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ABSTRACT

Riparian forests are ecotones that link aquatic and terrestrial habitats, providing ecosystem services including
sediment control and nutrient regulation. Riparian forest function is intimately linked to river hydrology and
floodplain dynamics, which can be severely altered by dams. The Tocantins River in the eastern Amazon has
six mega-dams along its course. To understand the large-scale and cumulative impacts of multiple dams on
the Tocantins floodplain, we quantified landscape-scale changes in floodplain extent, hydroperiod, and flood
timing on a 145-km stretch of the river downstream of five dams. We used water level data from 1985 to
2019 to compare daily floodplain inundation dynamics before and after damming. We also developed models
to examine the impacts of climate and land use change on hydrology of the Tocantins River. After installation
of the first dam in 1998, an average of 82.3 km? (63%) of the floodplain no longer flooded, overall average hydro-
period decreased by 15 days (11%), and flooding started an average of five days earlier. After all five dams were
installed, 72% of the average pre-dam flooded area no longer flooded, average hydroperiod had decreased by 35%,
and average inundation onset occurred 12 days later. These changes in floodplain hydrology appeared to be
driven primarily by dam operations as we found no significant changes in precipitation over the study period. In-
creasing loss of natural vegetation in the watershed may play a role in changed hydrology but cannot explain the
abrupt loss of floodplain extent after the first dam was installed. This is one of few studies to quantify dam-
induced floodplain alteration at a landscape scale and to investigate impacts of multiple dams on a landscape.
Our results indicate that the Tocantins River floodplain is undergoing drastic hydrologic alteration. The impacts

of multiple dams are cumulative and non-linear, especially for hydroperiod and flood timing.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

Floodplains and riparian forests provide important ecosystem ser-
vices, including nutrient regulation and sediment and erosion control
(Naiman et al., 1993). In many parts of the world, they are also essential
for subsistence floodplain agriculture (Fox and Ledgerwood, 1999; Junk,
2001). The ecological integrity of riparian forests is especially important
in the Amazon basin, which has one of the largest extents of riparian
and floodplain forests in the world (Junk, 2010). These extensive forests
help support fish biodiversity and maintain fisheries, providing food
and shelter to many species during high water periods when the forests
are flooded (Saint-Paul et al., 2000; Lobdn-Cervia et al.,, 2015; Arantes
et al., 2018). These forests are also the most species-rich floodplain for-
ests in the world (Wittmann et al., 2010). The function of riparian forest
is intimately linked to river hydrology and floodplain dynamics (Junk
et al.,, 1989; Jardine et al., 2015), such that alterations in flow impact
the composition and function of these forests.

Riverine flow regime is characterized by five main components:
magnitude, frequency, duration, timing, and rate of change (Poff et al.,
1997). Changes in each flow regime component can affect riparian eco-
system structure and function (Kozlowski, 2002; Poff and Zimmerman,
2010). For instance, flow stabilization, or decrease in the variation in
magnitude, can lead to species invasions, declines in seedling establish-
ment and regeneration, and reduced growth rates for trees (Rood and
Mahoney, 1995; Zamora-Arroyo et al., 2001; Shafroth et al., 2002; van
Oorschot et al., 2018). Loss of seasonal high flows (timing) can diminish
plant growth rates, lead to higher plant mortality (Reily and Johnson,
1982), and also promote invasions of riparian species (Horton, 1977).
Prolonged low flow events related to changes in flow (duration) reduce
plant cover and decrease plant species diversity (Taylor, 1982). Acceler-
ated flood recession can result in seedlings being unable to establish on
the floodplain (Poff et al., 1997). The combination of these flow alter-
ations leads to decreases in riparian species diversity and changes in ri-
parian community composition (Bejarano et al., 2020).

Relationships between river flow and riparian forest structure and
function are driven by regular flooding events (Junk et al., 1989). The
flood pulse concept posits that the timing and duration of flow in the
Amazon and other tropical rivers is key to the maintenance of riparian
forest diversity, structure, and function (Junk et al., 1989). For example,
riparian forests that undergo rhythmic flood patterns have higher rates
of net primary production, compared to those that are subject to more
stochastic flooding events (Jardine et al., 2015). Disruption of seasonal
flooding due to factors such as extreme drought may cause reduced
photosynthetic activity and root respiration, higher seedling mortality,
and slower seedling growth rates in riparian forest trees (Parolin et al.,
2010). Changes in riparian forest structure and function can lead to
bank destabilization and changes in nutrient uptake (Florsheim et al.,
2008). Flow alteration also impacts aquatic fauna by disrupting cues
for fish spawning and migration and causing loss of access to wetlands
and backwater habitats (Welcomme and Halls, 2004).

River flow is ultimately regulated by precipitation and is affected by
land cover across the watershed (Poff et al., 1997). Rainfall seasonality
controls when high and low flow events occur (Dettinger and Diaz,
2000). Conversion of land cover from natural forest or savanna to
urban and agriculture leads to increases in river flow by reducing evapo-
transpiration (Costa et al., 2003; Dias et al,, 2015). As the world's climate
changes and large land conversions occur, hydrologic regimes in the
world's rivers are being altered (Pokhrel et al., 2018).

In addition to changes in precipitation and land cover, dams drasti-
cally alter river hydrology (Magilligan and Nislow, 2005). The largest
and most consistent hydrologic changes after damming in the Amazon
are related to frequency and duration of high flow events and rate of
change of high and low water conditions (Timpe and Kaplan, 2017;
Ely et al., 2020). The frequency and duration of high flow events affect
how often and how long the floodplain floods. Depending on how
they are managed, dams have the capacity to change flooding patterns,
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including how often an area is flooded, the extent of flooding, and when
flooding occurs (Kingsford, 2000; Mumba and Thompson, 2005; Arias
et al,, 2014). These changes in hydrology may be so extreme as to over-
ride flow alterations from climate and land cover change (Timpe and
Kaplan, 2017).

