Regional Environmental Change (2018) 18:1871–1881
https://doi.org/10.1007/s10113-018-1321-y

ORIGINAL ARTICLE

Land cover change explains the increasing discharge of the Paraná River
Eunjee Lee 1,2

&

Angela Livino 1,3 & Shin-Chan Han 4 & Ke Zhang 5 & John Briscoe 1 & Jerson Kelman 6 & Paul Moorcroft 1,7

Received: 23 February 2017 / Accepted: 9 March 2018 / Published online: 9 April 2018
# The Author(s) 2018

Abstract
Over the past 40 years, the discharge in South America’s Paraná River basin has increased despite no evidence of
significant rainfall increases in the basin. In this analysis, we show that the observed multi-decadal increase in discharge
can be explained by concomitant changes in land cover that have occurred within the basin during this period. Our
analysis also indicates that the peak discharge timing may have shifted concurrently from January/February in the 1970s
to March in more recent decades. While land-use effect dominantly alters the long-term temporal dynamics of the river
discharge over multi-decades, the change in the seasonality of the discharge can be attributable to the combined effect of
the land-use and climate variability. This study suggests that the mean annual discharge is likely to change in the other
South American River basins where land transformation is currently taking place, and the shift of the month of peak
discharge needs to be taken into consideration to forecast the hydropower generation under changing climate and land
conversion.
Keywords Land cover change . River discharge . Paraná River basin . Shift of the peak discharge timing . Hydroelectricity
generation in Brazil
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Introduction
Hosting multiple hydropower dams that generate a significant
portion of electricity to meet the regional demand in southern
Brazil, the Paraná River basin is geographically and economically important. The famous Itaipu hydropower plant, built in
the lower reaches of the upper Paraná River basin at the BrazilParaguay border, has the installed capacity of 14,000 MW
(MW), yielding the electricity that supplies 15% of Brazil’s
total energy consumption (https://www.itaipu.gov.br/en).
Considering the country’s heavy dependency on hydropower
(up to 80%, U.S. Energy Information Administration 2014),
the variability of the flow in the Paraná River basin is
undoubtedly critical for the region’s sustainable energy supply.
Over the past several decades, the mean discharge of the
Paraná River has increased notably (Tucci and Clarke 1998;
Dai et al. 2009; Carvalho et al. 2011). Having the 1970s as the
baseline period, the reconstructed natural flow inferred from
the measurements from the gauge station at the Itaipu dam
(25.43 S, 54.59 W) affirms the trend: + 11.1% in the 1980s,
+ 18.0% in the 1990s, and + 6.3% in the 2000s (data from
ANA, the Brazilian National Water Agency, http://www2.
ana.gov.br/). However, there is no evidence of any
significant increase in rainfall over this period. The baseline
precipitation of the 1970s, from the combination of reanalysis
and observation-based datasets (Sheffield et al. 2006), indicates that mean annual rainfall decreased by 1.5% in the 1980s
(or by 5.0% excluding the rainfall of the 1983 flood event as
an outlier), increased by 4.2% in the 1990s, and then declined
slightly by 1.0% in the 2000s.
On the other hand, the basin has undergone historically extensive land transformation. In the state of Paraná, forest cover
decreased from 23.9% in 1965 to 5.2% in 1990, being replaced
by annual crops since the 1970s (Tucci and Clarke 1998). The
relationship between land cover and river discharge has been
reported previously, including the historical debates (review in
Andréassian 2004) and the early work by Bosch and Hewlett
(1982). In particular, the alteration of river flow associated with
deforestation in tropical basins was observed for a large number
of watersheds (review in Farley et al. 2005; Oudin et al. 2008).
For instance, Coe et al. (2009) suggested that the degree of
vegetation removal and the deforestation rate of particular watersheds affect the discharge of the Amazon River basin. The
land cover change was also shown to alter the discharge flows
in its tributaries such as the Toscantins River (Costa et al. 2003),
the Ji-Paraná River (Rodriguez et al. 2010; Rodriguez and
Tomasella 2016), and the Xingu River (Dias et al. 2015;
Panday et al. 2015). Despite the large body of literature that
suggested the altered river flows of the individual drainage
basins in South America, the historical change in discharge of
the Paraná River has received little attention.
In this paper, we examined the mechanistic linkages between climate variability, land-use, and resulting river
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discharge in the Paraná River basin using a terrestrial biosphere model, the Ecosystem Demography version 2 (ED2)
(Moorcroft et al. 2001; Albani et al. 2006; Medvigy et al.
2009). The model results were evaluated against the natural
flows at Itaipu and the regional total water storage (TWS)
change from the NASA’s Gravity Recovery and Climate
Experiment (GRACE) satellite observation. We then demonstrated that land transformation indeed accounts for the decadal increases in discharge of the upper Paraná River basin that
have occurred in the past 40 years, despite little or no change
in the basin’s rainfall. The potential shift of the seasonality of
the river discharge, which is another important indicator to
measure the hydrologic change (Döll and Schmied 2012), is
also explored.

