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Abstract: The sustainable development of water resources includes retaining some amount of the
natural flow regime in water bodies to protect and maintain aquatic ecosystem health and the human
livelihoods and wellbeing dependent upon them. Although assessment of environmental flows is
now occurring globally, limited studies have been carried out in the Ethiopian highlands, especially
studies to understand flow-ecological response relationships. This paper establishes a hydrological
foundation of Gumara River from an ecological perspective. The data analysis followed three steps:
first, determination of the current flow regime—flow indices and ecologically relevant flow regime;
second, naturalization of the current flow regime—looking at how flow regime is changing; and,
finally, an initial exploration of flow linkages with ecological processes. Flow data of Gumara River
from 1973 to 2018 are used for the analysis. Monthly low flow occurred from December to June; the
lowest being in March, with a median flow of 4.0 m3 s−1. Monthly high flow occurred from July to
November; the highest being in August, with a median flow of 236 m3 s−1. 1-Day low flows decreased
from 1.55 m3 s−1 in 1973 to 0.16 m3 s−1 in 2018, and 90-Day (seasonal) low flow decreased from
4.9 m3 s−1 in 1973 to 2.04 m3 s−1 in 2018. The Mann–Kendall trend test indicated that the decrease in
low flow was significant for both durations at α = 0.05. A similar trend is indicated for both durations
of high flow. The decrease in both low flows and high flows is attributed to the expansion of pump
irrigation by 29 km2 and expansion of plantations, which resulted in an increase of NDVI from 0.25
in 2000 to 0.29 in 2019. In addition, an analysis of environmental flow components revealed that
only four “large floods” appeared in the last 46 years; no “large flood” occurred after 1988. Lacking
“large floods” which inundate floodplain wetlands has resulted in early disconnection of floodplain
wetlands from the river and the lake; which has impacts on breeding and nursery habitat shrinkage
for migratory fish species in Lake Tana. On the other hand, the extreme decrease in “low flow”
components has impacts on predators, reducing their mobility and ability to access prey concentrated
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in smaller pools. These results serve as the hydrological foundation for continued studies in the
Gumara catchment, with the eventual goal of quantifying environmental flow requirements.

Keywords: environmental flow component; Ethiopia; holistic environmental flow assessment;
hydrological foundation; indicators of hydrologic alteration software; Lake Tana

1. Introduction

Hydrologic regimes play an important role in determining the biodiversity of aquatic ecosystems
but unwise uses are critically changing them globally [1]. Previous studies confirmed that there
are advancements globally in the maintenance of flows in rivers that make water resource uses
sustainable [2–10]. Developing countries like Ethiopia are increasingly emphasizing environmental
flows and the allocation of water for ecological conservation [8,11].

In using models that are capable to relate flow and ecology at a wider scale, a framework called
Ecological Limits of Hydrologic Alteration (ELOHA) was developed [12]. Flow–ecology relationships
can apply to rivers of a particular hydrological type with naturally distinctive flow regimes [12,13].
The ELOHA framework involves the establishment of flow-ecology relationships based on hydrological
characters and ecological conditions of aquatic ecosystems or watersheds [12]. ELOHA includes four
major steps to come up with flow–ecology relationships and quantify environmental flow requirements
of water bodies. It starts with hydrological characterization, identification of river types, determination
of changes in flow and lastly, establishes relationships of flow changes vis-à-vis ecological processes in
each river type using available information [12].

The Nile Basin Initiative (NBI) has developed an environmental flows management framework
building on the elements of the ELOHA framework and global best practices [14]. Ethiopia has
approved and adopted this framework through its membership in NBI. The NBI environmental flow
management framework (NBI-EFMF) includes seven procedural steps in quantifying environmental
flow requirements and one of the steps is the establishment of the hydrological foundation. This phase
includes the baseline evaluation/modelling of hydrology data for the site/regional environmental flow
assessments. Precipitation, flow, evaporation, water abstraction, land use data and other information
that may affect flows are used in this phase to characterize baseline flows and potentially describe any
differences between these baseline flows and current flows [14].

Water is abstracted in the Blue Nile basin at many locations and more abstractions are planned,
impacting the environment [15,16]. For example, in Lake Tana sub-basin, two large dams for irrigation
have been completed and two are under construction. Studies have revealed that climate change
will affect the water balance of Lake Tana and pose environmental risks unless proper water resource
measures are implemented [17,18]. Projected changes in monthly precipitation and temperature in the
Tana sub-basin from 15 GCMs (Global Climate Models-General Circulation Models) were analyzed
and it was found that four of the nine GCMs indicated a significant decrease in annual stream flow for
the 2080–2100 period [17]. In addition, similarly to other studies on impacts of human interventions on
sustainable water use, climate change, unmanaged water abstractions and land use change in the Lake
Tana Sub-basin threaten the riverine and lake ecosystems [19,20].

