ANALYSES OF HYDROLOGICAL AND HYDROCHEMICAL FLUXES IN
SELECTED CATCHMENTS OF THE CERRADO AND AMAZON BIOMES

DISSERTATION

(CUMULATIVE THESIS)
to acquire the doctoral degree in mathematics and natural science
"Doctor rerum naturalium”

at the Georg-August-Universitat Géttingen

within the doctoral degree program of Geoscience and Geography

of the Georg-August University School of Science (GAUSS)

submitted by
RoDOLFO Luiz BEZERRA NOBREGA

from Campina Grande, Brazil

Gottingen, 2017



THESIS COMMITTEE:

Prof. Dr. Gerhard Gerold (thesis supervisor)

Department of Landscape Ecology, Georg-August Universitat Géttingen.

Prof. Dr. Hermann Jungkunst

Department of Geoecology & Physical Geography, Universitat Koblenz-Landau.

MEMBERS OF THE EXAMINATION BOARD:

15t Referee: Prof. Dr. Gerhard Gerold

Department of Landscape Ecology, Georg-August Universitat Géttingen.

2" Referee: Prof. Dr. Hermann Jungkunst

Department of Geoecology & Physical Geography, Universitat Koblenz-Landau.

FURTHER MEMBERS OF THE EXAMINATION BOARD:

Prof. Dr. Daniela Sauer
Department of Physical Geography, Georg-August Universitat Gottingen.

Prof. Dr. Jirgen Schmidt

Soil and Water Conservation Unit, Technischen Universitét Bergakademie Freiberg.

Dr. Stefan Erasmi
Department Cartography, GIS and Remote Sensing, Georg-August Universitat Gottingen.

Date of oral examination: 24" November, 2017



> -
-
!
o 3 ; !
‘.'.s.‘... e
1 & “area -
ol 3
o N o
TR
L S . .
il § ot «

,_"(él'jflr‘ e R O

)
43 . T S S O e :
-~ : 5 AL
Oy ~ ST y
g ~ - - .y
& 0% 4 T el T - R -
. 12w el qm™
' e '_’_':’ - el
RISakoe 4, N S
L - s i g

Analyses of hydrological and hydrochemical fluxes in
selected catchments of the Cerrado







“Human perception is not a direct consequence of reality
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SUMMARY

On many levels, there is a lack of understanding regarding the impacts of deforestation
on water resources and soil properties in the Amazon-Cerrado ecotone, where the
Amazonian agricultural frontier is mostly present. Both the large spatial extent of this
region and the wide diversity of environmental conditions requires extensive field-
based data collection to allow comprehensive process characterization and to improve
hydrological modelling parameterization. Furthermore, the Cerrado biome, where
most of the deforestation in this region has occurred, is often not integrated into the

studies regarding the Amazon deforestation.

To contribute to fill this knowledge gap, |, in the context of the CarBioCial project
(Gerold, 2017), conducted several hydrological and soil analyses in areas of Southern
Amazonia that have been rapidly deforested. To that end, two macro-catchments were
selected, one in the Amazon biome (Jamanxim River basin, 37,403 km?) and one in
the Cerrado biome (das Mortes River basin, 17,556 km?), both located on the Amazon
agricultural frontier. In both the das Mortes and the Jamanxim River basins, paired
micro-catchments under different land use and land cover, i.e., native vegetation
(rainforest or cerrado vegetation) vs. pasture for extensive cattle ranching, and a
cropland area were selected to characterize the changes in hydrology and soil hydro-
physical properties due to these contrasting land uses. The general objectives of this
PhD research were to: a) analyze trends in discharge and water quality in streams of
macro-catchments in the Amazon and Cerrado biomes; b) determine soil hydro-
physical properties and quantify streamflow and evapotranspiration from adjacent
micro-catchments whose major difference is the LULC; c) quantify stream CAN
concentrations and output fluxes during prevalent baseflow and stormflow conditions
to improve the understanding of carbon and nutrient drivers in low-order streams; d)
assess the soil hydro-physical and chemical properties, as well as water quality of
cropland and riparian vegetation areas of a catchment in a typical large-scale

commercial cropland system.



The analyses showed that land-use and land-cover change alters water quantity of
large rivers in the Amazon and Cerrado biomes. These changes are more pronounced
as an increase in the low flows, which are mainly maintained by hundreds of small
streams that have baseflow as a dominant discharge condition. In these small
catchments, catchment physiographic parameters play an essential role in the
hydrological responses in both Amazon and Cerrado biomes, and the native
vegetation conversion into pastures substantially change the water balance of these
catchments. This proved to drive an increase in the baseflow in low-order streams.
The changes due to soil hydro-physical degradation (e.g., increased bulk density and
reduced soil porosity) cause increases in short-lived events as peak flows, as
observed in the pasture catchment in the Amazon biome. The decrease of
evapotranspiration is also another critical driver in the water balance in this region,
because pastures could not maintain evapotranspiration rates as high as the native
vegetation. All these changes are connected to other aspects of the environment. As
this thesis shows, the difference in the hydrological fluxes increases the carbon and
nutrient fluxes. In this context, the stormflow is a substantial hydrological pathway for
carbon and nutrient losses, especially in areas where rainfall intensities exceed the
infiltration capacity rates. On account of these impacts, the conservation of riparian
zones appears to be one of the land management strategies that will mitigate further
implications in the hydrochemistry of rivers. This study indicates that, indeed, riparian
zones have a complex ecosystem of plants and soil properties that directly improve
the water quality of flows towards the streams. However, the long-term implications of

deforestation in the Amazon and Cerrado in these riparian zones are still unknown.

This Ph.D. research connects several themes under discussion regarding the
environmental changes in the Amazon and Cerrado biomes. The outcomes of this
thesis provide solid research directions for further studies in these biomes, which
should focus on the subsurface water flows and the role of the fragmented vegetation

patches, such as the riparian zones, in these regions.



General Introduction

1. General Introduction

1.1. Thesis outline
1.1.1. Deforestation in the Amazon and Cerrado biomes

Land use and land cover (LULC) changes have been one of the main factors impacting
ecosystem services, such as adequate soil and water quality, provided by forests
around the world (Vose et al., 2011; Gharibreza et al., 2013; Crossman et al., 2014;
Ghimire et al,, 2014; Li et al., 2014). The Amazon biome has been massively
deforested for decades since the 1990s (Fig. 1.1), with subsequent expansion of large-
scale commercial cropping systems and establishing with the Cerrado biome, i.e., on
the Amazon-Cerrado ecotone, the largest zone of agricultural expansion on earth
(Neill et al., 2017).

Annual deforestation (thousands km?) Percent of
Land category area Brazilian Amazon area
(hundreds of thousands km?) (percent of land)
35 ........................................................ Agrarlan reform n— el rrsmeinestdi s e 70
settlements Indigenous ,
territory Sustainable
30 swsssreys ey R N ceouse e 60
Annual
oty i el deforestation.. . §...ge. B AN ook B g S 50
20 ......... B s SRR e s e A - B B R A T T o 40
15 gt ... ......... 18...] PERRETRRT + 30
10 - - 20
b = - 10
0

94 95 9% 97 98 99 00 01 02 O3 04 05 06 07 08 09 10 11 12 13

Figure 1.1 Annual deforestation and the area of indigenous territories, sustainable
development reserves (e.g., extractive reserves), strict protection reserves, and agrarian
reform settlements in the Brazilian Amazon (source: Nepstad et al., 2014).
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— Roads
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Figure 1.2 Deforestation patterns following the business-as-usual and governance
approaches: a) for the Amazon basin (adapted from Soares-Filho et al., 2005), and b) for the
BR-163 from Sinop (Mato Grosso) to Santarém (Para) (Adapted from Soares-Filho et al., 2004)

The establishment of road networks is one of the main drivers of deforestation in the
Amazon (Jusys, 2016; Pinheiro et al., 2016; Gollnow et al., 2017). These roads allow
colonists and farmers increasing access to forests, which leads to the expansion of
industrial logging, mining and agriculture (Laurance, 2001). To illustrate this, Fig. 1.2a
compares the LULC status in 1996 with scenarios of deforestation that consider the
historical socio-economical patterns (named as business-as-usual scenario) and
where advances in environmental regulation, support for sustainable land-use
systems and planning (referred to as governance scenario) are also taken into
account. It shows that the development of roads is still a lead pathway to LULC
changes in the Amazon. In this context, the national highway, BR-163, has an
important role in leading these changes. The BR-163 highway connects Cuiab4, in the
Mato Grosso state, to Santarém, in the Para state, close to the Amazon River (Fig.
1.2b), and provides farmers in areas along this highway with access to the
international port of Santarém (Fearnside, 2007). Although the BR-163 is not entirely
paved, the Brazilian government has prioritized the paving of this road in order to turn
the port of Santarém into a major soybean exportation facility (Carvalho et al., 2002),
reducing the total of over 1,000 km of unpaved segments to less than 100 km during
the last 15 years (Soares-Filho et al., 2004a; Canal Rural, 2017).
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General Introduction

Although environmental research in Brazil has focused on the Amazon biome, most
of deforestation and agricultural expansion in Brazil has occurred in the Cerrado
biome, a biodiversity hotspot for conservation comprises dry forests, woodland
savannas, and grasslands (Myers et al., 2000; Spera et al., 2016). The conversion of
natural cerrado vegetation to crops and pastures since the 1970s has removed 50%
of the original 2 million km?2 of the native vegetation in this biome. This is greater than
the rainforest loss in the Amazon biome (Klink and Machado, 2005; Lambin et al.,
2013). To illustrate how LULC has changed in this biome, Fig. 1.3 shows the land-
cover classification of the das Mortes River basin (ca. 18,000 km?3) located in the
Cerrado portion of Amazonian agricultural frontier in Mato Grosso. In this basin,
croplands and pastures occupied approximately 75% of the total area in 2011 (Mdller
et al., 2015).

X R g
) IN_ VS,
| ,7 / "/s'\
= / w8
~ 5 | S ]

Brazilian Biomes o
] Amazon \} Tt
= )},—f
Caatinga .
W casinga L
Cerrado N

Atlantic
rainforest

Pampa

Pantanal

Figure 1.3 Land-cover classification for the das Mortes River basin in 2011 (Adapted from
Miiller et al., 2015).

Although Muller et al. (2015) show that most of the das Mortes River basin is occupied
by croplands (51%), the conversion of cerrado vegetation to pastures had been the
leading cause of deforestation until the beginning of the 1990s. Over time these
pastures are often replaced by cash crop systems (Barona et al., 2010; Cohn et al.,
2016) or are abandoned due to the decrease of grass productivity, reaching advanced
stages of degradation (Davidson et al., 2012). Based on the records of the Brazilian
Institute of Geography and Statistics (IBGE), Fig. 1.4 shows the development of the
total area of the das Mortes River basin used for pastures from 1974 to 2011. The

area of pastures increased from ca. 1,800 km2 in 1985 to ca. 4,500 km? in 1990, and
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remained relatively stable, reaching 5,400 km2 in 2011, while the total area for
croplands continuously increased from 2,595 km? in 1990 to 8,312 km2 in 2011
(SIDRA/IBGE, 2012).

1,700 km?

1974 1985 1990 2011

M General Carneiro [l Dom Aquino [l Tesourc [l Sto Anténio do Leste [l Primavera do Leste

W Poxoréo [ Novo 530 Joaquim Nova Brasilandia [l Barra do Gargas [ Campo Verde

Figure 1.4 Development of pasture areas in the municipalities of the das Mortes River basin in

the Cerrado biome area of the state of Mato Grosso. The area of pastures was quantified using

the number of cattle in each municipality (proportional to their area within the River basin) and
the area used per cattle unit provided by SIDRA/IBGE (2012b)

Rufin et al. (2015) and Gollnow et al. (2017) have shown that the same pattern of
conversion of native cerrado vegetation to grassland pastures that caused well-
established agro-industrial areas in the Brazilian Cerrado to exist is being established
since the 2000s in the Amazon biome. Figure 1.5a shows the land-cover in areas
along the BR-163 highway in 2010 between Sinop and Novo Progresso. The Mato
Grosso domain of Fig 1.5a (Sinop—Guaranta do Norte) shows a great deforestation
with a substantial presence of pastures and croplands in the South portion, whereas
the Pard domain (between Guaranta do Norte and Parque Nacional do Jamaxim) has
a still higher proportion of land cover under forest and no significant croplands. Figure
1.5b shows the development of deforestation in the region of Novo Progresso from

2000 to 2016. Novo Progresso, which is one of the areas of study in this thesis, is

22
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General Introduction

considered a hotspot of deforestation in the Amazon biome mainly because of the
increase of deforestation for logging and pasture activities in the past years (Pinheiro
et al., 2016). This intensification of agricultural activities at the expense of natural
forest in this region of the Amazon biome is turning this area into the fastest-growing

agricultural frontier in the world (Brando et al., 2013; Nobre et al., 2016).

(a) L o Pmrtn] (b)

Morais{de:

Almeida e

Legend

1 Strictly Protected/
Indiginous Land

©OCOON

Sustainable Use
Area

Military Area
[ | Municipalities

Cities/
Settlements

w— BR-163
Land Use

I Forest
-
[ Pasture
I Cropland
I urvan
- Water
[ other

WO ON

2
0
1
Data Sources: TerraClass 2010; MODIS 6
land-cover 2010; IPEA; MMA; IBGE
0 100 200 400 600 800 1.000 0 2550 100 150 200
Kilometers Kilometers

Figure 1.5 a) Land-map cover of 2010 from Mato Grosso and Para states with an emphasis on
the BR-163 between Sinop and Novo Progresso municipalities (Gollnow et al., 2017), and b)
Satellite (Landsat 7) images from the Novo Progresso area from 2000 to 2016.
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1.2. Effects of LULC change on soil properties and water and nutrient
fluxes

1.2.1. Effects of LULC change on water fluxes and soils
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Figure 1.6 Schematic representation of the global hydrological cycle (excluding Antarctica)
with the storages (in bold and km3) and fluxes (in italic and km?3 y™'). Adapted from Teuling
(2007) with data from Oki and Kanae (2006).

Forests play a major role in the global hydrological cycle (Fig. 1.6) as they are
responsible for almost half of the total evapotranspiration (ET) (Oki and Kanae, 2006).
Reduction of forest cover is unbalancing the ET contribution across spatial scales, and
this has implications in other hydrological components such as streamflow and
groundwater recharge (Neu et al., 2011; Richey et al., 2011; Oliveira et al., 2015).
Guimberteau et al. (2017) showed LULC change scenarios for the Amazon indicating
that by the end of this century the total forested area of the Amazon Basin will have
decreased between 7 and 34%. The most severe forest clearing will occur in Southern
Amazonia, with the Madeira, Xingu and Tapajés River basins experiencing a 50%
decrease in forest cover area. They also show that pastures and croplands do not

sustain evapotranspiration rates as forests, and that deforestation in the Amazon will
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lead to an increase in baseflows — also demonstrated by Lamparter et al. (2016) in

the Tapajos River basin — by the end of this century.

Forest clearing in the Amazon also causes soil changes (Zimmermann et al., 2006;
Neill et al., 2008), as the soil compaction is induced by land use after deforestation,
which in turn increases bulk density and reduces infiltration rates and hydraulic
conductivity mainly by pasture land use (Martinez et al., 2004; Scheffler et al., 2011;
Hunke et al., 2015b). Further research could provide insight into the relationship of
stormflow volume increase due to LULC change on different soils and at different
scales (Germer et al., 2010). The magnitude and duration of LULC change effects on
base and peak flows depend on several catchment characteristics such as soils,
morphology, and geology of the catchment, as well as climate conditions, including
rainfall patterns (Birkinshaw et al., 2010). Time series records of hydroclimatic
variables such as precipitation and streamflow have been widely used to support
detection of trends (or lack thereof) in catchments (Burn et al., 2010; Esterby, 1996;
Fu et al., 2010; Halliday et al., 2012; Oliveira et al., 2014). In many parts of the world,
several large-scale analyses of such trends have been conducted on precipitation and
streamflow data at different time scales, which is not the case for the South American
continent, where analyses of trends in instrumental records of streamflow and

precipitation are scarce (Guzha et al., 2013a).