Though the Amazon basin is in the midst of a dam-building boom
(Lees et al., 2016), there are comparatively few studies of dam impacts
on floodplains and riparian ecosystems. Most studies focus at local
scales (0.1-10 ha; e.g., Ferreira et al.,, 2013; da Rocha et al., 2019) or
on a single dam (e.g., Manyari and de Carvalho, 2007; Assahira et al.,
2017; de Lobo et al., 2019). However, as dam complexes such as the
Santo Antdnio-Jirau hydro-electric complex in the Madeira basin arise
throughout the Amazon, it is imperative to understand how multiple
dams across a landscape will affect floodplains and riparian areas.

In this study, we investigated how the construction and operation of
multiple dams on a single river have affected the following floodplain
hydrology characteristics, specifically: flooding extent, flood duration
(hydroperiod), and flood timing. We hypothesized that overall flood-
plain extent will shrink significantly downstream of the installed
dams, but changes will be seasonal, with reduced flooded area in the
wet season and increased flooded area during the dry season due to
dam operations for energy production. Additionally, we expected that
overall hydroperiod would be reduced after damming, and that floods
would start later in the year because basin runoff would be held in res-
ervoirs until released for energy needs. With respect to multiple dams,
we expected that the first dam on the river would have the greatest im-
pact on flooded extent, hydroperiod, and flood timing, but each addi-
tional dam would further decrease flooded extent and hydroperiod.
Because we expected the first dam on the river, which is the furthest up-
stream and only storage dam, to control flow on the river, we did not ex-
pect that additional dams would continue to significantly shift flood
timing. Finally, we expected that observed changes in floodplain hydrol-
ogy would be driven primarily by damming rather than climate varia-
tion or land cover change.

2. Study site

Our study site is an approximately 145-km stretch of the Tocantins
River south (i.e., upstream) of its confluence with the Araguaia River.
The study site extends north of the city of Miracema do Tocantins
(—9.5591, —48.3798) to south of the city of Tupiratins (—8.3917,
—48.1114, WGS 84; Fig. 1A). This area was chosen because it has five
dams upstream so that cumulative impacts of dams could be studied.
Also, continuous flow data collected by the Agéncia Nacional das
Aguas (ANA) during the study period was available for this section of
the river but not others. The section of river has a floodplain of approx-
imately 750 km? as delineated by the GFPLAIN250m floodplain bound-
ary product (Nardi et al., 2019), which is based on the Shuttle Radar
Topography Mission (SRTM) digital elevation model (DEM). In this
dataset, STRM pixels with elevations lower than corresponding maxi-
mum channel flow level for the river were considered part of the flood-
plain. This stretch is located in the state of Tocantins in central eastern
Brazil and is part of the Legal Amazon (Fig. 1A). The Tocantins River
flows from south to north with its headwaters in the state of Goias
and drains into the Atlantic Ocean near the city of Belém in the state
of Para. The Tocantins River has a total drainage area of 767,000 km?
with a mean annual discharge of approximately 11,000 m? s~!
(Fig. 1B, C; Costa et al., 2003). Suspended sediment concentration in
this span of the Tocantins River ranges between 125 and 157 mg/L
(Lima et al., 2003).

The Tocantins is the most dammed river in the Amazon, with six
mega-dams (>15 m in height and generating over 400 MW of power)
along with a smaller dam that generates more than 200 MW of power
installed and two more mega-dams planned for construction (Akama,
2017; Table 1). The study site is downstream of five of the seven existing
dams (Fig. 1A). The furthest upstream dam (Serra da Mesa) has a
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Fig. 1. (A) Tocantins River watershed from the headwaters to the confluence with the Araguaia River. Dams with opening years in parentheses are labeled. The rectangular area represents
the study site. The light blue shaded area is the upstream contributing area for the Tupiratins ANA gauge, which defines the downstream boundary of the study area. (B) Daily and
(C) average monthly flow measured at the Tupiratins gauge from 1969 to 2019. Blue shaded region is monthly flow range. (D) Mean monthly precipitation (blue bars) and
temperature (red line) measured at the Peixe InMET station (Instituto Meteorologico; #83228) from 1975 to 2017. (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.)

storage potential of 54.4 km>. The other four dams upstream of the
study area (Cana Brava, Sdo Salvador, Peixe Angical, Lajeado) are all con-
sidered run-of-river dams and have smaller reservoirs, the largest of
which (Lajeado, also known as Luis Eduardo Magalhdes dam) has a
maximum storage capacity of 5.2 km> (Table 1).

The Tocantins River runs through the Cerrado biome, a tropical sa-
vanna ecosystem with native vegetation comprised of open grassland
to nearly closed canopy forest ranging from 12 to 15 m in height
(Ratter et al., 1997). The tree layer in the Cerrado (savanna) may vary
in density but occurs over a continuous shrub-herbaceous layer
(Souza et al., 2020). The drought-tolerant Cerrado vegetation transi-
tions into riparian forests (matas ciliares, Ribeiro and Walter, 1998), gal-
lery forest surrounding small streams, and alluvial forests that occur on
islands within the river channel (Ratter et al., 1997; Oliveira-Filho and
Ratter, 2002). Approximately 13% of the Tocantins watershed lies
within protected areas, the smallest proportion of any of the major wa-
tersheds within the Amazon (Trancoso et al., 2009). The watershed has
undergone extensive land cover change due to conversion of savanna

Table 1

and forest to pasture and soy monoculture (Costa et al., 2003;
Swanson and Bohlman, 2021).

The region has highly seasonal precipitation (yearly mean = 1500
mm, monthly range = 1-296 mm; Fig. 1D). October through March is
the wet season (~140-250 mm/month rainfall), and April through Sep-
tember is the dry season (<10 mm/month rainfall; Costa et al., 2003;
Klink and Machado, 2005). This seasonality in precipitation leads to a
regular seasonal flooding pattern throughout the watershed. A previous
study has shown no significant change in precipitation patterns in the
Tocantins River basin since the 1970s (Coe et al., 2008).