Methods
ED2 model
The ED2 model calculates the water, carbon, and energy dynamics of the land surface. One of ED2’s distinguishing features is its ability to describe, in a physically consistent manner, the coupled water, carbon, and energy dynamics of heterogeneous landscapes. This ability to incorporate the landuse change and resulting heterogeneous patterns of land cover,
and its impacts on the hydrological processes, ecology, and
energy balance means that the model is ideally suited for investigating the combined impacts of rainfall trends and landuse change within the upper Paraná River basin.
The heterogeneous landscape of the region was represented
by the mixtures of primary forest, secondary forest, and agricultural area. Four plant functional types (PFTs) were used:
(1) early successional trees (fast growing, low density, water
demanding), (2) mid-successional trees, (3) late successional
trees (slow growing, high density, shade tolerant), and (4) C4
type grass. While a grid-cell shared a homogeneous meteorological forcing, evaporation fluxes were computed from the
sub-divided, multi-layer canopy structure by size and age
within a grid-cell. The stomatal conductance that regulates
the plant’s transpiration was calculated by the water vapor
deficit functions (Leuning 1995). A multi-layer soil model
(Walko et al. 2000) was used to simulate surface runoff, soil
moisture, and drainage. With the land-use disturbance rate
updated annually, the model simulated the hydrologic changes
associated with sub-grid heterogeneity of vegetation dynamics
in the model time steps that span from seconds to 5 min (e.g.,
energy and water cycles) up to 15 min (e.g., photosynthesis
and soil respiration). For further description of the ED2 model,
please see Medvigy et al. (2009), and also Knox et al. (2015)
and Swann et al. (2015) that used the ED2 model’s couple
version to a regional climate model to investigate the past,
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current, and future land-use impact on hydroclimate of the
surrounding regions in South America.

Study domain and experimental design
Model simulations were conducted for a region encompassing
the five major sub-basins of the upper Paraná River: the
Grande, Paranapanema, Tiete, Verde, and Paranaiba River basins (a total drainage area of approximately 787,000 km2) that
feed the river discharge measured at the Itaipu Dam (Fig. 1).
Note that the regional boundary of the basin of this study does
not include the nearby Pantanal, the large-scale wetland area
that consists of marsh.
Following the approach of Hurtt et al. (2006) and Albani
et al. (2006), two representative ecosystem states, corresponding to the region’s land cover in 1970 and contemporary land
cover patterns in 2008 (hereafter 1970LC and 2008LC, respectively), were developed by forcing the model with the
historical land-use transition dataset of Hurtt et al. (2006).
This dataset specifies the historical patterns of the land-use
transitions between three land-use states: agricultural land,
primary vegetation, and secondary vegetation. In 1970LC,
the Paraná region consisted of 17% of agricultural land, 4%
of primary forest, and 79% of secondary forest, while in
2008LC, the region was comprised of 75% of agricultural
land, less than 1% of primary forest, and 24% of secondary
forest (Fig. 2).
Five simulations (Table 1) were conducted at a spatial resolution 0.5° × 0.5° (approximately 50 km × 50 km) for 280
grid-cells spanning the upper Paraná River basin that contributes to the discharge at the Itaipu dam (green dot in Fig. 1).
The pink dots in Fig. 1 correspond to the centroids of the gridcells. The atmospheric CO2 concentration was kept constant at
378 ppm over the simulation period.
In the initial simulation (LCC-fullClim), the model was
forced with both the observed 1970–2008 time series of meteorological forcing specified from the dataset by Sheffield
et al. (2006) and the abovementioned time series of land-use
transitions that occurred during this period. The contributions
of changes in climate forcing and land-use change to the pattern and magnitude of discharge at Itaipu were estimated by
conducting two additional pairs of simulations. In the first pair
(1970LC-fullClim and 2008LC-fullClim), the model was
forced with the observed time series of meteorological forcing
for the period of 1970 to 2008 specified from the dataset by
Sheffield et al. (2006) but with the land cover states corresponding to either the land-use pattern of the year 1970
(1970LC) or present-day land-use patterns (2008LC). In the
second pair of simulations (LCC-70sClim and LCC00sClim), the model was forced with the Hurtt et al. (2006)
time series of land-use transitions that occurred during the
period 1970–2007, with either climate specified for the
1970s (LCC-70sClim) or for the 2000s (LCC-00sClim). The
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2008 climatology was applied for the 10th year of each decade. In LCC-70sClim and LCC-00sClim simulations, land
conversion rates were applied to introduce disturbances originating in human activity specified from the Global Land Use
dataset, for 1970–1999 from Hurtt et al. (2006). We applied
the rate of year 1999 onward until 2008 because of little
change in total agricultural area for 2000–2008 within the
basin. The LCC-70sClim was forced by the climatological
condition of the 1970s, and the LCC-00sClim by the climatology of the 2000s. All simulations generated 39-year multidecadal monthly time series on the predicted changes in the
water cycle and its major components (i.e., patterns of water
discharge, storage, and evapotranspiration) via the coupled
water, carbon, and energy dynamics across the basin.