The impacts of LULC changes in the water balance are also scale-dependent (Gerold,
2011; Lima et al., 2014). Although some studies on meso- to macro-scale catchments
have shown that deforestation causes an increase in annual streamflows (e.g., Costa
et al. (2003), Chappell and Tych (2012) and Dias et al. (2015), Awotwi et al. (2015)
observed streamflow reductions and Wilk et al. (2001) were unable to detect any
change in hydrological fluxes, i.e., base and peak flows, in a watershed with
substantial deforestation. These contrasting results are exemplified in Table 1.1 and
could be attributed to differences in climate, topography, morphology, soil properties
and differences in land cover types and sizes of each catchment (Guzha et al., 2014).
Studies using small watersheds are usually more prone to detect hydrological changes
due to LULC changes than macro-scale approaches (Jepson, 2005; Oliveira et al.,
2014).
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Table 1.1 Contradictory results: ecosystem processes changes due to deforestation
in the Amazon (source: Gerold (2017)).

Ecosystem processes Negative consequence No change or positive

Climate change and Increasing droughts and Until 60% deforestation
rainfall trends decreasing rainfall no rainfall decreases;
increase of rainfall over
large forest patches

River discharge and Increasing discharge and Decreasing discharge
water stress flood risk with reduced regional P
C-stocks and GHG Large scale forest All protected areas can
disturbance with 15-26 avoid 5.8-10.8 Pg C-
Pg C-emissions next 20 emissions until 2050
years

1.2.2. Effects of LULC on nutrient fluxes

In addition to understanding the impacts of LULC changes on hydrological regimes, it
is also fundamental to comprehend how the LULC changes influence the
hydrochemistry processes in environments such as pristine catchments undergoing
anthropogenic changes (Jordan et al., 1997; Neill et al., 2013). In the past years,
projects such as Large-Scale Biosphere-Atmosphere Experiment (Lahsen and Nobre,
2007), CLIM-AMAZON (http://www.clim-amazon.eu/) and ANACONDAS/ROCA
(Satinsky et al., 2014), have profoundly contributed to the scientific awareness of the
Amazon environment. Despite these scientific efforts, the understanding of

deforestation impacts on the water quality in the Brazilian Amazon is still scarce.

It is widely known that surface water plays a substantial role in the C balance in the
Amazon region (Moreira-Turcq et al., 2003; Waterloo et al., 2006; Neu et al., 2011;
Richey et al., 2011). Therefore, it is important to quantify the impacts of LULC changes
in streamflow carbon and nutrient (CAN) fluxes. To that end, research has often
focused on identifying the impacts of the conversion of forests into pastures (Thomas
et al., 2004; Neill et al., 2011; Silva et al., 2011), and just a few have quantified the
importance of water pathways in CAN fluxes in this region (e.g., Biggs et al. (2006),
Johnson et al. (2006), Germer et al. (2009)). Figueiredo et al. (2010) and Silva et al.
(2007) have shown that LULC change alters CAN fluxes in the Amazon and Cerrado
biomes. In more detailed studies, Johnson et al. (2006) showed that DOC comprised

ca. 60% of the annual total organic C export and Germer et al. (2009) reported
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quickflow contributions as being responsible for 50% of the total K and Ca stream
fluxes, which shows the relevance of studies with high-temporal resolution in order to
better quantify CAN fluxes in streams in the Amazon. Although sampling on a day-of-
week basis is usually adopted to estimate nutrient fluxes (Smith et al., 2001), it
frequently underestimates nutrient fluxes, because storm events are often more
relevant for this type of studies (Tang et al., 2008). Currently, the collection of
information in such temporal scale is facilitated by the use of instruments that gives
the potential to develop our understanding of nutrient dynamics (Halliday et al., 2015),
which have significantly enhanced our ability to monitor CAN fluxes in streams (Blaen
et al., 2016).

Although the few studies on the effects of the LULC change in the Amazon on water
hydrochemistry have shown some degree of impact, there is limited information on
impacts of conversion of LULC to large-scale commercial cropping systems. Neill et
al. (2017) have found that streamwater chemistry remained largely unchanged in a
large-scale commercial cropping region in the Amazon region. Modern agricultural
practices used in this region, i.e., precision farming and no-till cropping processes,
have been reported as a land use management approach with low environmental
impact (Bongiovanni and Lowenberg-Deboer, 2004; Bramley et al., 2008; Jenrich,
2011). However, it is believed that the riparian vegetation, whose conservation is
regulated by federal law, is important in keeping ecosystem services, such as water
quality, in croplands of the Amazon region (Soares-Filho et al., 2006; Hunke et al.,
2015a). Nevertheless, there is a substantial lack of assessments of Amazonian
riparian vegetation zones’ characteristics (e.g. plant diversity, soils, and water fluxes)
that may have a direct relation to the function of riparian zones as buffers of LULC

change impacts on stream water quality.

1.3. Research context, regions and methods

This thesis is a result of a collaborative research project (www.carbiocial.de, Gerold
(2017) funded by the German Federal Ministry for Education and Research (BMBF)
that aimed to investigate viable carbon-optimized land management strategies for

maintaining ecosystem services under LULC and climate changes conditions in the
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Southern Amazon, a region that comprises the Amazon-Cerrado ecotone. The
Carbiocial project focused on three study areas along the BR-163 (Fig. 1.7). The
results in the thesis are related to Carbiocial’'s Subproject 01 (SP01), which aimed to
quantify impacts of human-induced LULC change on soil properties and in water and
nutrient fluxes in the Carbiocial’s study areas 1 (Cuiabd) and 3 (Southern Para) (Fig.
1.7). In the surroundings of Cuiaba, the main agricultural colonization of the southern
Amazon happened during 1975-1990, and has ever since pushed northwards. It
reached the area of Sinop during the 1990s and recently southern Para, not more than
two decades ago. Central Mato Grosso today is a highly industrialized area, with large-
scale soybean, cotton, and maize production, while Northern Mato Grosso still exhibits
a major fraction of intensive cattle farming on pasture. The pioneers at Southern Para
only recently started extensive cattle farming, which replaces timber logging as
another substantial income source. Crop production is limited to very few examples.
The BR-163 is a prominent illustration of all sorts of problems afflicted with pioneer
front development in the Amazon (Brando et al., 2013), while continuously being
paved northwards to link the soy and cotton production region in Northern Mato

Grosso with the export harbor of Santarém.

For this thesis, two macro-catchments (Jamaxim and das Mortes River basins) for
macro-scale analysis and, within these macro-catchments, five micro-catchments
under contrasting land use and land cover (one with rainforest, one with cerrado
vegetation, two with pasture and one with cropland) for space-for-time analysis were
selected. The micro-catchments were instrumented in the dry season of 2012 and
monitored until end of 2014. The instrumentation comprised weirs, multiparameter
probes, direct and throughfall rain gauges, weather stations, automatic water
samplers, deep access tubes for soil moisture measurements and overflow detectors.
Additionally, the characterization of these areas included topographic and botanical
surveys, soil sampling and analyses, and remote sensing data acquisition. These data
were used to apply state-of-the-art methods (e.g., hydrological modelling, remote
sensing techniques, high-temporal-resolution water quality analyses, and ecosystem

integrated assessments, such as soil-plant-water interactions).
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Figure 1.7 Carbiocial study areas in the Cerrado and Amazon biomes along the BR-163: (1)
Novo Progresso (Southern Para); (2) Sinop (Northern Mato Grosso); and (3) Cuiaba (Central
Mato Grosso) (Source: www.carbiocial.de).

1.4. Objectives and thesis structure

The central hypothesis of this thesis is that forest clearing for pastures in active
deforestation zones of Amazon and Cerrado biomes leads to soil hydro-physical
degradation and changes stream discharge, evapotranspiration, and CAN fluxes. , and
that despite modern agricultural approaches, i.e. no-till and precision farming, that are
often associated with low environmental impacts, the conservation of native riparian
vegetation within cropland areas is still crucial to keep the minimum ecosystem
services, i.e. water and soil quality, in this region.

Based on the central hypothesis, the objectives of this thesis were to: a) analyze trends
in discharge and water quality in streams of macro-catchments in the Amazon and
Cerrado biomes; b) determine soil hydro-physical properties and quantify streamflow
and evapotranspiration from adjacent micro-catchments whose major difference is the
LULC; c) quantify stream CAN concentrations and output fluxes during baseflow and
stormflow prevalent conditions to improve the understanding of CAN drivers in low-
order streams; d) assess the soil hydro-physical and chemical properties, as well as
water quality of cropland and riparian vegetation areas of a catchment in a typical
large-scale commercial cropland system. These objectives were achieved through six
scientific manuscripts, which addressed the thesis hypothesis by using two macro-

catchments and five micro-catchments as study areas (Fig. 1.8).
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Figure 1.8 Study areas.

To address the objectives, chapters 2 through 7 of this thesis are structured as follows:

Chapters 2 and 3 show trend analyses of the water quantity and quality at
macro-catchment scales in the Cerrado and Amazon biome domains of the
Amazon Agricultural Frontier, respectively. Chapter 3 also considers the
changes in water quantity in smaller spatial scales of the Amazon biome. These
results are used as an overview of the impacts of LULC change on the
hydrological and hydrochemistry dynamics in this region;

Chapters 4 and 5 show the results of the hydrological and soil analyses in four
selected micro-catchments under contrasting land-use and land-cover in the
Amazon and Cerrado biomes, respectively. These analyses quantify
hydrological fluxes in each catchment and show how the LULC change impact
hydrological signatures and soil hydro-physical properties;

Chapter 6 compiles the hydrochemistry results of the 4 catchments described
in chapters 4 and 5. By using the water fluxes from chapters 4 and 5, it was

possible to quantify the CAN fluxes from each of these micro-catchments;
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Chapter 7 focuses on a cropland catchment located on the Amazon Agricultural
Frontier, in the Cerrado biome domain. While the other chapters focus on the
LULC change of native vegetation into pasture landscapes, this chapter shows
an assessment of the water and soil quality of an agricultural catchment with
riparian vegetation preserved, which is another major LULC in the region. This
chapter also assesses the ecosystem services provided by this protected area.
This catchment differs from the other studied catchments due to its soil with
high clay content and low sloppiness. In this cropland catchment, the
techniques and analyses used in chapters 4, 5, and 6 were applied.
Additionally, in this catchment, analyses of overflow and groundwater quality

were performed in combination with a vegetation characterization.
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Chapter 2

2. Investigating discharge and rainfall variability in an
Amazonian watershed: Do any trends exist?

This manuscript is published as: Guzha, AC, Noébrega, RLB, Santos, CAG, and Gerold, G. 2013. In: the
Proceedings of HO1 (IAHS Red Book, IAHS Publ. 359), IAHS-IAPSO-IASPEI Assembly, Gothenburg, Sweden.

Abstract

A trend analysis of stream discharge from the upper Mortes watershed, southern
Amazon, was performed using discharge and rainfall data in order to investigate the
temporal variability of stream discharge, and relate it to associated rainfall variability.
Non-parametric tests were done on daily, seasonal and annual discharge data.
Frequency analysis using wavelet transform was also done. Results indicate
increasing trends in discharge. The wavelet analysis identified dry periods; i.e.
1967-1975, 1982-1986 and 1993, which were followed by wet periods. In some
cases, discharge increases could not be satisfactorily correlated to the rainfall. Further
interpretation of the data for possible causes of streamflow changes is needed and
discussion of the implications of these results in the context of climate change,
deforestation and water resource management.

Key words: trend analysis; streamflow; rainfall; Mann—Kendall test; wavelet
transform.

2.1. Introduction

An important aspect of climate change and variability research is trend analysis of
hydro-climatic variables using available records. Even though studies indicate that
climate changes have a significant impact on streamflow and other hydrological
processes (Milly et al., 2005), regional patterns of streamflow changes are complex
and less certain. Streamflow responds to a number of factors which can be classified
as climatic and non-climatic. Climate factors include temperature, precipitation,
evaporation, wind speed and direction, cloud cover and a combination of these. Non-
climatic factors include catchment cover, vegetation, and man-made structures
including diversion and detention structures such as dams. In the Amazon basin,
conversion of forest to pasture is also known to influence watershed hydrological
processes (Ziegler et al., 2004; Moraes et al., 2006; Zimmermann et al., 2006; Germer
et al., 2009). While the influences of climatic changes and land- use variations on
watershed hydrology cannot be investigated in isolation, understanding the influence

of these watershed response drivers independently provides preliminary information.
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The debate on climate variability and climate change relies heavily on the detection of
trends in records of hydroclimatic variables such as precipitation and streamflow. In
many parts of the world, and in particular in the USA, Canada and Europe, numerous
large-scale analyses of hydro-climatic trends have recently been conducted on
precipitation and streamflow data at different time scales (e.g., Groisman et al., 2001;
Zhang et al., 2001; Molnar and Ramirez, 2001; Burn & Hag Elnur, 2002; Kahya and
Kalayci, 2004; Birsan et al., 2005). However, such studies are limited in the South

American continent (e.g., Rosenbllth et al., 1997).

Therefore, the main objective of this study was to identify trends in observed
streamflow data and their occurrence in time in the Upper Rio Das Mortes watershed,
and to analyse the linkages between any observed changes in streamflow and
precipitation. As outlined by Jakeman and Hornberger (1993), it is important to
determine: “what reliable information may reside in concurrent observed precipitation—
streamflow measurements for assessing the dynamic characteristic of catchment

response.”

2.2. Study Area Description

The study was conducted in the upper Rio das Mortes watershed (Fig. 2.1) 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 covers an area of 17 555 km?. The study area is in the
western part of the Central Brazilian Plateau, where the basement of the South
American platform is covered by Tertiary (Cachoeirinha formation) and Mesozoic
(Bauru group) sedimentary rocks, which are mainly arenites and conglomerates. The
main soil types in the watershed are red and yellow Latossolos (Brazilian classification
system, EMBRAPA 1999).

The relief of this area is mostly flat to very gently undulating, and 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. The main soil types are the Latossolo
Vermelho-Escuro and the Latossolo Vermelho-Amarelo Podsolico covering almost
70% of the watershed. 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 grain and
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cotton in Mato Grosso State with annual production of maize, cotton and soybeans.
The Rio das Mortes River can be generally classified as a rain-fed river and is
characterized by a pronounced seasonal flow regime showing year-to-year variability.
Generally, high flows occur during the summer period (November to April) and low
flows occur during winter (dry) season which, on average, spans from May to October.

The daily flow ranges from 126 to 1615 m3/s with a long-term mean flow of 361 m¥/s.

o~ S
-
2 S 7
LA
j
Legend Mato Grosso
#  Watershed outlet I T T T T T T T ..
A Weather Station 4 e L 120k -~

Elevation(m)
Value
High : 908.446

Low - 336.162

Figure 2.1 Upper Rio das Mortes watershed in central Mato Grosso State, Brazil.

The discharge gauge of Toriqueje (ANA 26050000) located at 15.31°S 53.08°W was
selected because of the existence of a long time series (1967-2007) of daily discharge
data. Discharge data were downloaded from http://www.ana.gov.br. Precipitation from
four weather stations upstream of the gauging stating is spatially averaged to build the

rainfall time series used in this study.

2.3. Study methodology

The methodology used in this study consisted of trend tests applied to 40 years’ time
series data of streamflow measured at the ANA gauging station (26050000) The
magnitude of the trend slope was also determined for each time series. Trend analysis
of hydrometric data is most commonly performed using the Mann—Kendall non-
parametric tests. The main reason for using non-parametric statistical tests is that
compared to parametric statistical tests, the non-parametric tests are thought to be
more suitable for non-normally distributed data and censored data, which are
frequently encountered in hydro-meteorological time series (Ehsanzadeh et al., 2010).
This method was adopted in this study. To avoid serial auto-correlation complications,

Kendall’'s test was applied on annual basis. The calculated Mann-Kendall trend
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statistic determines the statistical significance of a trend in a data set. Decadal flow
duration curves were also generated. Low-flow magnitude and frequency are used
often by water-supply planners and reservoir managers to manage water availability
for supply. In this study, we estimated the 7-day low flows and the Mann-Kendall test
was also applied to test for any significant trends in the 7-day low flow time series. The
7-day low flow in any year is determined by calculating the average flow over seven
consecutive days for every seven-consecutive-day period in the year and choosing
the lowest. The trend was considered to be significant if the probability value (p-value)
was less than or equal to 0.05. This value represents a 95-percent confidence level.