The Abbay Basin Authority in its sub-basin master plan preparation has suggested that 10%–25%
of river flow be allocated for the environment. However, the suggestion did not consider the flow
variabilities and downstream uses of rivers and water bodies (personal communication, Mr. Habtamu
Tamir). In addition, a review of the planned environmental flow release of Koga dam (one of the
completed irrigation dam projects in Lake Tana sub-basin) showed that the environmental flow release
plan is merely the 95 percent exceedance value (Q95) of the Koga River flow record [21]. This method
does not consider the dynamic and variable nature of rivers, nor the ecosystem services and social
impacts at the watershed scale [21].
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Similarly, Gumara river of Lake Tana Sub-basin has pressures which need due attention to sustain
the ecosystem. Unmanaged pump irrigation practices, the expansion of eucalyptus trees and sand
mining upstream have caused the river to stop flowing in the dry season (Figure 1). Studies found a
decline in catch of fish because human interventions on the rivers flowing into Lake Tana affect migration
and spawning grounds [22,23]. In addition, studies showed the need for establishing methods for
pollution control [24]. Moreover, a study in the sub-humid highlands of Ethiopia indicated that peak
sediment influx occurs during the high flows, highlighting the need for land degradation management
to protect the health of the aquatic ecosystems [25]. Therefore, the hydrology of the Gumara river
and associated floodplain wetlands of Shesher and Welala should be studied to understand the
environmental water requirement to restore important aquatic and wetland biodiversity.
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Figure 1. Gumara river at the bridge in the Fogera plain where the road from Bahir Dar to Gondar
crosses; (a) August 2017 at flood stage during the rain phase and (b) February 2015 during the dry
season when the flow has ceased (courtesy: M. M. Moges).

The objective of this study was to establish hydrological foundation of Gumara river as an initial
step in the application of the NBI Environmental Flows framework. Using the Indicators of Hydrologic
Alteration (IHA) software, our analysis follows three steps: first, determination of the current flow
regime—flow indices and ecologically relevant flow regime; second, naturalization of the current flow
regime—looking at how flow regime is changing and finally, an initial exploration of flow linkages
with ecological processes.

2. Materials and Methods

2.1. Study Area Description

The Gumara River originates in the afro-alpine vegetation of the Guna mountains above 4000 m.a.s.l.
and flows to Lake Tana at 1784 m.a.s.l. (Figure 2). Gumara River catchment is 1376 km2 and is part
of the larger Lake Tana basin. The climate of the area is largely controlled by the movement of
the inter-tropical convergence zone (ITCZ), which results in a single rainy season between June
and September [26]. The mean annual rainfall over the catchment is 1326 mm year−1. The rivers,
before draining to the lake, feed the Welala and Shesher wetlands, which together, cover an area of
approximately 8.0 km2 [27,28]. The flood regime of the wetlands is affected by the abstraction and
diking of the Gumara River. Moreover, the wetlands are being encroached by cultivation.

Gumara River is ecologically important as it is the migration habitat of fish of the genus
Labeobarbus of the cyprinid family [29–32]. Fifteen unique species of Labeobarbus inhabit the lake [29].
In addition, twelve globally threatened bird species have been identified in Lake Tana and its associated
wetlands [33]. Most of the species are recorded in the Shesher and Welala wetlands (Figure 2), which
are part of the UNESCO Biosphere reserve areas [34].



Water 2020, 12, 547 4 of 20

Water 2019, 11, x FOR PEER REVIEW 4 of 20 

 

associated wetlands [33]. Most of the species are recorded in the Shesher and Welala wetlands (Figure 
2), which are part of the UNESCO Biosphere reserve areas [34]. 

 
Figure 2. Location map of the study area; (a) Ethiopia, (b) Lake Tana Sub-basin and (c) elevation map 
of the Gumara watershed; the Gumara floodplain (orange) and Welala and Shesher wetlands (blue) 
are shown. The boundaries of the Gumara floodplain are approximate due to small elevation 
differences and depend on the height of the flood. 
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stations was obtained from the Ethiopian Meteorological Agency (EMA). The dataset was not up to 
date and complete for all stations. Hence, remote sensing precipitation data of the “Climate Hazards 
Group InfraRed Precipitation with Station Data” (CHIRPS) with 0.05 arc degree resolution were 
downloaded for the period from 1 January 1981 to 30 September 2019 from Google Earth Engine; 
cloud computing platform [35]. CHIRPS was chosen because it has daily data for a long record with 
the best resolution and performance for this location [35]. 

2.2.2. Stream Flow 

The hydrology was characterized for the entire Gumara catchment using the lower gaging 
station—No. 111006 (see ‘outlet’ in Figure 2). Flow data for the station were obtained from the 
Ministry of Water, Irrigation and Electric (MoWIE) from 1960 to 2018. There are large gaps in data 
for the first 13 years (full years in 1963, and 1967 to 1972), for 5 months in 2015 and for 6 months in 
2018. From the total 21,535 days, 3132 (14.5%) were missing. As the annual gaps are too large to fill, 
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2.3. Literature Review, Field Observation and Discussions 

Literature on fishery and related activities were reviewed. A reconnaissance survey of Gumara 
catchment and associated wetlands was undertaken and farming communities were questioned on 

Figure 2. Location map of the study area; (a) Ethiopia, (b) Lake Tana Sub-basin and (c) elevation map
of the Gumara watershed; the Gumara floodplain (orange) and Welala and Shesher wetlands (blue) are
shown. The boundaries of the Gumara floodplain are approximate due to small elevation differences
and depend on the height of the flood.