Datasets and model evaluation metrics
The spatially integrated monthly discharge fluxes predicted by
this scenario were then evaluated against the estimated natural
flow at the Itaipu dam gauge station (25.43 S and 54.59 W).
The natural flow was reconstructed from the daily discharge
measurements at the Itaipu Dam, by taking into account the
temporal gains and losses arising from reservoir operation and
water withdrawals at the upstream of the gauge station (data
available from the ANA (Brazilian National Water Agency)
website (http://www2.ana.gov.br/). In addition, the model’s
predictions of the temporal dynamics of total water storage
(TWS) within the upper Paraná River basin were evaluated
against the GRACE satellite measurements of this quantity
(Rodell et al. 2004; Güntner 2008; Syed et al. 2008; Han
et al. 2009). Because GRACE measures only relative differences in TWS, the respective mean values of TWS from model simulations were removed, and the anomalies were compared against the change in GRACE-estimated TWS over the
period of 2002–2008. For large river basins such as the
Amazon, the speed of the river flow must be factored into
TWS storage calculations because the amount of laterally
transported water within the basin is significant (Han et al.
2010). However, the relatively small size of the upper
Paraná River basin and the monthly time scale of the analysis
meant that river routing effects can be neglected, and thus the
model’s predictions of TWS can be simply calculated based
on the differences in the aggregate fluxes of water (i.e., precipitation minus evapotranspiration and runoff) within the river basin.
We applied the Mann-Kendall test with a confidence level
of 95% for the trend analyses of the discharge at Itaipu Dam
and the precipitation over the upper Paraná River basin. The
goodness-of-fit of the ED2 model to GRACE was assessed
with the Nash-Sutcliff Efficiency (NSE) value (Nash and
Sutcliffe 1970), a popular measure of the goodness-of-fit between the model predictions and the measurements. A summary of the validation methodology is shown in Fig. 3.

1874

E. Lee et al.

Fig. 1 Map of the upper Paraná River basin. The discharge monitoring station is located at the Itaipu Dam (25.43 S, 54.59 W, green circle). Pink dots
indicate the centers of grid-cells used for ED2 simulations

Results
Model mean annual discharge validation
Figure 4a shows the predictions of mean annual discharge
from the LCC-fullClim simulation, the most realistic of the
simulations that includes the impacts of both historical changes in climate forcing and land cover change. Overall, the ED2
model predicts well the pattern and magnitude of inter-annual
variability in the observed discharges in the natural flow, including the large El Ninõ-linked discharge event in 1982–
1983 that was one of the worst recorded floods in the Paraná
River basin (Camilloni and Barros 2000). The inter-annual
variability of the predicted discharge (red line) shows reasonable agreement with the natural flow at Itaipu (black dashed
line); however, the model tends to be negatively biased (mean
error of − 1703 m3/s) for the 39-year period.
The corresponding predictions of Total Water Storage
(TWS) within the basin are shown in Fig. 4b. As can be seen
in the figure, the model’s predictions (purple line) agree with

GRACE observations of TWS anomaly (black dots) in timing
and amplitude of seasonal peaks and troughs from 2002 to
2008. The Nash-Sutcliff goodness-of-fit value, a measure of
degree of model’s agreement with observation, between the
LCC-fullClim and GRACE, is 0.6, indicating plausible
matches between the ED modeled flow and the GRACE observation. The model reproduces well the observed interannual pattern of the seasonal change in TWS, such as larger
peak-trough changes in 2003 and 2007 compared to those in
2004–2006, and the prolonged seasonal increase in storage
that occurred in 2004.

Land-use impact on mean annual discharge increase
over the last decades
The natural flow at Itaipu (green dot in Fig. 1) showed that in
the 1970s baseline period, the annual discharge was
10,474 m3/s, but increased to 12,677 m3/s in the 1980s (a +
21.1% increase, or excluding the anomalously large 1983
flood year, a + 11.1% increase), to 12,138 m3/s the 1990s,
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Fig. 2 Initial land cover maps of
LC1970 (Left) and LC2008
(Right): a Basin-wide fractions of
agricultural land (red), primary
vegetation (green), and secondary
vegetation (blue), and b spatial
patterns of the vegetation types.
Primary vegetation means that its
last disturbance is a natural event
such as fire. Secondary vegetation
means that its last disturbance is
anthropogenic. Definitions of the
disturbance type are as described
in Albani et al. (2006)

and to 11,135 m3/s in the 2000s—increases of 18.0 and a
6.3%, respectively (Table A1). For the 39-year mean annual
discharge over the period of 1970–2008, the increasing trend
is not statistically significant because of the leveled-off discharge after 1998; however, if we consider only the non-PDO
period (1970–1998), the Mann-Kendall test shows that the
discharge increase remains statistically significant with a confidence level of 95%. According to Dai et al. (2009), this
suppression may be the consequence of a large-scale climatic
phenomenon, the Pacific Decadal Oscillation (PDO). If we
consider all the available years (1931–2010) of the discharge
measurement at Itaipu, the increasing trend of the annual discharge is statistically significant with a confidence level of
Table 1 Five simulations
conducted in this study