Precipitation data from four stations located within the study watershed were

analysed in this study.

2.4. Results and discussion
2.4.1. Annual rainfall and streamflow

The Mann-Kendall trend test applied to annual rainfall showed no statistically
significant upward or downward trend in the watershed (Fig. 2.2a). To investigate if
the trends in annual streamflow were related to climatic factors, mean annual stream
flows for the period 1967-2007 were analysed using the same method and the results
are shown in Fig. 2.2b and 2.2c. Monthly streamflow data revealed important trends
in the natural hydrological regime of the watershed. A statistically significant upward
trend was detected in the watershed at the 0.01 and 0.05 levels of significance for
annual streamflow (Fig. 2.2b). A similar trend was also observed for the 7-day low
flows (Fig. 2.2c). The Sen’s slopes of the trends in streamflow are also presented and

confirm these findings.
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Figure 2.2 Mann-Kendall test on (a) annual rainfall in the study watershed, (b) the mean annual
streamflows, and (c) 7-day low flows recorded at ANA 26050000 gauging station.
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2.4.2. Decadal flow duration curves

The decadal flow duration curves (Fig. 2.3) show a marked increasing shift in
discharge after the 1968-1977 decade. As there is no marked increase in annual
precipitation during this period, these results show that streamflow trends are
influenced more by other forces. Low (Qrs-100), median (Qus-55) and high (Qo-10) flows
derived from the decadal flow duration curves are shown in Table 2.1. The decadal

values flow values also show significant changes in streamflow after 1968-1977.
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Figure 2.3 Decadal flow duration curves for stream flow measured at the ANA station 26050000
for the period 1968-2007.

Precipitation variability could be the main driver of changes in the hydrological
response in a watershed and could mask other changes in the nature of rainfall-runoff
response (Rodriguez et al., 2010). However, from this study, increasing discharge
changes are not matched by increases in precipitation, over the four decades. There
is no evidence of any increasing trend in precipitation. This suggests that other factors
are more important in this watershed in controlling streamflow trends. Land-use
change from forest to agriculture and pasture, is generally considered a leading cause
for changes in watershed hydrological responses, through changes in runoff
generation mechanisms.

Table 2.1 Decadal low, medium and high stream flows derived from flow
duration curves.

1968-1977 1978-1987 19881997 1998-2007
High flow (Qo-10) 418 630 607 560
Median flow (Qus-ss) 264 344 344 313
Low flow (Q75-100) 173 243 242 217

2.4.3. Wavelet analysis

Wavelet analysis maintains time and frequency localization in a signal analysis by
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decomposing or transforming a one-dimensional time series into a diffuse two-
dimensional time-frequency image simultaneously. Then it is possible to get
information on both the amplitude of any “periodic” signals within the series, and how
this amplitude varies with time. This information was not readily available in the raw
signal (Fig. 4(a)). Thus, Fig. 4(b) is the diffuse two-dimensional simultaneously time-
frequency image called the wavelet power spectrum.

Wavelet power spectrum: Figure 4(a) shows the raw data of the daily streamflow at
Araguaia gauge. Figure 4(b) shows the power (absolute value squared) of the wavelet
transform for those raw data, using the Morlet mother wavelet because it gives more
accurate frequency information. Figure 4(b) shows the actual oscillation of the
individual wavelet rather than just its magnitude. Observing it, the concentration of
power can be easily identified in the frequency or time domain, i.e. an annual
frequency along the entire time series (1967-2007), but with high concentration
starting in 1972, which is highlighted by the thick contours. The variance of power in
the 256-512-day band (also confirmed by Fig. 4(c)) also shows the dry and wet years;
i.e. when the power decreases substantially in this band, it means a dry year and when
the power is maximum means a wet year, as discussed by Santos et al. (2001, 2003)
and Santos and Ideido (2006). The area below the well-defined line is called the
influence cone, where zero padding was performed. Thus, this area must be avoided;
e.g. there is a power concentration until 1990 at the 4096-8192-day band (a
hydrological event occurring each 15 years), but this must be influenced by the zero
padding.

Global wavelet power spectrum: The global wavelet spectra provide an unbiased
and consistent estimation of the true power spectrum of the time series. The dashed
line is the 5% significance level for the global wavelet spectrum, using a red-noise
background spectrum. Trends of the time series are confirmed by an integration of the
power over time spectrum, assuming red-noise, represented by the dashed lines (Fig.
4(c)). Many geophysical time series can be modelled as either white-noise or red-
noise. As explained by Torrence and Compo (1998), a simple model for red-noise is
the univariate lag-1 autoregressive process. The lag-1 (a1) is the correlation between
the time series and itself, but shifted (or lagged) by one time unit. In this present case,

this would be a shift of one day. The lag-1 measures the persistence of an anomaly
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from one day to the next. When the lag-1 is greater than 0.4, it is recommended to
compute the true lag-1 a as o = (a1 + a2'?)/2, in which a2 is the autocorrelation lag-2,
which is the same as lag-1 but lagged by two days instead of one day. When a1 is less
than 0.4, it is recommended to model the series as white-noise (a = 0). The null
hypothesis is defined for the wavelet power spectrum as assuming that the time series
has a mean power spectrum, and then it can be assumed to be a true feature with a
certain percent confidence. For definitions, “significant at the 5% level” is equivalent to
the “95% confidence level,” and implies a test against a certain background level, while
the “95% confidence interval” refers to the range of confidence about a given value
(Torrence and Compo 1998).
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Figure 2.4 (a) Daily streamflow at Araguaia gauge for the 1967-2007 period. (b) The wavelet
power spectrum using Morlet mother wavelet. The thick contour encloses regions of greater
than 95% confidence for a red-noise process with a [l coefficient of 0.99158. (c) The global
wavelet power spectrum. The dashed line is the 5% significance level for the global wavelet
spectrum, using a red-noise background spectrum. (d) Scale-average wavelet power over the
256-512-day band. The dashed line is also the 95% confidence level assuming red-noise.
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Scale-average time series: The scale-average wavelet power is a time series of the
average variance in a certain band. On the case of Fig. 4(d), it is the 256-512-day
band. It can be used to examine modulation of one frequency by another within the
same time series. Figure 4(d) is generated as the average of Fig. 4(b) over all scales
between 256 and 512 days. A dry period can be identified between 1967 and 1975,
followed by a wet period until the beginning of 1982. Other reductions in power can be
also found between the years 1982—1986 and in 1993, which correspond to dry years

followed by wet periods.

2.5. Conclusions

Analyses of historical records of annual precipitation and discharge could have
potential applications to help water managers and decision makers make informed
decisions regarding water resources management and economic development
planning, especially considering predicted future climatic change scenarios. From this
study, the following conclusions can be made: (a) Stream discharge in the study
watershed has increased over the past four decades. Similar trends were observed
for high, medium and low flows estimated using flow duration curves. However, the
nature of the observed change is not completely known. This can vary from simple
upward trends that are monotonic to increasing shifts in the average values, or may
be a combination of both. Further investigation of this trend and an extension to other
watersheds within the basin is required. (b) Mean annual precipitation during this same
period under consideration (1967—-2007) indicate no statistically significant evidence
of an increasing or decreasing trend. Results from this study indicate that the observed
increasing trend in streamflow is most likely influenced by other factors in the
watershed besides the precipitation pattern. Land-use change patterns that have
occurred in the study area in the last few decades are likely to play a significant role
in the observed streamflow trends. (c) Although the study is limited and cannot be
used in isolation to determine watershed changes in low-flow conditions, the study
provides an important pattern where streamflow increase is not matched by increases
in annual rainfall amounts. Prediction in ungauged watersheds and basins is an
important topic in hydrological studies. The low-flow determinations in this study and

trend analysis could be used in conjunction with basin characteristics to develop
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regional equations for estimating low flows at ungauged streams. Finally, (d) This
study represents an initial step towards a quantitative understanding of historical
changes in precipitation and streamflow in the Upper Das Mortes watershed. Literature
suggests a variety of anthropogenic factors influencing the watershed hydrology
climate of southern Amazonia watersheds which may overshadow any climatic change
signals. Ongoing studies include quantifying spatial and temporal land use/land cover
dynamics and investigating how these observed changes influence streamflow trends,
establishing trends in parameters controlling overall watershed water balance and
seasonal trends and use hydrologic models to predict the influence of likely future land

use land cover scenarios and climate on watershed hydrology.
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3. A multi-approach and multi-scale study on water quantity
and quality changes in the Tapajés River basin, Amazon

This manuscript is published as: Nébrega, RLB, Lamparter, G, Hughes, H, Guzha, AC, Amorim, RSS, Gerold, G.
2018. A multi-approach and multi-scale study on water quantity and quality changes in the Tapaj6s River basin,
Amazon. Proc. Int. Assoc. Hydrol. Sci. 377, 3—7. DOI:10.5194/piahs-377-3-2018.

Abstract

We analyzed changes in water quantity and quality at different spatial scales within
the Tapajés River basin (Amazon) based on experimental fieldwork, hydrological
modelling, and statistical time-trend analysis. At a small scale, we compared the river
discharge (Q) and suspended-sediment concentrations (SSC) of two adjacent micro-
catchments (< 1 km?2) with similar characteristics but contrasting land uses (forest vs.
pasture) using empirical data from field measurements. At an intermediary scale, we
simulated the hydrological responses of a sub-basin of the Tapajés (Jamanxim River
basin, 37,400 km?), using a hydrological model (SWAT) and land-use change scenario
in order to quantify the changes in the water balance components due to deforestation.
At the Tapajos’ River basin scale, we investigated trends in Q, sediments,
hydrochemistry, and geochemistry in the river using available data from the HYBAM
Observation Service. The results in the micro-catchments showed a higher runoff
coefficient in the pasture (0.67) than in the forest catchment (0.28). At this scale, the
SSC were also significantly greater during stormflows in the pasture than in the forest
catchment. At the Jamanxim watershed scale, the hydrological modelling results
showed a 2% increase in Q and a 5% reduction of baseflow contribution to total Q
after a conversion of 22% of forest to pasture. In the Tapajos River, however, trend
analysis did not show any significant trend in discharge and sediment concentration.
However, we found upward trends in dissolved organic carbon and NOs over the last
20 years. Although the magnitude of anthropogenic impact has shown be scale-
dependent, we were able to find changes in the Tapajos River basin in streamflow,
sediment concentration, and water quality across all studied scales.

3.1. Introduction

Southern Amazonia was the first region of Brazil's Amazon area to be exposed to
intensive conversion to agricultural lands (Fearnside, 2016). The Tapajés River, an
important tributary of the Amazon River, lost in this basin ca. 30% of forest cover (ca.
500,000 km?) by 2016, mainly due to the establishment of agro-industrial farms. The
forest loss in this River basin is projected to reach approximately 65% by 2050
(Soares-Filho et al., 2006).
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The understanding of small areas is essential to propose solutions to maintain tropical
forest services, such as water and nutrient cycling, in the Amazon (Vedovato et al.,
2016). These areas can be well assessed by experimental catchment studies. For
example, Bleich et al. (2016) studied 10 small pristine streams in the Tapajés River
basin and argue that in case measures of conservation of small catchments are not
taken, environmental impacts on regional streams in South Amazonia are expected to
increase. Impacts at regional scales have been the concern of the scientific community
with regards to the role of tropical forests in the global climate systems, especially the
effects of the Amazon deforestation in large scales (Ometto et al., 2011). Lima et al.
(2014) argue that large-scale deforestation triggers complex non-linear interactions
between the atmosphere and biosphere, which may impair important ecosystem

services such as water for agriculture and hydroelectric power generation.

Although it has been reported that deforestation leads to changes in the water cycle
in this region (Davidson et al., 2012), the effects of forest clearing on the
concentrations of suspended and dissolved materials that are usually seen in small
streams are difficult to be detected in larger streams and rivers (Thomas et al., 2004).
However, the chemistry of the large rivers in the Amazon that remained relatively
unaltered until 2000 was compromised because of the upcoming growing of area
occupied by pastures (Neill et al., 2001). Additionally, analyses of land-use change
impacts that were usually limited to small plots or experimental catchments are now
possible to be applied to larger scales, such as river basins, due to recent
improvements in data collection, archiving and distribution (Eshleman, 2004). New
evidence shows that the conversion of forest to pasture is manifested in systematic
changes in the hydro-climatology cycle with increase in river discharge in large

catchments in the Amazon (Souza-Filho et al., 2016).

In this study, we examined the impact of the land-use change on the streamflow and
water quality of the Tapajos River basin using different spatial scales and approaches.
We seek to understand what signatures from the land-use change are possible to

observe within and across these scales.
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3.2. Area of study

Our study focus on the Tapajos River basin (ca. 500,000 km?2), which is the fifth largest
sub-basin of the Amazon River and covers 7% of the total Amazon basin (Pavanato
et al,, 2016). This basin includes 7 of the 41 municipalities where Brazilian
Environmental authorities concentrate anti-deforestation efforts due to their high
incidence of forest clearing (Braganca, 2015). In order to estimate the impacts of scale,
we integrated to our study a sub-basin of the Tapajés, the Jamanxim River basin
(37,400 km?), and a pair of micro-catchments (<1 km?2) with contrasting land uses
(forest vs. pasture) located in the municipality of Novo Progresso, in the Brazilian state
of Para (Fig. 3.1). The climate in this area is humid tropical with a rainy season from
November to May and a dry season that extends from June to October. Mean annual

precipitation averages 1,900 mm.

IG Jamanxim River basin
D Tapajos River basin

Deforestation in the Legal Amazon up to 2014

Biomes

B Avszon

CERRADO

contributars, and the GIS user
community

Figure 3.1 Area of study.
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3.3. Methods
3.3.1. Experimental micro-catchment study

We compared the streamflow of the micro-catchments by using empirical data from
field measurements from 2013 to 2014. At the catchment outlets, we installed
rectangular weirs and a DS 5X multiparameter sonde (OTT, USA) to measure water
level and to quantify streamflow. In these catchments, we also collected 1-L water
samples during stormflow events for suspended sediment concentration (SSC)
analysis following the method of ASTM (2000). More details on the catchments’

characteristics and instrumentation setup can be found in Guzha et al. (2015).

3.3.2. Jamanxim River basin modelling

We simulated the hydrological behavior of the Jamanxin River basin using the SWAT
eco-hydrological model (Arnold et al., 2012). For the setup, calibration and validation
of SWAT, we used a gradual land-use change parameterization, field assessments,
and available regional data, and then simulated a land-use change scenario in order
to quantify the changes in the water balance components due to deforestation. The
model parameterization, calibration and validation details can be found in Lamparter
et al. (2016). The land-use change scenario used in this study (Fig. 3.2) suggests a

rapid pasture expansion according the study of Gollnow et al. (2017).

3.3.3. Tapajos River basin analysis

We investigated trends in Q, sediments, hydrochemistry, and geochemistry in the river
using available data from the HYBAM Observation Service (www.ore-hybam.org). We
used Mann-Kendall test for detecting either an upward or downward trend in the data
series with a significance threshold set at .05. The data were also used to quantify

fluxes of nitrate and total dissolved carbon (DOC) in 5-year periods from 1996 to 2015.

3.4. Resulis and Discussion

Figure 3.3 shows the streamflow comparison between the two micro-catchments. The
pasture catchment has a higher runoff coefficient (0.67) than the forest catchment
(0.28). Baseflow indices were 0.76 and 0.88 for the pasture and forest catchments,

respectively, showing a higher baseflow contribution in the forest catchment. At this

47



Chapter 3

scale, the SSC were also significantly higher during stormflows in the pasture (579.7
+985.3 mg L") than in the forest catchment (81.8 + 148.6 mg L™).
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Figure 3.2 (a) Land-use distribution in 2011, and (b) Land-use scenario (22% of deforestation)
for the year 2030 following a business as usual approach (Gépel & Schaldach, 2016).
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Figure 3.3 Streamflow and rainfall in the forest and pasture micro-catchments.

For the Jamanxim River basin, simulation results show a 2% increase in discharge (Q)
and a 5% reduction of baseflow contribution to total Q after a 22% conversion of forest
to pasture (Fig. 3.4 and Table 3.1). Our results are in accordance to Davidson et al.
(2012); they state that even though basin-scale impacts of land use may not yet

surpass the magnitude of natural hydrological variability and biogeochemical cycles,
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there are some signs of a transition to a disturbance-dominated regime, which include

changes in the water cycle in the Southern and Eastern regions of the Amazon basin.

