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Summary: Since the 1980s, the state of Mato Grosso, Brazil, exhibits high rates of Cerrado conversion in favour of soybean expansion and cattle ranching. This conversion process becomes obvious in the upper Rio das Mortes macro-catchment. The objective of this study was to assess the influence of future land use changes on the discharge dynamics of the
Rio das Mortes River. A single catchment approach was applied with the physically-based water balance simulation model
WaSiM 8.5.0 (Schulla and Jasper 2007) to simulate land use scenarios. In Scenario 1, only small pasture sites (< 1 km²) were
converted into the respective land use type surrounding them (i.e. cropland or Cerrado vegetation), whereas in Scenario
2 all pasture sites were converted into cropland and all Cerrado patches were then transformed into pastures. The WaSiM
model was calibrated and validated based on discharge data measured at two gauging stations, achieving Nash-Sutcliffe coefficients of 0.81 (calibration) and 0.68 (validation). Main problems in modelling arise because of scarce spatial distributed
data on subsurface parameter and vegetation parameter (Cerrado biome). Therefore, the use of the numerical groundwater
model and manifold calibration runs were essential in this modelling approach to allow the simulation of the high levels
of baseflow during the dry season and the transition from the dry to the wet season. The immediate rise of the baseflow
in response to the increasing precipitation at beginning of the rainy season is a result of high soil hydraulic conductivity
and groundwater recharge. These soil characteristics apparently persist on newly-created pasture and cropland sites, which
still exhibit high ksat values after deforestation. Simulated evapotranspiration is comparable to literature values (Eddy flux
measurements, MODIS-EVI calculation) and recently done paired micro-catchment studies in this catchment. The scenario
analysis indicates that there are only small differences in runoff volume, which is directly related to the precipitation changes.
In the scenario 2, groundwater recharge and base flow increase, whereas surface runoff does not. Therefore, the ongoing
land use intensification with pasture conversion to cropland, remaining high infiltration and slight increase of evapotranspiration may not change runoff volume and discharge characteristics.
Zusammenfassung: Seit den 1980iger Jahren erfolgte im Bundesstaat Mato Grosso (Brasilien) eine weitflächige Umwandlung des Cerrado (Baumsavanne) in Rinderweiden und Ackerland (Sojaanbau). Das Rio das Mortes Einzugsgebiet
ist geprägt von diesem Konversionsprozess. Ziel der Studie war die Analyse und Simulation des zukünftigen Landnutzungswandels auf das Abflussgeschehen des Rio das Mortes. Dafür wurde das physikalisch basierte Wasserhaushaltsmodell
WaSiM 8.5.0 (Schulla and Jasper 2007) für das Makroeinzugsgebiet des Rio das Mortes kalibriert und zur Simulation
entsprechender Landnutzungsszenarien eingesetzt. In Szenario 1 erfolgte eine Konversion kleiner Weideflächen (< 1km2)
in den umgebenden Landnutzungstyp (Cerrado-Vegetation oder Ackerland), während im Szenario 2 alle Weideflächen in
Ackerland und alle Cerradoflächen außerhalb der Schutzgebiete in Weideflächen umgewandelt wurden. Die Kalibrierung
und Validierung des WaSiM-Modells erfolgte anhand der Abflussdaten zweier Pegelstationen mit Kalibrations- und Validationskoeffizienten von 0,81 und 0,68 nach Nash-Sutcliffe. Innerhalb der Modellparametrisierung traten Probleme aufgrund
der unzureichenden Datengrundlage im Bereich des Grundwasser und der Vegetation (Cerrado-Biom) auf. Daher waren für
den Modelleinsatz die Kopplung mit dem numerischen Grundwassermodell und zahlreiche Kalibrationsläufe nötig, um den
hohen Basisabfluss und den Jahreszeiteneinfluss mit Trocken- und Regenzeit in Volumen und zeitlichem Verlauf zu simulieren. Ein schneller Anstieg des Basisabflusses mit der Niederschlagszunahme zu Beginn der Regenzeit ist ein Ergebnis hoher
hydraulischer Leitfähigkeiten und einer hohen Grundwasserneubildungsrate, die auch nach Entwaldung auf den Weide- und
Ackerflächen mit hohen ksat-Werten weiter bestehen bleibt. In den Landnutzungsszenarien verändert sich der maßgeblich vom Niederschlagsgeschehen abhängige Abfluss kaum. In Szenario 2 erhöhen sich die Grundwasserneubildungsrate
und der Basisabfluss, während der Oberflächenabfluss nicht ansteigt. Mit der fortschreitenden Landnutzungsintensivierung
durch Umwandlung von Weideland in Ackerland, in der Regel mit no-tillage Systemen, bleibt die hohe Infiltrationsrate mit
einem leichten Anstieg der Verdunstung bestehen, so dass Abflussvolumen und Abflusscharakteristik sich wahrscheinlich
kaum ändern werden.
Keywords: land use change, water balance modelling, deforestation, WaSiM, Cerrado, Brazil
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Introduction

The southern fringe of the Amazon rainforest and the Cerrado Biome in Brazil are hotspots
of forest conversion with ongoing land use change
since the 1980s. Large deforestation of primary
forest into huge areas of cropland and pastures
have caused international concern and discussion on the role of the Amazon in the context of
global climate change (“fate of the Amazon”) and
global carbon cycle (M alhi et al. 2008; Nepstad
et al. 2009; Fearnside et al. 2009). Consequently,
L ovejoy (2007) pointed out that the “Bistability
of Amazonian Forest” is a critical threshold in the
Earth system. During the agro-industrial expansion
phase (late 1990s until 2004), large scale expansion
of soy and other mechanized crops accompanied
by an intensification of cattle production — driven by global market conditions and technological
advances — took place in the southeastern part of
Amazon (Nepstad et al. 2014). In the state of Mato
Grosso, more than half of the forest clearing happened during this phase. The natural vegetation in
Mato Grosso is dominated by Cerrado — a semiarid sclerophyllous shrub vegetation intersected
with narrow strips of gallery forest buffers along
streams. The state promotes high rates of Cerrado
conversion in vast areas of its territory in order to
maintain its leading position in soybean and cattle
production (27 % of the national soybean production and 14 % of the “the nation´s total livestock”
of 2010) (DeFries et al. 2013). Approximately 50 %
of the original 2 million km 2 of the Cerrado area is
under agricultural use (Beuchle et al. 2015), compromising about 80 % of the primary Cerrado vegetation. The conversion of Cerrado vegetation is
likely to continue as a dominant process of land use
change in this region (L apola et al. 2014). Most of
the former Cerrado pasture areas were established
after the 1970s (L ilienfein et al. 2003:1195).
Since forests play a main role in the regulation of
the regional water balance, deforestation and land use
change have also been intensively discussed for the
Amazon River Basins (Lima et al. 2014). The hydrological impacts of land use changes affect both water
quantity and quality. The former includes significant
changes in runoff characteristics, discharge routing and velocity, water yield, groundwater recharge,
retention, storage and infiltration capacity of soils
as well as changes in precipitation and evaporation
rates (Grip et al. 2005; Aylward 2005; Bonell 2005).
Hunke et al. (2014) highlighted that water and soil
degradation are mainly because of intensive agri-