95%. This reaffirms the results by Dai et al. (2009) and
Carvalho et al. (2011); nevertheless, the domains of their studies are slightly different from this work.
Figure 5 demonstrates the patterns of mean annual discharge
at Itaipu predicted by the 1970LC-fullClim simulation in which
there is no land cover change after 1970, and the LCC-fullClim
simulation that incorporates the effects of historical changes in
both climate forcing and land cover (blue and red lines, respectively, in Fig. 5). If we apply only the climatic variability and do
not account for the effect of historical land-use that took place
after year 1970, the discharge from the 1970LC-fullClim (blue
curve) does not show a statistically significant increase for the
period of 1970–1998. By accounting for the historical land

Name

Initial land cover

Meteorological forcing

LCC-fullClim

Time series of annual land-use
transitions applied for 1970–2007
Land cover state corresponding to the
land-use pattern of the year 1970
Land cover state corresponding to the
land-use pattern of the year 2008
Time series of annual land-use
transitions applied for 1970–2007
Time series of annual land-use
transitions applied for 1970–2007

1970–2008 (Sheffield et al. 2006)

1970LC-fullClim
2008LC-fullClim
LCC-70sClim
LCC-00sClim

1970–2008 (Sheffield et al. 2006)
1970–2008 (Sheffield et al. 2006)
Cyclically repeated the 1970s climate
Cyclically repeated the 2000s climate
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Fig. 3 A schematic figure that demonstrates the ED2 model inputs
(meteorology and land cover) and selected output variables (aggregated
discharge and total water storage (TWS)), and measurement datasets
(natural flow at Itaipu and GRACE satellite observation) used for the
validation of the LCC-fullClim simulation

E. Lee et al.

The predicted rates of discharge after the mid-eighties are
considerably smaller in the absence of land cover change,
73.9% of discharge assuming no land cover change
(9047 m3/s from the 1970LC-fullClim and 12,237 m3/s from
the LCC-fullClim) in the 1990s, and 64.5% discharge assuming no land cover change (6210 m3/s from the 1970LCfullClim and 9627 m3/s from the LCC-fullClim) in the
2000s, which suggests that land cover change has contributed
to an increased rate of discharge of the basin and that climate
variability alone cannot explain the observed increases in rates
of discharge that have occurred since the mid-eighties (Fig. 5).
On the other hand, assuming the absence of the land-use disturbance, the climate variability over the historical period
causes discharge to slightly decrease in the 1980s (− 1.0%),
increase in the 1990s (+ 27.9%), and decrease again in the
2000s (− 12.2%) compared to the rates of discharge during
the 1970s (Table A2).

cover change (i.e., LCC-fullClim), the positive trend becomes
statistically significant with 95% confidence level. Therefore, it
is not likely that the climatic variability alone does cause the
increasing trend of the annual discharge during the last four
decades in the Paraná River basin. On the other hand, the discharge from the 2008LC-fullClim was higher in the early part
of the simulations (e.g., the 1970s) and remains relatively flat
compared to LCC-fullClim (red). This affirms our hypothesis
that the historical land cover change is a primary driver to
increase the annual discharge of the Paraná River basin for
the last four decades.

Seasonality shift of mean monthly discharge

Fig. 4 a Mean annual discharge flows of LCC-fullCLim case (solid red
line) and the natural flow (dotted line with black circles) for the 1970–
2008 time period, and b Total water storage (TWS) anomalies derived
from the same case (LCC-fullClim, solid pink line), compared with the

TWS anomalies derived from GRACE satellites measurement (circled
black dots), from April 2002 (beginning of the GRACE observations)
to December 2008 (the end of the climate forcing dataset)

Alongside the increase in the historical mean annual discharge, we demonstrate that there may also have been increase
shifts in the seasonal pattern of discharge. In Fig. 6a, the
monthly discharge anomaly of the natural flow at Itaipu indicates a shift of the peak monthly flow from January in the
1970s (blue lines) to February in the 2000s (red lines). The
shift was also observed in the 1980s and 1990s (Fig. A1).
Likewise, the seasonality of the discharge anomaly of the
ED2 model (Fig. 6b) indicates the shift of the month of the