Table 3.1 Q results with SWAT for the land-use distribution and scenario.

P Q Q Qbase Qbase
(mm) (mm) Scenario (mm) Scenario
(mm) (mm)

1,639 637 685 396 405

95CI
4 observed
best est
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Figure 3.4 Calibration and validation with land-use update for the Jamanxim catchment.
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Figure 3.5 Nitrate and total dissolved carbon fluxes.

At the scale of the Tapajos River basin, however, trend analysis did not show any
significant trend in discharge and sediment concentration. Hydrological changes due
to land-use change are known to be primarily manifested at smaller scales. Therefore,

we ascribe the absence of visible trend at a large scale to the fact that most of the
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deforestation in the Tapajos River basin has occurred in its upper portion, which
produces hydrological signatures that may be buffered along the river until its outlet.
The analyses of the outflow fluxes over the last 20 years in the Tapajos River revealed
upward trends in dissolved organic carbon and NOs, which have reached an up to 10-

fold increase (Fig. 3.5).

3.5. Conclusions

Effects of deforestation on large rivers of the Amazon basin were relatively unknown
due to the low degree of connection between large rivers and land uses in these basins
(Neill et al., 2001). We were able to find changes in the Tapajés River basin in river
discharge, sediment concentration, and water quality across all studied scales. In this
context, our study adds to an increasing body of literature showing that although the
magnitude of anthropogenic impact has shown to be scale-dependent, some changes

are detectable in both small and large rivers in the Amazon.
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4. Characterizing rainfall runoff signatures from micro
catchments with contrasting land cover characteristics in
southern Amazonia

This manuscript is published as: Guzha, AC, Nébrega, RLB, Kovacs, K, Rebola-Lichtenberg, J, Amorim, RSS,
Gerold, G. 2015. Characterizing rainfall-runoff signatures from micro-catchments with contrasting land cover
characteristics in southern Amazonia. Hydrol. Process. 29, 508-521. DOI:10.1002/hyp.10161.

Abstract

Based on interactions between landscape characteristics and precipitation inputs,
watersheds respond differently to different climatic inputs. The objective of this study
was to quantitatively characterize controls on runoff generation from two first order
micro-catchments in the Amazonia region. The study investigated the variation of
hydrological signatures at micro-catchment scale, and relates these to landscape and
land cover differences and weather descriptors that control the observed responses.
One catchment is a pasture cleared of all natural vegetation in the early 1980’s and
the second catchment is a primary tropical forest with minor signs of disturbance.
Water levels and meteorological variables were continuously monitored during the
study period (December 2012-May 2013). Water level measurements were converted
to discharge, evapotranspiration was quantified using Penman-Monteith equation and
catchment pedohydrological properties were also determined. During the study period,
mean total rainfall was 1200 mm and runoff ratios were 0.79 and 0.47 for the pasture
and forest catchments, respectively. Base flow index was relatively higher in the forest
catchment (0.76) compared to pasture catchment (0.63). Results from this study
showed that the pasture catchment had a 35% higher mean stream flow. Analysis of
selected individual rainstorm events also showed peak discharges were attained much
faster in the pasture catchment compared to the forest catchment. At both sites,
rainfall-runoff responses were highly dependent on surface and subsurface flow
generation. Overland flow was observed in the pasture site during intense rainfall
events. The pasture catchment exhibited higher event water contribution than the
forest catchment. Findings from this research suggest that shallow lateral pathways
play a significant role in controlling runoff generation processes in the forest
catchment, while infiltration excess runoff generation processes dominate in the
pasture catchment. Results from this study suggest that the conversion of forest to
pasture may lead to important changes in runoff generation processes and water
storage in these head water catchments.

Key Words: hydrological processes, spatial and temporal variations, water balance,
land cover, Amazonia.
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4.1. Introduction and objectives

Even though there is a general agreement on the importance of the Amazonia forest
to world’s climate, rainfall patterns and water resources, there is relatively limited
research on examining the influences of land use changes on catchment hydrology in
the humid tropics (Roa-Garcia and Weiler, 2010; Roa-Garcia et al., 2011). Tropical
forest watersheds are valuable terrestrial ecosystems for biodiversity and provision of
water related ecosystem services (Hamilton et al, 1995; Tognetti et al., 2010;
Zadroga, 1981). However, dramatic degradation in these ecosystems have occurred
in the last few decades (Scatena et al., 2010). While there is substantial evidence that
the conversion of forest to pasture or crops in the tropics is associated with an increase
in annual stream flow totals because of the lower evapotranspiration of the
replacement vegetation, there are reports of diminished stream flows during the dry
season, and in this respect, the effects of tropical forest conversion on catchment
hydrology are even less understood (Bruijnzeel et al., 2011). Scientific conclusions
and inferences generated from modeling efforts have often been tampered with limited
field data and based on model parameter calibration and thus increased uncertainty
in the model predictions. As stated by Blume et al. (2007), basin inter-comparison and
maximization of the scientific value of available data sets, and field campaigns are
important in order to generate data sets for catchments and watersheds in various

study regions.

Headwater catchments can play a significant role in understanding the influence of
anthropogenic and climate changes on stream flow dynamics because of their
relatively small contributing areas which make them highly responsive to changes in
energy, water, and chemical inputs (Roa-Garcia et al., 2011). The low-order streams
in these catchments are the sources or origins for larger rivers and therefore
hydrological signatures from these may serve as useful indicators of different

catchment stresses.

Classical and recent studies show that hydrologic properties of catchments, including
infiltration and hydraulic conductivity are strongly affected by various stresses (Alegre
and Cassel, 1996; Schoenholtz et al., 2000) and these properties play a key role in

surface and sub-surface flow paths, and runoff generation (Elsenbeer, 2001;
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Elsenbeer and Lack, 1996) and subsequently hydrochemical dynamics. While the
intensity and amount of rainfall are key factors, recent studies give rise to the
assumption that besides the amount of precipitation, other factors play important roles
in controlling seasonal patterns of catchment hydrochemical signatures (Breitenbach
et al., 2010; Feng et al., 2009; Kebede and Travi, 2011; Lee et al., 2009).

Schnorbus and Alila (2013) observed that land use change did not have a statistically
significant (o = 0.05) impact on the peak flow distribution until a threshold level (20-
30%) in spatial extent of the land use change (forest harvesting in their case). They
also noted that the magnitude of peak flow change is a function of changes in input
fluxes (rainfall minus evapotranspiration) and changes in runoff synchronization, which
directly affect peak discharge magnitude and timing. Thus understanding catchment
characteristics is an important prerequisite for evaluating the effects of various
anthropogenic and climatic drivers in catchment hydrological responses, and

subsequent hydrochemical dynamics.

As outlined by Pfeffer et al. (2013), existing data and knowledge points out the central
role of land use and confirm that land cover changes have a greater impact on runoff
production than the rainfall amounts (Séguis et al., 2004; Boulain et al.,2009; Massuel
et al., 2011). De Moraes et al. (2006), asserts that the removal of forest decreases
interception and evapotranspiration (Wright et al., 1996), increases soil moisture levels
(Hodnett et al, 1995) and groundwater recharge (Jipp et al, 1998), decreases
infiltration capacity and soil water storage capacity of the upper root zone, and
increases both quick flow and delayed flow to various degrees that depend on the
land-cover history. While the runoff responses of catchments are mainly influenced
by rainfall regime, topography, vegetation, and soil hydraulic properties (Dunne, 1978),
Bonell and Balek (1993) observed the differences in these driving variables between
temperate landscapes and the humid tropics. In the humid tropics, the presence of
clay-rich soils and high rainfall intensities result in generation of saturation overland
flow where hardpans or impeding horizons exists near the surface. Thus with forest
conversion to pastures, the impeding layer could be extended to the surface due to
compaction, and thus increasing the occurrence of infiltration-excess overland flow

and thus increased discharges. However, as highlighted by Cappelaere et al. (2009),
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finer process understanding at various spatial and temporal scales is still needed to

explain the observed surface fluxes and improve future water management scenarios.

Results presented in this paper are part of a project which aims to develop a decision
support tool to alleviate land use intensification associated problems in Southern
Amazonia. These losses of ecosystem services include loss of natural vegetation and
associated ecosystem functions in the global and regional climate system, increasing
emissions of greenhouse gases (GHG), and the reduction of livelihoods. This paper
examines the rainfall runoff relationships and the various controls of catchment
hydrology in micro-catchments. An important source of variability in the study
catchments is the contrasting land use. The study focuses on a natural forest
catchment and a pasture catchment in which the original forest vegetation has been
removed and replaced with Brachiaria brisanta grass for intensive cattle rearing. To
reduce the effect of spatial variability typical for the medium-sized and large basins,

this study focuses on micro-catchments that are less than 1 km? in spatial extent.

The objective of the study was to understand how stream flow is conditioned by
microclimate, precipitation pattern, land cover and soil properties, amongst other
catchment properties. The catchment physiographic characteristics were examined in
relation to observed stream flow dynamics for selected rain storms and also how these
are likely related to current land use and land cover patterns. This paper contributes
to the understanding of process hydrology by characterizing the hydrological behavior
of small headwater catchments in active deforestation zones of Southern Para State

on the south east of the Amazonia.

Our central hypothesis is that clearing for pastures and agricultural development leads
to increased flashiness of catchment discharge dynamics and also reduces dry season
flows. By quantifying the water balance components of the selected catchments, we
test the infiltration trade-off hypothesis for tropical environments and the applicability
of the linear reservoir concept. The following sections provide a description of the
studied catchment; details of the chosen methodologies for the analysis; and an

overview of the results.
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4.2. Study site and methods
4.2.1. Location and Physical Characteristics

The experimental catchments are located within the boundaries of Fazenda Paraiso
(7.042°S, 55.385°W), which is about 5km from the town of Novo Progresso in Southern
Para Brazil (Fig. 4.1), and situated in the watershed of the Jamanxim River, one of the
major southern sub-tributaries of the Amazon River. The climate is humid tropical with
a rainy season from November to May and a dry season that extends from June to
October. Mean annual precipitation averages 1900 mm. Figure 4.2 shows typical soil
profiles in the study area, and tables 4.1 and 4.2 show the basic soil profile horizon
characteristics for the two study catchments. The dominant soils are Lixisols
(Haplustox / Latossolo vermelho-amarelo distréfico (Brazil classification)) with sandy
clay texture (mean soil texture of 55% sand, 2% silt, and 43% clay) (Soil Survey Staff,
1999). Lixisols are related to the Oxisol order of the U.S. Soil Taxonomy. The pasture
catchment with an area of 24 ha is covered by pasture grass (Brachiaria brisanta). The
forest catchment with an area of 93 ha is located approximately 1.5 km from the
pasture catchment, on the south eastern fringe of the farm is generally a natural forest

with existing signs of vegetation/tree regrowth and the existence of tree logging sites.
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Figure 4.1 Study area location and study catchments instrumentation.
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Table 4.1 Soil horizon characteristics in the study catchments

Pasture: Clayic Lixisols

Horizon Depth (cm)  Texture Color Bulk Density ~ Structure Roots Other features

Symbol (g/cm3)

A 0-5 Sandy Loam 10YR3/11 1.2 Block sub Few -
angular Very fine
moderate

E 5-70 Sandy clay 2.5Y 6/4 Very few

loam 1.1 Block sub Very fine
angular -
moderate none

Bt 70-103 Clay loam 2.5Y7/3

1.1 Block sub -
angular
moderate

Forest: Albic Lixisols

Horizon Depth Texture Color Bulk Density ~ Structure Roots Other features
Symbol (cm) (g/cm?3)
A 0-7 Sandy Loam 10YR 1.1 Block sub Few -
2/2 angular Very fine
moderate
E 7-47 Sandy clay loam 10YR 1.3 Block sub Very few
4/3 angular Very fine -
moderate
Bt 47-60 Clay loam 2.5Y 1.4 Blocky sub None -
5/3 angular
moderate
Bvm 60- Plinthic layer - - - Impenetrable

Table 4.2 Saturated Hydraulic conductivity (cm/hr) measured at two depths
and three different positions in the study catchments.

Catenal Position Measurement Depth Pasture Forest
Ubslope 25cm 0.339 1.53
psiop 40cm 1.66 0.915

. 25cm 0.39 7.72
Middle Slope 40cm ) 434
25cm 0.77 6.01

Valley Bottom 40cm 0.95 7.88
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Forest: Albic Lixisol Pasture: Clayic Lixisol
(Photo: J. Rebola-Lichtenberg)

Figure 4.2 Typical soil profiles in the two study catchments.

4.3. Methods
4.3.1. Rainfall and weather data

In order to capture the rainfall variability within the catchments, a network of tipping
bucket rain gages was installed. In the pasture catchment, four tipping buckets with
data loggers (Tinytag, Gemini, UK) were installed. Three tipping buckets were at the
forest catchment. Each of the tipping buckets has a resolution of 0.2 mm, and rainfall
was recorded at 10 minute intervals. A weather station was installed within the pasture
catchment with sensors to measure total solar radiation, net solar radiation,
temperature, relative humidity, wind speed and direction and rainfall. Data was logged
at a 10 minute time interval using two GP1 loggers. Reference evapotranspiration was
quantified using the Penman—Monteith equation following the procedure presented by
Allen et al. (1998).
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200 (ec—es)
T+273 2°°S A

A+y(1+0.34u;) (1 )

0.408A(Rp—G)+
ET, = i

where:

ETo reference evapotranspiration [mm/day], Rn surface net radiation [MJ/m?/day], G
soil heat flux density [MJ m? day'], T mean daily air temperature at 2m height [°C],
uz wind speed at 2m height [m s'], es saturation vapor pressure [kPa], ea actual vapor
pressure [kKPa], es - ea saturation vapor pressure deficit [kPa], A slope vapor pressure
curve [kPa °C™], y psychrometric constant [kPa°C™']. The grassland vegetation in the
pasture catchments is perennial grasses with minimal seasonal growth stage variation
and few scattered trees and shrubs. Therefore uniform Kc values were utilized to
estimate actual evapotranspiration. Similarly, in the forest catchment a relatively
uniform canopy of hardwood trees 20-30m tall cover the entire catchment all year
through and therefore a uniform Kc value was used to quantify actual

evapotranspiration.
4.3.2. Catchment Discharge

At the catchment outlets, rectangular weirs were built and fitted with a DS 5X
multiparameter sonde (OTT) which measured water level, electrical conductivity, pH,
turbidity, dissolved oxygen (LDO) and temperature at 15-minute intervals. The
standard rectangular weir equation based on the Bernoulli equation was used to

estimate catchment discharge (flow rate).

Q =Zc.b((Zg)h: (2)

where:

Q: discharge over weir (m%/s); Cd: discharge coefficient; b: weir length (m); h: head on

weir (m)

In order to understand the temporal dynamics in the hydrological response of the study
catchments, the rainfall-run off relationships exhibited in the obtained discharge data
for the period January 2013 to the end of May 2013 were examined. This coincides
with the rain season in the study area. A few rainy storms were missed in November

and December due to delays in field equipment installation.
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4.3.3. Soil Moisture

From a hydrologic viewpoint, soil moisture controls the partitioning of rainfall into runoff
and infiltration and therefore has an important effect on the runoff behavior of
catchments (Aubert et al., 2003). Time domain reflectometry (TDR) was used to
monitor soil moisture dynamics. The TDR system was used to measure volumetric
water content on a weekly basis, with TECANAT access tubes installed to a depth of
200 cm in two transects in each catchment. The study catchments feature a
toposequence of landscape positions from a gently sloping upper plateau, a middle
slope and a low-gradient valley bottom. Access tubes were installed along this
toposequence and thus the measured soil moisture represents water content
dynamics along this toposequence. A TRIME-PICO T3 probe (IMKO
Micromodultechnik GmbH, Ettlingen, Germany) was used to take measurements of
volumetric water content at the following soil depth intervals: 0-20, 20-40, 40-60, 60-
80, 80-100, 100-120, 120-140, 140-160 and 180-200 cm. Since the TRIME probe
measures water content in an elliptical field, two measurements were taken at each
depth increment and averaged to account for local and spatial variability in water

content.

