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Abstract: Small reservoirs play an important role in providing water to rural communities. Increased
construction of small reservoirs to mitigate the effects of droughts leads to a High-density Reservoirs
Network (HdRN) of small reservoirs, which can potentially modify the streamflows both in dry and
wet periods. However, there is a lack of understanding of the interannual behavior of flow retention
and the impact of future increases in the number of small reservoirs, mainly for HARN in dryland
catchments. This research aims to determine the possible impact of the increase in the number of
small reservoirs on dry hydrological networks, evaluating the annual flows generated at the outlet of
a dryland watershed for scenarios with different densities of small reservoirs (number of reservoirs
per area). The study area was the Conceigao river catchment (3347 km?) in the semiarid of Brazil. The
hydrological model of the study area was developed in SWAT. The model obtained appropriate results
for daily streamflows, with values of 0.63, 0.81, and 0.53% for NSE, KGE, and PBIAS, respectively.
The current density of small reservoirs in the region was estimated at 0.068 reservoirs per square
kilometer (res/km?). Eight expansion scenarios were defined for densities between 0.1 res/km? and
3.0 res/km?. The results showed that the influence of the HARN on runoff reduction mostly occurs
for a probability of exceedance between 1% and 10% of month flows and is very small for months
with very high peaks of flow. The reduction in the outlet flow due to the increase in the number
of small reservoirs was stronger during dry years (up to 30%) than during wet years (up to 8%),
and it tended to increase in years with a consecutive lack of rain (from about 7% in the first year to
about 20% in the last year and in the worst scenario), which may intensify the period of extended
droughts. This research provides insights about the impact of the increase in the number of small
reservoirs on the interannual variability of flow retention, and the understanding of the influence of
small reservoirs on runoff reduction may help water resources agencies better prepare for hydrologic
extremes (droughts and floods).

Keywords: small reservoirs; dryland hydrology; SWAT; hydrological droughts

1. Introduction

Reservoirs are a water infrastructure used worldwide for compensating natural flow
variability [1]. In dry regions, the water stored in reservoirs has a fundamental importance
to supply the population’s water demand during the dry seasons and droughts, as well
as the use of water for industrial processes and food production by irrigation [2]. The
increase in the population and the consequent growth in water demand, combined with
climate and land use changes, have put pressure on water resources and increased the risk
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of severe hydrological droughts over the years in these dry regions [3]. The combination of
strategic reservoirs with many small reservoirs in dryland catchments generates a High-
density Reservoirs Network (HARN) that should improve water security, but it can modify
streamflows during dry and wet periods.

The construction of public (strategic) reservoirs promoted by state water agencies
was an important factor for population water security during the last century [4]. Despite
this, the hydraulic network for water distribution in many regions has several limitations,
including not reaching the population further away from urban centers, which is mainly
in rural communities. Thus, the construction of small and medium-sized reservoirs has
intensified in recent decades. These small reservoirs (below 1 million m?) are often built
by the population itself or by farmers as they are essential for the availability of water in
these rural communities. In addition to the importance of reducing inequality in the water
distribution for water-scarcity regions, these small reservoirs have low costs [2,5].

On the other hand, most of the time, the building of small reservoirs occurs without
technical supervision, lacking hydrological studies and disregarding the potential impacts
on the availability of water for downstream regions [1,6]. Usually, small reservoirs represent
risks to the population downstream in the rainy season, since many of these reservoirs do
not have well-sized structures for flood control, with the risk of a dam break during periods
of more intense floods. Small reservoirs are often constructed in the cascade scheme along
the rivers, so the rupture of an upstream reservoir can cause the downstream reservoir to
fail, with catastrophic consequences for the population downstream [7,8].

One reason it is hard to estimate the cumulative impact of the HARN on the hydrolog-
ical processes of a region is a lack of data about small reservoirs, mainly information on
storage capacity and surface area. Their mapping has grown a lot in recent years with the
advancement of remote sensing techniques, which enable the acquisition of surface areas
during rainy periods from satellite images combined with digital elevation models, and
consequently, the estimation of storage capacities [3,5,9,10]. The spatial density of small
reservoirs is quite different around the world. For example, densities range from 0.05 small
reservoirs per km? in Nigeria to 0.4 small reservoirs per km? in Myanmar [5]. However,
some specific dryland watersheds reach even higher values: India has 4.2 small reservoirs
per km? [11], while Brazil has 7 small reservoirs per km? [3], and Australia has 10 small
reservoirs per km? [12].

The understanding of small reservoirs’ dynamics is extremely important for the man-
agement of water resources in dryland regions because their impacts on the hydrological
network depend on their dimensions, uses, and locations. Recent studies have been carried
out to assess the cumulative impact of small reservoirs, such as the increase in evaporation
losses [13,14] and the decrease in runoff generated in the catchment [1,4,15-18]. In addition,
other studies have investigated the effect of small reservoirs on sediment retention dynam-
ics [19-21], the reduction of energy demand for water pumping [22], and the evolution and
intensification of drought events [3,6,23].