2.2. Data Collection

2.2.1. Precipitation

Daily precipitation of the Debretabor, Arb-Gebeya, Mekaneyesus, Wanzaye and Anbessame
stations was obtained from the Ethiopian Meteorological Agency (EMA). The dataset was not up to date
and complete for all stations. Hence, remote sensing precipitation data of the “Climate Hazards Group
InfraRed Precipitation with Station Data” (CHIRPS) with 0.05 arc degree resolution were downloaded
for the period from 1 January 1981 to 30 September 2019 from Google Earth Engine; cloud computing
platform [35]. CHIRPS was chosen because it has daily data for a long record with the best resolution
and performance for this location [35].

2.2.2. Stream Flow

The hydrology was characterized for the entire Gumara catchment using the lower gaging
station—No. 111006 (see ‘outlet’ in Figure 2). Flow data for the station were obtained from the Ministry
of Water, Irrigation and Electric (MoWIE) from 1960 to 2018. There are large gaps in data for the first
13 years (full years in 1963, and 1967 to 1972), for 5 months in 2015 and for 6 months in 2018. From the
total 21,535 days, 3132 (14.5%) were missing. As the annual gaps are too large to fill, we used data
from 1973 to 2018.

2.3. Literature Review, Field Observation and Discussions

Literature on fishery and related activities were reviewed. A reconnaissance survey of Gumara
catchment and associated wetlands was undertaken and farming communities were questioned on
their understanding of flow characteristics and how their livelihoods were connected with the river
ecosystem, including pump irrigation, sand mining, vegetation expansion and others.
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2.4. Data Analysis

2.4.1. Precipitation and Evapotranspiration Analysis

Areal rainfall of Gumara was estimated from Satellite data of CHIRPS. The performance of CHIRPS
was checked by a Pearson correlation test with the available observed data of individual stations
around Gumara. Annual, decadal and cumulative rainfall of different durations were calculated using
MS EXCEL. The Pearson correlation test was used to visualize the relation of flow and rainfall and
Mann–Kendall trend tests were used for trends in rainfall and were performed in SPSS 20, EXCEL
and XLstat [36,37]. Cumulative rainfall for generating 20 mm of cumulative direct runoff after the
end of the dry season was calculated for trend analysis. In addition, the evapotranspiration over the
Gumara catchment was calculated. A synoptic station close to the catchment did not exist to calculate
the evapotranspiration from the meteorological data; hence, satellite data of “MOD16A2.006: Terra
Net Evapotranspiration 8-Day Global 500 m” was used for the estimate [38].

2.4.2. Flow Analysis Using IHA Software

River flow statistics, components and indices were analyzed using IHA software version 7.1 [39]
(The software is developed by the Nature conservacy, Virginia, VA, USA). Setting up and completing
an analysis in the IHA involved the use of hydrologic data as input, deciding analysis years and
environmental flow component (EFC) thresholds, and water year starting Julian date [39]. Hydrological
data from 1973 to 2018 were imported in CSV file format and saved as internal hydrologic file. A project
was then created, linked to a single hydrologic data file and used to create and run multiple analysis.
The Gumara flow data were not normally distributed (Figure 3) and hence, the non-parametric analysis
like medians and coefficient of dispersion were used. The water year was set to start on January 1 and
to end on December 31, which is suitable for Gumara River condition.Water 2019, 11, x FOR PEER REVIEW 6 of 20 
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interpolations. 

2.4.5. Irrigation Area Mapping and NDVI Analysis 

Figure 3. Cumulative Distribution Function (a) and Flood Frequency (b) Curves of Gumara River at
the outlet. The orange line is the actual frequency and the grey line is the normal frequency. The actual
frequency is the frequency of a flow value, indicating the number of data at or below it. The normal
frequency is the predicted frequency for the normal distribution of the data. The solid line in the Flood
Frequency curve is the actual flood flow versus return period and the dotted line is the logarithmic
curve fit to estimate flood magnitude at a given return period.

The IHA calculated parameters for five different types of EFCs which are ecologically relevant:
extreme low flows, low flows, high flow pulses, small floods, and large floods. This delineation of
EFCs is based on the definition given in the software [1,39]. Low flows are calculated from minimum
flows within a year [1,39]. Extreme low flows are taken below the 10th percentile flow.

High-flow pulse is calculated as flow between base flow and bankfull discharge, i.e., including
any water rises that do not overtop the channel banks. Small floods include all river rises that overtop
the main channel but do not include more extreme and less frequent floods (i.e., below 2-year return
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period). Large floods are flows calculated as above the 10-year return period, which can inundate
distant places from riverbanks, such as lagoons and floodplain wetlands.

2.4.3. Environmental Flow Components Threshold Values Setting

A cumulative distribution function (CDF) curve, flood frequency (FF) curves and stage-discharge
(rating) curve were used in setting the EFC threshold values to be input in the IHA software (Figure 3).
The CDF curve ensured the non-normality of the data indicating that non-parametric analyses need to
be conducted. First, the large flood was found from the 10-year return period of the flood frequency
curve; it is 483 m3 s−1 which is the 99.93th percentile in the CDF curve.