Detailed hydraulic properties (saturated hydraulic conductivity, Ks, and bulk density,
BD) characterizing these catchments were also quantified. A constant head
permeameter (Amoozemeter) designed by Amoozegar (1989) for in situ
measurements above the water table was used to estimate hydraulic conductivity. This
was done by augering a borehole at 25 cm depth and at 40 cm depth, establishing a
constant water head in the hole and calculating Ks from the steady-state infiltration
rate using the Glover equation (Amoozegar, 1989b). Particle size distribution of the
soils was measured using the pipette method (Gee and Bauder, 1986) after chemical
dispersion and removal of organic matter and carbonate contents. Soil bulk density
was estimated using undisturbed samples dried in an oven at 105°C (Burke et al.,
1986). Soil particle density was measured in the laboratory using the pycnometer
method of Blake and Hartge (1986) and total porosity was determined from bulk

density and particle density values.
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4.3.4. Hydrograph separation

In line with procedures utilized by Recha et al. (2012), for the study period, the stream
hydrographs were normalized using the approximate catchment area in order to allow
a comparison of the catchments. Using discharge data, the Runoff Ratio (RR) was
quantified as the ratio of total runoff to total rainfall. The discharge data were further
analyzed using hydrograph separation techniques implemented in the Web GIS-based
Hydrograph Analysis Tool (WHAT) using the recursive digital filter method for base
flow separation (Lim et al. 2005; Lim et al. 2010). From this analysis, base flow and
storm flow components of the runoff ratio (RRBF and RRSF as the ratio of total base
flow and storm flow to total rainfall, respectively) were obtained. The base flow index
(BFI) is the ratio of base flow to total discharge (Bloomfield et al., 2009). Flow duration
curves were calculated to compare the differences in high, low, and median flows
across the catchments (Vogel and Fennessey 1994). The Baker et al. (2004) method

was used to estimate catchment flashiness indices.
4.3.5. Water Balance

Using the monitoring data, a water balance for each study catchment can be

constructed as follows:
P=R+ET+AS (3)

where P the rainfall, R is the surface water flow out of the catchment, ET is the
evapotranspiration, and AS is the water content change in the unsaturated zone and
recharge to saturated zone. AS, thus, includes lateral as well as vertical groundwater
losses and gains from the catchment as well as error in estimating all mass balance
components on the right-hand side of Equation 3. Due to logistical difficulties and
equipment shortages, aquifer recharge could not be quantified and therefore in the

water balance this term is lumped together with unsaturated zone water content.

4.4. Results and discussion

In this section, results obtained from the two study catchments are presented. The
rainfall characteristics, pattern and variability between the two sites and the major soil

profile characteristics are analyzed. After this, results of measured soil moisture
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dynamics over the study period, stream discharge characteristics and quantified actual

evapotranspiration variations in the study catchments are presented and discussed.
4.4.1. Precipitation characteristics

Figure 4.3 shows the daily rainfall amounts in each catchment. During the study period
(December 2012 to May 2013) the pasture catchment received 1254 mm of rainfall
while 1190 mm was recorded in the forest catchment. Given the convective rainfall
typical of the tropical regions, the spatial variability in daily rainfall amounts was
investigated by comparing average daily accumulations recorded in the pasture site
with those recorded by tipping buckets in the forest site. A scatter plot of the two
sampling locations is shown in Figure 4.4. This figure shows high coefficient of
determination (r? = 0.84) between these two sites. Considering the small size of the
study catchments this analysis can provide confidence of using rainfall from only one
site and apply to the other site. Rain events occur simultaneously at both locations.
Most of the rainstorms are mid-afternoon storms of varying durations and peak
intensities of 20mm/10min and 23mm/10min were observed in the pasture and forest
catchments, respectively. Data analysis also shows the typical short, intense nature

of tropical storms with mean storm duration of about 2 hours.
4.4.2. Soil Profile Characteristics

The forest catchment had a markedly lower mean bulk density (1.2 g cm?) than the
pasture catchment (1.42 g cm™). This difference may be attributed to the higher root
penetration and lack of compaction by the cattle in the forest catchment. The forest
catchment exhibited a blocky structure while the pasture catchment had mainly blocky
and platy structure. The platy structure in the pasture originates from compaction as a

consequence of the operations for deforestation or cattle trampling.
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Results from this study show that the saturated hydraulic conductivity was relatively
lower in the pasture catchment compared to the forest catchment. The low Ksat values
in the pasture catchment can be an indication of the absence of a well-defined macro

pore structure. The forest catchment had more than six times higher rate of saturated
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hydraulic conductivity than the pasture (Table 4.2). That means moderately rapid
infiltration and subsequently lower probability of runoff. Most probably the higher
organic matter content and the lower bulk density in the forest favor the infiltration of
water. Even though our study was only limited to two depths of measurements (25cm
and 40cm), these results show relative anisotropy in Ksat with depth. Strong anisotropy

has also been reported on oxisols in south western Amazonia (Elsenbeer et al., 1999).

4.4 3. Soil Moisture variation

From weekly soil moisture measurement data, the average soil moisture content
remained in the 15-35% range during most of the measurement period. While soil
moisture measurements were done on a weekly basis, the lack of large peaks in soil
moisture contents at both sites even one day after large rainfall events may suggest
that there is rapid drainage in the soil profiles at these two sites. Drying out was also
observed beginning at the top and decreasing with depth. As shown in Figure 4.5, soil
moisture content variability between the two catchments was generally limited. The
pasture catchment exhibited lower hydraulic conductivity, compared to the forest
catchment. Therefore, any greater surface inputs (rainfall) in the pasture catchment
compared to the forest are likely offset by this difference in hydraulic conductivity.
There is a general similarity in mean soil moisture contents between these two
catchments. Maybe the drainage processes in these catchments behaves in similar
ways and the soil profiles drain rapidly. This was observed by Hodnett et. al (1995) in
central Amazonia catchments. Surface compaction in the pasture catchment can be a
reason for a delay in replenishment of soil moisture stores while in the forest catchment
while in the forest catchment, water uptake by plant roots influence profile moisture

changes.
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and pasture catchments.

In the forest site, the soil profile was generally shallower, with bedrock at about 50cm
and presence of hardpan horizon was also observed. This may limit soil water
reservoirs and also the hardpan horizon also promotes subsurface flow generation.

The high base flow values observed in the forest catchment also support this
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observation. The low water contents in the forest may also suggest the great influence
of root water extraction in the forest site. This trend was also observed by Hodnett et
al. (1995), who noted the great variation in soil moisture content between pasture and

forest catchments in the Amazon.

As expected, Figure 4.5 also shows a general increase in soil moisture from the
upslope to the bottom slope. Because the soil moisture measurements were manually
done on weekly basis and at times suitable for field work, the highest soil moisture
content measured at both sites is likely to be between the saturation point and field
capacity. In the pasture catchment the average Volumetric Moisture Content (VMC)
was about 21% while in the forest catchment this was about 24%. These low VMC are
typical in these lixisols which behave like sands in terms of water movement at low
tensions but hold water like clay at high tensions (Sanchez (1976) in Hodnett et al.
(1995).

4.4.4. Catchment Discharge

Figure 4.6 shows the peak daily stream flows at the 2 sites and Figure 4.7 shows the
normalized daily discharges. During the study period, mean and peak discharges were
higher in the pasture catchment compared to the forest catchment. The mean
discharge was 8mm/day in the pasture catchment and 5mm/day in the forest
catchment and the peak discharge was 49 mm/day in the pasture catchment and 20
mm/day in the forest catchment. These results are similar to those obtained by
Trancoso et al. (2007) in relatively similar catchments in the Amazon. The results show
that land cover alterations impact on catchment water storage properties and this has

direct effects on water quantity and water quality related ecosystem services.

The relative hydrological behavior of the study catchments in a wet season as shown
through the FDCs (Figure 4.8) provides evidence of the major rainfall runoff control
processes. The Flow Duration Curves indicated that the pasture catchment exhibits
almost 50% high flows (0 to 5th percentiles on FDC) than the forest catchment. The
pasture catchment discharges more water at all percentages of time that the discharge
is equaled or exceeded. For example, a 10mm/day runoff is equaled or exceeded in
the pasture catchment for 30% of the time while in the forest it is exceeded only for

10% of the time. Differences between the FDC’s are limited during the low flow

66



Chapter 4

periods. To illustrate characteristics of individual flow events in the study catchments,
two hydrographs were plotted for the rainfall storm of March 23" 2013 (Figure 4.9).
The runoff response was much faster in the pasture catchment with an average lag
time of 25 minutes compared to 60 minutes for the forest catchment. In the forest
catchment, the hydrograph shows a delayed response suggesting that sub surface
flow and subsequent overland flow on saturated areas were important processes. As
explained by Suryatmojo et al. (2013), physical catchment parameters such as slope,
shape, main-stream slope and drainage density affect stream flow and influence the
shape of the hydrograph through catchment storage, runoff speed, infiltration and soil
water content. While the study catchments display similar patterns, when the flows
begin to decline with the onset of the dry season, the flow of forest catchment

decreases first.
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Figure 4.6 Peak discharges and areal average rainfall in the study catchments.

Hydrologic indices calculated from discharge data for these two catchments are shown
in Table 4.3. Runoff ratios were significantly higher in the pasture catchment (0.79)
than the forest catchment (0.46). However base flow contribution to stream flow was
higher in the forest catchment (0.76) compared to the pasture (0.63). Table 4.3 shows
a water balance for the two catchments and for almost similar rainfall totals during the
study period, discharge normalized to catchment area was higher in the pasture

catchment (992 mm) compared to the forest catchment (584 mm). The average daily
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stream flow for the pasture catchment was 9.0 mm while it was 5.6 mm for the forest

catchment.
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Figure 4.7 Normalised discharges and areal average rainfall in the study catchments.
For selected representative rainstorms in the study catchments, the hydrographs are
shown in Figure 4.10 (a-c) for the two study catchments. For the rainstorm on February
26" 2013, 46 mm of rain produced 7 mm discharge at peak discharge rates of 0.24
mm/10 min in the forest catchment while 55 mm of rain produced 31 mm of runoff at
peak discharge rates of to 4 mm/10 min in the pasture catchment. The runoff
coefficient for the pasture site was almost five times higher than for the forest
catchment. The March 18" rainstorm (120 mm) produced 55 mm of runoff in the
pasture catchment and on the same day 121 mm of rainfall produced only 26 mm
runoff in the forest catchment. Similarly, on April 17™", 39 mm of rain produced 23 mm
runoff in the pasture while 38 mm of rain produced only 6 mm discharge in the forest
catchment. These hydrologic signatures show the relationship between total
precipitation, base flow and runoff, with land cover playing an important role. As
outlined by Bruijnzeel (2006), that even though it can be argued that a direct
comparison of the catchments may lead to biased results because of inherent
topographic differences between the two areas, it is pertinent to note that the relative

size of the topographically controlled area potentially generating SOF was larger for
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the forest catchment than for the pasture. Thus, the larger peak flows observed for the
pasture catchment cannot be attributed only to intrinsic differences in catchment
topography. An increase of runoff in the pasture could mainly be attributed to an
increase in infiltration excess (Hortonian) overland flow. As stated by Elsenbeer (2001)
and Niedzialek and Ogden (2010), the observed runoff properties are typical of many
tropical catchments with dominant sources of water at the event scale being rapid

lateral transport of water.
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Figure 4.8 Flow duration curves for daily discharge data from the study catchments.

Most of the rainfall intensities in the pasture exceeded the Ksat values near the surface
and this may mean that there are high frequencies of Hortonian overland flows
occurring at this site. Moraes et al. (2006) observed similar results in pasture
catchments in Eastern Amazonia. The higher discharges of the pasture catchment
could be explained by the compaction of soil upper layers by cattle grazing in the
grasslands relative to the characteristics of soils in forest catchment. Compaction
reduces rainfall infiltration, reducing groundwater replenishment and promotes surface
flows (Bruijnzeel, 2004). As observed by Roa-Garcia (2011), the high flows in the
pasture catchment also suggests a smaller water storage potential and higher surface
runoff rates, related to grasslands that have less potential to store water than forests.

In the forest catchments, higher Ks values were observed and usually forest soils are
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dominant in vertical flow paths (Williams et al., 1997). However, the occurrence of
shallow impeding layers within the soil profiles in the forest result in increases in lateral
flow contributing to stream flow. Overall results suggest that land use plays an
important role in the observed hydrologic signatures. The overall water balance for the
study catchments during the study period (Table 4) shows that in the forest site, 49%
of all rainfall inputs were discharged from the catchment while for the pasture

catchment this amounted to 79%.

Table 4.3 Hydrological analysis and indices for the study catchments derived from rainfall
runoff data for the period January to May 2013.

Index Pasture Catchment Forest Catchment
Discharge (mm) 992 584
RC® Forest Catchment - 0.466
Storm Flow (mm) P (mm) = 122 1 154
RCSFb Imax (mm/10 min ) = 20.8 )6 0.123
Base Flow (mm) Qp (mm/15 min) = 1.3 1 Pasture Catchment
RCgr® Rc=0.18 )5 ( P(mm)=120

d Imax (mm/10 min ) = 18.4
BF . 0.626 ( Qp (mm/15 min) = 7.0
Flashiness Index 0.099 ( Rc=053

a = total discharge/precipitation; b= storm flow/precipitation
c= base flow/precipitation; d= base flow/total discharge

These catchment discharge results could provide important information on water
storage, fluctuation and runoff in these tropical head water catchments and the ability
of the ecosystems in the headwaters to regulate water flows. The transformation of
the headwater catchments from forests and wetlands to grasslands and pastures is
most likely contributing to the reduction in their water regulation capacity, as indicated
by this research, and ultimately impacts on the potential of management to influence

dry season flows and storm flow attenuation.

Table 4.4 Results from a mass balance exercise with summations of rainfall,
runoff, ET, and residuals over the study period (Jan-May 2013) for the study

catchments.
Site Precipitation  Discharge Evapotranspiration = Recharge and change
(P) (mm) (Q) (mm) ET (mm) in Storage (AS) (mm)
Pasture 1254 992 445 -183
Catchment
Forest 1190 584 560 46
Catchment
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4.4.5. Evapotranspiration

Figure 11 shows time series of daily ET from each of the sites. The average ET in the
forest catchment was 4.9 mm/day while in the pasture catchment the average daily
ET was 3.6 mm/day. As asserted by Spracklen et al. (2012) that when forests are
replaced by pasture or crops, evapotranspiration of moisture from soil and vegetation
is often diminished, leading to reduced atmospheric humidity and potentially
suppressing precipitation. Water budget calculation is a conceptual simple way to
study the hydrological behavior of an ecosystem and provides a useful tool to assess
the relative importance of the hydrological processes (Ingram, 1983; Price and
Maloney, 1994). For the study catchments, water budget components for the study
period are shown in Table 4.4. The quantification of ET using the semi empirical
Penman—Monteith equation was based entirely on information provided by the
meteorological station located in the pasture catchment. ET losses accounted for 35
% of the water losses in the pasture site and 47% in the forest site. On the basis of
these data, replacing forests with pastures and grasslands produces an increase in
annual water yield. However, Roa-Garcia et al. 2010, notes that rather than this effect
as the main driver for the increase in annual flows after forest clearing, in the tropics it

appears to be the reduced infiltration capacity of the soil.
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Figure 4.10 Daily Evapotranspiration and areal average rainfall for the study catchments.
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4.5. Summary and conclusions

The rainfall runoff characteristics of two small headwater catchments in southern
Amazonia were investigated. Land cover and catchment physiographic parameters
play a significant role in the hydrologic responses of the catchments. Data from this
study highlight linkages between land cover and the rainfall runoff characteristics as
shown in the discharge hydrographs. Analyses of individual events have shown
relative differences between forest and pasture sites in terms of the rainfall-runoff
responses. The pasture catchment exhibits high instantaneous peak discharges
compared to the forest catchment. The pasture catchment exhibited relatively rapid
response to precipitation compared to the forest catchment. Normalized discharge
was also higher in the pasture catchment which also exhibited higher runoff ratios
compared to the forest catchment. Initial findings confirm that hydrological responses
in these catchments are driven by various factors and depend not only on the
watershed features but also on prior conditions and the characteristics of the rainfall
episodes, e.g. intensity. Both catchments are underlain by soils with well defined, A,
E and Bt Horizons. Soil moisture exhibits temporal variations following rainfall patterns
and spatially showing the influence of topography. During the study period there is
limited variation in moisture reservoirs in the study catchments, and both catchments
also exhibited limited ranges in available water capacities. Results of this study
highlight that land cover alterations and transformation of the headwater catchments
from forests most likely contributes to the reduction in their water regulation capacity.
While results presented here provide a useful initial assessment of catchment
hydrological controls, further research is ongoing to better understand the influence of
land use and soil moisture on discharge over a longer time period and also to
characterize the influence on hydrochemical transport. Further work will use these
data to validate hydrological models identifying the actual pathways of the water in the
catchments, calculate mean transit times, and quantify associated hydro-chemical

fluxes.
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5. Effects of conversion of native cerrado vegetation to pasture on
soil hydro-physical properties, evapotranspiration and
streamflow on the Amazonian Agricultural Frontier
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Abstract

Understanding the impacts of land-use change on landscape-hydrological dynamics
is one of the main challenges in the Northern Brazilian Cerrado biome, where the
Amazon agricultural frontier is located. Motivated by the gap in literature assessing
these impacts, we characterized the soil hydro-physical properties and quantified
surface water fluxes from catchments under contrasting land-use in this region. We
used data from field measurements in two headwater micro-catchments with similar
physical characteristics and different land use, i.e. cerrado sensu stricto vegetation
and pasture for extensive cattle ranching. We determined hydraulic and physical
properties of the soils, applied ground-based remote sensing techniques to estimate
evapotranspiration, and monitored streamflow from October 2012 to September 2014.
Our results show significant differences in soil hydro-physical properties between the
catchments, with greater bulk density and smaller total porosity in the pasture
catchment. We found that evapotranspiration is smaller in the pasture (639 + 31% mm
yr') than in the cerrado catchment (1,004 + 24% mm yr'), and that streamflow from
the pasture catchment is greater with runoff coefficients of 0.40 for the pasture and
0.27 for the cerrado catchment. Overall, our results confirm that conversion of cerrado
vegetation to pasture causes soil hydro-physical properties deterioration, reduction in
evapotranspiration reduction, and increased streamflow.