3. Materials and methods

To quantify dam-induced changes to floodplain extent, hydroperiod,
and inundation timing across the study region, we created daily flood-
plain inundation maps for the area. We then compared the flooding re-
gime before and after each dam's operation, as well as comparing
between the period before any dams were installed and after all five

Large dams on the Tocantins River, listed in order of opening date. Dams listed in bold text are upstream of the study area and were included in the analysis.

Dam name (abbr) Opening date Type Reservoir volume (km?) Energy capacity (MW)
Tucurui December 30, 1984 Storage 45.0 8370

Serra da Mesa (SDM) April 30, 1998 Storage 54.4 1275

Lajeado (LJCB) December 1, 2001 Run-of-river 52 902.5

Cana Brava (LJCB) May 22, 2002 Run-of-river 0.5 450

Peixe Angical (PEAN) June 7, 2006 Run-of-river 2.7 500

Sao Salvador (SASA) August 6, 2009 Run-of-river 1.0 243.2

Estreito April 29, 2011 Run-of-river 14 1087
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were operational. The pre-dam period in this study spans from 1985 to
1997 based on data availability. From 1998 onward, the river had at
least one dam upstream with additional dams operational at various
dates (Fig. 1A; Table 1). We considered the effects of each additional
dam separately, except for the Lajeado and Cana Brava dams, which
were considered together since they were opened within six months
of each other. We refer to the time periods between individual dams
based on the name of the dam installed at the beginning of the time pe-
riod. During the last eleven years of the study period, from 2009 to 2019,
all five upstream dams were operational, and no new dams were
installed. We also independently measured floodplain water level for
one year in the field to validate the flooding maps we created using
the water level data.

3.1. Floodplain inundation estimation

Water level data came from two Agéncia Nacional das Aguas (ANA)
flow gauge stations located near Miracema do Tocantins (station ID
#22500000) and Tupiratins (station ID #23100000; Fig. 1A). These
two stations were selected from 117 candidate stations on the Tocantins
River because they were adjacent to each other on the river and had the
most complete data from 1985 to 2019. The Miracema do Tocantins sta-
tion had 214 missing daily values over the 34-year period (<1.7%) while
Tupiratins had 49 missing days (0.4%). Missing days were filled by de-
veloping and applying linear regressions using all available daily data
between the Miracema and Tupiratins stations with three other nearby
stations. Water level correlations between these stations ranged from
0.93 to 0.97.

Using daily data from the Miracema and Tupiratins stations, we then
linearly interpolated water surface elevation across the ~145-km river
reach between the two stations using the seq function in R (R Core
Team, 2020) and the Qchainage plugin in QGIS v. 3.4.1 to evenly space
interpolated points every 2 km. As the Tocantins River has a very low
slope (=1 cm km™!), the 2-km spacing would result in a water eleva-
tion error of approximately 2 cm, substantially less than the 1-m eleva-
tion resolution of the digital elevation model used for deriving terrain
elevation across the study region.

To represent floodplain topography, we used the 2010 1 arc-second
digital elevation model (DEM) from the Shuttle Radar Topography Mis-
sion (SRTM) clipped to the study region. Using the interpolated water
level points as centroids, we created a series of rectangular boxes ap-
proximately 2 km in river length (upstream-downstream) and extend-
ing 20 km in width perpendicular to the river to capture the entire
floodplain and adjacent uplands. We filled each 1 arc-second cell in
the rectangular box with the water level value from its centroid. For
cells that overlapped (e.g., around river bends), we used the average
water level of the overlapping cells. To estimate water level in each
cell, we subtracted the DEM topography value for each cell from the
daily water elevation value for that cell. The cell was considered flooded
on any day if the result was positive and not flooded if the result was
zero or negative. We then mosaicked the buffers to create a continuous
floodplain landscape over the entire study area. Data were aggregated at
daily, seasonal, and yearly timesteps to investigate patterns in flood
timing and duration and extent of flooded area before and after
damming.

To examine the effects of each additional dam, we subdivided the
study into five different time periods: before any dams (July 1, 1985-
June 30, 1997), after Serra da Mesa dam (July 1, 1998-June 30, 2001),
after Lajeado and Cana Brava dams (July 1, 2002-June 30, 2006), after
Peixe Angical dam (July 1, 2006-June 30, 2009), and after Sdo Salvador
dam (July 1, 2009-June 30, 2019). We used water years (July 1-June 30)
to examine changes in floodplain hydrology because the rainy season
occurs from November through April in the study region and excluded
leap days so we could compare across all years. We also excluded the
1998, 2002, and 2018 water years because dams became operational
partway through 1998 and 2002 (Table 1) and because of anomalies
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in the water level data during 2018. For date of first inundation, we con-
verted dates to numerical values (where July 1 = 1 and June 30 = 365).

We measured flooded extent (i.e., a measure of magnitude) as the
maximum area flooded in any given water year, or in the wet (Novem-
ber-April) or dry (May-October) season. For hydroperiod (i.e., a mea-
sure duration) and first day of inundation (i.e., a measure of timing),
we only considered pixels that were inundated for at least one day in
every year across the entire study period, which we call the “core inun-
dated area”. Excluding pixels that were only inundated in some years
allowed us to describe changes in duration and timing within the por-
tion of the floodplain that still consistently flooded after damming.
The core inundated area comprised 6.2 km?, representing approxi-
mately 5% of the average pre-dam flooded area and 19% of the average
post-dam flooded area. Hydroperiod was calculated as the total number
of days each pixel was flooded during each water year, and first day of
inundation was the first day each pixel was flooded during each water
year. For timing, we measured the first day of flooding because this met-
ric should be closely related to the onset of the rainy season when high
flow events in the river begin and is likely to be related to riparian forest
phenology.