Another important effect of small reservoirs is on the water quality of the hydrological
network, which is a risk associated with the misuse of small reservoirs. Many studies have
been documented on the effects of nutrient accumulation in man-made reservoirs. For
drylands, water supply reservoirs may be recurrently eutrophic or hypereutrophic, mainly
due to phosphorus (P) and nitrogen (N) loads, which is a great concern for integrated water
resources management. Sediment retention increases the amount of nutrients in small
reservoirs, mainly P and N [24,25]. Extended droughts may intensify the eutrophication of
these reservoirs. River streamflows carrying fertilizers and sewage provided by agricultural
and urban practices may increase the number of pollutants in small reservoirs, such as
pesticides, fecal coliforms, and even heavy metals. Furthermore, as the small reservoirs
may be used for the population supply, the increase in diseases associated with poor
water quality can bring health risks to the population, such as diarrhea, schistosomiasis,
and onchocerciasis [26-30].



Sustainability 2022, 14, 14117

30f17

A system of small reservoirs can influence hydrological processes at catchment
scale [1,18]. However, most studies use highly simplified models to represent small reser-
voirs in hydrological networks. The storage capacities of small reservoirs, their horizontal
connectivity, and their interaction with large strategic reservoirs are not represented in
detail, which may lead to the misinterpretation of the role of small reservoirs in simulating
interannual variability of runoff. There is a gap in understanding regarding the interan-
nual variability of runoff retention, particularly during hydrologic extremes (floods and
droughts), which complicates modeling the effects of future increases in the number of
small reservoirs in drylands.

The eco-hydrological model SWAT (Soil and Water Assessment Tool) has been widely
used for hydrological simulation in watersheds, and it has obtained good results for
application in dryland regions [31-36]. Despite this, even complex models such as SWAT
need adjustments to modeling small reservoirs, since the large number of them usually
have limitations to be implemented in the models.

A recent study using remote sensing in the State of Ceara, which was carried out by the
Research Institute of Meteorology and Water Resources of Ceara (FUNCEME), identified
more than 105,000 dams with widths starting from 20 m. The territorial area of the State
of Ceara is approximately 150,000 km?, with almost 87% of this area inside the Brazilian
semiarid. This distribution of small reservoirs is not uniform, so some regions have very
high densities of small reservoirs, especially in locations that are close to the largest strategic
reservoirs in the State [37]. For these small reservoirs, water agencies in Ceara do not have
information on systematic volume monitoring; rather, they only have information on
strategic reservoirs. It is estimated that a recent drought in Ceara (2012-2017) caused losses
of more than USD 6,000,000,000 [3]. These extended droughts encourage the construction
of even more medium and small reservoirs to meet the water demand of small rural
communities. The first studies carried out by Ribeiro Neto et al. [3] identified that small
reservoirs can induce and modify drought events, extending hydrological droughts by an
average of 30%. However, the influence of small reservoirs in the emergence, intensification,
and propagation of droughts in drylands at watershed level still has few studies based
on the modeling of these HARN. Also, considering the limitations in the data on small
reservoirs, the impact of small reservoirs in the annual streamflows at dryland catchments
can still be better understood, such as the interannual influence that these HARN have on
the reduction of flows during wet and dry years.

The present study aims to determine the impact of the increase in the number of small
reservoirs on dry hydrological networks, evaluating the annual flows generated at the
outlet of a dryland watershed for scenarios with different densities of small reservoirs
(number of reservoirs per area). To achieve this objective, a detailed representation of a
watershed, including large and small reservoirs, was modeled in SWAT. The study area
was in the Brazilian semiarid region. The methodology generated a scenario approach
for several hypotheses of growth in the density of small reservoirs in the catchment. The
present study improves the understanding of the hydrology of dense reservoir networks,
and it uses a modeling approach that can be applied to water resources management
in drylands.

2. Materials and Methods
2.1. Study Area

The study was carried out in the Conceicao catchment (3347 km?), which is in the state
of Cearad, located in the northeast of Brazil (Figure 1). The Conceigao River is a tributary
of the Upper Jaguaribe River basin (UJB), which is a sub-catchment of the Jaguaribe River
basin (75,000 km?). The Jaguaribe River is the most important river in Ceara, and basin
reservoirs were constructed all over the river basin to store water for agricultural, industrial,
and domestic use.
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Figure 1. The location of the study catchment with the main rivers and reservoirs. The red dots
represent small reservoirs identified by remote sensing mapping of Funceme (2021). The main private
reservoirs represent medium-sized reservoirs constructed by farmers.

The climate in the region is classified as semiarid, or “Bsh,” according to the Képpen
classification, characterized by a clear distinction between rainy and dry seasons. The rainy
season occurs between the months of January and May, concentrating approximately 80% of
the annual rainfall. The period from June to December is characterized by a decrease in
river streamflow (low flows) and a high evapotranspiration rate. The annual precipitation
in the region has an average around 600 mm, while the annual potential evapotranspiration
has an average around 2300 mm, which is almost four times greater than the annual
precipitation. The annual precipitation and evapotranspiration provided by an interpolated
series during the simulation period (1979-2010) are presented in Figure 2.