5.1. Introduction

Despite accounting for nearly half of all tropical forests and approximately 6% of the
Earth’s land surface, tropical dry forests are underrepresented in the literature on
tropical forest research (Sanchez-Azofeifa et al., 2005; Santos et al., 2011; Farrick and
Branfireun, 2013). Further, tropical dry forests are recognized as one of the world’s
most endangered terrestrial ecosystems, as they are threatened by deforestation and

climate change impacts (Miles et al., 2006).

Available empirical data for tropical forests are insufficient for adequate
parameterization of water balance models, including the understanding of the effects
of deforestation on evapotranspiration and runoff ratios. Therefore, increased efforts

with focus on field-based characterizations and catchment processes are
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recommended to quantify human influence on all aspects of tropical hydrology (Wohl
et al., 2012). Farrick and Branfireun (Farrick and Branfireun, 2013) supported this
recommendation, adding that standard hydrological metrics such as runoff coefficients

also lack comprehensive characterization in tropical dry forests.

The Cerrado ecosystem, commonly called the Brazilian savanna, is South America’s
largest tropical dry forest and second-most extensive biome. Although public interest
in deforestation in Brazil focuses on the Amazon biome, most of the deforestation has
occurred in areas adjacent to the Cerrado-Amazon transition zone (Smith et al., 1998),
also known as the Amazonian agricultural frontier. Approximately 50% of the original
2 million km? of the Cerrado area is under agricultural use (Klink and Machado, 2005;
Sano et al., 2008; Beuchle et al., 2015), compromising ca. 80% of the primary cerrado
vegetation (Myers et al., 2000). Other studies indicate that the conversion of cerrado
vegetation will continue to be a dominant process of land-use change in Brazil (Lapola
etal., 2011, 2013).

It is widely known that the removal of forest cover associated with agricultural
expansion shifts water balances by reducing evapotranspiration and increasing
streamflow (Brown et al., 2005; Recha et al., 2012; Neill et al., 2013). Studies
evaluating the impacts of land-use change on hydrological processes in the Amazon
are relatively common (Williams and Melack, 1997; Neill et al., 2001; Ballester, 2003;
Germer et al., 2009; Figueiredo et al., 2010b; Richey et al., 2011). However,
assessments of the environmental impacts of the Cerrado conversion into agro-
pastoral landscapes are scarce (Jepson et al., 2010; Hunke et al., 2015b; Oliveira et
al., 2015) despite the importance of the cerrado in provisioning and maintaining
ecosystem services such as adequate water quantity and quality (Alho, 2012;
Davidson et al., 2012; Hunke et al., 2015a). Although studies show that land-cover
change in the Brazilian Cerrado alters the water balance, e.g. by increasing streamflow
(Costa et al., 2003; Guzha et al., 2013a), they do not allow generalizations since they
are based mostly on low-resolution datasets. In this biome, water balance components
such as streamflow and infiltration, and soil physical properties are poorly understood,
especially at field scale in the Cerrado (Juhasz et al., 2007; Oliveira et al., 2015).

Furthermore, the scarcity of hydrometeorological data, and the lack of information on
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vegetation and geological characteristics are major limitations for a reliable

quantification of these land-use change effects.

In fact, most of hydrological characterizations of the Cerrado are often limited to either
grey or non-peer reviewed literature, which is difficult to access. Evapotranspiration
has been the water balance component studied in greater detail in this biome (da
Rocha et al., 2009; Giambelluca et al., 2009). In more recent studies, the emphasis
has been on the use of remote sensing techniques to establish a better understanding
of evapotranspiration in large areas of the Brazilian Cerrado (Lathuilliere et al., 2012;
Scherer-Warren, 2012; Scherer-Warren and Rodrigues, 2013; Andrade et al., 2014;
Oliveira et al., 2014; Ataide and Baptista, 2015). However, there are limitations to
obtain cloud-free satellite images in this region of Brazil (Sano et al., 2007), and due
to inconsistent field information, studies often have restrictions to apply ground-based
validation methods (da Silva et al., 2015).

Burt and McDonnell (Burt and McDonnell, 2015) emphasize that there is a noticeable
need for field research to seek new fundamental understanding of catchment
hydrology particularly in regions outside of the traditional focus, such as the Cerrado.
Due to the lack of data with high temporal and spatial resolution for this region of Brazil,
macroscale analyses are often the only alternative. Our study focuses on small
headwater catchments because they are the origins of larger rivers, and, as outlined
by Guzha et al. (Guzha et al., 2015), hydrological signatures exhibited in these
catchments can provide useful indicators of environmental changes in larger areas.
Studies using small watersheds in the Brazilian Cerrado are usually more feasible than
macro-scale approaches to detected hydrological responses to human impacts

regarding land-use and land-cover changes (Jepson, 2005; Oliveira et al., 2014).

Our hypothesis is that conversion of undisturbed cerrado to pasture leads to soil hydro-
physical degradation, increased stream discharge, and reduced evapotranspiration
fluxes. In this respect, our study aims to aid filling the gap in the understanding of soll
degradation and hydrological processes in active deforestation zones on the
Amazonian agricultural frontier in Brazil. The specific objectives were to: i) determine

soil hydro-physical properties, and; ii) quantify streamflow and evapotranspiration;
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from two adjacent catchments whose major difference is the land use (undisturbed

cerrado vs. pasture).
5.2. Methods

5.2.1. Study area description

We conducted this study in the municipality of Campo Verde (Mato Grosso state,
Brazil), situated in the das Mortes River basin and in the Cerrado biome (Fig 5.1). This
area is underlain by a Cretaceous sandstone (Schneider, 1963). The soils in this
biome are generally highly weathered and acidic with high aluminum concentrations,
thus requiring fertilizers and lime for crop production and livestock farming (Ratter et
al., 1997). The climate in this region is tropical wet and dry, and the mean annual
precipitation is 1,800 mm yr'; the wet season extends from October to April, and the

dry season extends from May to September (Marcuzzo et al., 2011).
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Deforestation in the
Legal Amazon until 2014
‘Source: Imazon (2015)
and MMA (2015)
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Figure 5.1 Overview of the Amazon and Cerrado biomes, the deforestation extension in the
Legal Amazon, and the location of the cerrado and pasture catchments. Deforestation data
from: IMAZON [Internet]; 2016. Available from:
http://www.imazongeo.org.br/doc/downloads.php; and MMA [Internet]; 2016. Available from:
http://mapas.mma.gov.br/i3geo/datadownload.htm.

We compared two adjacent headwater micro-catchments selected on the basis of their
Predominant Land Use (PLU), i.e. cerrado vegetation and pasture for extensive cattle
ranching, and monitored them from October 2012 to September 2014. The selected

catchments are less than 1 km? in spatial extent, with similar slopes, aspects, soils,
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and climate. We used the space for time substitution approach for the comparison
between the catchments, which it is often used in hydrology to compare adjacent small
catchments with similar characteristics and different land cover (de Moraes et al.,
2006; Germer et al., 2010; Roa-Garcia et al., 2011; Munoz-Villers and McDonnell,
2013; Ogden et al., 2013). This method has yielded significant insights in the
hydrologic response of landscapes in the absence of historical data and one major
different pattern (Troch et al., 2015).

With an area of 78 ha, the cerrado catchment is located within the boundaries of the
Rancho do Sol farm (15.797° S, 55.332° W) and is mostly covered by cerrado sensu
stricto vegetation. The cerrado sensu stricto is described as a deep-rooting and dense
orchard-like vegetation consisting of many species of grasses and sedges mixed with
a great diversity of forbs, such as Leguminosae, Compositae, Myrtaceae, and
Rubiaceae plant species, and trees with an average height of 6 m (Goodland, 1971;
Goodland and Pollard, 1973; Canadell et al., 1996; Ratter et al., 1997; Furley, 1999).
The adjacent pasture catchment (58 ha) is located on the Gianetta farm (15.805° S,
55.336° W). In 1993 the original cerrado vegetation in this catchment was removed
and replaced by Brachiaria grass species for intensive cattle farming. The soils in both
micro-catchments are Arenosols (IUSS Working Group WRB, (IUSS Working Group
WRB, 2015)) characterized by a sandy loam texture, and are correlated with Entisols
Quartzipsamments (Soil Survey Staff, 2015) and Neossolos Quartzenicos (Brazilian
Soil Classification, (EMBRAPA, 2006)).

Although each catchment was selected on the basis of the PLU, gallery forests exist
in both micro-catchments following the stream channel. The width of the gallery forest
within each catchment varies from 50 to 200 m. The gallery forests have a higher plant
diversity compared to the dominant cerrado vegetation (Felfili and Silva Janior, 1992;
Marimon et al., 2010), and they are common formations in the riparian zones in the

Cerrado, which occupy about 5% of the Cerrado biome area (Felfili et al., 2001).
5.3. Catchment instrumentation, characterization, and analysis
5.3.1. Topographic survey

To define the catchment boundaries and topographic features for the pasture

catchment, we used the Quarryman® Auto-Scanning Laser System (ALS) LaserAce
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Scanner 300p laser profiling system (Measurement Devices Ltd., UK). Due to
interferences of the cerrado vegetation in the laser scanner results, we surveyed the
cerrado catchment by using a ProMark™ differential Global Positioning System (dGPS)
instrument (Ashtech, USA). For the survey of the gallery forests, we used the dGPS
instrument and a Geodetic Rover System (GRS1) GPS (Topcon, USA) with an
integrated TruPulse® 360° B distance measurement system (Laser Technology Inc.,
USA). We used the topographic data to develop a Digital Elevation Model (DEM) at 5
m resolution for each catchment. Catchment slope distributions and Compound
Topographic Index (CTI) were derived from the DEMs. The CTlI is a hydrologically-
based compound topographic attribute, represented by a steady state wetness index
as a function of both the slope and the upstream contributing area (Moore et al., 1991).
High CTl is represented by areas with greater contributing areas and low slopes. The
CTIl was computed using the algorithm described by Gessler et al. (Gessler et al.,

1995), which was implemented in ArcGIS® by Evans et al. (Evans, 2014).
5.3.2. Soil geostatistical analysis and sampling

We delineated transects for soil sampling based on the surface elevation and
geostatistical analysis of the clay content to regionalize the soil properties (Voltz and
Goulard, 1994; Chaplot et al., 2000; Montanari et al., 2012). For the surface elevation
analysis we used the DEMs derived from the topographic survey, and for the clay
content we collected and analyzed 45 disturbed soil samples at the depth intervals of
0—20 and 40-60 cm from randomly selected points throughout each catchment. We
interpolated the clay content results at each soil depth using isotropic variogram
analyses and the ordinary kriging method. The variogram results of soil properties as
a prerequisite to kriging allow the quantification of the semivariance for any given
distance (Herbst and Diekkrlger, 2002).

For the transect delineation only the interpolation of the clay content at 0—20 cm soil
depth was used because it showed variogram correlations of 0.94 for the cerrado
catchment and 0.83 for the pasture catchment, which were higher than the correlations
obtained with the 40—60 cm soil depth. We validated the interpolation results by using
the leave-one-out cross-validation method (Herbst et al., 2006), which was based on

leaving actual data out one at time and estimating the properties of the location from
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the neighboring data. We then categorized the surface elevation in 5 equal intervals
and clay content in quintiles, and delineated transects from the catchments crest to
the stream valley passing over all elevation and clay content categories. We
established 15 approximately equally-spaced points along the transects in each
catchment to collect in each point one disturbed sample and two undisturbed soil core
samples (4.8 cm in diameter and 5.2 cm in height) at depth intervals of 0—10, 10-20,
20—-40, and 40-60 cm.

5.3.3. Soil physical and hydraulic properties

The disturbed soil samples were analyzed to obtain the particle size distribution, and
the undisturbed samples were used to determine bulk density, saturated hydraulic
conductivity (Ksat), particle size distribution, total porosity, macroporosity,
microporosity, and field capacity. Particle size distributions of the soils were obtained
by using the pipette method (Gee, 1986) after chemical dispersion and removal of
organic matter and carbonates. Soil bulk density was estimated by weighing the
samples after drying them in an oven at 105 °C (Burke et al., 1986). Ksat was
determined by using the constant-head permeameter method. Total porosity was
quantified with the cylinder volume method (EMBRAPA, 1997); the macroporosity
(pore diameter > 0.05 mm) was determined using the tension table method
(EMBRAPA, 1997); and the microporosity was obtained by the difference between the
total porosity and the macroporosity. Field capacity moisture content was estimated

with the pressure membrane method at -0.01 MPa (Richards, 1947).
5.3.4. Rainfall and evapotranspiration

To account for rainfall spatial variability, three tipping bucket rain gauges (0.2 mm
resolution) with data loggers (Tinytag®, Gemini, UK) were installed in each catchment
to record rainfall at 10-min intervals. A WS-GP1 weather station (Delta-T, UK) installed
at a farm approximately 7 km from the two catchments (15.741435° S, 55.363134°
W) provided total solar radiation, net solar radiation, temperature, relative humidity,
wind speed and direction, and rainfall data at 10-min intervals. Using this weather data
we quantified the reference evapotranspiration (Eto) using the standardized reference
evapotranspiration equation (ASCE-EWRI, 2005):
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C
_ 0.408A(Rn—G)+Y2uz(es—ea)
To —

: (1)

A+y(1+Cquy)

where E1o is in mm day' or mm h™' for daily or hourly time steps), Rn is the surface net
radiation (MJ m2day™ or MJ m2 h™' for daily or hourly time steps), G is the soil heat
flux density (MJ m2 day' or MJ m® h™' for daily or hourly time steps), T is the mean
daily air temperature (°C) and uz is the wind speed (m s') at 2 m height, es and ea
are, respectively, the saturation and actual vapor pressure (kPa), es — ea is the
saturation vapor pressure deficit (kPa), A is the slope of vapor pressure curve (kPa
°C™), y is the psychrometric constant (kPa °C™"), Cn and Cq are, respectively, the
numerator and denominator constants for the reference type and calculation time step
given by ASCE-EWRI (ASCE-EWRI, 2005).