The bankfull discharge was estimated using the stage-discharge method [40]. The Bankfull stage
was measured and found to be 5.6 m in March 2019.

The stage–discharge curve was developed recently as the bed level increase at the gaging station
annually and the offset, h0 changed in time. To do this, h0 was calculated first from the rating curve
(Equation (1)) with measured discharge Q and stage height h for streamflow record from February
1990 to March 2018 containing 52 readings. Secondly, the best fitting curve was found through the
52 h0 values [41]. By trial and error, the parameters in Equation (1) were changed until a best fit was
obtained. The offset is given in Equation (2):

Q = 11.5(h− h0)
1.9 (1)

The best fit (R2 = 0.93) for the offset, h0 in m was found as

h0 = −0.0002(t− 1990)3 + 0.0049
(
t− 1990)2 + 0.0748(t− 1990

)
− 0.0819 (2)

where t is the year.
The offset, h0 for years before 1990 was estimated using a linear interpolation applied assuming

zero in the beginning (1973) and the h0 value calculated for 1990 in Equation (2). Hence, the flow
data from the ministry was recalculated for the new h0. Then, the calculated bankfull discharge for
5.6 m stage was found to be 294 m3 s−1 or 97.5% from CDF, which is the maximum for high flow pulse
and the starting threshold for small floods. The low flow was found to be 4.8 m3 s−1 (28%) and the
maximum extreme low flow was taken as the 10% flow, 0.17 m3 s−1.

2.4.4. Flow Components and Needs

As a complimentary analysis to IHA, ecologically relevant flows from percentiles of the historical
daily flows were analyzed seasonally using the approach of DePhilip and Moberg [42]. Overlaying
key life history requirements for each group on representative hydrographs for each habitat type,
relationships between species groups and seasonal and inter-annual stream flow patterns were
explained in terms of flow needs by season. Thresholds were selected to approximate different
ecologically relevant flows; Q5–Q10 corresponds to flood levels, Q10–Q75 represents high flows,
Q75–Q95 represents low flows, and Q95–Q100 represent the extreme low flows at the site [42]. All daily
data of the 46 years were arranged in descending order and their percentiles/exceedance calculated
and mapped in Excel where the 5th, 10th, 75th and 95th percentile values are linear interpolations.

2.4.5. Irrigation Area Mapping and NDVI Analysis

Irrigation practices, sand mining and other economic activities were analyzed using the information
obtained from farmers’ discussion and field ground truth data collection using GPS and mapping
aided by Google Earth. Discussion with farmers was organized by the local agriculture office experts.
A focus group discussion was undertaken for each irrigation and sand mining work. Five farmers who
initially started irrigation and 10 individuals who were collecting sand were contacted for discussion
using a prepared checklist. The vegetation conditions in the catchment area were also analyzed.
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Normalized difference vegetation index (NDVI) from MODIS satellite data was calculated in google
earth engine, cloud computing platform, to link the impact of vegetation cover change on both low-
and high-flow trend.

3. Results and Discussion

3.1. Precipitation

Data performance from CHRIPS checked by the Pearson’s correlation test with the observed
data in SPSS was found to be a correlation coefficient of 0.51 for Debretabor station and a correlation
coefficient of 0.44 for Wanzaye station, significant at a 0.01 level (Figure 4). The correlation of the
precipitation (PCP) and flow data of Gumara also tested with Pearson correlation test in SPSS and
was found to have an r of 0.49; correlation significant at a 0.01 level. The annual precipitation trend of
Gumara catchment from the areal estimate for the whole dataset showed a slight increase (Figure 5).
The annual PCP trend tested with Mann–Kendal’s test was found to be significant at the 0.05 level.
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Figure 4. Cumulative precipitation measured at rain gauge stations (PCPst_Cum_Debretabor) and
CHIRPS Satellite Data (PCPchirps_Cum_Gumara) versus time for Gumara river catchment (1994–2018).
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Figure 5. Annual precipitation of Gumara catchment (1981–2018) predicted with “Climate Hazards
Group InfraRed Precipitation with Station Data” (CHIRPS). The trend line was found to be increasing
at a rate of 4 mm per year.
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3.2. Flow Indices

3.2.1. Monthly Flows

The monthly flow analysis indicated that low flow occurs from December to June, the lowest
being in March, with a median flow of 4.0 m3 s−1 and a standard error (SE) 0.55 and high flows occur
from July to November; the highest being in August, with a median flow of 236 m3 s−1 with a standard
deviation of 8 m3 s−1 (Table 1 and Figure 6). A high coefficient of dispersion (COD) was found from
November to May during the dry season (winter and spring); and a low COD was observed from June
to October during the wet season (summer and autumn).

All monthly flows have a decreasing trend (Figure 6). Flows in the dry season in March and April,
decreased in time likely due to pump irrigation and the expansion of eucalyptus trees.

Table 1. Monthly Median Flows (m3 s−1) of Gumara River at the outlet (1973–2018). See Figure 1 for
the location of the outlet; Q25 is flow that is exceeded 25% of the time, Q50 is the median and Q75 is
flow exceeded 75% of the time.