cultural use in Mato Grosso. Where soil infiltration
characteristics and regional precipitation remain unchanged, deforestation leads to an increase in river
discharge and flooding risks due to a reduced evapotranspiration (Bruijnzeel 2004). Paired catchment
studies in the Western Amazon (Germer et al. 2009)
showed that conversion of forest to pasture results
in increased frequency and volume of overland flow.
Simulations without climate response to deforestation in Southwestern Amazon show an increase in
river discharge proportional to the area deforested in
each basin (Lima et al. 2014), but for large catchments
feedback processes of the regional water cycle can result in a decrease of precipitation (Piao et al. 2007).
Therefore, total discharge may also possibly decrease,
although evapotranspiration also decreases. By using
the IBIS land surface model coupled with a Terrestrial
Hydrology Model ( THMB), Lima et al. (2014) generated deforestation scenarios for the basin areas of
Juruá, Purus and Madeira rivers (≥ 21 % deforestation). In the process, they showed a decrease of precipitation by 8–15 %, which resulted in a total river
discharge decrease for Juruá and Purus rivers, whereas the discharge for Madeira River increased. Such
contradictory results are also found when simulating
BAU-scenarios (until 2050) for the entire Amazon
Basin with different General Circulation Models
(GCM ). The calculated changes range from +1mm
d-1 to -1 mm d-1 for precipitation and –0.5 mm d-1
(CCMS -model) to +0.92 mm d-1 (ECHAM4) for river
discharge (D´A lmeida et al. 2007).
However, consequences of deforestation on
the water balance and river discharge vary within
river basins, and their characteristics and prediction
with hydrological models are also scale-dependent
(Gerold 2012, L ima et al. 2014). Since land use is a
key factor controlling the hydrological behaviour of
a catchment, accelerated agricultural activity on former forest sites results in a change of hydraulic soil
properties, which cause changes in discharge generation and discharge components. The magnitude
and duration of land use change effects on stream
flows is influenced by soil properties, morphology,
geology, rainfall characteristics, type of vegetation,
and land use and cover established after deforestation (Birkinshaw et al. 2011).
In summary, previous findings on the impact of land use and vegetation cover change on
the water balance are often contradictory. Hence,
process-based hydrological models validated with
field data are considered a suitable tool for identifying and quantifying the influence of deforestation
and subsequent agricultural land use on hydrologi-
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cal processes reliably (Elfert 2010; Costa 2005)
and for deriving conclusions for sustainable future
land management. For an effective model calibration detailed data are necessary, but for the Cerrado
biome the problem of scarce data availability for
spatial discretization, model parameterization and
use of long continuous meteorological and hydrological data arises. Given this background, the main
objective of this study is to assess the influence of
changes in land use on the temporal dynamics of
river discharge in the Cerrado biome with a macroscale watershed in Mato Grosso State, Brazil. To
simulate consequences of land use change on the
water balance the physically based model WaSiM
8.5.0 (Schulla and jasper 2007) was used for the
Rio das Mortes macro-catchment. This is the first
time WaSiM was applied for Southern Amazon. The
specific aims of this study are:
• to set up and adjust the WaSiM model via parameterisation and calibration to the Cerrado
catchment characteristics for the current situation based on a scarce data availability and;
• to analyse the influence of future land use and
land cover ( LULC) changes on the water balance
and discharge dynamics via scenario simulation.

2

243

Macro-catchment description

The study was conducted in the upper Rio das
Mortes watershed (Fig. 1), located in Mato Grosso
State, Brazil. The watershed is located between 53°
45′ and 55° 30′ W, and 14° 45′ and 16° 00′ S, and
drains an area of 17,700 km². The study area is in the
western part of the Central Brazilian Plateau. The
relief in this area is predominantly flat to very gently
undulating and the elevation varies from 336 m in
the lowlands along the river network and the gallery forests to 908 m with slopes predominantly in
the 1–5 % range. On the deeply weathered Central
Brazilian Plateau, the soils, originating from tertiary
sediments, are old, well-drained, and strongly depleted (Montgomery and Askew 1983; L andon 1984;
Embrapa 2012). The main soil types (Brazilian soil
classification) in the watershed are Latossolo vermelhoamarelho (haplic Ferralsols – WRB, Oxisols - USDA),
Latossolo vermelho-escuro (rhodic Ferralsols – WRB,
Oxisols – USDA) and Areias Quartzosas (Arenosol/
Entisol – WRB/USDA) (Projeto RADAMBRASIL;
Embrapa 2012; Fig. 2). Together, they cover nearly
88 % of the macro-catchment. These soils exhibit an
elevated acidity, high levels of iron and aluminium

Fig. 1: The Upper Rio das Mortes catchment with climate, precipitation and discharge stations (after Guzha et al.
2013; Wolf 2016)
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Fig. 2: Soil types in the Rio das Mortes catchment (source: Projeto RADAMBRASIL)

and low fertility ( UFV no year/b; Embrapa 2012).
The Latossolos primarily have a clayey-sandy texture
with medium infiltration and good soil water storage capacity, whereas the Areias Quartzosas (sandy
texture) show a very high infiltration capacity with
a low soil water storage capacity. The remaining
natural vegetation, concentrated along the rivers, is
dominated by the Cerrado and gallery forests. Land
use in this region is predominantly agricultural, and
it is one of the principal production areas of maize,
cotton and soybeans.
Cerrado is the tree and shrub savannah vegetation of south-west and central Brazil (Drigo 2005)
and covers an area of 203 million ha (approximately
24 % of the Brazilian territory; MMA 2009 and 2011;
Embrapa 2012). It is the second largest biome in South
America (MMA 2009, 2011), containing approximately one third of the national biodiversity (UFV no
year/a). Physiognomy and floristic composition are
not homogenous, thus, Cerrado is divided into five
community types along a gradient of increasing fraction of woody species (Castro and K auffman 1998).
In the macro-watershed the Cerrado-type “Cerrado
sensu strictu” predominates, a grass-herb-shrub
community with open tree cover.

In 2002, 40 % of Mato Grosso were covered with
Cerrado vegetation (Sano et al. 2008), but from 2002
to 2008 annual deforestation activities continued
until deforestation rates declined after 2008 (from
0.69 to 0.32 %/a, MMA 2011). Hence, more than
two thirds of the former Cerrado vegetation in the
Rio das Mortes catchment had been cleared by 2011.
Referring to a newly created land use map, 24 % of
the catchment area remained Cerrado vegetation and
8.9 % remained gallery forest (cf. section 3).
The climate of the study area is characterised by a
strong seasonal rainfall pattern with a concentration
of tropical rainfall between October and April (rainy
season) and a dry season (arid months) from May
to September (Fig. 3, Embrapa 2012). Mean annual
precipitation range from 1200–2000 mm with high
annual variability (long-term mean annual variation
coefficient: 17 %) (Arvor et al. 2012; Embrapa 2012).
Because of the tropical climate with average monthly
temperature differences less than 5 °C and an annual
average of 22–27 °C, crops can be cultivated (throughout) the entire year. However, rain-fed agriculture is
concentrated in the wet season from October until
May with a main rotation of soy-corn or soy-cotton.
The Rio das Mortes River can be generally classi-
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Fig. 3: Mean monthly precipitation and temperature of Primavera do Leste and Santo Antonio do Leste (source: http://
en.climate-data.org/)

fied as rain-fed and is characterized by a pronounced
seasonal flow regime showing a year-to-year variability. Generally, high flows occur during the summer
(rainy) season (October to April) and low flows occur
during winter (dry) season (May to September). The
daily flow ranges from 126 to 1615 m³/s with a longterm mean flow of 361 m³/s (Fig. 4).

