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Large storage dams have widely documented impacts on downstream aquatic
environments, but hydroelectric dams with little or no capacity for storage of water
inflows (i.e., run-of-river) have received less attention. Two of the world’s largest run-
of-river hydropower dams (Jirau and Santo Anténio, Brazil) are located on the Madeira
River, the largest tributary to the Amazon River. Here we examine whether the Madeira
dams have affected downstream seasonal flood pulses and short-term (daily and sub-
daily) flow dynamics. We show that the combined effects of these dams on seasonal
flood pulses were modest. However, dam operations significantly increased day-to-
day and sub-daily flow variability. The increase in short-term flow variability is largely
explained by rapid, short-term variations in river flow caused by fluctuations in energy
demand (hydropeaking). Both the magnitude of hydropeaking and the mean absolute
day-to-day change in discharge downstream of the dams doubled after dam closure.
In addition, the median hourly rate of water level change downstream of the dams was
three times higher than upstream. Our findings highlight that even run-of-river dams
on very large rivers such as the Madeira—whose average discharge at the dam site is
larger than that of the Mississippi River at its mouth—can alter downstream hydrology
through hydropeaking. Although little studied in tropical floodplain rivers, hydropeaking
by large run-of-river dams may be detrimental to downstream aquatic organisms and
human populations that utilize the river for navigation and fisheries.

Keywords: Madeira River, Amazon, hydroelectricity, sub-daily discharges, environmental flow, run-of-the-river,
hydrology, flood pulse
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INTRODUCTION

Dams affect downstream ecosystems and their biodiversity
through alteration of the frequency, magnitude, duration, timing,
and rate of change of natural flow regimes (Richter et al,
1996; Poff et al., 1997; Nilsson and Berggren, 2000). Most of
the existing knowledge on the downstream impacts of dams
comes from storage dams with relatively large reservoirs, high
flow regulation, and long water residence times, which cause
significant disruption of downstream flow regimes (Lehner
et al, 2011). Conversely, run-of-river hydroelectric facilities
(i.e., hydroelectric generation with little or no active storage of
water inflows) are generally thought to have lesser impacts on
downstream hydrology (Csiki and Rhoads, 2014). However, run-
of-river dams can cause short-term fluctuations in downstream
flow as a result of daily and sub-daily variation in flow releases to
meet short-term variation in demand for electricity (Ashraf et al.,
2018; Greimel et al., 2018), a phenomenon commonly known
as hydropeaking. Most studies on the downstream impacts
of run-of-river dams have examined relatively small dams

located in North America and Europe (Anderson et al., 2015;
Bejarano et al., 2018). It is not known how modern, large run-of-
river dams such as those newly constructed, under construction,
and planned for the Amazon basin (Anderson et al, 2018;
Almeida et al., 2019b) may affect downstream flow regimes.
Understanding the hydrological effects of contemporary Amazon
dam operations is especially important considering that past dam
construction has caused substantial hydrological alterations in
some Amazonian rivers (Timpe and Kaplan, 2017).

In unregulated large rivers, the natural flow regime is key
to maintaining river and floodplain biodiversity, productivity,
and ecosystem processes, supporting people through fisheries,
harvest of other wild foods and products, and agriculture (Junk
et al, 1989; Poff et al, 1997; McClain and Naiman, 2008;
Lima et al., 2017). In recent years, new large dams have been
proposed in many important tributaries of the Amazon River
Basin (Winemiller et al., 2016; Anderson et al., 2018; Almeida
et al., 2019b), raising concerns about downstream disruption of
natural flows (Forsberg et al., 2017). One of the large Amazonian
rivers with vast untapped hydroelectric potential is the Madeira
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FIGURE 1 | Study site characterization. (A) Location of Jirau and Santo Anténio dams and the Abuna (upstream), Porto Velho (5 km downstream of Santo Anténio
dam), and Humaita (250 km downstream) gaging stations; the red outline indicates the Amazon basin limits. (B) Water level variation at Jirau dam, Santo Anténio
dam, Abuna (upstream of both dams), and Porto Velho (downstream of both dams); data for Jirau and Santo Antonio are shown after the reservoirs were filled to full
pool. Operational rules at Jirau are more variable to avoid inundation of Bolivian territory during low flows. (C) monthly average (+standard error) of theoretical water
residence times within both reservoirs between 2012 and 2018. The annual average residence time is 3.0 days at Jirau and 2.2 days at Santo Anténio.
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River, the largest source of water, sediments, and nutrients
to the Amazon River mainstem (McClain and Naiman, 2008;
Almeida et al., 2015).