We applied satellite-based image-processing models to improve our E1 estimation for
the study area. We estimated the evapotranspiration (Et) by using a combination of
the Surface Energy Balance Algorithm for Land (SEBAL) and Mapping
EvapoTranspiration at high Resolution with Internalized Calibration (METRIC™)
models, as described by Allen et al. (Allen et al., 2011). Both models are based on the
energy balance at the land surface. SEBAL is based on latent heat flux as a residual
of the energy balance equation, and its principles and computational basis are
described in Bastiaanssen et al. (Bastiaanssen et al, 1998) and Bastiaanssen
(Bastiaanssen, 2000). METRIC considers soil and vegetation as a sole source in the
estimation of Er, and its principles and application procedures are described in Allen
et al. (Allen et al., 2007). The application of SEBAL has shown to be adequate to
quantify the energy balance for the Et estimation for Cerrado landscapes (Ruhoff et
al., 2012; da Silva et al., 2015), and the use of the METRIC model allows to directly
integrate a variety of factors, such as orchard architecture, land-use practices, water
stress occurrence, and changes in the weather conditions during the day (Pago et al.,
2014; Mkhwanazi et al., 2015).

SEBAL was applied by using a composite of spectral bands 1-7 (path 226 and row
071) of all 13 valid satellite scenes from the Landsat 7 Enhanced Thematic Mapper
Plus (ETM+) for our study area and period to determine the energy consumed by the
Er process; this is calculated as a residual of the surface energy equation (Eq (2))

using the software ERDAS Imagine® v. 14 (Hexagon AB, USA). To match the satellite
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spatial extension we used a 90-m-resolution DEM (Shuttle Radar Topography Mission,
version 4.1, (Jarvis et al., 2008)) cropped to the study area to adjust the surface
temperature according to the differences in elevation and to derive surface slope and
aspect information as required in SEBAL to estimate solar radiation (Allen et al., 2007).
The Earth-Sun distance parameter, also required by SEBAL, was obtained from

Chander et al. (Chander et al., 2009) when not available in the satellite metadata file.
LE=R,—G—H, (2)

where LE is the latent heat flux, Rn is the instantaneous net radiation, G is the soil heat

flux, and H is the sensible heat flux (all in W m™3).

METRIC was used to compute the instantaneous E1 from the obtained latent heat flux
from SEBAL for each pixel within the catchments at the instant of satellite overpass
(Eq (3)). We used two anchor points to define the limit conditions by means of a cold
pixel (15.7402° S, 55.5292° W) and a hot pixel (15.7264° S, 55.3325° W) for the
energy balance over the study area for the internal calibration of sensible heat flux of
METRIC (Allen et al., 2007).

LE
Erinse = 3600 ma (3)

where Erinst is the instantaneous Et (mm h"), 3600 is the time conversion from
seconds to hours, pw is the density of water (~ 1000 kg m), and A is the latent heat of
vaporization (J kg™') representing the heat absorbed when one kg of water evaporates

and it is computed as:
A =1[2.501 — 0.00236(T, — 273.15)] x 108, (4)
where Ts is the surface temperature (K).

We applied the evaporative fraction (Etr) and daily Eto to estimate the actual daily Et
assuming that the Emr is constant during a day (Allen et al., 2007) according to Eq (5).
Additionally, the Penman—Monteith equation, which we used to estimate Ero, is known
to well-represent the impacts of advection (Allen et al., 2011). The E1 values for each
type of land use were area-weighted and summed to obtain the total actual

evapotranspiration estimation for each catchment.

Er = ErrpEro. ()
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Table 5.1 Satellite scenes description, weather data at the satellite overpass
time, and ETrF values.

Landsat 7 ETM+ scene description Weather station ETrF
Date Satellite  Relative Solar  Air Relative  Wind Surface Cerrado Pasture
e et SRR L e o GF  PLU GF Py
(GMT) cosin (MJ m2 h
eb 1)
09 Oct 12 13:41 0.99861 0.882 29.5 49% 3.2 612 1.09 093 125 0.72
02 Mar 13 13:41 0.99108 0.832 26.2 75% 4.6 532 1.21 092 1.07 0.64
08 Jul 13 13:41 1.01668 0.652  29.0 34% 2.8 648 0.63 052 066 0.16
10Sep 13 13:41 1.00698 0.811 30.9 30% 5.3 558 0.61 0.37 0.70 0.19
26 Sep 13 13:41 1.00250 0.855 27.7 28% 1.9 601 0.84 052 077 0.15
13 Nov 13 13:41 0.98961 0.905 27.0 66% 3.4 672 1.10 0.76 1.17  N/A°
29 Nov 13 13:41 0.98641 0.896 27.9 68% 2.1 667 N/A° 1.29 N/A® 0.97
01 Feb 14  13:42 0.98536 0.847 270 69% 2.9 495 N/A° 1.19 N/A® 0.51
06 Apr 14 13:42 1.00069 0.791 27.4 73% 2.1 630 1.14 0.96 0.94 0.60
25Jun 14 13:43 1.01647 0.651 24.5 67% 2.1 430 1.20 0.98 0.96 0.47
11 Jul 14 13:43 1.01661 0.659 209 80% 3.4 453 1.20 096 1.10 045
12 Aug 14  13:43 1.01332 0.725 27.3 46% 2.0 510 0.91 0.68 0.77 0.30
13Set14  13:43 1.00620 0.823  30.2 38% 1.8 458 1.16 0.89 1.03 0.61

GF = Gallery Forest area, PLU = Predominant Land Use area

& Inverse square and dimensionless.
® Dimensionless.
¢ Not available due to cloud masking or Scan Line Corrector-Off malfunction.

The E1r is calculated as the ratio of the Erinst derived for each pixel to the Eto at an
hourly time step computed from weather data at the time of the satellite overpass
(Allen et al., 1998, 2011) using Eq (6). To quantify the ET we used the mean and the
respective +1 standard deviation of the obtained values for Emr for the wet and dry
seasons, separately, considering all valid pixels within each catchment domain. Table
5.1 shows the description of the satellite scenes, the main local weather data at the
satellite overpass time, and the respective Etr values for the study areas. Some
results were not available due to cloud masking or Scan Line Corrector-Off malfunction
[86].

Erpp = %’;ﬁ (6)
5.3.5. Catchment discharge and hydrograph analysis

At the outlet of each catchment, an adjustable weir was installed. During the wet
season the weirs were maintained as rectangular weirs, and during the dry season a
v-notch contraction was inserted. At a distance of 2 m upstream of each weir, a DS 5X

(OTT, USA) multiparameter probe was installed to measure, among other variables,
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the water level at 10-min intervals. For the rectangular weir, we used the standard flow
equation (Eq (7)) based on the Bernoulli equation to quantify stream discharge. For
the v-notch weir, the Kindsvater—Shen equation (Eq (8)) and respective calibration

adjustment functions (Egs (9) and (10)) were used to quantify discharge:

3
Q ==Carby2gh2, (7)
8 ] 5
Q :ECe 2g tan (5) h.z, (8)
K, = 0.001[0(1.3950 — 4.296) + 4.135], 9)
C, = (0.022860 — 0.05734) + 0.6115, (10)

where Q is the discharge over the weir (m® s), Car and Ce are the effective
dimensionless discharge coefficients for the rectangular and v-notch weirs,
respectively, b is the weir length (m), 8 is the v-notch’s angle (radians), h is the
upstream head above the weir’s crest (m), he is the effective head (h + Kn), and K is

the head-adjustment factor.

In each catchment, we conducted discharge calibration measurements with an
acoustic digital current meter (ADC, OTT, USA) to estimate the Car factor for each
catchment. The obtained Cdr values were 0.74 for the cerrado catchment and 0.65 for
the pasture catchment. The discharged data were normalized by the correspondent
catchment area to allow comparisons between the catchments. To estimate the total
streamflow, we used the mean discharge values for each wet and dry seasons.
Additionally, we applied +1 standard deviation of the mean of each wet and dry

seasons to the discharge-gap days in order to estimate the total error.

The discharge time series were analyzed with the recursive digital filter method
(Eckhardt, 2005) implemented in the Web GIS-based Hydrograph Analysis Tool
(WHAT) for baseflow separation (Lim et al., 2005, 2010). The baseflow index (BFI)
was computed as the ratio of baseflow to total discharge. The runoff coefficient (Rc)
was determined as the ratio of total discharge to total rainfall. Flow-duration curves
(FDCs) were derived from the daily discharge data in order to compare the differences
in high, low, and median flows between the catchments (Vogel and Fennessey, 1994),
and catchment flashiness indices were obtained using the method described by Baker
et al. (Baker et al., 2004).
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5.3.6. Statistical analyses

Pearson’s correlation analysis was applied to test the relationships between the soil
properties, and between the rainfall daily values in each catchment. The results were
compared using two sample t-test for the data with normal distribution (soil properties),
and a nonparametric test (Mann-Whitney U) in the other cases (rainfall, Er, and
streamflow), to determine whether the results were significantly different. The

significance threshold was set at .05.

5.4. Results
5.4.1. Catchment physiographic attributes

The soil sampling points, the slope distribution, and the CTI for each catchment are
shown in Fig 5.2. The cerrado and pasture catchments have similar slope ranges with
most of the values between 0 and 10° and an average of approximately 8°. In both
catchments over 95% of the area shows CTI values ranging between 5 and 12, and
areas with CTl over 10 have linear form extending from the crest to the outlet of the

catchments, which indicates the surface flow pathways.

Cerrado

Slope (degree)
19

Compound Topographic Index
19

—

* Soil sampling points 4

Figure 5.2 Slope, soil sampling points, and Compound Topographic Index (CTI) in the cerrado
and pasture catchments.

Table 5.2 shows a summary of the topographic characteristics of the catchments. The
data are distinguished for the gallery forest and the PLU areas. The topographic
survey shows that the gallery forests cover approximately 7% of the total areas in both

catchments.
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Table 5.2 Summary of catchments’ physical and topographic characteristics.

Cerrado catchment Pasture catchment

Gallery PLU Total Gallery PLU Total

Forest Area Area Forest Area Area
Area (km?2) 0.05 0.73 0.78 0.04 0.54 0.58
(% of total) (6.4%) (93.6%) (100%) (6.9%) (93.1%) (100%)
Predominant Cerrado sensu stricto Grassland (Brachiaria
land cover vegetation species)
Soil type Arenosols Arenosols
Soil texture Sandy loam Sandy loam
Aspect E-W E-W
Average 770 814 811 775 821 818
Elevation (m)
Average 7.6 4.6 4.8 3.9 4.4 4.4
slope (°)

5.4.2. Soil physical and hydraulic properties

Table 5.3 shows that the cerrado and pasture catchments have comparable soil
properties. The pasture catchment shows a greater bulk density (p < .0001) at 040
cm depth and a lower total porosity (p < .001) at 0—10 cm soil depth compared to the
cerrado catchment. Our findings confirm results from Valpassos et al. (Valpassos et
al., 2001), who reported greater bulk densities in the topsoil of a pasture compared to
an area covered by cerrado vegetation. The gallery forest and the PLU areas of the
cerrado catchment do not show significant differences in total porosity and bulk
densities with identical bulk density results at 0—10 cm soil depth (1.43 + 9% g cm™®),
whereas these properties found in the gallery forest area of the pasture catchment are
significantly smaller than those in its PLU area (p < .0001), especially at 0—20 cm soil
depth.

Figure 5.3 shows the relationship between the soil properties in the gallery forest
(upper panel) and PLU (lower panel) areas in the cerrado and pasture catchments. As
expected, in both catchments the total porosity inversely correlates with the bulk
density, and a high correlation (0.98, p < .0001) between the microporosity and the
field capacity. The microporosity and macroporosity in both catchments exhibited
comparable values, with a predominance of the macroporosity between 60 and 70%
of the total porosity. In the PLU areas of the cerrado and pasture catchments, there is
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a positive correlation between the macroporosity and Ksat of 0.74 (p < .0001) and 0.68

(p < .0001), respectively.

Table 5.3 Summary of the soil properties.

Depth
Catchment interval BD (gcm?®) P (%) MaP (%) MiP (%) FC (%) Ksat(Mm h')  Sand (%) Silt (%) Clay (%)
(cm)
1.43 £ 9% 9.2 +8% 31.8+12% 17.4 + 35% 15.9 + 36% 559.5 + 38% 85.8 + 10% 2.4 +95% 11.9 £ 54%
0-10
(1.43 + 9%) 19.4 + 10%) (26.9 + 13%) (22.5 + 36%) (20.5+40%)  (361.1+15%)  (83.7+8%)  (2.64 £ 109%) (13.6 £ 27%)
1.47 £ 6% 5.8+ 5% 30.8 + 18% 15.0 + 32% 13.2+37% 611.7 £ 45% 88.9 + 2% 1.5 +75% 9.6 £ 10%
Cerrado 10-20
(1.55) 15.7) (28.3) (17.5) (16.1) (363.4) (81.3+9%)  (3.73%78%) (15.0 £ 29%)
20-40 1.52 + 4% 29+7% 27.0+18% 15.9 £ 32% 14.7 £32% 51556+ 56%  87.4+1% 1.3+37% 11.3+7%
40-60 1.51 3% 21+2% 25.2 +24% 16.9 + 36% 15.6 + 36% 509.6 + 33% 86.2+ 1% 1.9 +49% 11.9+10%
1.56 + 3% 4.4 +3% 28.1 + 8% 16.4 £ 10% 15.5+10% 399.0 + 40% 88.4+ 1% 1.5+ 40% 10.1 9%
0-10
(1.23£10%)  53.5+ 4%) (33.0 + 9%) (20.4 + 16%) (19.3+£19%)  (297.3+52%)  (86.0+2%) (2.1 +8%) (11.9 £ 12%)
1.57 + 3% 57 +3% 32.1+5% 13.6 £ 10% 12.9+ 9% 655.6 + 15% 89.2+1% 0.9+ 97% 9.9 +10%
Pasture 10-20
(1.37 £ 3%) 9.8 + 5%) (32.0 £ 10%) (17.8 £ 9%) (16.6 £ 13%)  (666.5+46%)  (86.6 +2%) (2.1 = 48%) (11.3 £ 22%)
1.56 £ 3% 6.4 +4% 329+ 7% 13.5+ 10% 12.8 £ 10% 705.1 £17% 878+ 1% 1.7 £ 28% 10.5 £ 5%
20-40
(1.41 £ 3%) 50.3 + 1%) (33.6 £ 7%) (16.7 = 16%) (15.8+18%)  (611.3+25%)  (86.7+2%)  (1.9%27%) (11.4 £ 14%)
1.52 £ 3% 3.0 £ 6% 28.8+ 7% 14.3 + 6% 13.4 + 8% 510.4 + 30% 88.6 + 1% 1.3+39% 10.1 £10%
40-60
(1.44 + 4%) 16.5+11%)  (30.2 + 12%) (16.3 £ 10%) (157 £11%)  (411.8+24%)  (88.8+2%) (1.4 67%) (9.8 + 6%)

BD = Bulk Density, TP = Total Porosity, MaP = Macroporosity, MiP = Microporosity, FC = Field Capacity.

Results are expressed in terms of average and relative standard deviation. The results between parentheses are exclusively for the
gallery forest areas, and the results without parentheses are related to the Predominant Land Use (PLU) areas of each micro-

catchment.

The Ksat distribution for the catchments is shown in Fig 5.4. The Ksat values found in
the 0—-10 cm soil depth in the PLU areas of the cerrado (559.5 + 38% mm h™") and
pasture (399 + 40% mm h™') catchments are significantly different (p < .05). Martinez
and Zink (Martinez et al., 2004) and Zimmerman et al. (Zimmermann et al., 2006) also
found significantly smaller infiltration rates in pasturelands when compared to nearby
areas covered by natural forests. In relation to the rainfall intensities in these
catchments, the Ksat indicate a high infiltration capacity in both catchments, which
generally exceeds the rainfall intensities. This is related to the sandy soil texture and
the high macroporosity, which is typical for Arenosols. Our results are in accordance
with findings of Scheffler et al. (Scheffler et al., 2011) who analyzed soil hydraulic
properties of catchments with sandy-loam soil texture ca. 450 km from our study area

and found Ksat values up to 1,200 mm h'.
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Figure 5.3 Scatter-plot matrix of soil properties values in the gallery forest (upper panel) and
PLU (lower panel) areas in the cerrado and pasture catchments.
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Figure 5.4 Boxplot of the Ksa: results, and the 50" and 90" percentiles of the rainfall intensity in
the cerrado and pasture catchments.
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5.4.3. Rainfall characteristics

The monthly total rainfall in each micro-catchment during the two-year study period is
shown in Fig 5.5. Between October 2012 and September 2014, the total rainfall was
3,392 mm in the cerrado catchment, and 3,560 mm in the pasture catchment. For both
catchments, the wet season in 2013-2014 had a smaller contribution to the total
annual rainfall than in 2012—2013, which was caused by some atypical rainstorms in
the dry season of 2014. The greatest daily rainfall values were recorded on March 2,
2014, for the cerrado catchment, and on January 30, 2013, for the pasture catchment,
both at 64 mm d™.

i a5 mCerrado = Pasture

Rainfall {mm month )
=]
o

Qet-12 Dec-12 Feb13 Apr-13 0 Jun-13 Aug-132 Cet-13 Dec-13 Feb-14 Apr-14 Jun-14 Aug-14

Figure 5.5 Monthly rainfall per catchment.