To understand how flooded extent, hydroperiod, and first day of in-
undation changed as more dams were added, we modeled these re-
sponses as a function of number of dams (0-5) using generalized
additive models (GAM), which account for non-linear relationships
using smoothing splines. For flooded extent and hydroperiod, which
were measured at annual or seasonal timesteps, we accounted for rain-
fall by including total annual (or wet/dry season) rainfall as a non-linear
covariate. For first day of inundation, we added the day of year when cu-
mulative precipitation reached 10% of its annual total (i.e., a measure of
the onset of the wet season) as a non-linear covariate. Hydroperiod and
first day of inundation were modeled for each pixel in the core inunda-
tion area. Because these pixels were likely spatially autocorrelated,
which could lead to significance inflation, we accounted for spatial de-
pendency by adding the xy-coordinate of each observation as a non-
linear covariate. Flooded extent did not have spatial dependency be-
cause it was measured as a single value (maximum flooded area) for
each year or season. All GAMs were fitted with a gamma log link func-
tion using the bam function from the mgcv package (Wood and
Wood, 2015). Model formulas can be found in Appendix B, Figs. B1,
B2, and B3.

To understand how damming affected the variance in flooded ex-
tent, hydroperiod, and flood timing, we also tested for pre- and post-
dam differences in variance for all three hydrologic variables with a
Brown-Forsythe test, which is more robust to violations of normality
than a standard F test (Brown and Forsythe, 1974). For this analysis,
we lumped all time periods with more than one dam as ‘post-dam’ be-
cause of the short windows between additional dam operations and
used the bf.test function from the onewaytests package (Dag et al.,
2018) inR.

3.2. Field validation

We compared our inundation maps to water level measured in the
field using a pressure transducer installed in the floodplain. We placed
a HOBO U20-001-02 water level logger (Onset Company, Cape Cod Mas-
sachusetts, USA) in the Tocantins River floodplain near the town of
Pedro Afonso, approximately 50 km downstream of the Miracema do
Tocantins station (Fig. 1A). The logger was hung from fishing line placed
inside of a perforated polyvinyl carbonate (PVC) well fitted with a nylon
mesh to minimize siltation. We buried the well 50 cm into the ground
and left it stationary for the duration of the data collection period. The
logger collected total pressure and temperature data in 15-minute in-
tervals from August 9, 2018 to August 25, 2019. We downloaded data
every three months using a HOBO Base-U-4 base station and then re-
placed the water logger into the well. We used HOBOware Pro v. 3 to
convert pressure data (kPa) into water level (cm) based on the
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software-provided relationships between pressure, temperature, and
water level. Total pressure data were converted to water pressure
using barometric pressure data collected by the Pedro Afonso INMET
station (Instituto Nacional de Meteorologia; #82863) 23 km away
from the HOBO sensor location (Fig. 1A).

To determine whether a flooding event occurred at our field point on
any given day, we temporally aggregated the 15-minute water level
data. Because information on how the ANA water level data was mea-
sured was not available, we considered three criteria (minimum,
mean, and maximum recorded water level) to determine if the data log-
ger location was flooded on a given day and compare it with floodplain
inundation values derived from ANA and the SRTM DEM data at the
same location. The values for inundation in both the field data and
modeled floodplain inundation maps were binary (i.e., 1 for inundated,
0 for not inundated). We used a confusion matrix (flooded versus not
flooded) to compare the accuracy of daily flooding events derived
from our modeled floodplain inundation maps to the daily flooding
events collected in the field.

The in-situ sensor and inundation maps have different temporal res-
olution and spatial coverage. The DEM (and inundation maps derived
from it) only measure elevation in increments of 1 m, whereas the in-
situ logger produced values in increments of 0.41 cm. Additionally,
each 1 arc-second DEM pixel contains only one elevation value, so
changes in elevation at smaller scales will be missed. To incorporate var-
iation in land surface elevation that might be missed due to the pixel
resolution, we performed a secondary analysis by smoothing the
SRTM DEM using the average elevation of the neighboring eight pixels
for the point where our field data logger was located. We subtracted
the smoothed elevation value from the ANA water level to determine
whether and how the DEM elevation value affected our modeled flood-
plain inundation maps when compared to the in-situ data.

3.3. Climate and land cover change analysis

To assess whether changes in floodplain inundation could have been
driven by temporal variation in rainfall or land cover, we also assessed
temporal trends in land cover-flow relationships and precipitation.
We used the Climate Research Unit's CRU TS v. 4.03 gridded rainfall
data (CRU; Harris et al., 2020), land cover data from MapBiomas v. 4.1
(Souzaet al., 2020) and flow data collected by ANA at the Tupiratins sta-
tion, which was the station furthest downstream of the stretch of river
being studied. The Climate Research Unit Time Series (CRU TS) rainfall
data is measured ata 0.5° x 0.5° (approximately 50 x 50 km) spatial res-
olution, while MapBiomas has a 30 x 30 m resolution due to the resolu-
tion of the Landsat data from which it is derived. Both datasets have a
yearly temporal resolution. Precipitation and land cover data were mea-
sured over the upstream contributing area of our most downstream
measurement location (Fig. 1A) using the HydroBasins v. 1.0 level 8
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demarcation (Lehner and Grill, 2013). The upstream contributing area
includes the portion of the river from the headwaters to the Tupiratins
station, along with all tributaries that flow into the river in that region.
We calculated the mean annual precipitation from gridded monthly
data over the upstream contributing area, then performed a Mann Ken-
dall regression (Marengo et al., 1998) using the Kendall package in R
(McLeod and McLeod, 2015) to assess whether there was a temporal
trend in rainfall over the study period. We converted daily discharge
(m>s™ 1) at the Tupiratins station to specific discharge (m s~ ') by divid-
ing by the upstream contributing area and aggregated to yearly aver-
ages to match the temporal resolution of the precipitation and land
cover data. We then divided specific discharge by annual precipitation
to determine the proportion of precipitation realized as flow in each
year and investigated how this quantity varied over time. Because the
most common land use change in the area was from natural cover
(e.g., forest, savanna) to pasture, we related precipitation-scaled specific
discharge to the proportion of pasture cover in the upstream contribut-
ing area. We performed a simple linear regression to relate the two var-
iables both over the entire study period (1985-2019) and separated by
pre- and post-damming periods.