3

Application of WaSiM for water balance
simulation – model set-up

The hydrological impacts of potential land use
changes on the water balance of the Rio das Mortes
macro-catchment were determined using a primarily physically based modelling approach. A number
of physically based distributed catchment models
has been developed since the 1980s, for example
IHDM, SWAT, MIKE SHE, VSAS, SAKE and WaSiM
(Güntner 2002). They are useful tools for the prediction of land use and climate change impacts and
for the assessment of the sensitivity of the hydrological response to single parameters (Brutsaert 2005).
Naturally, these models can only provide a simplified
representation of reality due to certain aspects of the
flow characteristics disregarded in the model conception. They further allow to explore the effects of
different simplifying assumptions (Brutsaert 2005).
As WaSiM includes detailed parameterisation possibilities for various soil and land use characteristics,
it is suitable for the simulation of land use scenarios.
Its special advantage is based on the model inherent

concept of layered soils and to define the influences
of different land use types and land management
strategies on soil hydraulic properties (R ieger 2012).
Furthermore, WaSiM was used for simulation in the
tropics of the impact of El Niño on water resource
availability in Central Sulawesi, Indonesia (Leemhuis
2005; Gerold 2012). For this reason, a single catchment approach was adopted and realised with the deterministic, spatially distributed water balance simulation model WaSiM 8.5.0 (Schulla and Jasper 2007).
This approach allows a numerical simulation of the
unsaturated zone including different layered soil types
based on the Richards equation.
Due to its comprehensive parameterisation of
soils and vegetation cover, the model is readily adjustable to the characteristics of the study catchment.
Furthermore, to parameterise the different runoff processes WaSiM includes a suite of modules to calculate
areal precipitation and radiation correction, evapotranspiration, interception, soil water in the unsaturated
zone; further a coupled two-dimensional numerical
groundwater model was used in this study (Fig. 5).
3.1 Processing of input data
To perform a water balance simulation, the
WaSiM model requires gridded spatial data of topography, soil and land use characteristics and time
series of precipitation, climate and discharge, which
are detailed described in figure 5 and the following
sub-sections.
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Fig. 4: Daily discharge Rio das Mortes at Toriqueje station 1967–2012 (Source: ANA 2015)
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3.1.1 Spatial data
The required DEM (Digital Elevation Model) of
the catchment is based on ASTER Global DEM V2Data for the whole Rio Araguaia/Tocantins region
(http://gdi.carbiocial.de/). It was resampled to a cell
size of 1 km² using a bilinear resampling method and
was adapted to the macro-catchment size.
The gridded soil data was derived from the
soil map of the Legal Amazon 1:250 000 (Projeto
RADAMBRASIL) which contains information about
the spatial distribution of soil types in the study
catchment and a few soil profile descriptions for the
main soil types (Fig. 2).
The grid of spatial land use distribution was created as a combination of a land use classification conducted by Müller et al. (2014), based on LANDSAT
imagery from 2009–2011, and another land use classification described in Schlicht (2013), based on
LANDSAT imagery from 2011. Both, the soil and
the land use raster were adjusted to the DEM. Before
2011 data on land use distribution only exists without differentiation of crop and pasture (categories
forest/non-forest for 1988; Schlicht 2013), which
were reclassified into categories of 2011 (Fig. 6) by
statistical subdivision with community crop/pasture
production data (L amparter et al. 2016).
3.1.2 Hydrological data
Discharge data for the Rio das Mortes macrocatchment is scarce. Only two stations (from ANA),
which have been recording relatively consistent data
for a time period of 30–40 years, could be used for
the model set-up. The Rio das Mortes station is located in the centre of the catchment and the Toriqueje
station is situated at the basin outlet (Fig. 1). Both hydrologic time series have a daily temporal resolution.
3.1.3 Meteorological data
Precipitation and climate data were taken from
several stations within a radius of 270 km from the
center of the study catchment. Daily precipitation
time series were derived from 21 stations operated by
ANA and INMET (Fig. 1, 1970–2012). Additionally,
13 climate stations of ANA and INMET were selected (Fig. 1); they provided time series of data on
temperature [°C], relative humidity [1/1], wind speed
[m/s] and relative duration of sunshine [1/1]. The interpolation of precipitation and climate data was per-
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formed by WaSiM itself with the Inverse Distance
Weighting method, recommended for flat regions
(Schulla 2013).
3.1.4 Topographic analysis
The topographic analysis of the study watershed
was performed with the WaSiM tool TANALYS
(Schulla 1997). In the process, further essential spatial grids were derived. Moreover, the drainage structure of the catchment and the geometry of the crosssections were calculated during the TANALYS run.
3.1.5 Parameterisation of soils
The soil model of WaSiM version 8.5.0 is based
on a numerical, discretised solution of the Richards
equation (R ichards 1931), which requires one discretised soil column per grid cell (R ieger 2012). Besides
the overall significance of model parameterisation
(Vertessy and Elsenbeer 1999), the character of the
soil surface is particularly crucial as it decisively determines the infiltration process as well as subsequent
fractioning and pathways of water (Bonell 2005).
Comprehensive measurements of soil properties, in particular water retention characteristics and
soil hydraulic conductivity (ksat), are time consuming and cannot be done numerously on the macro
scale. Consequently, the soil parameterisation was
based on literature research, measurements made
in three micro-catchments (soil transects, Grüning
2014) which are part of the Rio das Mortes macrocatchment (Fig. 2) and a comparison of literature
data with field measurements of saturated hydraulic
conductivity (ksat) and pF-curves from soil samples
of this catchment (pF from 1.3–4.5, Fig. 2).
Since saturated hydraulic conductivity and water
retention characteristics strongly influence hydrological processes, their parameterisation is highly
sensitive for hydrological modelling approaches. In
this model approach, the saturated hydraulic conductivity of main soil types (rhodic Ferralsol, chromic Ferralsol, Arenosol; Fig. 2) were parameterised
in accordance to own field measurements. The ksat of
the other soil types was estimated by referring them
to Carsel and Parrish (1988) and measurement values given by Hunke et al. (2014). The field measurements showed large variances of hydraulic conductivity during the wet and dry season, and also within
the same seasons within the micro-catchments
(Nóbrega et al. 2017; Wolf 2016). On pasture sites
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Fig. 6: Land use map 2011 and land use scenarios: a) Base line 2011, b) Scenario 1, c) Scenario 2; red border = areas of permanent protection - Cerrado
area (based on satellite image analysis Müller et al. 2014; Schlicht 2013;
Guzha et al. 2014 land cover scenario development)
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and partly on crop sites ksat values were often lower
in the upper soil layers due to compaction. Native
Cerrado had much higher infiltration rates than crop
and pasture (Tab. 1). ksat in cropland is partly high,
because farmers in Mato Grosso use no-tillage practices (Nóbrega et al. 2017). Due to high standard deviations maximum and minimum values were tested
and chosen according to calibration results.
The use of different pedotransfer functions
( PTFs) may cause up to 25 % of deviation on the
simulation results (R ieger et al. 2010). In this study,
PTFs in form of parameter regression functions
were used to determine parameters for the retention function following the van Genuchten model
(van Genuchten 1980). The pF-curves obtained
from the soil samples and laboratory measurements
were used to check the suitability of existing PTFs
and van Genuchten parameter values for Brazilian
soils derived from literature research.
For each soil type, the parameters of the van
Genuchten equation (van Genuchten 1980)
were calculated by using pedotransfer functions
( PTFs, cf. Wösten et al. 1999; Weynants et al.
2009; R ieger 2012). The estimation of the van
Genuchten parameters (except n) for the two
Latossolos (Ferralsols) was performed using the
PTF of van den Berg et al. (1997), because this
equation is derived from a Latossolo database
only. The van Genuchten parameter n of the two
Latossolos was calculated according to Tomasella
et al. (2000; Level 4) due to a lack of required data
for the function of van den Berg et al. (1997). The
van Genuchten parameters of the other soil types
were calculated using the pedotransfer function of
Tomasella et al. (2000, Level 4), which has been
developed for Brazilian soils and is based on a corresponding soil database. The comparison of measured pF-curves (from field data, Wolf 2016) and the
van Genuchten parameters from the PTFs for the

main soil type-land use-depth combination showed
a good applicability with RMSE -values (root mean
square error) of 3.2–4.8 % (Cerrado-combinations)
and 3.1–8.0 % (crop-combinations, pF-curves
for pasture and crop were very similar). The van
Genuchten parameters for each PTF were then
used for parameterization of the accordant parameters in the WaSiM control file (theta_sat, theta_res,
alpha and par_n) for the main soil types in a depth
of 0–60 cm. With the soil types 73 soil layers were
defined with a total depth of around 90 m and an
aquifer thickness of 30 m. Macropore infiltration
is implemented in WaSiM following the “bypassflow-concept” after Jansson and K arlberg (2001).
Potential macropore runoff is calculated for each
soil layer with the depth and capacity of macropores and the reduction of the macropore capacity
per meter soil depth. It is activated only when the
precipitation threshold value is exceeded. During
calibration, the macropore parameters were tested
for sensitivity and calibrated within ranges based
on literature data.
3.1.6 Parameterisation of land use
Because WaSiM requires a wide range of input
parameters for a detailed parameterisation of each
vegetation and land use type, quality and availability
of input data influence modelling results. With regard to the prevailing land use types in the Rio das
Mortes catchment (Fig. 6), data availability of certain required parameters is scarce, particularly for
monthly values. Moreover, some contradicting parameters values can be found in the literature. Thus,
the land use parameterisation was based on numerous research studies. Annual ranges and sources for
the main vegetation parameter are given in table 2.
The land use types water, settlement and open soil