The soil of the region is characterized by being shallow, with low hydraulic conductiv-
ity and porosity. Geologically, 80% of the region is composed of a complex of crystalline
rocks, with a low occurrence of aquifers. Consequently, the combination of soil-related fac-
tors, high spatial and temporal variability in rainfall, and high annual evapotranspiration
rates make the rivers of the region intermittent. Thus, the occurrence of droughts in the
region is quite recurrent, even in consecutive years, or so-called extended droughts.
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Figure 2. Average annual precipitation and average annual potential evapotranspiration in the study
catchment. The results are provided by an interpolated series from 1979 to 2010 that represent the
simulation period.

The streamflows at the Conceigao River catchment are monitored daily at the Malhada
Station. Figure 1 presents the Malhada Gauging Station and all reservoirs identified by
FUNCEME [37] for the catchment. There are four strategic reservoirs monitored by the
Water Agency of the State of Ceara (COGERH), including Poco da Pedra, Bengué, Do
Coronel, and Mamoeiro. The privately built reservoirs with different sizes and shapes
(main private reservoirs and small reservoirs) are usually referred to as small reservoirs.
Despite not being one of the regions in Ceara with the highest density of small reservoirs,
this availability of flow data is critical to assess the impacts of human processes on the
hydrological network, such as the increase in the construction of small reservoirs to supply
rural communities. In addition, the study area was also chosen based on the frequent
droughts that occur, thus representing a very dry region of the Brazilian semiarid.

2.2. Model Parameterization

The SWAT model was used to model hydrological processes and reservoirs and
simulate streamflows in the outlet of the catchment. The delineation of the watershed and
its river network (Figure 1) were carried out based on a digital elevation model (DEM) with
90 m resolution. The climate data were made available by FUNCEME. All the analyzed
scenarios of small reservoirs were based on the SWAT model, which was calibrated and
validated for the Concei¢do River catchment available from Rabelo et al. [1]. To clarify the
modeling processes carried out in SWAT, the parameterization of large and small reservoirs
and the calibration of the model are briefly presented in the following sections.

2.2.1. Reservoir System

The modeling of reservoirs was carried out as follows: the analysis of aerial images in
the Conceicao River catchment identified 230 reservoirs after the rainy seasons in 2004, 2008,
and 2009; the volume and the area of these reservoirs were estimated using the Molle’s
equation [38] adapted by Pereira [39]; water impoundments caused by dam constructions
built across the main river reach and with an estimated storage capacity larger than 0.01 hm?
were modeled in the “reservoir” structure of the SWAT model (strategic reservoirs and main
private reservoirs); and the remaining reservoirs were modeled in the “pond” structure of
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the SWAT model (small reservoirs). Due to the large number of small reservoirs and the
limitation of SWAT2012 in allowing only one “pond” per sub-basin, they were aggregated
into a single “pond” for each sub-basin via the cascade or parallel arrangement. A more
detailed description of the methodology for the aggregation of small reservoirs into ponds
via cascade and parallel arrangement is available in the Section S1 of the Supplementary
Materials. The results of the reservoir modeling in the contribution area can be summarized
as follows: 230 reservoirs distributed in a total area of 3347 km?, with four strategic
reservoirs (capacity = 73.33 hm®), 14 private reservoirs (capacity = 5.28 hm?), and 212 small
reservoirs (capacity = 13.70 hm?3). The density of reservoirs in the region is estimated at
0.068 reservoirs per km? (about one reservoir per 14.81 km?). However, Mamoeiro reservoir
was disregarded in the analysis due to this strategic reservoir becoming operational only
in 2012, which was after the last year of the simulation (1979-2010). This model was
considered in the study as a reference model.

2.2.2. Calibrated Model

The parameterization of strategic reservoirs used information obtained from COGERH
for the surface area when the reservoir filled to emergency spillway (RES_ESA), the storage
volume when the principal reservoir filled to emergency spillway (RES_EVOL), the surface
area when the reservoir filled to emergency spillway (RES_PSA), the storage volume when
the reservoir filled to principal spillway (RES_PVOL), the initial reservoir storage volume
(RES_VOL), the target storage volume (RES_TARG), the month in which the reservoir
became operational (MORES), the year in which the reservoir became operational (IYRES),
the hydraulic conductivity of the reservoir bottom (RES_K), and the lake evaporation
coefficient (EVRSV). The number of days to reach the target storage from the current
reservoir storage (NDTARGR) was defined for each reservoir using the Poleni equation [40].
The withdrawal of water from the strategic reservoirs was considered constant during all
months, based on a simplified average approach measured by the water agencies.

The parameterization of the main private reservoirs and of the ponds was done by
defining the same model parameters as the strategic reservoirs. However, no data were
available for them from COGERH. The flooded areas were estimated via aerial images and
the storage volumes were calculated using the adapted Molle’s equation. The application
Google Timelapse was used to determine the parameters MORES and IYRES of the main
private reservoirs, while SWAT assumed that all ponds existed during the simulation
period. The other parameters were defined following the same characteristics of the
strategic reservoirs. Detailed information about main private reservoirs and ponds can
be found in Rabelo et al. [1]. Table S1 presented in Supplementary Materials summarizes
the parameterization of strategic reservoirs and main private reservoirs with a description
of all parameters, while Table S2 presented in Supplementary Materials summarizes the
parameterization of small reservoirs.