To determine whether changes in first day of inundation compared
across damming periods were related to changes in onset of rainfall
over the course of our study, we tested whether there was a significant
change in the onset of the rainy season, measured as day of year when
10% of the annual rainfall had fallen. We performed an ANOVA to deter-
mine whether there was a significant difference in rainy season onset
between the different damming periods. For this analysis, we used rain-
fall measured daily at the Peixe INMET station (#83228). The Peixe
InMET station is located near the city of Peixe Angical (Fig. 1A) and
was the only climate station in the upstream contributing area with a
complete daily precipitation time series for the study period.

4. Results
4.1. Field validation

Modeled floodplain inundation maps predicted observed site inun-
dation with an accuracy of 0.88 (95% confidence interval (CI):
0.84-0.91) when using mean daily data from the field sensor
(Table A1). Using minimum daily water level increased accuracy to
0.93 (CI: 0.90-0.95), while aggregating by maximum daily water level
had the lowest accuracy (0.83, CI: 0.79-0.87). Overall, modeled flood-
plain inundation maps consistently underpredicted flooding events
(Table A1, Fig. 2). This may be because the vertical resolution of the
DEM (1 m) and resulting modeled inundation map caused flooding
events of less than a meter of water level to be missed. Additionally,
ANA only reports one value for water level each day, which may not
capture ephemeral flooding events lasting less than a single day that

— Modeled inundation - - Smoothed model — In situ measurement

200

Water level (cm)

-400

Oct 2018 Jan 2019

Apr 2019 Jul 2019

Date

Fig. 2. Comparison of flood events captured by field collection (mean daily water level > 0; blue) and models based on water level and elevation near Pedro Afonso, Tocantins. Flat blue line
for in-situ indicates water level is below surface. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

5



A.C. Swanson, D. Kaplan, K.-B. Toh et al.

were captured by the in-situ sensor. However, the general pattern of in-
undation frequency and timing is similar between modeled data and
data collected in-situ (Fig. 2), indicating that our floodplain models are
capturing overall patterns of inundation but underestimating flooding
by some scalar factor. Modeled floodplain map accuracy increased
when we used the elevation value from the smoothed DEM and field
data aggregated to daily means (0.94; Cl: 0.91-0.96). For the smoothed
DEM and field data aggregated by maximum and minimum daily inun-
dation, accuracy was 0.90 (CI: 0.86-0.92) and 0.96 (CI: 0.93-0.98), re-
spectively (Table A1).

4.2. Flooded extent

Average flooded extent decreased from 132.1 km? to 48.7 km? after
the first dam, Serra da Mesa, was installed (Fig. 3A). During the Lajeado/
Cana Brava period (2003-2006), mean flooded extent increased to 52.5
km? before decreasing to 37.0 km? after the installation of Peixe Angical
and 31.8 km? after all dams were installed. Annual maximum flooded
extent was significantly related to the number of dams on the river (p
< 0.001) as well as the total annual rainfall (p < 0.01; Fig. B1A). There
was also significantly lower variance in flooded extent pre-dam versus
post-dam (p < 0.05; Table B1). Specifically, before any dams were
installed, maximum annual flooded extent ranged from 30.7 km? to
438.9 km? (Fig. 4). After all dams were installed, this range was reduced
to 8.0 km? to 70.0 km? (Fig. 4).

Changes in maximum flooded extent during the wet season closely
follow annual patterns, decreasing from an average of 131.1 km? before
any dams to 31.9 km? after all dams were installed on the river (Fig. 3B).
Maximum wet season flooded extent was significantly related to the
number of dams on the river (p < 0.001) and total wet season rainfall
(p < 0.05; Fig. B1B). Variance in wet season flooded extent was signifi-
cantly different between pre- and post-dam periods (p < 0.05;
Table B2). Unlike the wet season, dry season flooded extent did not
show a clear trend of decreasing through time (Fig. 3C). Dry season
maximum flooded extent was significantly related to total dry season
rainfall (p < 0.05) but not to number of dams (p = 0.22; Fig. B1C).
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There was also no significant difference in variance between pre- and
post-dam flooded extent during the dry season (p = 0.21; Table B3).

4.3. Hydroperiod

Hydroperiod of the core inundated area (pixels that were inundated
at least one day per year during the whole study period) declined as
more dams were added to the river, after accounting for total annual
rainfall and spatial dependency between pixels (p < 0.001, Fig. B2).
Mean hydroperiod decreased from 141 days pre-damming to 126
days after Serra da Mesa was installed (Fig. 5A). After all five dams
were installed on the river, average hydroperiod decreased to 91 days
(Fig. 5B). The mode of the distribution of per-pixel hydroperiod shifts
from 122 days pre-damming to 12 after all dams installed (Fig. 5B).
The variance in hydroperiod was also significantly lower between pre-
and post-damming periods (p < 0.001; Table B4). In addition to declines
in average hydroperiod for the core inundation area, it is important to
reiterate that the vast majority of low-hydroperiod pixels no longer
flooded after damming (Figs. 4 and D1).

44. Flood timing

For the core inundated area, the first day of inundation was signifi-
cantly related to number of dams on the river after accounting for
onset of rainfall, which was also significantly related to first day of inun-
dation (p < 0.001; Fig. B3). Mean first day of inundation prior to dam-
ming was day 161 (December 8). After Serra da Mesa was installed,
the mean first day of inundation was day 156 (December 3). However,
once all dams were installed on the river, the mean first day of inunda-
tion was day 173 (December 20). Variance of first day of inundation was
significantly higher pre-damming versus post-damming (p < 0.001;
Table B5).

