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ARTICLE INFO ABSTRACT
Keywords: Study region: Vilcanota-Urubamba river basin, Southern Peru.
Ecoflow Study focus: Hydraulic infrastructure plays a fundamental role for energy production, drinking

Hydrologic alteration
Dam
Central Andes

and irrigation water storage and flood control in regions with seasonal river flow. The high-
Andean Lake Sibinacocha has been regulated since 1988 to increase energy production of the
Machupicchu hydropower plant. In this study, river streamflow changes are evaluated by
analyzing precipitation and discharge trends using indicators of hydrologic alteration and ecoflow
for natural (1965-1987) and altered (1988-2016) flow regimes.

New hydrological insights for the region: For the altered flow regime, an ecodeficit of about 20%
(compared to natural river flow) and an ecosurplus > 30% were found during the wet season
(December-February) and dry season (June-August), respectively. These changes have reduced
the risk of water shortage (dry season) and flood (wet season) and contribute to increasing water
use including hydropower production, irrigation and drinking water. However, river alteration
might lead to considerable impacts on riverine ecosystems.

Despite major limitations related to data scarcity and complex environmental processes in the
basin, our results highlight the usefulness of combined methods of hydrological alteration and
ecoflow to effectively evaluate water regime changes in regulated basins. An integrated scientific
approach is necessary to address uncertainties and develop meaningful future water availability
scenarios that guide hydropower projects with improved water and energy security considering
minimal impacts on human and natural systems.

1. Introduction

Water is essential for human health and wellbeing and key to support diverse ecosystems (Keeler et al., 2012). Rivers provide
essential ecosystem services that benefit human livelihoods directly (e.g. drinking water supply, hydropower production, irrigation,
navigation) or indirectly (e.g. recreation, soil wetting and fertilization of floodplains) (Bhaduri et al., 2017; Brismar, 2002).

Worldwide, hydropower capacity has increased by 7% between 2017 and 2021 (IHA, 2022). Almost 90% of global power gen-
eration is dependent on water (Bhaduri et al., 2015; Larsen et al., 2019) which highlights the close connection between water and
energy. The availability of water to produce hydropower depends on local climate in many regions of the world (Berga, 2016; Chala
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etal., 2019). However, climate change is expected to alter regional hydrological regimes threatening the development and operation of
hydropower generation (Caceres et al., 2021).

In this context, hydraulic infrastructure (i.e. dams and reservoirs) plays an essential role for economic growth and water security in
regions with high seasonal river flow providing key functions of water storage (during wet or low-demand periods) and release (during
dry or peak-demand periods) (Bird and Wallace, 2001). Hydraulic infrastructure is designed to provide services such as drinking water
provision, reduction of flood risks, and hydropower production, among others (Rakhmatullaev et al., 2010). Nevertheless, the presence
of dams and reservoirs alters natural flow variability and biogeochemical processes, mainly through changes in the ecological pa-
rameters of the hydrological regime (Black et al., 2005; Gao et al., 2018; Christer et al., 2005; Timpe and Kaplan, 2017; Zhang et al.,
2015). Hydraulic infrastructure can also lead to substantial social conflicts often associated with unequal power relations and control
over water resources due to poor water governance (Boelens et al., 2019; Carey et al., 2012). Therefore, it is crucial to understand how
hydraulic interventions change natural hydrological regimes (Passaia et al., 2020) to anticipate undesired effects and reduce adverse
impacts from climate change (Moran et al., 2018). Consequently, strategic planning taking into account key drivers and potential
changes of the hydrological regime is paramount to operate hydraulic infrastructure (Jiang et al., 2019). Such an endeavor can then
support adaptive measures for sustainable hydropower management (Moran et al., 2018). Different methodologies based on static and
dynamic hydrological metrics have been developed to analyze and quantify the degree of alteration of river flow regimes (Gao et al.,
2018).

South America holds some of the largest drainage systems of the world, such as the Amazon, La Plata and Orinoco basins (Gioia,
1987) which are considerably altered by water infrastructure. Indicators of hydrologic alteration (IHA) combined with ecoflow
methods have been used to quantify changes in the flow regime. IHA are composed by a set of parameters to compare the inter- and
intraannual variation of the flow regime. Whereas, ecoflow is based on non-dimensional measurement of ecodeficit and ecosurplus
considering flow duration curves (FDCs, see Section 2.5.1). The South American climate is complex due to the influence of tropical,
subtropical and extratropical patterns (Garreaud, 2009) and interannual variability patterns which are strongly influenced by the El
Nino-Southern Oscillation (ENSO) (Perry et al., 2014; Poveda et al., 2020; Salzmann et al., 2013). Glaciers are rapidly retreating which
affects downstream water availability including hydropower production and regional economies (Carey et al., 2016; Vergara et al.,
2007). A hydrological assessment for the upper Vilcanota-Urubamba river basin in Southern Peru suggests that future river discharge
could decrease by 2-11% (7-14%) until 2050 (2100) because of the substantial loss of glaciers linked to climate change scenarios
(Drenkhan et al., 2019). In the last decades, the increasing demand for energy and untapped potential (hydropower plants) is a critical
factor for economic growth (Caceres et al., 2021; De Souza Dias et al., 2018; Timpe and Kaplan, 2017). Moreover, hydropower projects
are growing in the Andes-Amazon region where regional governments are prioritizing the construction of dams for energy supply
purposes raising concerns about potential environmental consequences (Anderson et al., 2018; Finer and Jenkins, 2012). In Peru,
installed hydropower capacity has increased by 147% since 2005 and currently represents 36% of total energy capacity (15,340 MW)
(MINEM, 2022; MINEM, 2015).