The calibration of the reference model was based on the available data, literature,
and experience of the modelers. The following methods were used by applying the curve
number method, plant evaporation method, and Muskingum method for the calculation
of infiltration, evapotranspiration, and channel routing, respectively. The parameters to
describe the rainfall-runoff relationship were calibrated with an iterative trial and error
procedure, by keeping parameter values in a physically meaningful range. Initial values
for the model parameters were derived from field data as much as possible. When field
data were not available, dryland-based literature values were chosen for them. Tables
53-55 presented in Supplementary Materials show parameters set for the entire catchment,
parameters set for specific sub-basins of the catchment, and parameters set for specific
soil zones, respectively. More detailed information about model parameterization and
calibration can be found in Rabelo et al. [1].

The main aim of this study is not to produce an in-depth discussion of the calibra-
tion criteria of the River Conceicao catchment model in SWAT. Some information is still
important regarding the calibration and the validation of the model. The model parameters
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were calibrated using an iterative trial and error process, considering each sub-catchment
of the three strategic reservoirs separately. The first two years (1979-1980) were considered
warm-up years in the simulation. A two-fold cross-validation was performed using both
halves of the series (1981-1995 and 1996-2010). First, the time series 1981-1995 was used for
calibration, while the second time series was used for validation. Subsequently, the process
was inverted to consider the time series 1996-2010 as the calibration series and the time
series 1981-1995 as the validation series. After the two-fold cross-validation process, the
parameters of the models were defined to maximize the Nash-Sutcliffe-Efficiency (NSE)
and Kling-Gupta-Efficiency (KGE) statistical parameters and to minimize the percent bias
(PBIAS) of the simulated streamflows compared to the daily observed streamflow at the
basin outlet (Malhada Station). The reference model obtained good results for the daily
streamflows, with values of 0.63, 0.81, and 0.53% for NSE, KGE, and PBIAS, respectively. A
detailed description of the reference model and its results can be found in Rabelo et al. [1].

2.3. Scenarios Approach for an Increase in the Number of Small Reservoirs

To assess the impact of the increase in the number of small reservoirs in the watershed,
eight scenarios with different numbers of small reservoirs were chosen, based on the
technical report “Mapping of the dams of small reservoirs located in the State of Ceara” by
FUNCEME [37], which identified reservoir densities with values distributed between zero
and two reservoirs per km? in Ceara territory. Thus, the scenarios of small reservoirs per
km? in this study were chosen based on the classes defined by the assessment of FUNCEME,
with the inclusion of one value above this range: 0.10 res/ km?, 0.25 res/km?, 0.50 res/km?,
0.75 res/km?, 1.00 res/km?, 1.50 res/km?, 2.00 res/km?, and 3.00 res/km?.

The addition of small reservoirs in the model has the following methodology: for each
value of reservoir density, the number of reservoirs distributed in the total area of 3347 km?
of the catchment was calculated; and the number of strategic reservoirs was kept constant
in the modeling, so the number of reservoirs exceeding the reference model was due only
to the addition of private reservoirs and small reservoirs. The calculation of the addition of
these two types of reservoirs in the scenarios was done keeping the same proportion of main
private reservoirs and small reservoirs in the reference model. This number of additional
reservoirs was converted into volume using the average volume of private reservoirs and
the average volume of small reservoirs in the watershed, and then distributed equally
in the model. This methodology considered the hypothesis that the construction of new
reservoirs in this region will be uniformly distributed along the catchment. In this way, the
process of the increase in the number of small reservoirs was performed by the addition of
these volumes in each pond and in each main private reservoir of the model, increasing the
parameters RES_EVOL and RES_PVOL in SWAT. These increases in the SWAT parameters
of small reservoirs were carried out for all scenarios of densities of small reservoirs as
summarized in Table 1. It is important to note that none of the other SWAT parameters of
the small reservoirs were changed, remaining equal to the values of the reference model.

Table 1. Volume increases for each density of small reservoirs in the model. The numbers with
754

represent the parameterization of total ponds, total main private reservoirs, and their respective
volumes in the reference model.

Small Reservoirs Density (Small Reservoirs per km?)

Reference

Model (0.068) 0.10 0.25 0.50 0.75 1.00 1.50 2.00 3.00

Number of total small reservoirs 226 335 837 1674 2510 3347 5021 6694 10,041
Number of additional small reservoirs - 109 611 1448 2284 3121 4795 6468 9815
Number of ponds to be added 212% 102 573 1358 2143 2928 4497 6067 9207
Number of main private (MP) reservoirs to be added 14 * 7 38 90 142 193 297 401 608
Total volume of the new ponds (hm?) 13.7* 7 37 88 138 189 291 392 595

Volume increase in each pond of the model (hm?)