Two of the world’s largest run-of-river dams were built
on the mainstem of the Madeira River in Brazil this decade
(Jirau and Santo Antonio). As of 2020, several more dams
have been proposed for upstream reaches (Almeida et al,
2019b), including large storage dams on tributaries (Forsberg
et al, 2017). An analysis using environmental vulnerability
indices has identified the Madeira as the Amazonian river
system that is most threatened by dam construction (Latrubesse
et al., 2017). Recent studies on the impacts of the Jirau and
Santo Antdénio dams report decreases in downstream fishery
yields (Santos et al,, 2018; Lima et al., 2020) and suspended
sediment concentrations (Latrubesse et al., 2017)—although the
attribution of suspended sediment changes to the dams has been
questioned because concentrations have also decreased upstream
of both reservoirs (Ayes et al., 2019). A remote sensing analysis
has revealed that the area inundated by the Jirau and Santo
Antonio dams is 60% larger than initially predicted in pre-dam
environmental impact assessments (Cochrane et al., 2017), which
may be in part related to changes in project design. Although
the residence time of the Madeira dams is short (Figure 1),
drowned tributary valleys created by the dams show significant
limnological alterations, including thermal stratification and
increased availability of organic matter (De Faria et al., 2015;
Almeida et al., 2019a).

Understanding the environmental effects of the Madeira
dams is critical to better document impacts, guide mitigation
measures, and inform decisions on the siting and design of
future Amazonian hydropower facilities. Here we use pre- and
post-dam flow data from above and below the Madeira dams
to examine whether they have affected downstream seasonal
flood pulses and short-term flow dynamics. We hypothesized
that minimal changes to seasonal flood pulses would be
observed given the run-of-river design of the dams. In contrast,
we expected that examination of sub-daily and day-to-day
changes in discharge would reveal the existence and magnitude
of hydropeaking.

MATERIALS AND METHODS

Study Site

With an area of 1.4 million km?, the Madeira River basin
extends through Brazil, Peru, and Bolivia, covering ~25% of the
Amazon basin. The Madeira River flows into the Amazon River
downstream of Manaus, Brazil. The Jirau and Santo Antdnio
dams are two run-of-river dams built in the municipality of Porto
Velho, about 1,000 km upstream of the Madeira River mouth
(Figure 1). These dams are ~100 km apart and were designed
so that water inflows approximately equal outflows (i.e., run-of-
river), but damming has created reservoirs that are operated at a
relatively constant water level throughout the year—particularly
at Santo Antonio dam (Figure 1C). The downstream dam is
Santo Antdnio (installed capacity: 3,568 MW, reservoir area:
471 km?, total reservoir volume: 2075 x 10° m?, reservoir length:

130 km, average depth: 11 m), and the upstream dam is Jirau
(installed capacity: 3,750 MW, reservoir area: 362 km?, reservoir
volume: 2747 x 10° m3, average depth: 11 m). The Santo
Antonio reservoir started filling in September 2011, reaching
full pool in January 2012; filling of the Jirau reservoir started
in October 2012 and reached full pool in May 2013. Because
the Jirau dam is immediately upstream of the reservoir of
Santo Antdnio dam and it was filled shortly afterward, our
observations speak to the combined effects of the two dams on the
downstream river. Figure 2 illustrates how inflows are managed
distinctly in run-of-river versus storage dams by comparing water
inflows and outflows at the Santo Antdnio (run-of-river) and
the nearby Samuel dam (storage), located on a Madeira tributary
(Jamari River; see Figure 1A); both dams are used to generate
hydroelectricity.

Hydrological Data

Data on river stage and discharge between 2006 and 2018 were
obtained from the Abuni, Porto Velho and Humaitd gaging
stations (codes 15320002, 15400000, and 15630000, respectively),
which are maintained by Brazil’s National Water Agency'. The