Months Median Flow
(Q50), m3 s−1

Coefficient of Disp.;
(Q75–Q25)/Q50 Months Median Flow

(Q50), m3 s−1
Coeff. of Disp.
(Q75–Q25)/Q50

January 9.7 1.3 August 236 0.3
February 5.9 1.7 September 151 0.4

March 4.0 1.7 October 65.9 0.9
April 4.2 1.3 November 31.2 1.4
May 4.7 1.7 December 16.5 1.5
June 13.3 1.0
July 123.6 0.5
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3.2.2. Low and High Flows

Low Flow

The Mann–Kendall trend test indicated that the 1-Day and 90-Day low flow decreased significantly
over the study period at p = 0.01. Quantitatively, 1-Day low flow decreased from 1.55 m3 s−1 in 1973 to
0.16 m3 s−1 in 2018 and 90-Day (seasonal) low flow decreased from 4.88 m3 s−1 in 1973 to 2.04 m3 s−1

in 2018. The decrease in low flow after 1997 was verified in the discussion with farmers and district
experts living and working in the study area. According to the discussants, pump irrigation started in
1997 using the pumps supported by German International Cooperation (GIZ). In the first year, pump
irrigation was started by 25 farmers who were cultivating maize, then it reached maximum to all
households in 2005. The delineation using Google Earth indicated that irrigated area was 29 km2 in
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2019 (Figure 7). The average historical low flow before 1997 was 3.03 m3 s−1 or 3,141,504 m3 of water
per year. The net irrigable area of the lower Gumara is 15.25 km2, distributed 6 km2 Onion, 0.2 km2

Tomato, 0.82 km2 Garlic, 0.16 km2 Pepper, 2.0 km2 Tef, 6 km2 Maize, and 0.07 km2 Lentil (Annual report
2018/19, Dera District Agriculture Office). The irrigation water requirement of Onion is 288,300 m3

km−2, Tomato 168,900 m3 km−2, Pepper 127,100 m3 km−2, Garlic 144,200 m3 km−2, Tef 84,150 m3 km−2,
Lentil 308,300 m3 km−2, and Maize 167,450 m3 km−2 [43]. This amounts to a demand of 3,096,741 m3

of water per year for 15.25 km2, which is 99% of the value of the historical low flows before 1997.
There was an abrupt decrease of low flow in 1997 which remained at a bare minimum onwards.

The coefficient of dispersion (COD) values are greater for all duration of flow, indicating greater
variability in low flow (Table 2 and Figure 8). The mean decadal low flows were 3.02, 3.19, 1.96,
0.002, and 0.029 m3 s−1 for 1973–1980, 1981–1990, 1991–2000, 2001–2010 and 2011–2018, respectively
(Table 3).The extreme decrease in low flow components impacts the predators of fish, reducing their
mobility and ability to access prey concentrated in smaller pools.
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Figure 7. Gumara watershed (a) and Pump irrigation sites between the bridge and Wanzaye town (b);
taken from Google Earth of 2019 image. The blue line indicates the total irrigation area (29 km2) where
the net irrigated area is 15.25 km2.

High Flow

The maximum flows, similarly to the low flows, decreased over the time periods: 1-Day r2 of
0.53 with significant trend at p = 0.01 with Mann–Kendall’s test and 90-Day r2 of 0.32 (p = 0.01).
Quantitatively, 1-Day high flow decreased from 335 m3 s−1 in 1973 to 266 m3 s−1 in 2018 and 90-Day
(seasonal) high flow decreased from 188 m3 s−1 in 1973 to 185 m3 s−1 in 2018. The 1-Day maximum is a
good indicator for large flood decrease as it indicates individual peaks rather than averages as the
other durations do (Table 2 and Figure 8). The mean decadal high flow ranged from 432 m3 s−1 to
261 m3 s−1 between 1973 and 1980 and 2001 and 2010, respectively (Table 3).
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Table 2. Minimum and Maximum Flow (m3 s−1) of Different Duration in Gumara River at the ‘outlet’.
These are the common variables in the Ecological Limits of Hydrologic Alteration (ELOHA) analysis.
The abbreviations are listed in Table 1.

Duration Median
(Q50)

Coeff. of Disp.;
(Q75-Q25)/Q50 Duration Median

(Q50)
Coeff. of Disp.;
(Q75-Q25)/Q50

1-day maximum 335 0.49 1-day minimum 1.62 1.89
3-day maximum 316 0.41 3-day minimum 1.70 1.85
7-day maximum 293 0.41 7-day minimum 1.71 1.91

30-day maximum 248 0.32 30-day minimum 2.36 1.91
90-day maximum 183 0.37 90-day minimum 4.27 1.54

Table 3. Mean decadal (a) low- and (b) high-flows (m3 s−1) and decadal percentage changes of Gumara
River at the ‘outlet’. The mean decadal low flow showed a decreasing trend since 1973–1980 and
reached nearly zero for 2001–2010 and 2011–2018.