0.03 0.19 0.45 0.70 0.96 1.48 1.99 3.02

Total volume of the new MP reservoirs (hm?) 53% 2.54 14.28 3384 5340 7297 112.09 151.22 22947
Volume increase in each MP reservoir of the model (hm?) - 0.18 1.02 2.42 3.81 521 8.01 10.80  16.39
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The different scenarios of small reservoirs modeled in SWAT were simulated between
1979 and 2010. The results obtained from the simulations were the Flow Duration Curves
(FDCs) for monthly flows and the annual streamflow obtained at the basin outlet (Malhada
Station) for each of the scenarios. The annual streamflows were compared between the
data observed by COGERH, the previously calibrated model (reference model), and the
different scenarios of the increase in small reservoirs. For this comparison, we used the
annual anomaly for precipitation (1) and for discharge (2) and the percentage of reduction
in the annual discharge (3) in the catchment, between the years 1981 and 2010 (the first two
years were considered as model warm-up) for each scenario.

o Py — P,

Annual Anomaly (precipitation) = 5 (%), (1)

a
Annual Anomaly (discharge) = Qy(;Qra (%), ()

r,a

. . Qs,y - Qr,y o
Percentage Reduction of Annual Discharge = —o. (%), 3)
ry

where Py represents the total precipitation in year “y”; P, represents the average annual
precipitation from 1981 to 2010; Qy represents the annual accumulated discharge in year

" 1,

y”; Qra represents the average annual discharge from 1981 to 2010 for the reference model;

"o,

Qs,y represents the annual discharge for different scenarios in year “y”; and Qyy represents
the annual discharge for the reference model in year “y”.

Since other model parameters were not changed, new calibration and validation
processes of the simulations were not necessary.

Figure 3 illustrates the main flowchart of this study with a summary of all the steps applied.

Soil Climate Land-use
Map DEKN Data Map
River
Observed
Streamflow
Aggregation of Small = o
Reservoirs in "Ponds” SwaT Two-fold Soritoria: Calibrated iy
of All Reservoirs in Model cross-validation NSE, KGE Model Outlet for
SWAT Model and PBIAS Calibrated Model
‘ River
Simulated
Streamflow
Flow Duration
Curve (FDC)
for Monthly
Flows 0.10 0.25 0.50 0.75
} res/km? res/km? res/lkm? | |res/km?
5 New Small
Resuifs cﬁoSTr';Laltr::'llgnw 8 Scenarios of Reservoirs Small Reservoirs
Aairals atOutletfor « Small Reservoirs «——— |  Uniformly = «—— Increase
Y 2 Increase Distributed in Methodology
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Annual Anomaly for
Precipitation and
Percentage of
Reduction of the
Annual Discharge
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Figure 3. Flowchart of steps applied in the SWAT model and the approach to analyze the impact of
the small reservoir increase in the catchment streamflow.
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3. Results
3.1. Simulated Impact of Small Reservoirs on Streamflow

The first results are the duration curves on a monthly scale for the simulated flows
at the outlet (Malhada station). Two FDC were initially defined as references to compare
the results: the duration curve that was provided by the values that were measured using
COGERH at Malhada station and the duration curve that was provided by the reference
model (reservoir density = 0.068 res/km?). For a better graphical representation, only the
two extreme results of the simulations are presented in the duration curves (Figure 4): the
scenario in which there is no reservoir and the scenario with the largest number of reservoirs
in the simulation (3 res/km?). All other scenarios had intermediate values between these
two. As the study area is in a semiarid region with ephemeral streamflow in the river, most
of the time, river flow becomes next to zero. To analyze the impact of the small reservoirs in
the period that the flows are effective, the flow duration curves (Figure 4) are also presented
showing only the first 20% of the time when the flow is exceeded. For 80% exceedance
probability, the remaining runoff in the catchment is almost zero; consequently, there are
no significant differences between the simulated scenarios.
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Figure 4. Monthly Flow Duration Curve (FDC) for streamflows at Malhada gauging station.

In Figure 4, we can observe the impact of the small reservoirs in the 20% of the time
when the flows have relevant values. The simulation with the absence of reservoirs presents
the highest values of the monthly flow for the same percentage of time in which this flow is
exceeded. For example, the monthly flow around 580 m3 /s is exceeded 5% of the time for
the simulation without reservoirs, while for the other three scenarios, this monthly flow is
about 420 to 460 m3/s. For a 10% exceedance time, the monthly flow is around 150 m?/s
at the no reservoir’s scenario, around 100 m3/s at the observed values by COGERH,
around 130 m3/s at the calibrated model, and around 110 m3 /s at the 3 res/km? scenario.
Differences can reach over 60% in some cases, such as for an exceedance probability of
around 8%. The FDC for a density of small reservoirs equal to 3 res/km? is significantly
below the FDC of 0 res/km? between 1% and 10% of the time in which the monthly flows
are exceeded. For values of exceedance probability next to 0%, the differences in monthly
streamflow tend to decrease (a maximum value around 7%). These values of streamflow
represent months with very high peaks of flow. In these situations, all reservoirs in the
catchment (strategic and small reservoirs) tend to have spillway overflows, and the impact
of reservoirs on flow reduction diminishes during these periods [1,3].
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The FDCs in Figure 4 show that the impact of small reservoirs on the decrease of
water during the rainy months is more intense with the increase in the number of small
reservoirs. Although most studies in the literature focus on the decreased annual stream
discharge, for peak flows, the impact of these small reservoirs is estimated to be up to
45% of the reduction [18,41]. For flows next to zero, a more detailed analysis is necessary,
and there is a limitation in the SWAT model for low flows in dryland catchments due to
transmission losses [1].