In South America, only a few studies at regional (Anderson et al., 2018; Pringle et al., 2000) and local scale (Almeida et al., 2020;
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Fig. 1. Location of the Vilcanota-Urubamba river basin, b) Lake Sibinacocha and ¢) Machupicchu hydropower plant in the Urubamba river.
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Jardim, . et al., 2020; Carolina Rocha Lessa et al., 2015; Passaia et al., 2020; De Souza et al., 2017) assess altered river regimes using
indicators of hydrologic alteration or ecoflow. In the Pangor basin (Ecuador), changes in streamflow in the last decades (1963-2009)
have been mostly linked to anthropogenic disturbances rather than direct climatic impacts due to substantial land cover changes
(Molina et al., 2015). For the Peruvian Andes, only a few studies address hydrological alteration (Castello and Macedo, 2016;
Ochoa-Tocachi et al., 2016; Vega-Jacome et al., 2018). Nevertheless, not all basins indicate major changes in streamflow due to land
cover changes, as the Vilcanota-Urubamba river basin highlights. Here, less than 3% (1988-2001) and 6% (2001-2014) can be
attributed to land cover changes with projections that suggest minor land cover changes below 1% for the next fifteen years (2030)
(Aybar, 2016). To our knowledge, no studies exist for the Central Andes that examine hydrological alteration combining IHA and
ecoflow methods to identify changes in the flow regime under hydropower regulation. In this study we address this gap by analyzing
precipitation and discharge trends using indicators of hydrologic alteration and ecoflow for natural (1965-1987) and altered
(1988-2016) flow regime series in the Vilcanota-Urubamba river basin (Southern Peru) to understand the drivers of hydrological
change and provide useful information for future water resource planning.

2. Materials and methods
2.1. Study area

The Tropical Andes are home to more than 99% of all tropical glaciers in the world, of which around 70% are located in Peru
(Condom et al., 2012; Rabatel et al., 2013; Yarleque et al., 2018). These glaciers have been subject of several studies to understand the
possible consequences of glacier retreat on current and future water availability (Drenkhan et al., 2019; Kronenberg et al., 2016; Mark
etal., 2017; Sagredo and Lowell, 2012). The Vilcanota mountain range is the second largest glacierized mountain range in Peru with an
approximate glacier surface of about 255 km? in 2016, which has decreased by 48% since 1962 (INAIGEM, 2018). Glaciers in the upper
Vilcanota feed the Vilcanota-Urubamba river basin (Fig. 1a) where glacier area has been reduced by 37% from 226 km? in 1988-142
km? in 2016. Consequently, glacier lakes have increased in area and number by about 16% and 18%, respectively, from 23 km? (460
lakes) in 1988-27 km? (544 lakes) in 2016 (Drenkhan et al., 2018). The lake Sibinacocha (dammed since 1988, Fig. 1b) drains into the
Vilcanota-Urubamba river basin. Together with the Langui-Layo and Piuray lakes, Sibinacocha represents the main sources of water
provision for human livelihoods, irrigation and energy production in the Cusco region (Salzmann et al., 2013; Drenkhan et al., 2019).

The Vilcanota-Urubamba river basin (Fig. 1a) covers an area of 9617 km? with an elevation range of 2136-6301 m asl. (Fer-
nandez-Palomino et al., 2021). The climate is highly variable driven by complex orography. Precipitation distribution is highly sea-
sonal, marked by a wet season in austral summer (November to March) when the Bolivian High generates easterly flow transporting
moisture from the Amazon and a dry season in austral winter (April to October) due to strong westerlies (Drenkhan et al., 2018). At
interannual timescale, ENSO represents an important driver of rainfall variability with dry conditions during warm phase (El Nino)
events and an opposite behavior during the cold phase (La Nina) events (Rau et al., 2017; Rosas et al., 2016). However, the ENSO
phenomenon and its feedback are not clearly understood and superimpose with other climatic features such as the Pacific Decadal
Oscillation (PDO) (Vuille et al., 2008). In the study area, average annual precipitation accounts for of 749 mm (1985-2015) with about
80% of total rainfall occurring between the months of October to March which leads to a highly variable hydrological regime (Fer-
nandez-Palomino et al., 2021).