Thttps://www.snirh.gov.br/hidroweb/
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FIGURE 2 | Water inflow and outflow in run-of-river and storage dams.
(A) Inflow and outflow discharges nearly matched each other at Santo
Anténio, a run-of-river dam, between 2012 and 2018. (B) Inflow and outflow
discharges were very different from each other at Samuel, a nearby storage
dam.
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Abuna station, located about 5 km upstream of the Jirau reservoir
(i.e., upstream of both dams; drainage area 921,000 km?), is used
as a reference station. The Porto Velho station, located about
5 km downstream of the Santo Antonio dam (i.e., downstream
of both dams; drainage area 976,000 km?), was used to assess
direct hydrologic effects. The Humaitd station, located ~250 km
downstream from the Porto Velho station, was used to assess
downstream attenuation of the observed hydrologic effects. We
also analyzed hourly discharge and water level data for Abuna
and Porto Velho between 2015 and 2018 (post-dam)—hourly

data were not available for the pre-dam period. We estimated
daily water residence times within the Jirau and Santo Antdonio
reservoirs by dividing daily river discharge (at Abuna for Jirau
and at Porto Velho for Santo Antdnio) by reservoir volume
(Figure 1C); we call this the theoretical water residence time
because it assumes complete mixing of river water within the
entire reservoir.

The magnitude and duration of annual extreme water
conditions were evaluated by calculating lowest and highest
average daily flows over 3, 7, and 30-day periods for each year
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FIGURE 3 | Seasonal variation of water level and discharge before and after damming. Daily variation in (A) stage and (C) discharge of the Madeira River at Porto

Velho (5 km downstream of the Santo Antonio dam) between 2006 and 2018. Close-up view of daily variation in (B) stage and (D) discharge between August and
October of 2010 (pre-dam) and 2016 (post-dam). (E) Day-to-day percent change in discharge at Porto Velho between 2006 and 2018. (F) Mean (£standard error)
day-to-day percent change in discharge for each month pre- and post-dam installation. The dashed vertical lines in panels (A), (C), and (E) indicate the date of
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(The Nature Conservancy, 2009). We assessed the seasonality
of the flow regime by calculating monthly Pardé coefficients,
which are defined as mean monthly discharge divided by the
mean annual discharge (Meile et al., 2011). Thus, comparison
of pre- versus post-dam monthly Pardé coeflicients allowed us
to determine whether the dams have modified seasonal flood
pulses. In addition to indicators of seasonal changes in the flow
regime, we used several indicators of short-term hydrological
alterations, namely the Richards-Baker (R-B) flashiness index,
daily discharge fall and rise rate (m® s=! day™!), number of
reversals, hourly rate of water level change (cm h~1!), and
hourly discharge change rate (HP1; m® s=! h™!), which is a
dimensionless indicator of the magnitude of hydropeaking based

on hourly discharge data. The R-B flashiness index is the sum
of absolute daily change in discharge divided by the sum of
average daily discharges (Baker et al., 2004). The rise rate is the
daily change in discharge when it is increasing, whereas the fall
rate is the daily change when discharge is decreasing. Reversals
are changes from a rising period to a falling period or vice
versa; here, a change in the sign of the difference between two
consecutive days is considered as a reversal event. Daily discharge
rise and fall rates and the number of reversals were calculated
using Indicators of Hydrologic Alteration version 7.1, a freely
available software (The Nature Conservancy, 2009). We used
hourly discharge data to calculate HP1 for each day by dividing
the difference between maximum and minimum discharge by
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FIGURE 5 | Indicators of short-term variability in flow based on daily discharge between 2006 and 2018. (A) Pre- (2006-2011) and post-dam (2012-2017)
Richards—-Baker (R-B) flashiness index per discharge quartiles at Abuna (upstream of both dams), Porto Velho (5 km downstream) and Humaita (250 km
downstream). Pre- versus post-dam averages (+ standard deviation) of annual (B) discharge rise rates, (C) discharge fall rates, and (D) number of discharge
reversals at Abuna, Porto Velho and Humaita. Stars indicate significant pre- versus post-dam differences (two-tailed t-test, p < 0.05).

Frontiers in Environmental Science | www.frontiersin.org

July 2020 | Volume 8 | Article 120


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/environmental-science#articles

Almeida et al.

Hydropeaking Downstream of Amazon Dams

the daily mean (Carolli et al., 2015). The hydrologic parameters
used here and their ecological implications are described in detail
elsewhere (Richter et al., 1996; Baker et al., 2004; Meile et al., 2011;
Carolli et al., 2015; Timpe and Kaplan, 2017). Our hydrological
analyses compare six years of pre-dam flow data with six years
of post-dam flow data, which has been shown to be a satisfactory
length of record for flow analysis in low-elevation, high-discharge
Amazonian rivers (Timpe and Kaplan, 2017).