The mapping of dams available by FUNCEME identifies that the highest densities
of small reservoirs occur in regions close to the largest strategic reservoirs. Thus, there
is a tendency to build small reservoirs in these regions, mostly to take advantage of the
regularization of water that strategic reservoirs provide to rivers. Despite this, as the study
area does not have the highest densities of small reservoirs in the state, the assumption of
adding small reservoirs uniformly along the watershed is a simplification in the model to
evaluate the impact of small reservoirs in the simulations.

3.2. Annual Streamflow Anomaly

As a starting point for the study of annual flows for the study area, three anomaly
graphs were obtained. The first was provided by the annual rainfall anomaly (precipitation
anomaly); the second was provided by the annual anomaly of the flows measured by
COGERH (measured discharge anomaly); and the was third provided by the annual
anomaly of the flows simulated by the reference model (simulated discharge anomaly).
The objective of the anomaly graphs is to identify the years with greater deviations in
rainfall and runoff and to observe the behavior of the precipitation and the measured and
simulated streamflows at the Malhada gauging station during wet and dry years. Figure 5
shows the three annual anomaly graphs from 1981 to 2010.
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Figure 5. Comparison between anomalies in precipitation and annual discharge versus annual
streamflow reduction for different scenarios of small reservoirs per km?.

The analysis of the anomaly graphs identifies high positive deviations in precipitation
and measured discharge in 1985, 1986, 1989, and 2004 (wet years), high negative deviations
in precipitation in 1983, 1990-1993, 1998, and 2001-2003 (dry years), and high negative
deviations in measured discharge in 1982-1983, 1990-1994, 1996, 1998-2003, 2005-2008, and
2010. The other years had values close to the average. The pattern of positive deviations
in precipitation implying positive deviations in streamflows is observed for other regions
around the world for drought studies [42,43]. However, this cause-and-effect relationship
is not so clear for low precipitation and low flow years. In dryland catchments highly
modified by human activities, there is a strong nonlinear pattern between rainfall and
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runoff [44]. This nonlinearity can be observed not only during dry years, but also during
wet years when deviations in discharge are much greater than deviations in precipitation.

In order to understand the effects of the increase in the number of reservoirs on
the streamflows, the total annual flows were obtained at the Malhada station each year
and in each of the following scenarios: reference model (0.068 res/km?), 0.10 res/km?,
0.25 res/km?, 0.50 res/km?2, 0.75 res/km?Z, 1.00 res/km?, 1.50 res/km?, 2.00 res/km?2, and
3.00 res/km?. In each year from 1981 to 2010, and in each simulated scenario, the differences
between the total annual flows were calculated considering the flows in the reference model
as base values. In this way, Tables S6 and S7 presented in Supplementary Materials show,
respectively, the values of annual streamflows at the Malhada gauging station and the
percentage difference in streamflows compared to the flow obtained for the reference
model in each scenario of increase in reservoir density and in each year. This percentage
difference represents the annual reduction in flow due to the increase in small reservoirs in
each scenario.

A combination between the anomaly graphs and the annual reduction in flow table
(Table S7) was developed to analyze the influence of the increase in the number of small
reservoirs in the streamflows for all years of the series, mainly wet and dry years. Figure 5
shows the three anomaly graphs, with an indication of their percentage on the left axis, the
annual reduction values for each simulated scenario, and an indication of their percentage
on the right axis.

The annual streamflow reduction at the Malhada gauging station for the scenario
approach had values from 1% (0.1 res/km?) to 14% (3.0 res/km?), on average. The analysis
of Figure 5 shows that the greatest ranges in flow reduction correspond to the years
1983 (1.6% to 21.5%), 1998 (2.0% to 30.3%), 1999 (0.8% to 23.5%), and 2005 (2.5% to 29.8%).
Compared to the anomaly graphs, we notice that these years correspond to dry years,
with the highest negative bias in precipitation mainly in the years of 1983 and 1998, and
negative bias in the runoff mainly in the years of 1983, 1998, and 2005. Habets et al. [18]
point out that during dry years, the reduction in annual discharge tends to be twice as high
as in median years, and these results can be observed even without changes in the small
reservoir network, just due to the seasonality of the climate. For dry years, the reported
decreases in the annual discharges have a high range, from values close to 0% to values
up to 50% [1,12,45,46]. The results for dry years in our simulations suggest the an increase
in the number of small reservoirs leads to an intensification of the hydrological drought
during the dry years, since these years have a higher percentage of flow reduction with the
increase in the number of small reservoirs.

On the other hand, the smallest ranges in flow reduction occur in the years 1986 (0.3% to
5.5%), 1989 (0.2% to 6.7%), and 2004 (0.2% to 7.6%). The years 1986, 1989, and 2004 cor-
respond to wet years, with positive bias in rainfall and flows. The last two years have a
large positive bias in the flows measured at the Malhada Station, while the first (1986) is the
year following the year with the highest positive anomaly for the flows (1985). This result
suggests that in rainy years, the increase in the number of small reservoirs has less impact
on the reduction of streamflow. As the small reservoirs have small capacities, their filling
occurs quickly during the wettest years, making the network hydraulically connected,
with excess overflows going more easily to downstream regions and reducing the volume
retained in each reservoir. Other studies found that when storage capacities of all reservoirs
are close to the maximum, the impact of the small reservoirs are limited [3].