Tab. 1: Field measurements of ksat in the Rio das Mortes catchment [cm/h]

Pasture

Gallery Forest

Cropland

Min

Max

Mean

Min

Max

Mean

Min

Max

Mean

Min

Max

Mean

25 cm

Depth

Cerrado

LE
LV
AQ

10.3
30.3
33.2

44.4
39.9
87.4

28.9
34.5
60.3

0.5
21.1

23.3
49.3

12.5
35.2

5.1
2.3

21.4
16.3

13.0
10.2

0.5
0.4
1.4

5.0
41.6
2.7

2.9
16.6
2.2

60 cm

Soil type

LE
LV
AQ

30.3
31.6
33.3

36.6
40.4
67.3

33.1
37.3
50.3

7.0
29.8

15.5
47.6

10.6
38.9

16.0

8.4
0.5
3.2

11.7
13.6
10.6

10.2
5.2
6.0

9.0

21.7

Values (3 repetitions) from soil sample plots (Wolf 2016) and transects in the micro-catchments (Nóbrega et al. 2017); (Fig. 2) with:
cerrado n = 16, pasture n = 14, gallery forest n = 9, cropland n = 16. LE = rhodic Ferralsol, LV = haplic Ferralsol, AQ = Arenosol
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Tab. 2: Main vegetation parameters (range of monthly values, sources)

Parameter

Cerrado

Gallery Forest

Cropland

Pasture

Albedo

0.25–0.3

0.1–0.2

0.17–0.2

0.2

VCF (vegetation
covered fraction
[m2/m2]

0.5–0.8

0.7–0.95

0.2–0.5

1.0

LAI [m2/m2]

2–5

5–8

0.5–4

2–4

Root depth z [m]

3–5

3.7

0.3–1.6

0.7–1.2

Stomata resistance rc
[s/m]

70–80

80–90

50–100

50–70

Roughness length
factor zo [m]

0.3–0.34

2.7–3.0

0.01–0.1

0.01–0.04

Interception capacity
[mm/LAI]

0.2

0.2

0.2

0.1

Sources: Allen et al. 1998; Breuer et al. 2003; Canadell et al. 1996; Castro and Kauffmann 1998; Eckhardt 2003; Ferreira 2004;
Giambelluca 1996; Güntner 2002; Hölscher et al. 2005; Kleinhans 2004; Körner 1994; Niehoff 2001; Schlicht 2013; UFV no year/a

were parameterised roughly according to Schulla
(2013). Main parameters were tested for model sensitivity and adjusted step by step within reasonable
ranges during calibration. Calculated evapotranspiration ( ETp with Penman-Monteith, ETa according
to available soil moisture) by WaSiM was compared
with results from Brazilian studies in the Cerrado
biome (A ndrade et al. 2014; L athuillière et al.
2012; Oliveira et al. 2014; Strauch and Volk 2013).
Interception loss is calculated in WaSiM with the parameters LAI, vegetation covered fraction ( VCF ) and
interception capacity.
Moreover, parameterisation was performed in
accordance with the following assumptions:
• Cerrado was parameterised as one main vegetation type (Cerrado sensu strictu),
• For the gallery forest parameters of tropical
semideciduous forest were adopted, when no detailed values of gallery forests could be found,
• Cropland was parameterised as one land use
type with different monthly values depending
on the current crop. According to seeding and
harvesting periods, soybean values were parameterised from October to February, values for
corn were inserted adjacently from March to
June and from July to September cropland was
parameterised as fallow.
3.2 Model calibration
The accuracy and differences of particular
calibration steps were evaluated according to three

performance criteria. The first criterion is the
Nash-Sutcliffe efficiency (Nash and Sutcliffe
1970) with values > 0.7 indicating a fair calibration and values > 0.85 indicating a good agreement
(A ndersen et al. 2001). The second criterion was
the proportion of simulated and measured discharge to check the fit of flow volume; and third the
graphical performance, checked by a comparison of
the runoff hydrographs and the simulated runoff
components.
Model calibration was performed for the
Toriqueje gauging station (750 calibration runs).
For model calibration, a three-year period of measured data was chosen: 01.11.1985–31.10.1988 (cf.
section 4, Fig. 9). This period includes the normal
annual variability of rainfall with 1,300–1,800 mm
(60 % of years from 1961–2012). Initialisation runs
were run over two years (1.11.1983–31.10.1985) to
establish a balanced groundwater table and reasonable base flow. Those periods were chosen based on
the data availability and quality of meteorological
and hydrological data (Fig. 3 and Fig. 4). In contrast
to the majority of data, these time periods exhibit
nearly continuously measured discharge and climate data without large gaps. Also Mann-Kendal
test of annual rainfall and discharge (1970–2010) by
Guzha et al. (2013) showed that the chosen calibration and validation period represent the long term
normal range (residuals near zero). First calibration
runs were tested with spatial grid resolution of 100
m 2 , 1 km 2 and 4 km 2 . Finally as a compromise between calibration performance and computer simulation time the grid resolution of 1 km 2 was chosen.
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According to R ieger (2012:141) the calibration was
done following consecutive steps:
• Establishing a balanced groundwater table
throughout the year (value of GW-Initialisation
gw_init and number of initialisation runs)
• Parameterising a reasonable base flow (aq1, wit
& dep, kx1 & ky1, kol )
• Parameterising of interflow
• Shortening or stretching of flow peaks
For the first calibration runs the groundwater model was deactivated. Numerous efforts to
generate a sufficient amount of base flow with
the calibration of the conceptual scaling factor
Q 0 and retention constant k b failed. Therefore,
the sensitivity of the soil parameterisation was
tested based on the increases of k sat and layer
thickness. But the amount of base flow in the
Rio das Mortes catchment was rather high, therefore the groundwater model was activated to fit
the prevailing runoff processes and to achieve
realistic modelling results. The groundwater
model contains several additional conceptual parameters, which were calibrated with the second
calibration runs without changing the physically
based soil and land use parameters. The parameters presented in figure 5 and table 3 were selected for calibration.
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Guzha et al. (2014) and the calibration runs
showed that in this catchment with a base flow
index of 0.67 the groundwater parameters and the
flow components kd/ki had a great influence on the
simulated hydrographs (section 4, Fig. 8).
The parameters were manually adjusted and assessed through calibration runs. Following each sensitivity analysis for one specific parameter, a new baseline scenario was created that best resembled measured data with current parameter settings. Then the
next parameter was tested. Model sensitivity was analyzed graphically with the WaSiM helptool Graphlines
by comparing changes in the output files for groundwater table (gwst.stat), baseflow (qbas.stat), interflow
(qifl.stat), direct discharge (qdir.stat) and routed discharge (qgko.stat). Influences of the parameter settings were assessed with special focus on behavior in
the rainy season and the dry season and summarized
in section 4, figure 8.
3.3 Model validation
With the final calibration parameter set modelling results were validated for a different time
period with consistent discharge and climate data
(01.11.1997–31.10.2000) and land use map from
2011.