Hydraulic and dam infrastructure has been established in the study basin (Fig. 2): (i) the Machupicchu I hydropower plant (Fig. 1c)
was built in two stages with a total installed capacity of 107.2 MW, (ii) the Sibinacocha dam was constructed (located at 147 km
southeast of the Cusco city and at an elevation of 4680 m asl.) in 1988 (formally inaugurated in June 1996) by the Energy Generation
Company Machupicchu S.A. (EGEMSA) to guarantee the operation of the hydropower plant with a volume of 120 million m?, (iii) the
reconstruction of the Machupicchu I hydropower plant built in two phases with a total installed power of 192.45 MW (the debris flow
in 1998 damaged the former hydropower plant), (iv) further downstream the Santa Teresa hydropower plant (Luz del Sur) started
operation in 2015 with an installed capacity of 98 MW.

1988 2015
Start operation Machupicchu IT
Sibinacocha Dam (Phase II)

|

1990 to 99 2000 to 09 2010 to 17

2001

T T T

1958 to 1965 1981 to 1985 ) 1998 Machupicchu II" 2017
Machupicchu I Machupicchu I Avalanche damaged ac l\"L}l'.pl‘(\CIm Santa Teresa I
(Phase I) (Phase IT) Machupicchu I (Phasel)

Fig. 2. Historical line of hydropower projects (*) and extreme flow event @) developed in the study area.
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2.2. Data

The flow and precipitation datasets (period: 1965-2016) used in this study belong to the National Hydrology and Meteorology
Service of Peru (SENAMHI). The flow dataset corresponds to daily observations of the hydrometric station Km-105, which collects
continuous data series in the lower Vilcanota-Urubamba river since 1964 (Fig. 1a). For lake Sibinacocha, daily outflow series are
available from 1965 to 2020 provided by the Committee for Economic Operation of the Peruvian Interconnected Energy (COES, for its
acronym in Spanish). The precipitation dataset for this study was obtained from monthly records of 19 rainfall stations, of which 12
stations are located in the study area and another seven stations in adjacent basins (Fig. 1a and Table 1). For the hydrological analysis,
the flow and precipitation information was arranged considering the hydrological year from September (year i) to August (yeari + 1),
which matches with the beginning of the wet season.

2.3. Data processing

The flow and precipitation datasets were submitted to an exploratory data analysis (EDA) to summarize main data characteristics,
and to detect outliers using univariate graphical techniques (histograms and boxplot). In addition, all precipitation information was
quality-checked using a regional vector method (RVM) (Brunet-Moret, 1979). We selected the stations located in the study area, the
quality of the stations was evaluated based on their correlation coefficient (r?>0.5) and missing data were filled. To build the RVM, a
minimum of three values per year/station and a minimum of three years in a station were required. The RVM assumes that annual
rainfall in the same climate zone is pseudo-proportional, with a small random variation each year due to the rainfall distribution within
the area (Villar et al., 2009). The RVM with the available data create a virtual station (vector) that is representative for the entire study
area, under the concept of extended precipitation average (Rau et al., 2017). It uses the minimum squares method to find the yearly
regional pluviometric indices Z; and extended precipitation average Pi, through the following formula (Rau et al., 2017):

Pij
ZLZZ]?;/_Z"

Where; i is the year index, j is the station index, N is the number of years, and M is the number of stations. Pjj is the annual precipitation
for station j in the year i, Pi is the mean precipitation extended to the period of N years and Z;is the regional pluviometric index for the
year i.

Additionally, all monthly precipitation data was interpolated using an Inverse Distance Weighting (IDW) approach to estimate the
mean areal precipitation of the Vilcanota-Urubamba basin river. Subsequently, the generated series were accumulated and precipi-
tation anomalies were calculated using the difference of annual precipitation and the multiannual average of mean precipitation for
each period.

2.4. Statistical analysis

The statistical analysis included (Table 2) the use of parametric tests, i.e. a linear regression (Montgomery et al., 2012) and
Spearman Rho, and non-parametric tests, i.e. Man-Kendall (Mann, 1945; Kendall, 1955) and the distribution-free cumulative sum
(McGilchrist and Woodyer, 1975). These tests were applied to determine the possible existence of statistically significant trends and
the change-point in the flow and precipitation dataset, with significance confidence levels at 90%, 95%, and 99%. For the seasonal
analysis, the data is organized in four quarters, i.e. September-November (SON), December-February (DJF), March-May (MAM), and

Table 1
Rainfall stations used in the study, the last column indicates the percentage of complete data between the years 1965-2016.
Station Latitude Longitude Elevation (m asl.) Available data (%)
Mollepata -13.52 -72.55 2601 25.2
Calca -13.33 -71.95 2926 51.3
Paucartambo -13.32 -71.59 3042 76.9
Cay Cay -13.60 -71.70 3150 97.3
Acomayo -13.92 -71.68 3160 90.2
Pomacanchi -14.03 -71.57 3200 52.6
Granja Kcayra -13.56 -71.88 3219 98.4
Cusco -13.54 -71.94 3288 49.4
Anta Ancachuro -13.47 -72.22 3340 93.6
Perayoc -13.52 -71.95 3429 12.2
Combapata -14.10 -71.43 3464 56.3
Yucay -13.30 -72.08 3481 27.7
Zurite -13.47 -72.27 3506 33.3
Sicuani -14.25 -71.24 3574 88.9
Urcos -13.70 -71.63 3666 31.4
Ccatcca -13.61 -71.56 3729 94.4
Colquepata -13.36 -71.67 3729 99.2
Livitaca -14.32 -71.68 3741 329
Chitapampa -13.41 -71.97 4306 67.3