Another two years with low ranges in streamflow reduction, if individually observed,
are 1990 and 2001. The year 1990 represents the beginning of an extended meteorological
drought between 1990-1993, while the year 2001 represents the beginning of another
extended meteorological drought between 2001-2003. In these cases, the reduction of flows
intensified with the extension of the meteorological drought. For example, in 1990, the
annual flow reduction due to the increase in the small reservoirs ranges from 0.3% to 7.1%,
while in 1993, the annual flow reduction ranges from 3.5% to 15.9%. In 2001, the range is
from 0.6% to 5.8%, while in 2003 the range is from 1.0% to 18.6%. These results suggest that
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the increase in the number of small reservoirs can intensify the period of extended droughts
because the few flows generated in the catchment are retained by the small reservoirs.
Ribeiro Neto et al. [3] suggest that dense networks of small reservoirs can induce and
intensify drought events, mainly causing the onset of a hydrological drought earlier and
extending the duration of this drought.

If in the year following an extended meteorological drought the precipitation occurs
around the mean, the reduction in streamflows tends to remain high, since this average
rainy season would not be able to fill all the reservoirs. We can observe this result in 1994,
with a range in flow reduction between 1% and 16% for the scenarios, which are values
close to the year 1993 (the end of the meteorological drought). However, if in the year
following an extended meteorological drought the precipitation occurs well above the
average, the tendency is a small reduction in the annual runoff, since the reservoirs in the
hydrological network would quickly become full. This result can be observed in 2004, with
a range in flow reduction between 0.2% and 7.6%, which is almost half the range observed
in 2003 (the end of the meteorological drought).

The analysis of Figure 5 also shows that the increase in the number of small reservoirs
has a strong nonlinearity effect on the increase in flow reduction, even in dry or wet years.
For dry years (1983, 1998, and 2003), different ranges are observed (up to 21.5% for 1983 and
up to 30% for 1998 and 2003), although there are nearby anomalies for precipitation and
streamflow. For wet years (1985, 1989, and 2004), the differences in the ranges are up to
9.4% in 1985, up to 6.7% in 1989, and up to 7.6% in 2004. The years with rainfall around the
average also have average reduction values. In this situation, the reduction values for the
scenario with 0.1 reservoir per km? range from 0.1% to 1.0%, while for the scenario with
three reservoirs per km?, the values range from 8.2% to 17.5%. Figure 5 shows that there is
no linearity between the increase in the small reservoirs and the streamflow reduction, as
years with nearby anomalies for precipitation and streamflow have different ranges and
peak values in annual flow reduction.

4. Discussion

The amount of water retained in small reservoirs is important information for water
resources management in regions with dense networks of reservoirs. These HARN can
be found in dry areas in different countries, such as Brazil, the USA, West Africa, and
Australia. Reservoir management is critical for water availability and sustainability in dry
regions. The integration of the cumulative effect of small reservoirs must be considered in
the hydrological network, either from models or from average estimates of accumulated
volume and nutrient loads, mainly in dry years. The estimation of the total volume
of water accumulated in small reservoirs during dry or wet years is hampered by the
lack of monitoring in them, which is hard to obtain due to the high number of small
reservoirs. This is one of the main limitations for considering small reservoirs in water
management [18,23]. Furthermore, with the prognosis of population growth, economic
development, urbanization, and climate change in the future, the increase in the number of
small reservoirs can be a challenge for water agencies [1,30,47].

The impact of small reservoirs in streamflows is currently small compared to strategic
reservoirs. For the Conceicao River catchment, Rabelo et al. [1] found, on average, a 2%
annual flow retention with the density of reservoirs equaling 0.068 res/km?. However, the
increase in the number of small reservoirs may increase the effects in the streamflows of
the hydrological network. In this sense, scenarios with higher densities of small reservoirs
can lead to cumulative impacts, increasing the flow retention to values close to those
found for large reservoirs impacts [18,47]. This study obtained, on average, streamflow
reductions from 1% to 14% in semiarid Brazil for densities of reservoirs from 0.1 res/km?
to 3.0 res/km?2, while studies in semiarid West Africa obtained flow reductions of 14% in
mean annual streamflow for scenarios with 0.08 res/km?2 [30].

By an analysis of around 30 references, Habets et al. [18] showed that similar densities
of small reservoirs can lead to different flow retentions (from 5.4% to 21.4%), as we see
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for semiarid Brazil and semiarid West Africa. The definition of a single indicator, as the
density of small reservoirs in the area, to provide a first guess for the flow retention of small
reservoirs has limitations due to the hydro-climatic conditions. The distribution of the
reservoir network in dryland catchments and the hydrological processes in these regions,
such as transmission losses and increased evaporation by small reservoirs, should be
evaluated to better understand the streamflow reduction caused by small reservoirs [1,30].

The impact of the increase in the number of small reservoirs on streamflow reduction
occurs strongly during dry years with low flows. The decrease in low flows also has a
large range that is between 0.3 and 60% in Australia, Brazil, New Zealand, South Africa,
and the USA [1,18,30]. In addition, this research found values of up to 30% of streamflow
retention for scenarios with densities of reservoirs until 3.0 res/km?2, while during extended
drought years, the values of retention ranged from 0.3% to 18.6%. These results lead to the
intensification of droughts by the increase in the number of small reservoirs.