Tab. 3: WaSiM parameters selected for the second calibration runs

Parameter

Unit

Range
Min

Description

Max

Calibration parameters for the base flow
gw_level

[-]

1.8

5

aq1

[m]

5

100

aquifer thickness

kx
ky

-7

1e
1e-7

1e
1e-7

saturated hydraulic conductivity of groundwater in
x-y-direction

kol

1e-7

5e-5

leakage factor for interchange between ground- and surface water (< kx, ky)

-4

initialization parameter of groundwater level

wit

[m]

3

10

width of the flow channel

dep

[m]

3

9

depth of the flow channel

Flow components accounting for the routed discharge
dr

[m-1]

3

50

drainage density for interflow

krec

[-]

0.1

0.9

ksat –recession

kd

[h]

10

750

storage coefficient for surface runoff

ki

[h]

10

750

storage coefficient for interflow; recommended is kd = ki (Schulla 2013)
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3.4 Land use scenarios
Based on general trends in land use as they recently occur in the macro-catchment (M acedo et al.
2012) and realistic regional simulation results of land
use change until 2030 (Schaldach et al. 2017, this issue), two land use scenarios were simulated to analyse
the impact of a respective land cover change.
In the first scenario small pasture sites (< 1 km²)
surrounded by cropland area were converted into
cropland (Guzha et al. 2014), or they became uncultivated areas of Cerrado vegetation if surrounded by
Cerrado patches (Guzha et al. 2014; Fig. 6b). The
second land use scenario contains more drastic land
cover changes. All pastures were converted into
cropland and afterwards all Cerrado patches were
transformed into pasture sites (Guzha et al. 2014;
Tab. 4; Fig. 6c).
With the changed combination of soils and land
uses, the soil and vegetation parameterisation was
adjusted for the scenarios (land use dependent parameters). The scenario simulation runs were run
over the same three-year period as the calibration
run (01.11.1985– 1.10.1988, base line).

4 Results
4.1 Annual rainfall and streamflow
The highest deforestation rate in Mato Grosso
was found after 1977 with the first pioneer settlers, followed by the agro-industrial expansion
phase from 1988 on (Coy and K lingler 2014). In
the Rio das Mortes catchment, the annual deforestation rate decreased by nearly half after 1998

(1998–2007 = 2.8 %) compared to 1988–1998 (4.6 %)
(Schlicht 2013). Guzha et al. (2013) tested annual
variability of rainfall and discharge over a long time
series (1967–2007) of daily data to determine any
long term trend by using Mann–Kendall non-parametric test. While they found no trend in the rainfall series, the decadal flow duration curves (Fig. 7)
showed a pronounced increase in discharge after the
1968–1977 decade. These results indicate that stream
flow trends are influenced by other forces as deforestation with subsequent pedo-hydrological changes
with upper soil compaction (increase of bulk density,
decrease of infiltration) as shown in other studies
(Hunke et al. 2014; Wolf 2016).
The highest deforestation rate in Mato Grosso
was found after 1977 with the first pioneer settlers,
followed by the agro-industrial expansion phase
from 1988 on (Coy and K lingler 2014). In the Rio
das Mortes catchment, the annual deforestation rate
decreased by nearly half after 1998 (1998–2007 =
2.8 %) in compared to 1988–1998 (4.6 %) (Schlicht
2013).
4.2 Calibration results
During calibration the sensitivity of the groundwater parameters (e.g. aquifer thickness, depth and
width of the stream, leakage factor, groundwater
conductivity) and conceptual soil parameters (drainage density, recession constants of interflow and direct discharge), also some physically based soil parameters like ksat, number and thickness of single soil
layers, and macropore values were tested. Results for
the highly sensitive parameters are summarized in
table 5 and figure 8.

Tab. 4: Areal proportion of land use types in 2011 and Scenario 1 and 2 [%]

Land use type

2011
(base line)

Scenario 1
(without
protected area)

Scenario 2
(without
protected area)

Protected Area
(1024.59 km2)

Gallery Forest

8.9

8.3

8.7

16.0

Cerrado

19.1

20.9

0.0

82.3

Cropland

48.8

50.9

70.4

0.2

Pasture

22.0

18.8

19.1

0.9

Water

0.2

0.2

0.2

0.6

Settlement

0.2

0.2

0.2

0.0

Open Soil

0.8

0.7

0.6

0.0

Source: based on satellite image analysis Müller et al. 2014; Schlicht 2013 and land cover scenario development Guzha et al. 2014

253

S. Meister et al: Process-based modelling of the impacts of land use change on the water balance ...

2017
800
700

Discharge [m/s]

600
500
400
300
200
100
0
0.3

8.4

16.6

24.8

33.0

49.3

41.1

57.5

65.7

73.8

82.0

90.2

98.4

Probability of Exceedence [%]
1968-1977

1978-1987

1988-1997

1998-2007

Fig. 7: Decadal flow duration curves for stream flow measured at the ANA station 26050000 (Toriqueje) 1968–2007
(Guzha et al. 2013)

4.2.1 Soil parameter

an effect on discharge components. The total thickness of soil layers was set to 30 m. A decrease of all
van Genuchten (1980) parameter values of the used
pedotransfer function of 20 % lowers the groundwater level and the base flow. In response to decreased
van Genuchten parameter values the peaks of the
interflow diminish whereas the peaks of the routed
discharge increase. The calculated discharge volume
does not change significantly. The model is as well
not sensitive to the macropore parameters. A radical
reduction of the macropore threshold down to zero
and a distinct increase of macropore capacity change
the dynamics and the peaks of the specific discharge
components only minimally.

A ten times increased conductivity of the soil did
not result in a change of the groundwater table nor the
base flow, but resulted in more balanced flow dynamics. The interflow increases and the direct discharge
decreases due to an increased ksat. The reduction of
the number of soil layers to maximal four layers in the
first 1–2 m of each soil influences the dynamic and
volume of the routed discharge. This change causes
the peaks of the interflow to decrease slightly whereas
the routed discharge and flow volume are increasing. The reduction of the total number of soil layers
for all soil types from 40 to 30 layers does not have

Tab. 5: Sensitivity of calibration parameters and soil parameters

Parameter

volume

GW-level

base flow

interflow

routed discharge

aq1

+

+

+

○

+

+

kol

○

○

○

○

○

○

kx & k y

+

○

+

○

○

+

dep

+

+

+

○

+

+

wit

○

○

○

○

○

○

dr

○

○

○

○

○

○

ki & k d

-

-

-

○

○

○

krec

-

-

-

-

-

-

ksat

+

○

○

○

○

○

macropore values

○

-

-

-

-

○

number of layers

○

○

○

○

○

○

+ = highly sensitive, ○ = medium sensitive (only strong reaction at great changes), - = not sensitive

peaks
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8

direct discharge
interflow
routed discharge
baseflow
groundwater table

6

2b

2c

shift up: gw_init  kx/ky  aq1 
shift down: gw_init  kx/ky  aq1 

shift up: gw_init  kol 

3c

shift down: gw_init  kol 
more extremes: aq1  kx/ky  wit/dep 

more extremes:
kol  wit/dep  dr 
kd/ki  krec 
flattens curve:
kol  wit/dep  dr 
kd/ki  krec 

flattens curve: aq1  kx/ky  wit/dep 

4

-2

2a

October

August

June

April

February

December

October

August

June

April

February

December

October

August

June

April

February

0

December

2

increase: gw_init  kx/ky  kd/ki
aq1  kol  wit/dep  dr  krec 

increase: gw_init  kx/ky  wit/dep  kd/ki aq1 
decrease: gw_init  kx/ky  wit/dep  kd/ki  aq1 

3a

decrease: gw_init  kx/ky  kd/ki 
aq1  kol  wit/dep  dr  krec 

-4

-6

-8

Parameter sensitivity:

Year 1

highly sensitive
medium sensitive

2d

gw_init  kx/ky 
aq1  kol  wit/dep  dr 

Year 2

3b
Year 3

gw_init  kx/ky 
aq1  kol  wit/dep  dr 

Fig. 8: Sensitivity of typical discharge components parameters (after Meister 2014 and Wolf 2016)