C. Bello et al. Journal of Hydrology: Regional Studies 46 (2023) 101319

Table 2
Summary of the statistical analysis applied.
Statistical analysis Equation Description
Man-Kendall - n o n time series values (X1, X2, X3, ...., Xp) are replaced by their relative ranks (R,
i=1 ZjJ-ng“(Rl —Ri) Ro, Rs,...., Ry) (starting at 1 for the lowest up to n).
Linear regression b— S — )7)( i 7y) Time (x) and the variable of interest (y).
i (6 — f)z
] — . . . . v
Spearman Rho p =S/ (Sny)O 5 Sy =S, (X X) Sy = ): (time), Y11(vaflable of ;nterelst)', ;{ and y refer to the ranks (X,Y Sx and Sy have
5 —_ _ the same value in a trend analysis).
Z;‘:l (YY) Sy = Z?:l (Xi-X)(Yi -Y)
Distribution-free Vi = Zli(:15gn(xi — Xmedian) Time series data ( X3, Xa, X3, ...., Xy).
cumulative
sum

June-August (JJA) to average flow and a cumulative volume for precipitation are calculated. For the annual analysis, the totalized
precipitation and the average flow were estimated using the hydrological year. Additionally, we considered the maximum (AMMAX)
and minimum (AMMIN) average monthly flow.

2.5. Hydrologic alteration

One of the most robust approaches to determine hydrologic alteration is the specific comparison of pre-impact (natural) and post-
impact (altered) flow data (McManamay et al., 2012). The natural period was defined based on the water resources management
projects implemented in the study area (Fig. 2) considering 1965-1987 as a natural period and 1988-2016 as the altered period.
Therefore, the ecoflow method and the IHA indicators were used to characterize and quantify the hydrological change of the flow
regime in the Vilcanota-Urubamba river basin.

2.5.1. Ecoflow
In this study, we used the ecoflow method based on non-dimensional measurements of ecodeficit (i.e. the amount of water that is

needed but unavailable for ecological flow) and ecosurplus (i.e. the amount of water that exceeds the ecosystem requirement), which
are constructed using flow duration curves (FDCs) (Gao et al., 2012, 2018). The FDCs were estimated based on the daily flow record of
VRB, and provide a measure of the percentage of time duration during which a specific flow equals or exceeds a value. The Qi flow is
graphed with the corresponding excess probability Pi, calculated by the following formula:

i
n+1)

pi:(

Where; i is the rank (position) corresponding to each flow after being arranged in descending order and n is the total number of days.

Therefore, annual and seasonal FDCs (Fig. 3) of each year were estimated to analyze changes in the flow regime. The FDCs for the
natural period (1965-1987) were used to obtain the 25th and 75th percentile FDCs. For the annual ecoflow, ecosurplus is defined as
the area between the 75th percentile FDC and the annual FDC, which occurs when the FDC of a given year is above the 75th percentile
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Fig. 3. Definition of ecoflow according to Gao et al., (2012, 2018) based on a flow duration curve (FDC).
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FDC. Conversely, when the FDC is below the 25th percentile FDC, the area between the 25th percentile FDC and the annual FDC is
defined as the ecodeficit. For the seasonal ecoflow, we proceeded similarly to the annual ecoflow assessment, with the difference that
the accumulated values of quarterly periods were considered. All ecodeficit and ecosurplus values were divided by the annual average
or seasonal flow to make them non-dimensional. The ecosurplus represents the amount of water in excess (gain), and the ecodeficit
corresponds to the amount of water that is not available (loss) due to the alteration of the flow regime.

2.5.2. Indicators of Hydrologic Alteration

The Indicators of hydrologic alteration (IHA) were formulated by Richter et al. (1996) to compare the inter- and intraannual
variation of the flow regime. They include 33 parameters (Table 3) lumped into five groups: (i) magnitude of monthly hydrological
conditions, (ii) magnitude and duration of annual hydrological extreme conditions, (iii) date of annual extreme hydrological condi-
tions, (iv) frequency and duration of high and low pulses, and (v) rate and frequency of changes in hydrological conditions. We used
the software IHA (TNC, 2009) to compare the hydrological series before (natural period) and after (altered period) the construction of
the reservoir. All parameters were included in the analysis except for the days with zero-flow conditions that did not occur in the study
period. We adopted a presumptive standard with a moderate level of ecological protection (flow changes ranging from 10% to 20%)
established by Richter et al. (2011).