Land cover change explains the increasing discharge of the Paraná River
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Fig. 5 ED2 model discharges
from the LCC-fullClim case (red
curve) compared with the simulations that kept 1970 land cover
status (1970LC-fullClim, blue
curve) and the 2008 land cover
status (2008LC-fullClim, green
curve). The outliner values of
1982 and 1983 during the flood
were excluded in this figure

maximum discharge at Itaipu in the 1970s and 2000s predicted by the LCC-fullClim simulation. Consistent with the observed shifts towards later peak in flow seen in Fig. 6a, the
month with the highest rate of discharge shifts from January
/February in the 1970s (blue line) to March in the 2000s (red
line). Moreover, the greater amounts in seasonal flows have
been observed in March, April, May, and June. The increasing
trends of the natural flow are statistically significant (MannFig. 6 a Seasonal variability of
the discharge anomaly of the
natural flow reconstructed from
the measured flow at Itaipu, and b
from the LCC-fullClim. Longterm trends of decadal and interannual variability were removed
by subtracting each 12-month
running mean value. Error bars
represent standard deviations

Kendall test, p < 0.05%) across the 1970 to 2008 period in
March, and also before the PDO in the April, May, and June
(Fig. A2).
Given the same climate (fullClim), the comparison of the
two model simulations (LCC-fullClim vs. 1970LC-fullClim)
suggests that the land-use effect also causes increased
amounts of monthly discharge in the basin throughout the
1980s, 1990s, and 2000s (Fig. 7a). By isolating the climate
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Discussion

effect only (LCC-fullClim vs. LCC-70sClim), the consistent
increase in the monthly discharge anomalies is not clearly
shown (Fig. 7b), however means discharge increase in spring
and summer (e.g., a larger amount of the monthly discharge
shown in March), in particular during the 1980s and 1990s.
The positive trend of the rainfall in the preceding months
(February and March) are found to be statistically significant
(time series of rainfall for each month shown in Fig. A3),
which suggests the combined effect of land-use and climate
variability may have triggered the shift of this temporal dynamics of the monthly peak discharge. Therefore, climate variability contributed to the discharge shift in seasonality and it
was amplified by the land-use effect.

Our results indicate that the mean annual discharge increase
recorded over the past few decades in the upper Paraná River
basin is primarily attributable to the expansion of agricultural
land as a result of conversion from forests (Fig. 5). The
amount of annual discharge increases about 28% (1970LCfullClim vs. LCC-fullClim) with the 4.4 times expansion of
the agricultural land (from 17 to 79% in Fig. 2a). Our findings
agree with previous studies showing that land conversion
from forest to agriculture can increase the discharge: at a small
watershed in Upper Xingu River basin, land conversion from
forest to soybean cultivation increased mean daily discharge

Fig. 7 a Isolated land-use effect and b isolated climate variability effect to
the decadal mean monthly discharge. The blue bars represent anomalies
of each decadal mean discharge of LCC-fullClim compared to the

1970LC-fullClim, demonstrating a consistency in discharge increase by
the land-use effect. The yellow bars show the anomalies compared to the
LCC-70sClim

Land cover change explains the increasing discharge of the Paraná River

about four times, as well as the variability between the wet
season and the dry season (Hayhoe et al. 2011), and in a
comparison study of two catchments in eastern Amazonia,
the pasture catchment had higher discharge than the forest
catchment (de Moraes et al. 2006). Our findings are also consistent with the studies using dynamic global vegetation
models, which showed that the land-use effects have had increased runoff of the twentieth century in eastern Brazil
(Gerten et al. 2008) and the tropics (Piao et al. 2007).
The shift of the month of the maximum discharge (Fig. 6)
corresponds to the positive increase in rainfall in earlier
months (February and March, see Fig. A3). The intensification of the wet season precipitation and the peak river discharge over the past several decades was shown over the
Amazon River basin (Gloor et al. 2015), as well as the altered
rainfall seasonality, for example, the delayed onset of the wet
season at Rondonia in eastern Amazon (Butt et al. 2011) and
an increase in dry-season length over southern Amazonia (Fu
et al. 2013). Our results suggest that the inclusion of both land
conversion and the variability and trends in climate explain
the observed increase in the monthly and seasonal discharge
anomalies in the Parana River basin (Fig.6 and Fig. 7).
Associated with the land clearing from 1970s to 2000s in
our simulations (Fig. 2), the basin-wide mean monthly ET is
predicted to decrease by the range of 0.1 to 0.6 mm per day
(Fig. A4). In the ED2 model, the root depth decreases from
2~3 m for trees to 1 m for agricultural land, thus limiting the
available water supply from deep soil, regulating the size of
open stomata, and reducing the transpiration flux (a component of ET). The reduction in ET, triggered by the changes in
root depth, may lead to a greater amount of discharge. There
are other changes that occur with land transformation, such as
changes in Leaf Area Index (LAI), biomass, and PFTs that can
also affect ET. Note that the effects of irrigation are not included in the ED2 simulations. Because the regional agriculture of the Paraná basin is mostly rainfed and irrigation is
applied to the very limited part of the basin, our model discharge is directly comparable to the natural flow. However, for
the regions where the irrigation plays a major role in growing
crops, the plants’ water stress is greatly reduced and the
change in ET with land conversion is not expected as much
as our result is demonstrated. For such regions, the relationship between the ET change and the discharge variation, associated with the land cover change, have to be more carefully
interpreted by considering the impacts of irrigation.
The reduced ET associated with land conversion may also
contribute to the precipitation reductions that have occurred in
the neighboring regions of southern and southeastern
Amazonia (Doughty et al. 2012; Gloor et al. 2013). Studies
using the coupled version of the ED2 model that represents the
water and energy feedback processes (ED-BRAMS model)
suggest, however, that historical land conversion of the northern South America is not necessarily related to the regional
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pattern of the precipitation anomaly (Knox et al. 2015). A
recent coupled biosphere-atmosphere modeling study indicates that the feedback arising from future land cover change
over Amazonia does not immediately trigger the precipitation
change, but rather alters the status of the atmosphere more
suitable for convection (Swann et al. 2015). Therefore, the
ET reduction of the upper Paraná River may contribute to
the continental-scale feedback to the atmosphere; however,
the extent and magnitude of the precipitation feedback arising
from the land transformation analyzed in this study is subject
for future research.
From an applied perspective, these changes in discharge of
this basin have important implications for the hydropower
generation potential of the Paraná River basin. For example,
assuming a business-as-usual deforestation scenario, the effect
of increasing mean discharge on the enhanced hydroelectric
energy generation was predicted to be about 10% for a hydroelectric dam on the Xingu River (Stickler et al. 2013). On the
other hand, however, the altered seasonality of the discharge
also affects hydropower generation and offsets the advantage
of the increased mean annual discharge because in the wet
season, once the water level reaches the maximum dam storage capacity, the excess water must be released to prevent
from spilling over and cannot be used for electricity generation. If a delayed onset and shortening of the wet season (e.g.,
Fu et al. 2013) occurs, the number of days for stable operation
of hydroelectricity generation reduces and a sustainable power
generation declines.