RESULTS

Effects on Downstream Seasonal Flood

Pulses

The markedly unimodal nature of the Madeira River’s seasonal
flood pulse was preserved downstream of the Jirau and Santo
Antonio dams after their construction (Figures 3A,C), which
becomes especially clear when comparing pre- and post-dam
monthly Pardé coefficients (Figure 4C). The post-dam years
spanned a wide range of discharge: 2014 had the largest annual
average discharge on record, and 2016 had the second lowest
annual average discharge on record, with records extending back
to 1968. Still, the magnitude and duration of annual discharge
maxima and minima were not significantly affected by dam
closure (two-tailed t-test, p > 0.05), as indicated by annual 3, 7,
and 30-day minima and maxima below the dams (Figures 4A,B).

Short-Term Effects on Downstream

Flows

Although we could not detect signs of disruption in seasonal
flood pulses, the dams increased the short-term variability in
discharge (Figures 5, 6). We found significant post-dam increases
in the R-B flashiness index (Figure 5A), daily discharge rise and
fall rates (Figures 5B,C), and number of reversals at Porto Velho
(Figure 5D). The mean absolute day-to-day change in discharge
nearly doubled after dam closure, increasing from 2.3 to 3.9%
(Figures 3E,F). The pre- vs. post-dam difference in discharge
flashiness increased as discharge decreased (Figures 3C,E, 5A),

coinciding with periods of higher water residence time within the
reservoir (Figure 1C). The day-to-day hydrological alterations
observed at Porto Velho (~5 km downstream of the Santo
Antonio dam) are considerably attenuated a few hundred km
downstream, as suggested by a lack of significant difference
between pre- and post-dam discharge rise and fall rates at the
next gaging station (Humaitd, ~250 km downstream of the Santo
Antonio dam) (Figures 5A-C). The difference in the number of
reversals 250 km downstream of the dam was still significant,
but much less pronounced than at Porto Velho (Figure 5D). In
addition, the low-flow flashiness index at Humaitd was only 13%
higher in the post-dam period, as compared to 94% higher at
Porto Velho (Figure 5A).

Dam operations have also altered downstream flashiness on
a sub-daily basis (Figure 6). Hourly discharge data available
for Porto Velho (5 km downstream of the dams) and Abuna
(reference station, upstream of both dams) between 2015 and
2018 (post-dam) indicates that the dams have doubled the
magnitude of hydropeaks (Figure 6A). In addition, the hourly
rate of change in discharge and water level is more variable in
response to dam operations, as indicated by interquartile ranges
that are three times larger downstream compared to upstream of
the dams (Figures 6B,C). The hourly rate of discharge and water
level changes downstream of the dams has a clear diel pattern,
being positively correlated with the median hourly electricity
demand from Brazil’s North subsystem for the same time period
(r=0.58, p < 0.05) (Figure 7).

DISCUSSION

Our results suggest that the two large run-of-river dams recently
built on the Madeira River have not altered downstream
seasonal flood pulses, which was anticipated in pre-dam
environmental impact studies. However, the operation of these
dams significantly increased short-term (daily and sub-daily)
flow variability. The observed increase in short-term flashiness
downstream of the dams is in part associated with the satisfaction
of peak electricity demand, as indicated by a positive correlation
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between median hourly discharge change rates and median
hourly electricity demand (r = 0.58, p < 0.05; Figure 7).
There is downstream attenuation of the short-term fluctuations,
likely explained by mitigating effects of water inflow from
tributaries such as the Ji-Parand and Jamari rivers, as well

as channel and floodplain effects (De Paiva et al,
Lininger and Latrubesse, 2016).

Studies on the environmental consequences of hydropeaking
in the Amazon Basin are lacking. But effects of hydropeaking have
been studied in many other smaller river systems (Zimmerman
et al., 2010; Bevelhimer et al., 2015; Kennedy et al, 2016;
Bejarano et al., 2018) and include destabilization of sediment
accumulations along river bars, disruption of plant and animal
life cycles in nearshore zones, and stranding of fishes. Human
use of riparian zones and floodplains for growing crops can
also be negatively affected in regions with flood-recession
agriculture (Richter et al., 2010). Studies in Northern Hemisphere
rivers show that hydropeaking causes substantial stranding and
entrapment of early life stages of various salmonid fish species,
with downramping rates as low as 2.4 cm h™! potentially leading
to significant stranding. The median sub-daily rate of water level
change (1.5 cm h~!) downstream of the Madeira dams is three
times higher than upstream, with rates staying above 2.5 cm h~!
during 30% of the time (Figure 6C).