Finally, in order to assess the changes in the flows during the natural and altered period with respect to the total flows, the
anomalies were determined at monthly scale expressed as:

Anomaly(A) = evaluationperiod — referenceperiod

Where; A is the anomaly expressed in m®/s; evaluation period is the natural and altered flow in m3/s and the reference period is the
average flow of the entire series in m>/s.

3. Results
3.1. Data analysis

The flow boxplot at seasonal level shows a symmetric distribution (Fig. 4a) with some atypical values (e.g. 1100 m%/s) (Fig. 4b).
These values represent the extreme hydrological events that occurred in January 2010 due to various consecutive days of precipitation
(Lavado et al., 2010). Based on this technical support, all the historical flow data were considered. Daily discharge in the study area is
highly variable, with a minimum of 20 m? /s in the dry season and up to 1100 m3/s in the wet season (1985-2016 period). Km-105
station shows an unimodal seasonal flow regime (Fig. 4a), with high flow during December-April, and low flow in the remaining
months. Fig. 5 shows the amplitude range of annual and seasonal precipitation per year. The annual precipitation ranges from 466 mm
to 934 mm. During MAM, precipitation varies from 73 mm to 257 mm. In SON, precipitation ranges from 53 to 215 mm. JJA (DJF)
shows the lowest (highest) values of precipitation between 1 and 60 mm (208-542 mm).

3.2. Statistical analysis

Annual and DJF precipitation series show significant positive trends at 95% and 99% confidence level for all applied tests (Table 4).
Analyzed flow changes show an increasing trend of maximum and minimum flows of the Vilcanota-Urubamba river basin (Table 5).
This trend was also detected during SON at 90% (Mann-Kendall) and at 95% (Spearman Rho) confidence level, and during JJA at 99%
confidence level for all statistical tests. Clear changes in the mean for the AMMIN, AMMAX, SON, and JJA flows were detected in the
hydrological years 1997-98 (99%), 1998-99 (90%), 1978-79 (90%), and 1988-89 (99%), respectively.

Table 3
Summary of the different hydrological parameters that comprise the Indicators of Hydrologic Alteration (IHA).
Group Description Hydrological indicators
Group Magnitude of monthly flow (12) Mean value for each calendar month (January, February, March, April, May, June, July, August,
1 September, October, November and December)
Group Magnitude and duration of annual extreme flows  Annual minimum 1-day, annual minimum 3-day, annual minimum 7-day, annual minimum 30-
2 and base flow condition (11) day, annual minimum 90-day; annual maximum 1-day, annual maximum 3-day, annual
maximum 7-day, annual maximum 30-day, annual maximum 90-day; mean base flow index.
Group Timing of annual extreme flow conditions (2) Julian date of annual 1-day minimum; julian date of annual 1-day maximum
3
Group Frequency and duration of high and low Pulses (4) ~ Number of low pulses each year; mean duration of low pulse with each year; number of high
4 pulses each year; mean duration of high pulse with each year.
Group Rate and frequency of flow changes (3) Rise rate; fall rate; number of flow reversals.
5

Notes: Adapted from (Richter et al., 1996).
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Fig. 5. Amplitude range of the annual and seasonal precipitation of the Vilcanota-Urubamba river basin (1965-2016).
Table 4
Observed precipitation trend changes and change-point for parametric (c,b) and non-parametric tests (a,d).
Mann-Kendall? Spearman Rho” Linear Regression® Cusum?
Annual (+)s** (+) s** (+) §* * 1998-99 * *
SON NS NS NS
DJF (+) S* ek (+) S* ek (+) S* ek 1998_99 * ok
MAM NS NS NS
JJA NS NS NS

Notes: * ** confidence level at 99%, * * confidence level at 95%, * confidence level at 90%. S: Significant, NS: No Significant, December-January-
February (DJF), b) March-April-May (MAM), ¢) June-July-August (JJA) and d) September-October-November (SON).

3.3. Hydrologic alteration

3.3.1. Ecoflow

At the interannual scale, ecoflow analysis revealed (Fig. 6) a temporal variation in low annual flows (ecodeficits) that matches with
negative anomalies of average annual precipitation in most years and it is opposite in other years. However, in some years, large
ecodeficits are not justified by minor negative precipitation anomalies. The high annual flows (ecosurplus) show a relatively different
behavior, not strictly associated with positive precipitation anomalies. This behavior could particularly be observed between 1999 and
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Table 5
Observed flow trend changes and change-point for parametric (c,b) and non-parametric tests (a,d).
Mann-Kendall® Spearman Rho® Linear Regression® Cusum?

Annual NS NS NS
AMMIN (+) 8% ** (+) §* ** (+) 8% ** 1997-98 * **
AMMAX (+) s* (+)s** (+) s+ * 1998-99 *
SON (+) s* (+) 8* * NS 1978-79*
DJF NS NS NS
MAM NS NS NS
JJA (+) S‘k %k (+) S* ¥k (+) S* %k 1988_89 %* e

Notes: * ** confidence level at 99%, * * confidence level at 95%, * confidence level at 90%. S: Significant, NS: No Significant, December-January-
February (DJF), b) March-April-May (MAM), c) June-July-August (JJA) and d) September-October-November (SON), maximum (AMMAX) and
minimum (AMMIN) average monthly flow
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Fig. 6. Relationship between annual ecoflow and precipitation anomalies The dotted line indicates the separation of the natural and altered periods.