Conclusion
The ED2 model of this study is shown to reproduce reasonably well the observed discharge increase at Itaipu and the
regional TWS derived by GRACE satellite measurement.
This study affirms the significance of land-use change effects
for estimation of the regional water budget of the South
American River basins, and therefore contributes to the scientific community’s ongoing efforts to understand the impacts of
land-use and climate change on the future variability of the
South American hydrology. The terrestrial feedback of the
water and energy cycles onto the atmosphere can alter the
status of the atmosphere and potentially the rate and pattern
of rainfall: both of which, in turn, can indirectly influence the
aggregated values of regional discharge and water storage.
Our result on the altered mean annual volume and the seasonality of discharge in the Paraná River basin, which has a history of an intensive land conversion over the past decades,
suggests reevaluation of the stationary assumption on rainfall
and discharge seasonality that has been applied in planning the
hydropower plants in other river basins in South America. In
the era of unprecedented large-scale land conversion and climate change, the complicated, and often paradoxical,

1880

response of the hydrologic cycle can be unraveled with the
help of the terrestrial biosphere models that incorporate both
land cover and climate change processes.
Acknowledgements The authors thank for the generous financial support
of the Sustainability Science Program (SSP) at the Kennedy school of
government (HKS) at Harvard University. Shin-Chan Han was partially
supported by the NASA GRACE project. The initial input land cover
maps were processed by Marcos Longo and Abby Swann. The domain
map was prepared by Stacy Bogan in the Center for Geographic Analysis
(CGA) at Harvard University. The output files of five ED2 simulations
are available from the authors upon request. The authors also thank Fabio
Farinosi, Fabio Pereira, Mauricio Arias, and In-Young Yeo for helpful
discussion and comments, and Erin Ciccone for proofreading.
Open Access This article is distributed under the terms of the Creative
Commons Attribution 4.0 International License (http://
creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a link
to the Creative Commons license, and indicate if changes were made.

References
Albani M, Medvigy D, Hurtt GC, Moorcroft PR (2006) The contributions
of land-use change, CO2 fertilization, and climate variability to the
Eastern US carbon sink. Glob Chang Biol 12:2370–2390. https://
doi.org/10.1111/j.1365-2486.2006.01254.x
Andréassian V (2004) Waters and forests: from historical controversy to
scientific debate. J Hydrol 291:1–27. https://doi.org/10.1016/j.
jhydrol.2003.12.015
Bosch JM, Hewlett JD (1982) A review of catchment experiments to
determine the effect of vegetation changes on water yield and evapotranspiration. J Hydrol 55:3–23. https://doi.org/10.1016/00221694(82)90117-2
Butt N, de Oliveira PA, Costa MH (2011) Evidence that deforestation
affects the onset of the rainy season in Rondonia, Brazil. J Geophys
Res Atmos 116:D11120. https://doi.org/10.1029/2010JD015174
Camilloni I, Barros V (2000) The Paraná River response to El Niño
1982–83 and 1997–98 events. J Hydrometeorol 1:412–430.
https://doi.org/10.1175/1525-7541(2000)001<0412:TPRRTE>2.0.
CO;2
Carvalho LMV, Jones C, Silva AE, Liebmann B, Silva Dias PL (2011)
The South American Monsoon System and the 1970s climate transition. Int J Climatol 31:1248–1256. https://doi.org/10.1002/joc.
2147
Coe MT, Costa MH, Soares-Filho BS (2009) The influence of historical
and potential future deforestation on the stream flow of the Amazon
River—land surface processes and atmospheric feedbacks. J Hydrol
369:165–174. https://doi.org/10.1016/j.jhydrol.2009.02.043
Costa MH, Botta A, Cardille JA (2003) Effects of large-scale changes in
land cover on the discharge of the Tocantins River, Southeastern
Amazonia. J Hydrol 283:206–217. https://doi.org/10.1016/S00221694(03)00267-1
Dai A, Qian T, Trenberth KE, Milliman JD (2009) Changes in continental
freshwater discharge from 1948 to 2004. J Clim 22:2773–2792.
https://doi.org/10.1175/2008JCLI2592.1
De Moraes JM, Schuler AE, Dunne T, de Figueiredo RO, Victoria RL
(2006) Water storage and runoff processes in plinthic soils under
forest and pasture in eastern Amazonia. Hydrol Process 20:2509–
2526. https://doi.org/10.1002/hyp.6213