First day of inundation of the core inundated area was significantly
related to the onset of the rainy season, as measured by the day of
year when cumulative rainfall reached 10% of the annual total (p <
0.001). The date of rainy season onset did not vary significantly
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Fig. 3. Boxplots for maximum flooded extent for (A) the full year, (B) wet season, and (C) dry season. Line within the box represents the median, red dot is the mean, and the limits of the
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y-axis for the dry season is smaller than those of the full year and wet season. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
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Still floods

. No longer floods . River

Fig. 4. Changes in maximum flooded extent after all five dams were installed on the
Tocantins River. Red and light blue areas indicate the maximum flooded extent of the
pre-dam floodplain. Light blue pixels indicate areas that still flood after the installation
of all five dams (16% of pre-dam maximum flooded area). Fig. C1 shows the underlying
topography of the study area. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

among damming periods (p = 0.1; Table E1), however we found that
the lag time between the start of the rainy season and first day of inun-
dation differed significantly between damming periods (p < 0.001;
Table E2). Average lag time between first day of inundation and the
onset of the rainy season was 39 days prior to damming but increased
to 51 days after all five dams were operational (Figs. 6 and E1).
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4.5. Cumulative impacts of dams

The Serra da Mesa dam, the first installed upstream of the study area,
had the largest impact on floodplain hydrology. Our models suggest that
the addition of more dams on the river continues to decrease hydroperiod
of the core inundated area and flooded extent but at decreasing rates
(Figs. B1, B2). For the core inundated area, the operation of additional
dams on the river pushed flood timing later in the year, but only up to
the installation of the fourth dam (Fig. B3). Collectively these results sug-
gest that eventually, the system will reach a critical point where adding
more dams does not further alter floodplain hydrology.

4.6. Climate and land cover change

There was no significant linear trend in mean annual precipitation
over the study period (p = 0.30; Fig. 7A), however there was a strong
and significant decrease in mean annual flow (p < 0.001; Fig. 7B). Pas-
ture in the upstream contributing area (Fig. 1) increased from 19% to
30% over the study period (Fig. E2), during which time the river was
also being dammed, making it difficult to disentangle the individual
contributions of climate, damming, and land cover change on observed
changes in floodplain inundation patterns. However, when we scaled
mean annual specific discharge (i.e., mean annual flow divided by con-
tributing area) by mean annual precipitation, we found a consistently
negative relationship with percent pasture in the upstream contributing
area, which is opposite of the expectation that specific discharge would
increase as pasture increased (Fig. 8; Costa et al., 2003). The slope of this
relationship was stronger (more negative) in the post-dam period
(Fig. 8). In other words, the proportion of precipitation realized as
flow consistently declined over the study period, even as the land
cover was converted from native Cerrado vegetation to pasture, and
this trend was stronger and significant after damming (p < 0.05). Be-
cause the trend of decreased proportion of precipitation realized as
flow vs. land cover only became significant after damming, we believe
that this is because of the dams’ effect on flow, not because of conver-
sion of natural cover to pasture, which occurred at a nearly linear rate
during the entire study (Fig. E2). Altogether, these patterns point to
river flow, and therefore water level and floodplain inundation, being
more affected by damming than by climate or land cover change.

5. Discussion

Damming of the Tocantins River coincided with large changes in
floodplain hydrology. As we predicted, damming of the river decreased
flooded extent, although only in the wet season. Our hypothesis that the
flooded extent would be larger in the dry season was unsupported.
After damming, hydroperiod in the core inundated area was shorter and
floods started later in the wet season, supporting our predictions. The ad-
dition of dams on the river further decreased flooded extent and hydrope-
riod and led to a later start in flooding. There was no trend in regional
rainfall during the study period. Though there was extensive land cover
change during the study period, the trend we measured between defores-
tation and river flow was opposite to what we expected (i.e., deforestation
leading to increases in precipitation-scaled specific discharge). Taken to-
gether, these analyses point to damming greatly altering river flow and
floodplain hydrology. As seen in other dammed systems, changes in
floodplain hydrology of the Tocantins River are likely to impact biophysi-
cal and ecological systems and humans who live in riverine communities.

5.1. Biophysical, ecological, and social impacts

Disruptions in connectivity between the river and floodplain wet-
lands, such as those shown here for the Tocantins system, can lead to im-
portant geomorphological changes (Hupp et al., 2009). We found that 86%
of the former Tocantins floodplain no longer floods after damming. These
areas that no longer flood are likely to experience a drastic decrease in
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sediment deposition, whereas the small proportion of near-shore areas
that still flood may have increased sediment deposition leading to the for-
mation of levees that can further impede river-floodplain connectivity
(Pearson et al., 2016; Li et al., 2017). Moreover, since floodplains trans-
form and serve as major sinks for NO3-N and other nutrients (Gergel
et al,, 2005), the reduction in river-floodplain connections shown here
for the Tocantins basin has the potential to increase NOs-N concentrations
in the river. The Tocantins watershed is simultaneously undergoing land
cover conversion from native savanna and forest ecosystems, which up-
take nitrogen, to pasture and agricultural systems (Swanson and
Bohlman, 2021) that often have added nitrogen loads that end up as run-
off. Taken together, increased agricultural runoff coupled with decreased
NOs-N processing potential in the floodplain may to lead to downstream
river and reservoir eutrophication, a widespread issue on dammed
Brazilian rivers (Tundisi et al., 1993; Fontana et al.,, 2014).

The changes in river and floodplain hydrology quantified here will
also impact the ecology of the Tocantins system via disruptions in longi-

connectivity, as well as changes in flood timing and hydroperiod. Specif-
ically, the presence of five dams (and reservoirs) on this stretch of the
Tocantins represents a major longitudinal disruption, which has been
shown to reduce fish populations, especially of long-distance migrators,
despite efforts to provide fish passage (Agostinho et al., 2007). Repro-
ductive success of fish is also dependent on lateral connectivity, as the
eggs of many species complete their development in the floodplain
(Abrial et al., 2014). Changes in the flooded extent (86% reduction)
and hydroperiod (35% shorter in the areas that still flood) of the
Tocantins River floodplain are thus likely to reduce fish recruitment
and reproductive success, lowering overall fish biomass within the
river (Castello et al., 2015, 2019; Lima et al,, 2016). Moreover, the
delayed onset of flooding in the post-dam period (~2 weeks), combined
with shorter-duration floods (i.e., the reduced hydroperiod found here)
may lead to shorter spawning seasons and have the potential to alter
fish community composition, favoring species that do not utilize the
floodplain for feeding and reproduction (Agostinho et al., 2001; Abrial