2000 and in a lower degree some years after (2003-2005, 2008-2009, and 2012). For the natural period 1981-1986, high annual flows
(ecosurplus) were observed which did not match the precipitation anomalies for the same period. This mismatch could suggest an error
during the data flow collection. Nonetheless, all flow data recorded during 1981-1986 was considered for the analysis since infor-
mation with a record length of at least twenty years is required for evaluation of both, the natural and altered period. Moreover, Km-
105 was the only hydrometric station that provided flow data in the study area before the construction of the Sibinacocha dam.

At the seasonal scale, Fig. 7a and b show the changes in the ecoflow for DJF and MAM. Ecodeficits occurred in most years with
variable magnitudes related to negative precipitation anomalies, and more ecodeficits during the altered period were observed
particularly in MAM. Ecosurplus values were smaller in magnitude, without notable variation between the compared periods (natural
and altered flow), following positive precipitation anomalies. In JJA and SON (Fig. 7c and d) a lower number of ecodeficit occurred
during the altered period than in the natural period, while the predominance of ecosurplus is observed since 1988 (altered period),
which is not related to the values of precipitation anomalies. Overall, in the altered period, the low flows (ecodeficits) are most likely
associated with negative rainfall anomalies in DJF and MAM, while high flows (ecosurplus) which occurred during JJA and SON, are
likely related to the operation of the Sibinacocha dam.

3.3.2. Indicators of hydrologic alteration

At the interannual scale, an average increase of 5.3 m/s from June to November and an average reduction of 35.2 m>/s from
January to February were observed for the altered period (1988-2016) compared to the natural period (1965-1987). Table 6 shows
the percentage of change of the 32 IHA parameters.

For monthly flow (group 1), a positive change between 12% and 27% was observed from July to November. This trend matches
with the ecosurplus presented in Fig. 7c and d, which cannot be explained by precipitation regime (Fig. 8). For December, a flow
increase (+7%) can be observed, while ecodeficit with considerable flow reduction can be found for January (—18.4%) and February
(—7.4%) (Fig. 7a). Between March and May the change ratios were positive and in the range of + 2.1% to + 7.1%. For the extreme
flows condition (Group 2), there was an increase in the percentage number of days of minimum flow with an absolute variation higher
than 10%. The timing of annual extreme flow conditions (Group 3) showed a variation in the date of maximum and minimum flows
occurrence during the altered period. In the frequency and duration of high and low pulses (Group 4), a reduction in extreme low flow
events was observed in terms of duration and frequency for the altered period, while extreme high flow events increased their fre-
quency but reduced their duration. The rate and frequency of flow changes (Group 5) decreased due to lower increase in flows during
the high flow events.

Finally, the Sibinacocha outflow series were used to validate the influence of the dam on river discharge at Km-105 (Fig. 9a). Before
the lake was dammed in 1988, high lake outflows occurred during January-March (peak outflow: 6.0 m®/s in January) and low
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Fig. 7. Seasonal ecoflow and precipitation anomalies for the four quarters a) December-January-February (DJF), b) March-April-May (MAM), c)
June-July-August (JJA) and d) September-October-November (SON).

outflows during July-September (minimum outflow: 0.8 m>/s in September). Conversely, this behavior reversed after 2002, with high
lake outflows during July-November (peak outflow: 6.27 m3/s in September) and low outflows during December-June (minimum
outflow: 0.37 m>/s in March), following river flow regulation to meet the demand for the Machupicchu and Santa Teresa hydropower
plants. In addition, monthly flow anomalies at Km-105 were computed for the entire period (1965-2016) based on parameter group 1
of Table 6. The anomalies for the period before the construction of the dam (1965-1987) were positive during January-April (peak
anomaly: 7.1 m®/s in January), and negative from May to October (minimum anomaly: —4.9 m>/s in August). This flow pattern clearly
changed for the altered period (1988-2016) with positive anomalies prevailing from May to September and December (peak anomaly:
4.2 m>/s in August) and negative anomalies from January to April (minimum anomaly: —6.0 m®/s in January). These patterns are
consistent with observed outflows at Sibinacocha dam (Fig. 9a).

4. Discussion

This study analyzes the hydrological impact of dam regulation on hydropower production in a high-mountain basin in southern
Peru. Based on instrumental precipitation records (period 1965-2016), our data suggest that annual and wet season (DJF) precipi-
tation has increased since 1998-99 (Table 4). These findings stand in contrast to the results of Salzmann et al. (2013), who observed a
decreasing precipitation trend for the Vilcanota region during the period 1965-2009. However, the comparability between both
studies is limited due to the different number of stations considered (a total of 19 stations in this research compared to only one station
in the other study). Furthermore, the analyzed precipitation trends in the Andes often lack strong significance (cf. Salzmann et al.,
2014) and do not show clear unique patterns (Arias et al., 2021; Rabatel et al., 2013; Vuille et al., 2003) due to large spatial variability
and limited process understanding. Results need therefore to be carefully revised. We also observed strong negative precipitation
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Table 6
Changes in IHAs for the natural (1965-1987) and altered (1988-2016) period, the percentage changes expressed in bold represent
changes in + 10%.