E. Lee et al.
Dias LCP, Macedo MN, Costa MH, Coe MT, Neill C (2015) Effects of
land cover change on evapotranspiration and streamflow of small
catchments in the Upper Xingu River Basin, Central Brazil. J Hydrol
Reg Stud 4:108–122. https://doi.org/10.1016/j.ejrh.2015.05.010
Döll P, Schmied HM (2012) How is the impact of climate change on river
flow regimes related to the impact on mean annual runoff? A globalscale analysis. Environ Res Lett 7:014037. https://doi.org/10.1088/
1748-9326/7/1/014037
Doughty CE, Loarie SR, Field CB (2012) Theoretical impact of changing
albedo on precipitation at the southernmost boundary of the ITCZ in
South America. Earth Interact 16:1–14. https://doi.org/10.1175/
2012EI422.1
Farley KA, Jobbagy EG, Jackson RB (2005) Effects of afforestation on
water yield: a global synthesis with implications for policy. Glob
Chang Biol 11:1565–1576. https://doi.org/10.1111/j.1365-2486.
2005.01011.x
Fu R, Yin L, Li W, Arias PA, Dickinson RE, Huang L, Chakraborty S,
Fernandes K, Liebmann B, Fisher R, Myneni RB (2013) Increased
dry-season length over southern Amazonia in recent decades and its
implication for future climate projection. Proc Natl Acad Sci U S A
110:18110–18115. https://doi.org/10.1073/pnas.1302584110
Gerten D, Rost S, von Bloh W, Lucht W (2008) Causes of change in 20th
century global river discharge. Geophys Res Lett 35:L20405.
https://doi.org/10.1029/2008GL035258
Gloor M, Brienen RJW, Galbraith D, Feldpausch TR, Schöngart J, Guyot
J-L, Espinoza JC, Lloyd J, Phillips OL (2013) Intensification of the
Amazon hydrological cycle over the last two decades. Geophys Res
Lett 40:1729–1733. https://doi.org/10.1002/grl.50377
Gloor M, Barichivich J, Ziv G, Brienen R, Schöngart J, Peylin P,
Ladvocat Cintra BB, Feldpausch T, Phillips O, Baker J (2015)
Recent Amazon climate as background for possible ongoing and
future changes of Amazon humid forests. Glob Biogeochem
Cycles 29:1384–1399. https://doi.org/10.1002/2014GB005080
Güntner A (2008) Improvement of global hydrological models using
GRACE data. Surv Geophys 29:375–397. https://doi.org/10.1007/
s10712-008-9038-y
Han S-C, Kim H, Yeo I-Y, Yeh P, Oki T, Seo K-W, Alsdorf D, Luthcke SB
(2009) Dynamics of surface water storage in the Amazon inferred
from measurements of inter-satellite distance change. Geophys Res
Lett 36:L09403. https://doi.org/10.1029/2009GL037910
Han S-C, Yeo I-Y, Alsdorf D, Bates P, Boy J-P, Kim H, Oki T, Rodell M
(2010) Movement of Amazon surface water from time-variable satellite gravity measurements and implications for water cycle parameters in land surface models. Geochem Geophys Geosyst 11:
Q09007. https://doi.org/10.1029/2010GC003214
Hayhoe SJ, Neill C, Porder S, Mchorney R, Lefebvre P, Coe MT,
Elsenbeer H, Krusche AV (2011) Conversion to soy on the
Amazonian agricultural frontier increases streamflow without affecting stormflow dynamics. Glob Chang Biol 17:1821–1833. https://
doi.org/10.1111/j.1365-2486.2011.02392.x
Hurtt GC, Frolking S, Fearon MG, Moore B, Shevliakova E, Malyshev S,
Pacala SW, Houghton RA (2006) The underpinnings of land-use
history: three centuries of global gridded land-use transitions,
wood-harvest activity, and resulting secondary lands. Glob Chang
Biol 12:1208–1229. https://doi.org/10.1111/j.1365-2486.2006.
01150.x
Knox RG, Longo M, Swann ALS, Zhang K, Levine NM, Moorcroft PR,
Bras RL (2015) Hydrometeorological effects of historical landconversion in an ecosystem-atmosphere model of Northern South
America. Hydrol Earth Syst Sci 19:241–273. https://doi.org/10.
5194/hess-19-241-2015
Leuning R (1995) A critical appraisal of a combined stomatalphotosynthesis model for C3 plants. Plant Cell Environ 18:339–
355. https://doi.org/10.1111/j.1365-3040.1995.tb00370.x
Medvigy D, Wofsy SC, Munger JW, Hollinger DY, Moorcroft PR (2009)
Mechanistic scaling of ecosystem function and dynamics in space