tudinal (upstream/downstream) and lateral (river-floodplain) etal, 2014).
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Phenological cues for many floodplain plants are also linked to flood
timing and duration (Parolin and Wittmann, 2010; Parolin, 2012). Be-
yond the extirpation of floodplain plant species in areas that no longer
flood, delayed flood timing may disrupt reproduction for species that
reach peak fruiting during high flooding and have seeds dispersed by
water (hydrochory) or fish (ichthyochory) (Kubitzki and Ziburski,
1994; Moegenburg, 2006; Horn et al., 2011). Coupled with disrupted
hydrological cues for fish to spawn and move into the floodplain,
plant species that disperse seeds through ichthyochory are likely to suf-
fer severely reduced recruitment as a result of altered floodplain hydrol-
ogy, leading to widespread changes in species composition (da Rocha
et al,, 2019). Overall, the hydrologic alterations observed here are likely
to lead to considerable demographic and compositional changes in
floodplain vegetative communities, with a trajectory toward species
adapted to drier conditions (Nilsson and Dynesius, 1994) and causing
riparian forests to transition to upland forests (de Lobo et al., 2019;
Latrubesse et al., 2020).

Ecological changes brought about by hydrologic alterations in the
floodplain have direct impacts on social and economic systems and are
likely to negatively impact food security for river-dependent communities

0.404

(World Commission on Dams, 2000). For example, downstream of the
Tucurui dam, installed on the Tocantins River in 1984, fish catch fell by
60% and shrimp harvests declined by 66%, leading to a decline in fishers
in that region (Fearnside, 1999). Similar declines in fish catch have been
reported in other dammed Amazonian rivers (Leite Lima et al., 2020).
The loss of commercially important fish, which are often long-distance
migratory species, can lead to overfishing as fishers switch to less com-
mercially valuable species, a pattern seen across the Amazon (Doria
et al,, 2020). Beyond fisheries, many river-dependent communities on
the Tocantins practice subsistence floodplain agriculture to supplement
their diets (Laufer et al., 2020). Reductions in soil fertility from lack of reg-
ular flooding is thus likely to increase the cost of food production due to
the need to purchase fertilizer (Laufer et al., 2020).

5.2. Cumulative impacts of dams

Understanding cumulative impacts of dams is important for mitigat-
ing social-ecological impacts of cascading systems (Arantes et al., 2019;
Athayde et al., 2019a). Cumulative impacts may be metric-dependent
(Timpe and Kaplan, 2017), such as we found in our study where flooded
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while red points and line represent post-damming period. Shaded areas represent confidence intervals of the linear models. Numbers next to points are the year of each measurement.
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extent and hydroperiod were similarly affected by the addition of dams
on the river while flood timing was not. Measuring impacts of additional
dams on a river is challenging due to short time periods between dam
installations and complex interactions between other environmental
variables, such as seen in this system. In addition to changing hydrologic
regimes in rivers and associated floodplains, cascading dams can also
have ecological effects, such as decreasing fish abundance (dos Santos
et al.,, 2018). Substantial knowledge gaps in understanding effects of
cascade dams still exist, even as research into social-ecological impacts
of dams has increased (Athayde et al., 2019b).

5.3. Climate and land cover change

Mean annual river flow showed a decreasing trend over the study pe-
riod, however there was no significant trend in rainfall, indicating that the
trend was not primarily driven by climate. We also found a significant
negative relationship between precipitation-scaled specific discharge
and percent pasture, but land cover change in the region is temporally
correlated with damming. The conversion of forest to agriculture has pre-
viously been shown to increase river flow both in the lower reaches of the
Tocantins (Costa et al., 2003) and downstream of its confluence with the
Araguaia River (Coe et al., 2009). However, we saw the opposite trend,
where conversion to pasture coincided with a decrease in flow (controlled
for precipitation). Notably, Costa et al. (2003) measured flow before any
of the dams were operational on the Tocantins River, while Coe et al.
(2009) modeled only atmospheric, climactic, land cover, and flow vari-
ables, not accounting for extensive damming. Our finding that flow of
the Tocantins River upstream of the confluence with the Araguaia is de-
creasing despite conversion from natural vegetation to pasture provides
evidence that river damming is likely responsible for reducing mean an-
nual flow in the Tocantins (and causing observed changes in floodplain
hydropattern). Future analyses of relationships between land cover and
flow in the Tocantins and other dammed rivers should also include im-
pacts of damming in addition to climate and land cover variables.

5.4. Methodological considerations

Based on the comparison of flooding calculated from our inundation
model versus the field sensor, the models may not capture short-
duration flooding events and may thus underestimate flooded area
and hydroperiod. However, since the model captured the temporal pat-
tern in observed flooding well, including showing the pixel to be
flooded during the wet season (Fig. 2), errors in our estimates of flooded
extent are likely limited to pixels that flood only very briefly. Moreover,
since any underestimates of flooded extent and hydroperiod would be
consistent across the study period (including the pre- and post-dam pe-
riods), we are confident that the changes in these metrics we report are
well represented by our model.

The location of this study was limited to a 145-km stretch of the To-
cantins River because of lack of continuous data in other parts of the
river, highlighting the importance of long-term, systematic data collec-
tion for future studies on impacts of infrastructure on social-ecological
systems (Hyde et al., in review). Collecting continuous flow and water
level data throughout the watershed would have enabled us to expand
our study spatially, exploring areas downstream of fewer dams to fur-
ther elucidate cumulative impacts of dams. The SRTM dataset is a high
quality, openly available topographic model with higher vertical accu-
racy than other products, such as Advanced Spaceborne Thermal Emis-
sion and Reflection Radiometer (ASTER) and Global Multi-resolution
Terrain Elevation Data (GMTED) (Thomas et al., 2014). However,
SRTM-derived topography can still have errors in vertical resolution
ranging from 8 m to over 16 m (Jarvis et al., 2004). These errors could
lead to overestimation of inundation in areas where the topography is
higher than that modeled by SRTM and underestimation of inundation
in areas where the opposite is true. Improvements to this study could
be made through use of a more refined DEM with sub-meter accuracy.
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With the advent of lidar technology in multiple formats, including a
space-based sensor (Dubayah et al., 2020), such DEMs could be ac-
quired for targeted regions at low expense. Finally, our methodology
is limited to relatively narrow-channel rivers, as the geomorphology
of braided and anastomosing rivers makes it challenging to accurately
map floodplain inundation geometrically. For these rivers, remote sens-
ing approaches including use of SAR (synthetic aperture radar) and op-
tical remote sensing to detect flooding are likely to be more appropriate
(Park and Latrubesse, 2017).