Parameters [HA 1965-1987 1988-2016 Change
Group of parameters 1 (m3/s) %
September 28 35.5 26.8
October 33.6 40.2 19.5
November 47.9 53.5 11.7
December 94.3 100.8 7.0
January 263 214.7 -18.4
February 299.3 277.2 -7.4
March 279 285 2.2
April 153 157 2.6
May 65.5 70.2 7.2
June 42.9 43.8 2.0
July 315 36.4 15.6
August 27.6 34.2 23.8
Group of parameters 2 (m3/s) %
1-day minimum 25.5 31.9 24.9
3-days minimum 25.8 321 24.2
7-days minimum 26 32.7 25.9
30-days minimum 27.5 33.8 22.7
90-days minimum 34.7 37.9 9.2
1-days maximum 525.3 542.8 3.3
3-days maximum 490.7 504.2 2.8
7-days maximum 428.1 458.7 7.2
30-days maximum 347.2 364.7 5.0
90-days maximum 283.8 286.2 0.9
Base flow index 0.23 0.26

Group of parameters 3 (Julian Days)

Date of minimum 244 238

Date of maximum 55 52

Group of parameters 4

Low pulse count 4 2

Low pulse duration 8.5 2.3

High pulse count 4 5

High pulse duration 7.5 5

Group of parameters 5

Rise rate 5 4.2 -16.0
Fall rate -2.6 -2.8 9.0
Number of reversals 117 128 9.4

Notes: Numbers in bold indicate changes greater than 10%.
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Fig. 8. Seasonal precipitation and percentage flow changes between the altered period (1988-2016) and the natural period (1965-1987).

anomalies for the hydrological years 1980, 1983, and 1987 and high positive anomalies during 2001-2003 several of which match
with pronounced ENSO events (Fig. 6). The influence of ENSO on precipitation patterns in the Vilcanota mountain range was pre-
viously analyzed by Perry et al. (2014) using in-situ stations and satellite information. They concluded that precipitation would likely
decrease during La Nina events and increase during El Nino events, which represent a distinct pattern compared to other Andean
regions, such as the Cordillera Blanca further north (Vuille et al., 2008). This particular pattern in the Vilcanota region could be
associated to the influence of coupled climatic-oceanic processes, including changes in the tropical Atlantic sea surface temperature
(Lavado Casimiro et al., 2013; Rau et al., 2017). Our results follow this pattern indicating an increase in the flow during the hydro-
logical year 1997-1998 that matches with a strong El Nino event.

Table 5 shows the flow trend and change-point in the study area for 1965-2016. The observed change-point for the AMMAX in the
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Fig. 9. a) Comparison of flows before Sibinacocha dam operation (1965-1987) and flows from 2002 to 2016, b) comparison of basin average
precipitation and flows in “Km-105" station before (1965-1987) and after (1988-2016) Sibinacocha dam operation, c) flow anomalies in “Km-105"
station before (1965-1987) and after (1988-2016) Sibinacocha dam operation, with respect to reference period (1965-2016).

hydrological year 1998-99 is related to a positive precipitation trend at 90% confidence found during DJF (Table 4). Changes in mean
flow in the hydrological year 1978-79 (90% confidence) during SON are attributed to precipitation variability. This mean change was
also displayed in 5-year moving average curves of SON flow and precipitation (result not shown in the paper), which exhibited strong
negative anomalies during 1968-1978 in both variables. Our findings suggest that dam operation was the main factor that controlled
the hydrological flow regime variability in the Vilcanota-Urubamba river basin. As from 1988 to 89 when dam operation had started,
we found a significant increasing trend of dry season (JJA) flow despite of distinct precipitation patterns (Fig. 8) in line with Drenkhan
et al. (2015), who reported positive (non-significant) discharge anomalies for the period 1958-2013. Considerable flow increase
during the dry season is associated with increasing water release to meet drinking, irrigation, and hydroelectric water demand.
Additionally, the average precipitation during the altered period (Fig. 9b) reveal an increase by more than 10 mm between December
and February, that might influence the baseflow. Fernandez-Palomino et al. (2021) found important baseflow contribution to the water
yield, which confirms the role of baseflow, and the contribution of groundwater on the modulation of the flow regime during the dry
season.

