 16,94 24,12
Qe m& - - 27,16 80,41
Esmeraldas DJ Sade Qemin 88,86 177,73 44,43 155,25 156,03
Qe avg 266,59 355,45 265,24 368,87
Qe m& 435,83 741,44
Pindo AJ Amarillo Qemin 248 4,96 1,24 4,36 2,99
Qe avg 7,44 9,92 5,84 7,37
Qe m& - - 1554 16,43
Carrizal en Calceta Qemin 1,18 2,36 0,59 0,79 0,18
Qe avg 3,53 4,71 1,07 3,77
Qe m& - - 2,44 22,7
Puyango en CPTO. Militar Qe min 8,76 17,52 4,38 13,61 10,42
Qe avg 26,27 35,03 16,38 21,74
Qe m& - - 3539 40,9
Coca en San Rafael Qemin 28,72 57,44 1436 919 80,06
Qe avg 86,15 114,87 159,61 212,66
Qe m& - - 2035 377,57
Daule en la Capilla Qemin 27,34 54,67 13,67 9,93 55
Qe avg 82,01 109,34 50,86 90,89
Qe m& - - 96,93 515,58
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Tomebamba en Monay Qemin 1,95 3,9 0,97 3,34 0,26

Qe avg 3,9 7,8 7,93 12,95
Qe m& - - 12,17 28,1
Arenillas en Arenillas Qemin 0,7 1,4 0,35 1,06 0,23
Qe avg 2,1 2,8 1,95 3,55
Qe m& - - 2,92 11,2
Uchima AJ Chamba Qemin 0,25 0,51 0,13 1,16 0,17
Qe avg 0,76 1,02 1,51 1,68
Qe m& - - 1,89 4,32
Cebadas AJ Guamote Qemin 2,06 4,12 1,03 7,15 2,91
Qe avg 6,18 8,24 9,89 9,93
Qe m& - - 13,57 25,26
Toachi AJ Pilaton Qemin 4,22 8,44 2,11 11,96 10,68
Qe avg 12,67 16,89 15,12 20,91
Qe m& - - 23,24 33,26

4. Discussion

Forty percent of the methodologies used in all regions of the world in the last decades correspond to
hydrological and hydraulics, among all the existing ones are the Tenant Method 1976 applied mainly
in the developed countries of the northern hemisphere and in the Most of Latin American countries
[18,31]. Habitat simulation methodologies are the second most used with 28% of the total among
which includes the method of Idaho [33] used in the United States, the Norwegian river system
simulator (RSS), which comprises hydrological, hydraulic and habitat simulation models for
hydroelectric systems [34] and the French habitat assessment method [35,36] used in some European
countries. Furthermore, there are the holistic methodologies based on explicit linkages between flux
regime changes and biophysical environment consequences, which account for some 10% of the total
in the used method, being the the building blocks method, which has been used frequently in South
Africa, Australia and Swaziland [37-39].

With the data of the obtained ecological flows, for the facility of handling the results, we
elaborated a map that illustrates the minimum allowable flows in the analyzed stations (figure 5). The
calculated flow with the series of minimum monthly flows Qe min, should be considered as the
minimum acceptable for the ecosystem of the channel. The calculated with the series of data of
average flows Qe avg corresponds to the optimal conditions for the ecosystem. The Qe Max flow rate
to the excellent and optimal conditions of regeneration of the high zones of the channel.

The ranges of variation of the obtained results using the MPCM methodology and those developed
in other countries indicate that for the minimum ecological flow (base flow) there is a variation range
of 85% to 0.5% between the different methodologies, while for the flow environment (maintenance
flow) it is in the order of 72% to 0.4%. From this it follows that, among the best known methodologies
for the calculation of ecological flows, there may be a marked difference in the results and that their
application requires a very thorough analysis and not just be limited to the application of a formula.

Compared are the results with the methodologies proposed by Spain, Russia and the MPCM
because they are more likely considered as an ecological flow. Those that establish a single ecological
flow do not allow to define if they relate to the minimum, average or maximum flow. The
methodologies that give higher values of ecological flow may somehow guarantee a sufficient amount
of water for the preservation of the ecosystem of the area.

The values of the ecological flows determined with this methodology may be transferred
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proportionally to other points of the basin in relation to its area, as long as the particular conditions of
each sub-basin are considered. For ecological flows of other basins where hydrometric information is
available, it is recommended to use a basin of the same regime, Pacific or the Atlantic.
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Figure 5. Map of the minimum ecological flows (m%s) in
hydrometeorological stations of Ecuador [40].

5. Conclusions

The flow regime is a basic issue, indispensable for all hydraulic designs and for many other
constructions in which they are an important part. Therefore it is essential to calculate the critical
water demand (ecological flow) to preserve the ecosystems of the corresponding channel.

The proposed methodology based on hydrometric data may be used to determine the value of
discharges of ecological flows in any basin. Hereby, in none of the cases the ecological flow must be
less than the minimum monthly flows of the channel for the dry months. Therefore, the results
obtained by the MPCM are only comparable with hydrological and hydrological methodologies.

The proposed method also allows to obtain the ecological flow quickly, since this depends only on
the hydrological data available, while the use of any other more complex method depends on the
purpose and importance of the project.

More specific studies for specific species of flora and fauna require other more complete methods
such as habitat simulation or holistic, which need more information than hydraulic and the
hydrological because of the number of variables that must be taken into account.
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