Years (a) Percent Change
in Low Flow (b) Percent Change in

High Flow

1973–1980 3.02 432.5
1981–1990 3.19 5.7 441.3 2.0
1990–2000 1.96 −38.7 384.0 −13.0
2001–2010 0.00 −99.9 261.0 −32.0
2011–2018 0.00 - 263.4 0.9
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From these results, we infer that the river is becoming disconnected earlier from the floodplain 
wetlands because of a decrease in “ecologically relevant” large floods. As studies indicated, this has 
an impact on fish breeding habitat shrinkage in a short period of time [44]. A decline in juvenile 
labeobarb abundance in the pool habitats of Gumara River occurred because of excess irrigation 
water abstraction, especially in the dry season months of March to May [44]. In addition, several 
studies found that in recent years, fish stocks declined rapidly, especially commercially important 
fish species like Labeobarbus’ which are migratory fishes requiring wetland habitats for breeding 
[23,32,45]. 

 
Figure 8. One-day and 90-day low (a) and high flow (b) of Gumara River at the outlet (1973–2018). 
The figure depicts (a) the lowest flow from each individual day of the year as 1-day duration low flow 
and the lowest flow of average 90 days as 90-day (seasonal) duration low flow and (b) highest flow 
from each individual day of the year as 1-day duration high flow; and highest flow of average 90 days 
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Figure 8. One-day and 90-day low (a) and high flow (b) of Gumara River at the outlet (1973–2018).
The figure depicts (a) the lowest flow from each individual day of the year as 1-day duration low flow
and the lowest flow of average 90 days as 90-day (seasonal) duration low flow and (b) highest flow
from each individual day of the year as 1-day duration high flow; and highest flow of average 90 days
as 90-day duration high flow.

From these results, we infer that the river is becoming disconnected earlier from the floodplain
wetlands because of a decrease in “ecologically relevant” large floods. As studies indicated, this has
an impact on fish breeding habitat shrinkage in a short period of time [44]. A decline in juvenile
labeobarb abundance in the pool habitats of Gumara River occurred because of excess irrigation water
abstraction, especially in the dry season months of March to May [44]. In addition, several studies
found that in recent years, fish stocks declined rapidly, especially commercially important fish species
like Labeobarbus’ which are migratory fishes requiring wetland habitats for breeding [23,32,45].

We inferred that the decrease in large flood and in low flows during dry season is attributed
to unmanaged pump irrigation, the expansion of plantations and soil conservation works being
undertaken since 2010 through government mass mobilization program. This agrees with the other
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studies in lake Tana Basin [46]. In addition, a study on the hydrological impact of a Eucalyptus
plantation found that the cumulative rainfall required to generate 3 mm runoff was higher after a
threefold expansion of the plantation area [47].

The normalized difference vegetation index (NDVI) for Gumara catchment was checked by
extracting NDVI data in Google Earth engine, cloud computing platform, and showed a significant
increasing trend at a 0.05 level (Figure 9). An increase in vegetation is expected to decrease (direct)
runoff due to increasing evapotranspiration.

Water 2019, 11, x FOR PEER REVIEW 11 of 20 

 

We inferred that the decrease in large flood and in low flows during dry season is attributed to 
unmanaged pump irrigation, the expansion of plantations and soil conservation works being 
undertaken since 2010 through government mass mobilization program. This agrees with the other 
studies in lake Tana Basin [46]. In addition, a study on the hydrological impact of a Eucalyptus 
plantation found that the cumulative rainfall required to generate 3 mm runoff was higher after a 
threefold expansion of the plantation area [47].  

The normalized difference vegetation index (NDVI) for Gumara catchment was checked by 
extracting NDVI data in Google Earth engine, cloud computing platform, and showed a significant 
increasing trend at a 0.05 level (Figure 9). An increase in vegetation is expected to decrease (direct) 
runoff due to increasing evapotranspiration.  

Therefore, using the satellite image data of MODIS, the dry season, the month of March, 
evapotranspiration over the Gumara was extracted and found to be increasing between 2001 and 
2019 (Figure 9). The correlation of evapotranspiration with NDVI was 0.64 with Pearson’s correlation 
test; significant at the 0.01 level. The evapotranspiration is in line with the vegetation increase in the 
Gumara Catchment. An increase in vegetation has increased the evapotranspiration, which, in turn, 
increased the amount of infiltration water need to saturate soils before runoff generation. This 
suggests that the hydrological process is highly influenced by tree plantations [47,48]. 

 
Figure 9. NDVI of Gumara River catchment in Dry season month of March between 2000 and 2019 
and March Evapotranspiration over the Gumara catchment; satellite data of “MODIS Global 
Terrestrial Evapotranspiration 8-day Global 1km” resolution was used for the estimate. 

Research has shown that in the Ethiopian highlands where saturation excess runoff dominates, 
daily discharge is a function of daily amount of rainfall, not of the rainfall intensity [48–50]. For 
watersheds to start generating surface runoff after the dry monsoon phase, the soil needs to become 
saturated [48–50]. We divided the study period into three blocks before catchment management 
interventions, including vegetation expansions (1998 to 2011), during interventions (2012 to 2014) and 
after soil and water conservation and vegetation expansions (2015 to 2018). The average cumulative 
rainfall required for a 20 mm runoff depth increased from 371 mm in the first period before 
intervention to 442 mm after interventions (Figure 10). The result agrees with the finding of another 
recent study from the Ethiopian Highlands [47]. 