When a meteorological drought starts, an increase in well digging for water supply is
common. In a region with low availability of underground water, the construction of small
reservoirs becomes a possibility for the local population to cope with droughts. The spatial
distribution of reservoirs has a great impact on the occurrence of the hydrological drought.
As streamflow drought responds more quickly than reservoir drought to a meteorological
drought, the presence of water stored in small reservoirs can cause a delay between the
beginning of the meteorological drought and the beginning of the hydrological drought,
mainly in upstream regions. These small reservoirs dry up quickly in the dry season;
consequently, downstream reservoirs suffer the effects of droughts more quickly [23,48-51].
In dense networks of reservoirs, this problem may be aggravated. As the presence of a dense
network of reservoirs can lead to a 30% increase in the duration of hydrological droughts,
the greater the number of small reservoirs, the greater the impact on water availability in the
region [3]. Despite those results, it is still hard to individually evaluate the impact of small
reservoirs on the transition from meteorological drought to hydrological drought due to the
complexity of the hydrological processes in the catchment. Many authors observed a clear
nonlinear relationship of hydrological drought and meteorological drought in different
regions, with nonlinear functions modeled to propagation threshold from meteorological
drought to hydrological drought [52-54].

The impact of small reservoirs on streamflow reduction is smaller during rainy years.
In these years, as the precipitations are high and the small reservoirs usually fill quickly,
the overflow of the spillways quickly occurs in most of the small reservoirs. In this sense,
for rainy years, the hydraulic connectivity is achieved, and the potential for water held in
small reservoirs decreases, as they are already full [1,3].

The accumulation of water in small reservoirs during rainy years has important social
and economic functions for rural communities. Not only in the Concei¢ao River catchment,
but also in several other watersheds in regions with a semiarid climate, small reservoirs act
as an important structure to increase the population’s water access [1,30].

One of the main benefits is the use of this available water for irrigation and food
production, bringing food security to these communities. Both small families and farmers
in these regions may also use agricultural activities, fishing, and aquaculture as sources of
income. As the water infrastructure to transport water to the population far from urban
centers is often expensive, these small reservoirs are invaluable for the livelihoods of rural
communities. In addition to the small reservoirs, the population of these regions usually
uses wells for supply. The impact of small reservoirs on groundwater recharge is still
unknown for dense networks of reservoirs at dryland catchments [55,56].

5. Conclusions

This study analyzed the impact of the increase in the number of small reservoirs in
large-scale dryland catchments. We used a SWAT model to simulate the streamflows for the
Conceicao River catchment (semiarid of Brazil), and we applied a methodology to represent
the increase in the number of small reservoirs per square kilometer in the catchment.
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The main findings of this study are:

1. The impact of reservoirs on flow reduction is very small for periods of extreme high
flows. In this period, the comparison of monthly streamflows between the reference
model and the scenarios with and without reservoirs have an approximate maximum
difference of 7%.

2. The influence of the dense network of reservoirs on streamflow reduction mostly occurs
for a probability of exceedance between 1% and 10% for the Conceicao River catchment.

3. There is a strong nonlinear effect for the increase in the number of small reservoirs at
the annual streamflow reduction. For different dry years with the same precipitation
pattern, the streamflow reduction has different ranges. The ranges of streamflow
reduction have no linearity, even for wet and normal years.

4. The impact of the increase in the number of small reservoirs on flow reduction occurs
strongly during dry years, with values up to 30% for the higher density of small
reservoirs (3 res/km?).

5. The streamflow reduction tends to increase in years with a consecutive lack of rain. In
extended droughts, flow reduction ranges from about 7% in the first year to about 20%
in the last year of the worst scenario. The increase in the number of small reservoirs
may intensify the period of extended droughts.

This research provides insights about the influence of the increase in the number of small
reservoirs at dryland catchments. However, as a starting point for the scenario approach, the
increase in small reservoirs was evenly distributed across the catchment. For future studies, a
more realistic scenario approach should be adopted, with a higher increase of small reservoirs
in regions close to large strategic reservoirs and higher population densities.

Small reservoirs on minor tributaries are largely unregulated in most countries, espe-
cially in drylands due to water scarcity, yet there is a potential for them to have significant
impacts on water availability, with both positive effects and many potential negative im-
pacts. In this sense, the methodology proposed in this study is highly transferable for
different catchments worldwide. Moreover, as population growth and climate change
trends may intensify the construction of small reservoirs to meet the water demand of
rural communities, the future scenarios of growth in the number of small reservoirs and
the understanding of their influence on streamflow reduction may help water resources
agencies better prepare for future periods of droughts and extended droughts.
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model as reservoirs); Table S2: Parameterization of ponds (water impoundments implemented into
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catchment; Table S4: Parameterization of calibrated model: Parameters set for specific sub-basins of
the catchment; Table S5: Parameterization of calibrated model: Parameters set for specific zones in the
catchment; Table S6: Annual streamflow in m3 /s at Malhada Station for each increase in the number
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