4.2.2 Groundwater and conceptual soil parameter
An increase of the parameters of the flow
channel geometry, i.e wit and dep, leads to a lowered groundwater level whereas the base flow is
increased (Fig. 8: 2a, 3b). Further, these parameters cause peaks of the routed discharge to lower
slightly and cause a higher discharge in the dry
season. Thus, they also lead to an increased calculated discharge volume and an improved NS coefficient. Modelling results react more sensitively to stream depth (see Tab. 5). The model
is not sensitive to the aquifer thickness parameter aq 1 when changing it from 10 to 30 m, but
it becomes sensitive to the value of 100 m (lowers groundwater level, Fig. 8: 3b). Furthermore,
the peaks of the interflow and of the routed
discharge decrease in response to the increased
aquifer thickness (Fig. 8: 3a). Consequently, the
aquifer thickness also influences the discharge
volume. Especially the parameters for groundwater conductivity and leakage, k x , k y and kol,
are highly relevant for the modelled discharge
dynamics and volume. The leakage factor kol
influences the height of the groundwater level

inversely (Fig. 8: 2d, 3b). When kol is decreased
the groundwater rises, but the base flow is lowered (Fig. 8: 2d). Additionally, the decrease
of kol slightly increases the peaks of the interflow and the routed discharge. Further, the low
flow periods of the routed discharge decrease
(Fig. 8: 3a, 3c).
But the impact of k x and k y on distinct discharge components is stronger than those of kol.
An increase of k x and k y lowers the groundwater table and rises the base flow (Fig. 8: 3b, 2a).
Thus, they also influence the height of the routed
discharge during low flow periods.
Most of the calibrated parameters of the
groundwater model show a high sensitivity (see
Tab. 5).
If d r is decreased, the groundwater level rises
and the peaks of the routed discharge decline,
but only to a small extent (Fig. 8: 2d). The model
is moderately sensitive to this parameter. The
retention constants for overland flow and interflow, k d and k i , mainly influence the shape of the
discharge hydrograph, in terms of shortening
or stretching it, without changing the generated
flow volume (Fig. 8: 3d).
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4.3 Model performance for selected parameter
sets
The parameters found to influence the modelled
discharge were executed each over a wide range in
overall more than 750 calibration runs. The WaSiM
model showed some weaknesses to simulate the high
fraction of base flow dominating the runoff characteristics of the Rio das Mortes catchment and to model
the annual seasonality of precipitation and discharge
(‘dry and wet season’). Therefore, without available
control parameters as groundwater level measurements in the catchment the groundwater parameters
were crucial to simulate groundwater level and baseflow. Recession constants interflow and overflow (ki
and kd) were sensitive to the reaction of rain events
(interflow, peaks). Not expected was the high influence of the flow channel geometry, due to the wide
flat basin. Most of the calibrated parameters of the
groundwater model show a high sensitivity (Tab. 5).
Finally, the main calibration parameters to raise the
ground water level to 5-10 meters were: number of soil
layers doubled to produce more interflow, values of ksat
raised to the average values measured in the dry season (max. in Tab. 1). Together with the parameter macocapacity (mm/h) for soils under crop and pasture
with 3.5, for gallery forest 10 and 5 for Cerrado and
maximum depth of macropores adjusted to the root-

ing depth model performed well for routed discharge
also in the dry season and a reasonable groundwater
table around -6 m.
4.3.1 Evapotranspiration
The evapotranspiration calculated by WaSiM
( ETa) was compared with other studies for the four
dominating land uses. Visual analysis showed the
following results: increasing interception capacity
by a factor 2 led to a slight parallel downward shift
of all discharge components. Increasing the rooting depth by a factor 1.5 showed no reaction of the
discharge components at all. Similar results were
achieved for reducing the soil surface resistance factor by half and setting the VCF value to 100 % for all
land uses (before: 80 %–95 %). Doubling the roughness length factor z0 led to a parallel downward shift
of all discharge components, with a much stronger
effect than increasing interception capacity. To conclude, model discharge components proved to be
moderately sensitive to changes in the interception
capacity value and strongly sensitive to the roughness length factor. ETa could be raised only slightly
from September to April and with an over modulation of values for roughness length and interception
capacity (+0.5 mm d-1, Wolf 2016). Table 6 shows

Tab. 6: Evapotranspiration (ETa) of dominant land use types from literature sources and calculated by WaSiM
for calibration runs [mm/d and mm/yr]

Land use

Wet season

Dry season

Year ETa

Year P

Year ETo

Gallery Forest

3.7 ± 23

3.1 ± 31

1104 ±28*
13611

1692*

1134*

Cerrado

3.1 ± 26

2.3 ± 24

1004 ± 24*
820-9941; 8312

1696*

1134*
12182

Pasture

2.2 ± 27

1.2 ± 44

639 ± 31*
7211

1779*

1134*

Cropland

3.2 ± 32

0.9 ± 28

760 ± 33*
7311

1669*

1134*

Weighted average based on land use distribution 2011 (Tab. 4)
Catchment

3.0

1.2

816

1750**

Calibration run
87/88

3.1

1.3

845

1742

1194

Calibration run
86/87

2.8

1.2

821

1338

1183

-0.2–0.1

0–0.1

5–29

Δ

255

Mean values with relative sd (%) from spatially averaged daily values
*after microcatchment studies (Nóbrega et al. 2015); **long term average after Guzha et al. 2013;
1
Oliveira et al. 2014; 2Lima et al. 2001
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the calculated ETp and ETa by WaSiM compared
with literature values and own results from the micro-catchments (Nóbrega et al. 2015). The deviation
of expected ETa estimated from literature values and
calculated real ETa is relatively small (Tab. 6), therefore parameterization of land use (vegetation parameter Tab. 2) seems realistic.
4.3.2 Final calibration
With the results of the sensitivity analysis a final
calibration run with a Nash-Sutcliffe (1970) coefficient of 0.81 was achieved (Tab. 7). The simulated
discharge volume is of the same magnitude as the
measured discharge volume at the Toriqueje gauge
(Fig. 9; Tab. 7). Moreover, with this model set-up,
the dry season flow of the simulated discharge is exclusively constituted by the simulated base flow. This
is in accordance with the natural discharge dynamics
of this region (Guzha et al. 2013).

4.4 Model validation
A Nash-Sutcliffe (1970) coefficient of 0.68
demonstrated the quality of the model calibration
(Tab. 7). Mainly the begin of the rainy season was
underestimated. The discharge dynamics show
slightly more divergence to the measured discharge
than during the calibration period. Although the
base flow mainly contributes to the dry season flow
like in the calibration run, the peak discharges in the
rainy season are over-estimated due to a combination of over-estimated peaks of base flow and interflow (Fig. 10).
4.5 Scenario simulation results
The calibration run (1985–1988) is taken as
the base line scenario. The two simulated scenarios (see 3.4) are in accordance with the land use
change scenarios, developed in the carbiocial pro-

Tab. 7: Performance criteria for calibration and validation

Mean measured
discharge

Mean simulated
discharge

NashSutcliffe

Vsim/
Vmeas

Base flow/
Total runoff

[mm/d]

[m³/s]

[mm/d]

[m³/s]

Calibration

1.79

347.04

1.69

327.65

0.81

0.95

0.67

Validation

1.98

383.88

1.96

380.00

0.68

0.99

0.68

Vsim = simulated discharge volume,
Vmeas = measured discharge volume

Discharge
[mm/d]

Precipita�on
[mm/d]