Our findings do not allow us to directly link hydropeaking to
social and ecological impacts downstream of the dams. But results
from a recent ethnobiological study suggest that it is possible that
the increased hydropeaking reported here is leading to important
socio-ecological consequences downstream of the Madeira dams.
Local fishers perceive changes to natural flow regimes as the
most negative impact of the Madeira dams (Santos et al., 2020).
More specifically, fishers contend that sudden variations in river
levels (locally known as “repiquetes”) are the most relevant
hydrologic impact of the Madeira dams. Some fishers argue that
the increased irregularity and unpredictability of the flow regime
caused by hydropeaking negatively affect fish catches; according
to them, catches increase when river levels begin to fall, and then
decrease when the dam releases water (Santos et al., 2020).

Indeed, recent studies report considerable declines in fishery
yields downstream of the Madeira dams (Santos et al., 2018;
Lima et al., 2020). One of these studies attributed the declines to
a combination of blockage of migratory routes by the Madeira
dams as well as dam operations that increased downstream water
levels (making fishing more difficult) and caused greater water
level variability (which could affect fish behavior) (Santos et al.,
2018). Our results suggest that the higher post-dam discharges
are unlikely to be dam-related, particularly considering that
the two dams are not capable of increasing water levels and
discharge over annual time scales because their reservoirs do not
vary much in volume. Although the average post-dam discharge
(19,451 m? s~!) was about 6% higher than the average pre-
dam discharge (18,396 m> s™!), when we exclude the year
2014, characterized by the largest flood on record, the average
post-dam discharge (18,082 m® s~!) becomes very similar to
the average pre-dam discharge. Still, the reported decline in
downstream fisheries is consistent with the increased short-
term variability in downstream flows that we report, especially
considering that the rate of change in discharge has been
demonstrated to be an important regulator of fishery yields
in the Madeira River (Lima et al.,, 2017). In fact, local fishers
claim that the abrupt daily changes in downstream water
levels caused by dam operations disrupt cues that trigger the

2013;
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reproductive migration of fish from nutrient-poor, clear-water
tributaries to the nutrient-rich mainstem of the Madeira
River (C. Doria, personal observation). Whether hydropeaking
effectively disrupts fish migrations remains unknown and merits
further investigation. Also, species-specific studies are needed
to identify whether observed hydropeaking rates can affect
early life stages of fish species inhabiting the Madeira River
downstream of the dams.

In summary, our study shows that hydropeaking occurs
downstream of the dam. Understanding if and how this
hydrological effect translates into social and ecological impacts
will be critical to assess the need for mitigation and control
strategies. Given the existence of a downstream gage with
high-frequency flow data, early warning systems could be
developed by dam operators in conjunction with local authorities
to alert downstream human populations about abrupt water
level changes. Operational protocols that reduce hydropeaking
could mitigate its undesirable hydrological, geomorphological,
ecological, and social effects on downstream reaches (Greimel
et al., 2018; Moreira et al., 2019).

PROSPECTS

Brazilian energy planners and policy makers often advocate
the prioritization of storage dams over run-of-river projects for
energy security purposes (Abbud and Tancredi, 2010; Cerqueira,
2015), especially considering that the limited energy storage
of Amazonian run-of-river dams is likely to get worse in
light of climate variability (Stickler et al., 2013; Hunt et al,
2014; Lima et al, 2014). The push for storage dams in the
Amazon River system could be facilitated by the current trend
toward relaxation of environmental regulations that would make
project selection less restrictive in Brazil (Almeida et al., 2016;
Fearnside, 2016). Run-of-river dams are likely preferable designs
in terms of downstream impacts because storage dams not
only lead to hydropeaking, but also cause large-scale changes
in seasonal flood pulses (Timpe and Kaplan, 2017). However,
the electricity generation by run-of-river facilities is more
susceptible to droughts, which could become more common with
future increases in climate variability and deforestation in the
Amazon basin (Marengo et al., 2009; Stickler et al., 2013; Arias
et al., 2020). The effects of ongoing environmental changes on
future Amazon hydroelectricity generation and the associated
environmental impacts must be critically understood before new
dams are constructed.

In conclusion, despite the potential for dams to
alter downstream  hydrology throughout the world
(Lehner et al., 2011; Grill et al., 2019), a suite of other impacts
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