0
20
40
60
80
100
120
140
160
180
200

0.20
0.21
0.22
0.23
0.24
0.25
0.26
0.27
0.28
0.29
0.30

Ev
ap

ot
ra

ns
pi

ra
tio

n,
 m

m

ND
VI

, i
nd

ex

Time, in years
NDVI_March ET_March

Figure 9. NDVI of Gumara River catchment in Dry season month of March between 2000 and 2019 and
March Evapotranspiration over the Gumara catchment; satellite data of “MODIS Global Terrestrial
Evapotranspiration 8-day Global 1 km” resolution was used for the estimate.

Therefore, using the satellite image data of MODIS, the dry season, the month of March,
evapotranspiration over the Gumara was extracted and found to be increasing between 2001 and
2019 (Figure 9). The correlation of evapotranspiration with NDVI was 0.64 with Pearson’s correlation
test; significant at the 0.01 level. The evapotranspiration is in line with the vegetation increase in the
Gumara Catchment. An increase in vegetation has increased the evapotranspiration, which, in turn,
increased the amount of infiltration water need to saturate soils before runoff generation. This suggests
that the hydrological process is highly influenced by tree plantations [47,48].

Research has shown that in the Ethiopian highlands where saturation excess runoff dominates, daily
discharge is a function of daily amount of rainfall, not of the rainfall intensity [48–50]. For watersheds to
start generating surface runoff after the dry monsoon phase, the soil needs to become saturated [48–50].
We divided the study period into three blocks before catchment management interventions, including
vegetation expansions (1998 to 2011), during interventions (2012 to 2014) and after soil and water
conservation and vegetation expansions (2015 to 2018). The average cumulative rainfall required for a
20 mm runoff depth increased from 371 mm in the first period before intervention to 442 mm after
interventions (Figure 10). The result agrees with the finding of another recent study from the Ethiopian
Highlands [47].
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Figure 10. Average cumulative rainfall in three periods 1998–2011 (a), 2012–2014 (b) and 2015–2018 (c).
The cumulative rainfall records considered here lie in the same day with 20 mm cumulative runoff

depth records for each record year; that is the cumulative rainfall required for 20 mm run off generation.

3.3. Environmental Flow Components (EFC), Durations and Timing

Environmental Flow Components

The EFC analysis found four large floods during the last 50 years, i.e., 1975, 1976, 1981 and 1988
(Figure 11). Interestingly, no large flood was recorded after 1989 and small floods exhibited a decrease
after 1997. This has a similar interpretation with low- and high-flow condition. This results in an
early disconnection of floodplain wetlands from the river and the lake, which impacts fish migration,
spawning/breeding, and the growth period for juveniles. High-flow pulse increased and shows a
nearly uniform magnitude in the last decades. On the other hand, extreme low flow and low flow
decreased and could have an impact on predator-prey relationships as species are concentrated in
smaller pools (Figure 11).

Flow Duration and Timing of Environmental Flow Components

All environmental flow components showed increasing duration except for high flow pulses
(Figure 12). Extreme low flow showed increase in trend where low flow in other ways decreased in
recent years. According to the flow components analysis, large and small floods were not available
after 1988 and 2001 respectively. High-flow pulse, which occurs at the beginning of the wet season,
is almost undisturbed, which can give fish and other aquatic animals increased access to upstream
areas. This flow component is not enough for complete fish reproduction, which need spawning and a
growth period in the river and flood plain wetlands provided by small and large floods.
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Figure 11. Environmental Flow Components of Gumara River; Extreme Low Flow, Low Flow, High Flow Pulse, Small Floods and Large Floods. The horizontal line (a) 
shows the small flood minimum peak flow and the horizontal line (b) shows large flood minimum peak flow. 
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Figure 11. Environmental Flow Components of Gumara River; Extreme Low Flow, Low Flow, High Flow Pulse, Small Floods and Large Floods. The horizontal line (a)
shows the small flood minimum peak flow and the horizontal line (b) shows large flood minimum peak flow.
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The timing (the Julian day) of small flood occurrence is stable between 214 and 244 with a median
of 228 and a COD of 0.039 but it is interrupted after 2001. Other environmental flow components are
highly variable; for example, high-flow pulse moved from 194 Julian day in 1973 to about 230 Julian
day in 2018, which is almost a month delay (Figure 12). This can cause a disruption of the reproduction
cycle of fish and other aquatic animals which live both in the lake and river. High-flow pulses are a
signal for these species to begin migrating into rivers to reach floodplain spawning areas.
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Figure 12. Duration (a) and Timing (b) of environmental flow components. Duration is the number of
days a given flow component occurred and Timing is the Julian date when a given flow component
occurred. Note. The Duration (a) in 2012 is 200 days.

3.4. Flow Components and Needs

The seasons considered in northwest Ethiopia are: the rainy season (Summer)—June, July and
August; the beginning of the dry season (Autumn)—September, October and November; the dry
season (Winter)—December, January and February; and end of dry season (Spring)—March, April and
May. Figure 13 depicts the percentile flows for individual days of the calendar year over the duration
of the discharge record for the bridge gauging station.
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To relate flow regimes to ecological responses, we looked at fish spawning migration and
reproduction with the percentile flows of Gumara River classified into different ecologically relevant
flow components (Figure 13). This is in line with another similar study [42]. The definition of
life histories of indicator fish species sensitive to hydrologic alterations in the study area is based
on the literature [22,30–32,45,51–56] (Table 4). An overlay graph, Figure 13, depicts periods of fish
spawning migration and reproduction with the percentile flows of Gumara river classified into different
ecologically relevant flow components.