For this study, the relatively short precipitation records, including inconsistent or missing data, that represent a limitation to fully
understand precipitation trends and related impacts on river flow in this region. Similarly, we found inconsistency in flow data. Annual
high-flow anomaly (ecosurplus) observed between 1981 and 1986 (natural period) most likely corresponds to inhomogeneities related
to flow data collection or calibration errors. Nonetheless, we decided to use the entire dataset, as Km-105 represents the only gauge in
the study area with a minimum series of > 20 years of daily flow data, which is a necessary benchmark to evaluate significant
alteration in the hydrological regime. These data limitations reveal a clear need for a well-established and strategically distributed
network of in-situ stations that increases our understanding of the flow regime and its potential changes in view of the combined
impacts from climate change and human interventions. Such an effort is necessary for urgently needed robust development of future
scenarios of water resource changes in the Vilcanota-Urubamba river basin to support local decision-making and climate change
adaptation. New data collection strategies are required that use alternative, often more flexible and cost-effective approaches such as
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low-cost sensor technology, participatory monitoring and frameworks that deal with high uncertainties (Drenkhan et al., 2022; Munoz
et al., 2021).

Our results of hydrological alteration induced by dams are in line compared to other studies in the Andes region (Vega-Jacome
et al., 2018) and beyond (Li et al., 2020; Pfeiffer and Ionita, 2017; Yin et al., 2020). Low and high flows were altered (Group 2) since
1-day, 3-day, 7-day, and 30-day minimum flows increased by more than 20%. Similar to this, 1-day, 3-day, 7-day, weekly, monthly and
3-monthly maximum flow statistics increased by up to 7%. This low flow increase is related to the increase in monthly mean flows
(Group 1) during the dry season (JJA). We also observed a reduction in the low flow pulses (Group 4) for both counts and duration
during the post-dam period, possibly associated with the release of water during the dry season. Our results highlight that the major
changes in the flow regimen of the Vilcanota-Urubamba river basin were rather related to the increase of flows during the dry season
(JJA) than to precipitation changes as shown in Fig. 7c, Table 6 (Group 1) and Fig. 8. These results show a divergence between
precipitation and flows in the Vilcanota-Urubamba river basin due to the regulation of the basin associated with the operation of the
dam (1988). In this study, we have not assessed the associated ecological impacts downstream due to dam operation and hydrological
alteration. Richter et al. (2011) affirm that if is not possible to establish a relationship between hydrological alterations and possible
ecological impacts; instead, it is possible to adopt a presumptive standard ranging from 10% to 20% (moderate level of ecological
protection) of hydrologic alteration, beyond which there may be relevant impacts on ecological functions. Based on this criterion, the
hydrological changes identified in the Vilcanota-Urubamba river basin may generate ecological impact. More studies need to confirm
this hypothesis, however only a limited body of studies includes impacts of hydrological changes on biological communities (e.g.
Ochoa-Tocachi et al., 2016), and none of them cover our study area. Future studies require to integrated biota response and river
ecosystems to these alterations, including their relationship with e.g. the morphology, nutrient cycling, sediment transport, ground-
water, the risk of climate change and flow variability. A better grasp of such responses and processes combined with robust approaches
to address uncertainties would allow for developing more meaningful future water availability scenarios to improve water and energy
security in the Peruvian Andes. Understanding the hydrologic alteration of streamflow is therefore important to design appropriate
strategies for improved water resources management and ecosystem conservation. An integrated evidence-based scientific approach is
necessary that tackles with social-environmental risks concerning environmental degradation, climate change and socio-economic
development (Drenkhan et al., 2022) associated with the construction and management of dams. Such an approach must support
decision-making to promote infrastructure projects that have minimal impacts on natural ecosystems while maximizing future options
for sustainable water and energy use.

5. Conclusions

This study evaluated for the first time a combined assessment of streamflow alteration as a consequence of hydropower regulation
in the Vilcanota-Urubamba river basin, Southern Peru. Our multi-decadal (1965-2016) analysis of interannual flow variability
(ecoflow method) highlights that at seasonal timescale an ecodeficit of about 20% (compared to average natural river flow) occurred
during the wet season (DJF) as a result of water storage regulation of Lake Sibinacocha during the altered period (1988-2016).
Meanwhile, an ecosurplus of > 30% (compared to average natural river flow) predominated during the dry season (JJA), as a result of
additional lake water outflow for hydropower production in absence of rainfall in the altered period.

Our analysis confirms that the operation of Lake Sibinacocha was the main factor of hydrological flow regime alteration in the
Vilcanota-Urubamba river basin during the dry season (JJA).

These findings provide useful insights for local and regional water resource planning and adaptation given combined and
increasingly adverse impacts from climate, land use, and land cover changes. However, there an evident lack of data collection and
limited knowledge hampers a detailed process understanding to conduct systematic research on hydrological alteration in the Peruvian
Andes. These limitations are further exacerbated by challenges of complex hydrometeorological processes linked to high spatial and
temporal gradients and variability.

Our approach compares the performance of two methods (Indicators of Hydrologic Alteration and ecoflow) and shows that both are
complementary and effective in evaluating the water regime in a regulated high-Andean basin. Therefore, this methodology provides a
reference for assessing hydrological alteration in Peru and beyond with similar basin conditions. This framework may be used as a case
to develop a standard procedure of ecological flow regime estimation applied to other river basins in the region.
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