Land cover change explains the increasing discharge of the Paraná River
and time: Ecosystem Demography model version 2. J Geophys Res
Biogeosci 114:G01002. https://doi.org/10.1029/2008JG000812
Moorcroft PR, Hurtt GC, Pacala SW (2001) A method for scaling vegetation dynamics: the ecosystem demography model (ed). Ecol
Monogr 71:557–586. https://doi.org/10.1890/00129615(2001)071[0557:AMFSVD]2.0.CO;2
Nash JE, Sutcliffe JV (1970) River flow forecasting through conceptual
models part I—a discussion of principles. J Hydrol 10:282–290.
https://doi.org/10.1016/0022-1694(70)90255-6
Oudin L, Andréassian V, Lerat J, Michel C (2008) Has land cover a
significant impact on mean annual streamflow? An international
assessment using 1508 catchments. J Hydrol 357:303–316. https://
doi.org/10.1016/j.jhydrol.2008.05.021
Panday PK, Coe MT, Macedo MN, Lefebvre P, de Castanho AA (2015)
Deforestation offsets water balance changes due to climate variability in the Xingu River in eastern Amazonia. J Hydrol 523:822–829.
https://doi.org/10.1016/j.jhydrol.2015.02.018
Piao S, Friedlingstein P, Ciais P, de Noblet-Ducoudre N, Labat D, Zaehle
S (2007) Changes in climate and land use have a larger direct impact
than rising CO2 on global river runoff trends. Proc Natl Acad Sci U
S A 104:15242–15247. https://doi.org/10.1073/pnas.0707213104
Rodell M, Famiglietti JS, Chen J, Seneviratne SI, Viterbo P, Holl S,
Wilson CR (2004) Basin scale estimates of evapotranspiration using
GRACE and other observations. Geophys Res Lett 31:L20504.
https://doi.org/10.1029/2004GL020873
Rodriguez DA, Tomasella J (2016) On the ability of large-scale hydrological models to simulate land use and land cover change impacts
in Amazonian basins. Hydrol Sci J 61:1831–1846. https://doi.org/
10.1080/02626667.2015.1051979

1881
Rodriguez DA, Tomasella J, Linhares C (2010) Is the forest conversion to
pasture affecting the hydrological response of Amazonian catchments? Signals in the Ji-Paraná Basin. Hydrol Process 24:1254–
1269. https://doi.org/10.1002/hyp.7586
Sheffield J, Goteti G, Wood EF (2006) Development of a 50-year highresolution global dataset of meteorological forcings for land surface
modeling. J Clim 19:3088–3111. https://doi.org/10.1175/JCLI3790.1
Stickler CM, Coe MT, Costa MH, Nepstad DC, McGrath DG, Dias LCP,
Rodrigues HO, Soares-Filho BS (2013) Dependence of hydropower
energy generation on forests in the Amazon Basin at local and regional scales. Proc Natl Acad Sci U S A 110:9601–9606. https://doi.
org/10.1073/pnas.1215331110
Swann ALS, Longo M, Knox RG, Lee E, Moorcroft PR (2015) Future
deforestation in the Amazon and consequences for South American
climate. Agric For Meteorol 214-215:12–24. https://doi.org/10.
1016/j.agrformet.2015.07.006
Syed TH, Famiglietti JS, Rodell M, Chen J, Wilson CR (2008) Analysis
of terrestrial water storage changes from GRACE and GLDAS.
Water Resour Res 44:W02433. https://doi.org/10.1029/
2006WR005779
Tucci CEM, Clarke RT (1998) Environmental issues in the la Plata Basin.
Int J Water Resour Dev 14:157–173. https://doi.org/10.1080/
07900629849376
Walko RL, Band LE, Baron J, Kittel TGF, Lammers R, Lee TJ, Ojima D,
Pielke RA, Taylor C, Tague C, Tremback CJ, Vidale PL (2000)
Coupled atmosphere–biophysics–hydrology models for environmental modeling. J Appl Meteor 39:931–944. https://doi.org/10.
1175/1520-0450(2000)039<0931:CABHMF>2.0.CO;2