Table 4. Ecological condition of fish species in Lake Tana-Gumara River (review).

S.N. Fish Species Migration/Aggregation/
Period Breeding Period/Catch Habitat/Spawning

Places/Location

1 Labeobarbus
spp. July–October June–August (min in May, peak

spawning in August) Fast flowing, clear, highly
oxygenated water, and
gravel-bed streams or rivers;

L. intermedius from July–3rd week of
September

L. tsanensis from July–3rd week of
September

L.
brevicephalus

3rd week of
August–3rd week of
September

L. nedgia
1st week of
September–1st week of
October

2 Oreochromis
niloticus

June to October (peak in July); (3
months, June–September) shallow littoral zone

3 Clarias
gariepinus

April to July (peaked in June); max
catch in Rainy season (peaked in
June), min catch in Jan; short
breeding period in July; high catch
dry season (December-February);
the breeding periods (1.5 months,
June–July); peak in May

Largest aggregation in
Gumara, abundant in the
river mouth habitat; found
mainly in the deeper open
water area

4 Varicorhinus
beso

max catch in August, min catch in
Sep, Oct and Jan dominated in the littoral

5 Small barbs

b. humilis Between March and September
spawn in shallow riverine
backwaters during the rainy
season

b. tanapelagius March and September

b.
pleurogramma

found only in the flood plain
during the rainy season

6
Large barbs or
piscivorous
barbs

July to September breeding period (4 months,
mid-June to mid-October)

Gumara river, at Wanzaye.
the ‘large’ piscivorous barbs
migrate to affluent rivers for
spawning

The overlaid graph, Figure 13, shows that spawning migration and reproduction begin in June
and July for most fish species. Migration kicks off as freshest water or flow pulses reach the lake;
high-flow pulses begin from 4.8 m3 s−1 in June and small floods from 294 m3 s−1 in July (Figure 13).
However, some fish species, such as B. humilis and B. tanapelagious, stay in the littoral zone of the lake
for reproduction [45].
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Period (Above the line) of Fish Species in Lake Tana-Gumara River. Spawning migration and
reproduction begin in June and July for most of the fish species. Migration kicks off as freshest water or
flow pulses reach the lake, i.e., between high flow pulse begin from 4.8 m3 s−1 in June and small flood
of 294 m3 s−1 in July.

As studies indicated, among commercially important migratory fishes of Lake Tana like
C. gariepinus (cat fish), the major breeding season extends from April to July [51] (Table 4 and
Figure 13). C. gariepinus requires the seasonal flow to emigrate from the Lake to the flood plain wetlands
of Shesher and Welala via Gumara River to start the spawning. As shown in Figure 11, the high flow
pulse (seasonal flow) has been delayed by one-month. This likely leads to a corresponding delay in the
beginning of the spawning period of species like C. gariepinus (Figure 13).

This study has comparable results with recent studies globally which developed analytical
connections between flow alterations and ecological responses (in testing the ELOHA framework) and
suggested restoration possibilities [57–59]. Hence, results from this study indicate that the Gumara
River and associated wetlands need restoration of ecologically relevant environmental flow components
(large flood, small flood, high flow pulse, low flow and extreme low flow) to reverse the deterioration
of the aquatic ecosystems in the river-wetland-lake interconnections. This will help to restore the
aquatic ecosystem through regulating water resources use and appropriate conservation works in the
upper watershed.

4. Conclusions

The results of this study indicate that low- and high-flow regimes of Gumara River have decreased
over time. The low flow decrease was abrupt since 1997. Large floods also disappeared since 1988.
One-day low flows decreased from 1.55 m3 s−1 in 1973 to 0.16 m3 s−1 in 2018, and 90-Day (seasonal)
low flow decreased from 4.88 m3 s−1 in 1973 to 2.04 m3 s−1 in 2018. The decrease in flows in time is
attributed to both water abstractions, catchment management interventions and rainfall variability.
The cumulative rainfall required to generate runoff has increased over the study years. This flow
reduction results in early disconnection of floodplain wetlands from the river, which, in turn, affects
the breeding cycle of migratory fish species in the floodplain wetlands. Hence, the results of this study
indicate that the Gumara River and associated wetlands need restoration of ecologically relevant flows
(large flood, small flood, high-flow pulse, low-flow and extreme low-flow) to reverse the deterioration
of the aquatic ecosystems in the river-wetland-lake interconnections. This will help to restore the
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aquatic ecosystem through regulating water resources use and appropriate conservation work in
the upper watershed. The environmental flow management framework developed by NBI and the
Ecological limits of hydrologic alteration (ELOHA) have helped to guide the study of the environmental
flow components dynamics of the Gumara River. Finally, these results serve as the hydrological
foundation for continued studies in the Gumara catchment, with the eventual goal of quantifying
environmental flow requirements.
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