8
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Fig. 9: Precipitation, measured and simulated discharge at Toriqueje gauging station for the calibration period
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Fig. 10: Measured and simulated routed discharge at the Toriqueje gauging station for the model validation period

ject (www.carbiocial.de) with Legal Intensification
(Scenario 1) and Trend (Scenario 2) (Schaldach et
al. 2017, this issue).
The results of the base line scenario show that
between dry and wet year the total runoff clearly
increases with precipitation. The amount of base
flow is always high in the watershed (67 % of total runoff ), whereas the amount of surface runoff
is small (8 % of total runoff ). The base flow is the
only main contributor to the total runoff in the dry
total runoff

[mm/d]
8

season (Fig. 11 and Tab. 8). In the rainy season, the
discharge peaks result from an increase of all discharge components. Whereas portion of base flow
on total discharge decrease from the dry to the wet
year, interflow and surface flow increase on peak
discharges more than base flow (compared 1986/87
to 1987/88).
The simulation of all three land use scenarios
generally result in similar magnitudes of water yield,
runoff dynamics and percentages of the discharge

base flow
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Fig. 11: Modelled total runoff and single discharge components for the base line scenario
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Tab. 8: Water balance components of the three modelled land use scenarios

Water balance component
Precipitation [mm/a]
Potential evapotranspiration [mm/a]

Real evapotranspiration [mm/a]

Total runoff [mm/a]

Base flow [mm/a]

Interflow [mm/a]

Surface flow [mm/a]

Groundwater recharge [mm/a ]

01.11.1985–
31.10.1986

01.11.1986–
31.10.1987

01.11.1987–
31.10.1988

01.11.1985–
31.10.1988

All

1398.5

1338.1

1741.7

4478.2

Base

1097.4

1182.8

1193.9

3474.1

Scenario 1

1115.4

1201.8

1212.9

3530.1

Scenario 2

1134.7

1218.5

1231.8

3585.0

Base

832.9

812.5

835.2

2480.6

Scenario 1

842.7

821.2

845.1

2508.9

Scenario 2

845.3

814.4

840.3

2500.0

Scenario

Base

500.2

581.0

773.8

1854.9

Scenario 1

493.5

571.3

764.1

1828.9

Scenario 2

509.1

581.6

780.2

1870.2

Base

346.6

398.9

496.1

1241.6

Scenario 1

343.6

393.9

490.2

1228.2

Scenario 2

363.9

412.2

511.7

1287.8

Base

124.1

146.5

209.8

480.4

Scenario 1

120.7

143.0

205.8

469.5

Scenario 2

116.1

137.1

203.1

456.4

Base

37.8

40.1

71.3

149.2

Scenario 1

39.0

40.6

72.1

151.7

Scenario 2

34.5

35.5

67.8

137.9

Base

371.5

423.1

522.6

1317.2

Scenario 1

369.3

421.6

517.9

1308.8

Scenario 2

383.3

441.2

534.6

1359.1

components (Tab. 8; Fig. 12) with only small differences in simulation results between the land cover
scenarios. The same is true for the discharge volume, which remains nearly identical in the different
land use scenarios; there is no shift in the percentage of discharge components either (Tab. 8). In the
dry year total runoff decrease slightly in scenario 1
and increase again in scenario 2 due to the change in
real evapotranspiration. Only the base flow shows
a reaction with increase in scenario 2 compared to
scenario 1 and the base line because of the higher
groundwater recharge. Although the relative contribution of the discharge components to the runoff volume is independent from land use changes, it
corresponds to annual precipitation. The quantities
of base flow and interflow increase from the driest to the wettest year for all three scenarios in the
same amount (+ 30 %, Tab. 8).

5

Discussion and conclusions

In this study, the physically based water balance
simulation model WaSiM was successfully used to
analyse and simulate the water balance of the Rio
das Mortes catchment in the Cerrado biome for the
first time. This is confirmed by the Nash-Sutcliffe
coefficients (0.81 for calibration and 0.67 for the validation period) and the simulation of the prevailing
discharge dynamics with wet season peaks and dry
weather discharge. During model calibration, the
simulation of the base flow dynamics at the beginning and in the course of the dry season was particularly difficult. This challenge was solved by using
the WaSiM 2D groundwater model and calibrating
its parameters specifically. During calibration runs
the sensitivity of the parameter of the groundwater model was analysed (Tab. 5). Results shows that
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Fig. 12: Annual water balance components in relation to mean annual rainfall for model scenario period 1985-1988

initial groundwater level, groundwater conductivity
and flow channel geometry are highly sensitive to
flow volume, peak discharge and base flow. Also the
conceptual calibration parameters of the unsaturated
zone model (drainage density, recession constants of
interflow and direct runoff) and the physically based
parameters of the soil model (ksat , number and thickness of single soil layers, soil depth) showed a high
model sensitivity. Only with these high numbers of
successive calibration runs it was possible to simulate
the high levels of base flow occurring in the watershed with WaSiM. The immediate increase of base
flow in response to the increasing precipitation at
the beginning of the rainy season indicates a rapid
vertical transport of the incoming water into deeper
soil horizons to the groundwater. Since 2012 a well
is being monitored in this catchment (Privamera
do Leste municipality) by the Geological Survey of
Brazil (CPRM, www. http://siagasweb.cprm.gov.br/
layout/index.php). With typical plateau relief and
rhodic Ferralsol as soil type (see Fig. 2), Primavera
do Leste shows the groundwater level depth ranging between 2–3 m (Min., rainy season) and 7–8 m
(Max., dry season), which indicate high groundwater recharge and infiltration, confirming modelling
results (Tab. 5; Fig. 8). From November 2012 until
April 2013 groundwater table rise by 5 m, which explain the rise of base flow from begin until end of the
rainy season (cf. Fig. 11).
The adjustment of ksat values for the main soil
types and land use combinations with the calibration runs to the higher values measured in the field
during the dry season (Wolf 2016; Fig. 2) contribute