6. Conclusions and future directions

Our study provides insight into hydrologic changes in the floodplain
of a highly dammed river. After damming, floodplain extent and hydro-
period both decreased and inundation started later in the year. This is
one of only a few studies globally that investigates the cumulative im-
pacts of multiple dams on a single river (e.g., Wang et al., 2017; Zhang
et al,, 2019). We show that cascade dams have cumulative, non-linear
impacts, and these cumulative impacts are different dependent on the
hydrologic metric, with flood extent and hydroperiod being most
disrupted by the first dam and additional dams having a reduced effect
on these two metrics. Understanding the impacts of damming across a
floodplain landscape is important, given few rivers worldwide are still
free-flowing. This study has implications for biophysical and ecological
processes as well as for well-being and livelihoods of river-dependent
peoples. Future studies could build on this research by expanding the
geographic scale and measuring damming impacts from headwaters
to mouth, which would allow researchers to further disentangle cumu-
lative impacts of multiple dams by comparing impacts in areas with
fewer dams to impacts in areas with more dams. Additionally, under-
standing the combined effects of damming and other anthropogenic im-
pacts, such as deforestation, mining, and climate change, will be integral
to modeling basin-wide hydrologic alteration and more accurately
assessing environmental impacts of new dams (Castello and Macedo,
2016; Athayde et al., 2019a). As the Amazon basin is under increasing
pressure from damming (Latrubesse et al., 2017; Anderson et al.,
2018), understanding the impacts that dams have on this highly bio-
and culturally diverse region is necessary to minimize and mitigate
these impacts and preserve at least some segments of free-flowing river.
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Original elevation value

Smoothed elevation value

Inundation maps

Not inundated Inundated Not inundated Inundated
Mean
In situ data Not inundated 321 0 321 0
Inundated 46 15 22 39
Minimum
In situ data Not inundated 328 1 332 7
Inundated 27 14 9 32
Maximum
In situ data Not inundated 303 0 303 0
Inundated 64 15 40 39
Appendix B. Statistical results for floodplain hydrology
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Fig. B1. GAM predictions for changes in flooded extent related to number of dams in (A) a full year (extent ~ number of dams + total annual rainfall); adjusted R? = 0.43, (B) the wet
season (extent ~ number of dams + total wet season rainfall); adjusted R? = 0.50, and (C) the dry season (extent ~ number of dams + total dry season rainfall); adjusted R* = 0.12.
Asterisks denote significant relationship (p < 0.01). To create these figures, we held rainfall constant at the mean total (A) annual, (B) wet season, and (C) dry season value (mm) for

the entire study period. Shaded area is 95% confidence interval.

S
o

Hydroperiod (days)
I
o

N
o

110

100

0 1 2

3 4 5

Number of dams

Fig. B2. GAM predictions for changes in hydroperiod of the core inundated area related to number of dams for a random pixel and mean total annual rainfall (mm) for the study period
(hydroperiod ~ number of dams + total annual rainfall + xy). Shaded area is 95% confidence interval. Adjusted R* = 0.37. Figure was created holding annual rain constant at mean total

annual rainfall for the entire study period for a location in the center of the study region.
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Fig. B3. GAM predictions for changes in first day of inundation of the core inundated area related to number of dams (first day of inundation ~ number of dams + onset of rainfall + xy).
Shaded area is 95% confidence interval. Adjusted R? = 0.39. Figure was created holding day of year when precipitation reached 10% of total annual precipitation constant at the mean value
across all years in the study at one x,y location in the study area.

Table B1
Results from Brown-Forsythe test for annual flooded extent (area ~ pre/post).

Statistic Degrees of freedom p value
Pre/post 7.23 1 0.02

Table B2
Results from Brown-Forsythe test for wet season flooded extent (area ~ pre/post).

Statistic Degrees of freedom p value
Pre/post 8.04 1 0.02

Table B3
Results from Brown-Forsythe test for dry season flooded extent (area ~ pre/post).

Statistic Degrees of freedom p value
Pre/post 1.73 1 0.21

Table B4
Results from Brown-Forsythe test for hydroperiod (hydroperiod ~ pre/post).

Statistic Degrees of freedom p value
Pre/post 30,078.41 1 <0.001

Table B5
Results from Brown-Forsythe test for first day of inundation (first inundation ~ pre/post).

Statistic Degrees of freedom p value
Pre/post 9309.9 1 <0.001
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Appendix C. Floodplain topography
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Fig. C1. Topographic map of the study area.

Appendix D. Hydroperiod histograms
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Fig. D1. Hydroperiod histograms for all pixels in the floodplain during each damming period.

13



A.C. Swanson, D. Kaplan, K.-B. Toh et al.

Appendix E. Rainfall and land cover data and statistics
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Fig. E1. Lag time between day of year when cumulative rainfall reached 10% of total annual rainfall and first day of inundation for all pixels in the core inundated area.
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Fig. E2. Change in proportion pasture cover in the upstream contributing area over the study period.

Table E1
ANOVA results for onset of rainfall measured at the Peixe INMET station vs. dam period.

Degrees of freedom Sum of squares Mean squared F value p value
Dam period 4 1735.1 433.8 22 0.10
Residuals 26 5094.6 196.0
Table E2
ANOVA results for lag time between onset of rainfall and day of first inundation for each pixel for the core inundated area vs. dam period.

Degrees of freedom Sum of squares Mean squared F value p value
Dam period 4 11,391,124 2,847,781 2629 <0.001
Residuals 196,915 213,304,058 1083
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