to an improved routed discharge with base flow and
reasonable groundwater table. The prevailing high
levels of base flow throughout the year and the quick
reaction of interflow to the high amounts of precipitation at the beginning of the rainy season indicate
also a high hydraulic conductivity of the soils and
high permeable substrate of the watershed. The literature review by Hunke et al. (2014) determined ksat
values of 102–231 mm h-1 for the upper soil horizon
of the dominating soil type Latossolo (Ferralsol a.
WRB 2014) in the Cerrado Biome.
However, the parameterisation of the soils includes uncertainties due to a lack of consistent information on macropore values and physical soil parameters for soil horizons below 60 cm depth. The
chosen pedotransfer functions for Brazilian soils do
not contain estimates or data about the saturated hydraulic conductivity and its change with deforestation or agricultural land use. It is known that the saturated hydraulic conductivity may decrease drastically in response to deforestation (Giambelluca 2002).
But the review by Hunke et al. (2014), results from
rainfall simulation experiments for erosion modelling by Schindewolf et al. (2014) on crop and pasture sites on Ferralsol in the upper Rio das Mortes
catchment and ksat -measurements by Wolf (2016)
and Nobrega et al. (2015) with more than 100 mm
h-1 on pasture and 20 mm h-1 on cropland showed
that infiltration rates remain high after deforestation.
Further, Wendland et al. (2007) report that highest
groundwater recharge doubles on pasture and cropland compared to Cerrado. Oliveira et al. (2017)
found higher and lower groundwater recharge val-
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ues (maximum) with 43 and -96 mm yr-1 for Cerrado
“campo limpo” (natural grassland) compared to
Cerrado “sensu stricto”. The paired catchment study
(Cerrado versus pasture) by Nóbrega et al. (2015)
with an increase of total discharge coefficient from
0.27 to 0.40 and high base flow index of 0.95 underline the subsurface discharge dynamic. The
dominant importance of slow discharge components
(base flow, interflow) in the catchment correlate with
the findings by Lima et al. (2001) for Cerrado with ≤
1 % runoff (overland flow) and ≤ 3 % storm streamflow volume (runoff and quick interflow) for pasture
(Nóbrega et al. 2015).
Another uncertainty is the parameterisation of
the Cerrado vegetation with distribution of the different Cerrado types and their vegetation parameters (e.g. crown cover, vegetation height, LAI, rooting depth). L amparter et al. (2016) used parameter
values for SWAT-modelling based on an extensive
new literature analysis. Strauch and Volk (2013)
showed LAI values for Cerrado ranging between 0.7
and 1.6, which is at the lower end used in WaSiM
(Tab. 2). Comparing different methods to estimate
ETa for Cerrado vegetation, we see main differences
and problems for the dry season with: 0.7 (dry season) – 2.7 (wet season) mm d-1 (Strauch and Volk
2013; MODIS -EVI ), 2.3–3.1 mm d-1 (Nóbrega et al.
2017; SEBAL and METRIC models) and 1.9–2.6 mm
d-1 (Oliveira et al. 2015; flux tower and MODIS EVI ). During the rainy season (Nov–April) Eta for
cropland is higher as in Cerrado vegetation and pasture (3–5 mm d-1 , Nóbrega et al. 2015; L athuière
et al. 2012). Crop evapotranspiration with the main
soy bean/corn rotation was calculated with crop
coefficients for 651–852 mm yr-1. Simulated values for ETa by WaSiM with averages for the whole
catchment with 1.2-3.1 mm d-1 and 821–845 mm yr-1
shows to be similar to these other studies in this
region.
Canopy interception was estimated as 4–20 % in
the Cerrado vegetation (Oliveira et al. 2015), which
indicated that interception loss by WaSiM may be
overestimated (see Tab. 2). Moreover, it also has to
be considered that the land use change scenario simulations are based on the land use in 2011. As mentioned in the macro-catchment description, 70 %
of the watershed was deforested in 2011 and main
deforestation occurred before 1985. Considering results by Costa et al. (2003, Rio Tocantins) and Coe
et al. (2011, Rio Araguaia), the runoff volume, the
surface runoff and the discharge variability were expected to increase by land use change with increase
of deforestation. The scenario analysis for the Rio
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das Mortes watershed indicates that there is only a
small difference in runoff volume to the base line.
In this analysis, the amount of generated discharge
primarily depends on the annual precipitation.
The hydrological soil and substrate characteristics result in an increase of groundwater recharge with
scenario 2 in all three years. Conversion of Cerrado
to cropland by 20 % of the area should decrease ETa
(Tab. 6, literature values), but this is not the case by
WaSiM-simulation results. With a better dynamical
LAI-approach Strauch and Volk (2013) calculated
Cerrado vegetation ETa at 620 mm per year, which
is in the same amount as pasture and less then cropland (Tab. 6). Therefore scenario 2 perhaps showed
a slight increase of Eta. A general increase in evapotranspiration for the western part of the Cerrado
Biome (Mato Grosso) was determined for the period
of 2003–2010 due to the ongoing conversion of pasture land into cropland (soy-corn- rotation) during
that period (Oliveira et al. 2014). Simulation results
of Scenario 2 also show minimal changes in runoff volume and discharge components. The greatest change is the increase of groundwater recharge,
which indicates that the conversion of Cerrado into
pasture takes place in predominantly sandy soils
(Arenosols) with extremely high infiltration rates
(300–400 mm h-1 Nobrega et al. 2015). The simulated changes in land use, including also an intensification of land use activities, are based on a land cover
scenario which is already dominated by agricultural
land use. Therefore, the relatively small changes in
land use that occur in the two land use scenarios apparently do not have a significant effect on the water
balance. Moreover, the greatest land use changes in
the catchment already took place before and in the
1980s (Schlicht 2013). In contrast to the result by
Oliveira et al. (2014), previous studies by Costa et
al. (2003, Rio Tocantins) and Coe et al. (2011, Rio
Araguaia) found an increase in discharge by 24 %
(1979–1998) and 25 % (1970–1990) with deforestation in the macro-watersheds. Oliveira et al. (2014)
argue that the different sizes of these watersheds
may be a reason for these contradictory results and
that the response time of watersheds to deforestation
is dependent on the scale. In our opinion, the difference of investigated time periods, with 1972/1976
–2012 (Oliveira et al. 2014) and 1979–1998 (Costa
et al. 2003), should also be considered in the context
of their temporal relationship to the main deforestation phase. As shown for the Rio das Mortes catchment, located in the Rio Tocantins and Araguaia
basin, main deforestation occurred before 1990 (Rio
Araguaia 56 % in 1990); thus, the main changes in
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water balance components including an increase of
discharge took place during the early main phases of
deforestation (see Coe et al. 2011; Guzha et al. 2013).
Guzha et al. (2013) found an increased high and medium discharge in the 1980s, but no similar significant changes in runoff volume, high, medium or low
discharge in the adjacent period (Fig. 7). D´A lmeida
et al. (2007) found that there is an increase in discharge 4–5 years after deforestation; it is followed
by the establishment of a new equilibrium. With the
WaSiM-simulation for a scenario before main deforestation (1977/78) an increase in discharge volume
with deforestation could not be observed when comparing scenario simulation (1977/78) with the calibration period (2006–2009). But a shift within the
runoff components could be observed, since base
flow was much higher and surface runoff much lower before deforestation (Wolf 2016).
The impacts of land use change on the hydrological cycle of a catchment are determined by the size
of the deforested area. They can also be seen much
earlier and more clearly in small catchments than
in large catchments (scale dependency). The paired
micro-catchment study by Nóbrega et al. (2017)
showed an increase by 55 % total discharge between
native Cerrado and pasture catchments with similar
baseflow indexes. As stated by Costa et al. (2003),
the results of studies and modelling approaches that
analysed the impacts of land cover changes in large
catchments (> 100 km²) did not agree with results
from meso- or micro-scale analyses (D’A lmeida et
al. 2007). In contrast to the micro-scale modelling
approaches, the large-scale experiments have not
always shown an increased annual discharge due
to deforestation (Costa et al. 2003; Coe et al. 2009;
Davidson et al. 2012). Particularly, when modelling
large catchments, the effects of land use change on
runoff may be hard to discern due to heterogeneous
land use, different successional stages of secondary
vegetation, spatial variations in precipitation or the
appliance of sustainable land management practices
in some areas of the macro-catchment (Bruijnzeel
2004; Siriwardena et al. 2006).
Panday et al. (2015) analysed the deforestation
effect for the Xingu river (1970–2000) with separation (simulation results) of land use and climate variability effect on discharge development. There, the
climate effect (-82 mm year-1 discharge) masks the
land use effect (+34 mm year-1 discharge), so that no
clear signal of deforestation exists. In the Cerrado
Biome natural vegetation, is drought tolerant and
trees are adapted to water scarcity. This means that,
in contrast to the rainforest biome of the macro-
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catchment studies (D´A lmeida et al. 2007; Coe et al.
2009; 2011; Costa et al. 2003; Lima et al. 2014), the
annual evapotranspiration (820–990 mm) is much
lower (Oliveira et al. 2014). Therefore, the water
surplus of forest conversion to pasture and crops,
which generates a higher discharge, is much smaller.
Modelling results on land use change impacts
on the water balance within the Cerrado Biome (Rio
das Mortes) show a base flow dominated discharge
regime with no reaction on realistically slight land
use changes for the future. Main modelling problems results from parameterisation of the ground
water model and vegetation parameter, because of
scarce information on the aquifer and Cerrado vegetation. Therefore, many calibration runs were necessary to simulate ground water recharge with base
flow and the annual climate change with dry and wet
season. New results from field measurements with
Eddy flux towers in the Cerrado biome (Oliveira et
al. 2015) and paired microcatchment water balance
indicate, that WaSiM-simulation results are in a realistic range and that future conversion from pasture
to crop (land use intensification) can lead to same or
even lower discharge, because degraded pasture can
have 20 % smaller evapotranspiration (L athuillière
et al. 2012) Without atmospheric feedback (rainfall),
with maintenance of Cerrado conservation areas and
conversion from pasture to crop further changes in
land cover can have only a small effect on discharge
generation.
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