The difference between the catchments’ daily rainfall in the study period is not
significant, showing a coefficient of determination of 0.93 (p < .0001). We also could
not find any significant difference in the rainfall intensity patterns between the cerrado
and pasture catchments. In both catchments, the majority of the rainstorms occurred
between noon and mid-afternoon with a mean intensity of 28 mm h™', peaks intensities

up to 130 mm h', and a duration between 30 and 90 min.
Evapotranspiration

The daily values of Et are shown in Fig 5.6. The daily Et was significantly greater in
the cerrado catchment (p < .0001). In the PLU areas, the average ET was 2.7 mmd*
for the cerrado catchment and 1.7 mm d' for the pasture catchment. In the gallery
forest areas, average daily ET was 3.3 and 2.7 mm d' for the cerrado and pasture
catchments, respectively. The average annual Et was 1,004 + 24% mm in the cerrado

catchment and 639 + 31% mm pasture catchment. Our results are comparable to Er
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values for cerrado sensu stricto vegetation ranging between 822 and 1,010 mm yr'
found by Giambelluca et al. (Giambelluca et al., 2009), Oliveira et al. (Oliveira et al.,
2014), and Dias et al. (Dias et al., 2015) who applied eddy-covariance measurements,
remoting sensing techniques, and a water balance model, respectively. Da Silva et al.
(da Silva et al., 2015) found maximum values between 6 and 7 mm d™! during the wet

season for an area covered by cerrado vegetation (mostly sensu stricto type), which are

in the same range of the maximum values we found.
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Figure 5.6 10-day moving average of evapotranspiration, and daily areal average rainfall for the
cerrado and pasture catchments.

Our Er results for the grassland vegetation are in accordance with Dias et al. (Dias et
al., 2015) who used a water balance simulation model and found Et at 567 mm yr~' in
the Cerrado-Amazon ecotone, and with Andrade et al. (Andrade et al., 2014) who used
remote sensing techniques and found the daily Et varying between 1.5 and 2 mm d’
in the Cerrado biome. In a macro-scale analysis for the Mato Grosso state, Lathuilliere
et al. (Lathuilliere et al., 2012) reported a range of greater values (822-889 mm yr)
for pasturelands compared to our study; we attribute this difference to the state of

degradation of the grassland vegetation in the pasture catchment, which is accredited
to reduce the Et (Andrade et al., 2014).

Streamflow

The daily discharge values are shown in Fig 5.7. Due to equipment failure, this time
series includes some data gaps. The mean stream discharge was 1.24 mm d' in the
cerrado catchment, and 1.96 mm d™! in the pasture catchment. During the wet season,

the mean stream discharge was 1.49 mm d™' in the cerrado catchment, and 2.20 mm

92



Chapter 5

d™in the pasture catchment. In the dry season, the stream discharge was 0.92 mm d-

'in the cerrado catchment, and 1.58 mm d™' in the pasture catchment.
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Figure 5.7 Daily discharges and areal average rainfall for the cerrado and pasture catchments.

Table 5.4 shows a summary of the hydrological indices derived for the study
catchments. During the two-year study period, the daily streamflow was significantly
greater (p < .0001) in the pasture catchment (1,416 + 7% mm) compared to the
cerrado catchment (914 + 18% mm). We found Rc values of 0.27 for the cerrado and
0.40 for the pasture. Dias et al. (2015) found Rc of 0.25 for a cerrado catchment and
0.58 for a pasture catchment using a model based on water balance equations while
Tomasella et al. (Tomasella et al., 2009) reported a Rc of 0.38 for a pasture catchment.
The flashiness indices are generally small, particularly for the pasture catchment with
indices as low as 0.05. The catchment’s streamflow decreased by 27% from the wet

to the dry season while the decrease in the cerrado catchment was 40%.

Table 5.4 Total streamflow and hydrological indices.

Cerrado Pasture

2012-2013 2013-2014 2012-2013 2013-2014

Mean
streamflow 453 461 724 692
(mm yr)

Runoff
Coefficient 0.29 0.25 0.45 0.35
(Re)

Flashiness 0.1145 0.1015 0.0567 0.0517

Baseflow
Index 0.96 0.97 0.98 0.96
(BFI)
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The FDCs (Fig 5.8) of the two catchments show differences in the low flows (Q95) with
the cerrado catchment exhibiting the smaller values and greater decrease. Flows with
20% or greater probability of exceedance are higher in the pasture than in the cerrado
by an average of 82%. The FDCs curves show a flat slope from the middle to the low
flows, supporting that low flows are sustained by the baseflow contribution. This is
confirmed by the BFI results, which show a high baseflow contribution to total
streamflow in both catchments, with ratios higher than 95%. Total quickflow
contribution under 5% was also found in other areas of Cerrado at plot (Oliveira et al.,
2015) and micro-catchment scales (Silva and Oliveira, 1999; Lima, 2000; Alencar et
al., 2006).

3.5 r| = Cerrado
' ==Pasture

Q (mmd)

0.1 02 03 0.4 05 0.7 08 0.9 1

Frequency that streamflow was equaled or exceed
Figure 5.8 Flow-duration curves of daily discharge for the cerrado and pasture catchments.

5.5. Discussion

The pasture catchment showed significantly greater bulk densities and smaller Ksat
and total porosity at the topsoil. Findings like these have been attributed to soil
compaction as a consequence of deforestation, cattle grazing and machinery use, e.g.
(Greenwood and McKenzie, 2001; De Oliveira et al., 2004; Hamza and Anderson,
2005; Drewry et al., 2008). Although we found significantly smaller Ksat values in the
pasture catchment, these values exceed the observed peak rainfall intensities, which

are likely to restrain Hortonian overflow generation and consequently limit the
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quickflow contribution (< 5%) to the streamflow in both catchments. Zimmerman et al.
(Zimmermann et al., 2006) found similar results in a study on deforested areas in the
Amazon basin, showing that the Ksat reduction due to land-use change had no
significant impact on quickflow generation in those areas. We associate the Ksat results
to the high macroporosity in both catchments, which has a known effect on soil
permeability (Logsdon et al., 1990; Lin et al., 1998). While macroporosity values
around 10% maintain adequate soil permeability (Carter, 1988), our results show a
macroporosity of approximately 30% for both catchments. The presence of
macroporosity is related to preferential flow (Diab et al., 1988), which often limits the
overflow generation. In fact, our hydrograph analysis shows that baseflow is a major

driver of streamflow in both catchments, with BFI over 95%.

Table 5.5 shows a compilation of the daily and annual Et and Q results for both
catchments. The cerrado catchment had the greater Et compared with the pasture
catchment. While the mean Et decreased 45% in the pasture catchment from the wet
to the dry season, the Et in the cerrado catchment was reduced by 24%. We attribute
this result to the canopy cover in the cerrado vegetation with leaf area index values
ranging from approximately 0.7 to 1.1 throughout the year (Hoffmann et al., 2005) and
with root lengths sufficient to reach deep soil horizons (Canadell et al., 1996), which

ensures Et rates at 2.32 + 24% mm d™' during the dry season.

Table 5.5 Daily and annual evapotranspiration and streamflow rates.

Catchment Evapotranspiration Streamflow
Dry Wet Annual Dry Wet Annual
(mmd™) (mm d™) (mm yrT) (mm d) (mm d™) (mm yr?)
Cerrado 2.32 + 24% 3.06 + 26% 1,004 + 24% 0.92 + 27% 1.49 + 46% 457 + 18%
Pasture 1.19 + 44% 215+ 27% 639 + 31% 1.58 + 15% 2.20 + 20% 708 + 7%

Et is a major component of the water balance in tropical regions (Wohl et al., 2012).
As reported in other studies (Bruijnzeel, 2005; Mufoz-Villers and McDonnell, 2013),
the differences in Et between native vegetation and grassland plays a major role in
the streamflow dynamics. Our results confirms trend analyses and water balance
modelling studies at the macro-scale (das Mortes River basin), which show an
increase of streamflow due to the deforestation of the cerrado vegetation (Guzha et
al., 2013b, 2013a). In fact, the conversion of native vegetation to croplands and

pasturelands in the Mato Grosso state resulted in a 25% decrease in Et (Lathuilliére

95



Chapter 5

et al., 2012), and that water export increases up to fourfold in agricultural areas due to
the reduction of Et (Neill et al., 2013). Our results are also consistent with those of
other studies that reported decreases in E1 (Dias et al., 2015; Oliveira et al., 2014) and
increases in discharge (Coe, Costa, & Soares-Filho, 2009; Costa et al., 2003;
Davidson et al., 2012; de Moraes et al., 2006; Guzha et al., 2015; Hayhoe et al., 2011;
Neill et al., 2008, 2011) due to conversion of natural vegetation to grasslands on the

Amazonian agricultural frontier.

Results from other tropical catchments studies that show a decrease in dry season
streamflow as a consequence of forest conversion (Bruijnzeel, 2004; Ogden et al.,
2013) cannot be confirmed in our study in the Cerrado biome. From the wet to the dry
season our results showed a greater decrease in streamflow in the cerrado catchment
than in the pasture catchment, while the Et behaved otherwise with lower decrease in
the cerrado catchment. We suggest that this is related to the higher root zone storage
capacity of the cerrado vegetation. The deep roots of the cerrado vegetation influence
the water balance and appear to be important in proving water for vegetation during
the dry season (Oliveira et al., 2005). Indeed, the cerrado vegetation is highly adapted
to a long dry season and deeply weathered soils (Hunke et al.,, 2015a), which is a
particular situation that demands more detailed hydrological research in this region.
The replacement of the cerrado vegetation with exotic grasses seems to increase the
deep seepage and reduce Ert, which in turn will increase the streamflow, especially

during the dry season.

5.6. Conclusions

We investigated the hydrological responses of two headwater micro-catchments with
contrasting land use (cerrado vs. pasture) in the Brazilian Cerrado using field data
collected between 2012 and 2014. From our study, we conclude that the conversion

of the undisturbed cerrado to pasture caused:

i) Significant soil hydro-physical degradation as indicated by higher bulk
density and reduced soil porosity in the pasture catchment in comparison to
the cerrado catchment;

ii) An increase in streamflow as shown by the significantly greater daily and

annual streamflow values in the pasture catchment. Furthermore, we
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conclude that cerrado conversion to pasture reduced the

evapotranspiration.

While our study contributes to understanding of the soil degradation and hydrological
processes in this region, we suggest long-term measurements including quantifying
changes in groundwater storage in order to better clarify the mechanisms causing the

observed behavior in our data.
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6. Impacts of land-use and land-cover change on stream
hydrochemistry in the Cerrado and Amazon biomes
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Abstract

Studies on the impacts of land-use and land-cover change on stream hydrochemistry
in active deforestation zones of the Amazon agricultural frontier are limited and have
often used low-temporal-resolution datasets. Moreover, these impacts are not
concurrently assessed in well-established agricultural areas and new deforestations
hotspots. We aimed to identify these impacts using an experimental setup to collect
high-temporal-resolution hydrological and hydrochemical data in two pairs of low-order
streams in catchments under contrasting land use and land cover (native vegetation
vs. pasture) in the Amazon and Cerrado biomes. Our results indicate that the
conversion of natural landscapes to pastures increases carbon and nutrient fluxes via
streamflow in both biomes. These changes were the greatest in total inorganic carbon
in the Amazon and in potassium in the Cerrado, representing a 5.0- and 5.5-fold
increase in the fluxes of each biome, respectively. We found that stormflow, which is
often neglected in studies on stream hydrochemistry in the tropics, plays a substantial
role in the carbon and nutrient fluxes, especially in the Amazon biome, as its
contributions to hydrochemical fluxes are mostly greater than the volumetric
contribution to the total streamflow. These findings demonstrate that assessments of
the impacts of deforestation in the Amazon and Cerrado biomes should also take into
account rapid hydrological pathways; however, this can only be achieved through
collection of high-temporal-resolution data.

6.1. Introduction

It has been widely acknowledged that surface conditions of terrestrial ecosystems
have strong synergies with hydrological processes (Neill et al., 2008; Rodriguez et al.,
2010; Recha et al., 2012; Cuo et al., 2013). These processes are often influenced by
land-use practices, which, in turn, can change catchment responses, such as stream
hydrochemistry (Oztlrk et al., 2013; Salemi et al., 2013; Crossman et al., 2014; Oni et
al., 2014; El-Khoury et al., 2015; Vogt et al., 2015). Because of large-scale
environmental impacts resulting from the conversion of native habitats into agricultural
frontiers (Schiesari et al., 2013), it is fundamental to comprehend how land-use and

land-cover (LULC) change influences hydrochemical processes in pristine catchments
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undergoing anthropogenic changes (Jordan et al., 1997; Neill et al., 2013). Therefore,
studies have often focused on regions under intensive forest degradation due to
agricultural expansion, such as the Brazilian Amazon, to assess the impacts of LULC
change on stream hydrochemistry (Dias et al., 2015; Figueiredo et al., 2010b; Germer
et al., 2009; Neill et al., 2011; Recha et al., 2013; Williams and Melack, 1997).

The Amazonian agricultural frontier (AAF), also known as the arc of deforestation,
extends from the eastern to the southwestern edge of the Brazilian Amazon,
comprising a wide area along the Amazon—Cerrado ecotone (Durieux, 2003; Silva et
al., 2013; Do Vale et al., 2015). Deforestation in this region has taken place due to
agricultural expansion during recent decades, and represents most of the
deforestation of the AAF (Fearnside, 2001; Brannstrom et al., 2008; Riskin et al., 2013;
Tollefson, 2015). This ongoing change threatens the services provided by native
ecosystems, such as the water quantity and quality that sustain aquatic biodiversity
and mitigates eutrophication of water bodies (Davidson et al., 2012; Coe et al., 2013;
Neary, 2016; Penaluna et al., 2017). However, despite the important contribution of
several research initiatives (e.g., Andreae et al., 2015; Lahsen and Nobre, 2007;
Satinsky et al., 2014), an understanding of the influence of LULC change on water
resources in the Brazilian Amazon region remains limited. Furthermore, the Cerrado
biome, where most of the AAF deforestation has occurred (Klink and Machado, 2005),
is often not integrated in studies regarding Amazon deforestation; consequently, it is
one of the lesser-studied regions in terms of the environmental effects of LULC change
resulting from agricultural expansion (Jepson et al., 2010; Hunke et al., 2015a; Oliveira
et al., 2015) despite being a biodiversity hotspot for conservation comprised of dry
forests, woodland savannas and grasslands (Spera et al., 2016; Strassburg et al.,
2017). The conversion of native vegetation to crops and pastures has removed ca.
50% of the original 2 million km? in the Cerrado, which is greater than the forest loss
in the Amazon biome (Klink and Machado, 2005; Lambin et al., 2013).

The negative impacts on water quality due to LULC change are reported to be a result
of interrelated processes (i.e., changes in vegetation, soil and hydrology) that
negatively disturbs its land capability, which is the ability of the land to sustain its use
(Valle et al., 2014; Valle Junior et al., 2015). On the AAF, soil and hydrological changes

have been linked to forest clearing and conversion to pastures (Zimmermann et al.,
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2006; Neill et al., 2008). Indeed, LULC change on the AAF has been primarily driven
by the expansion of pastures (Armenteras et al., 2013; Schierhorn et al., 2016). After
some years, these pastures are often either replaced by cash crop systems (Barona
et al., 2010; Cohn et al., 2016) or abandoned due to decreased grass productivity,
ultimately reaching advanced stages of degradation (Davidson et al., 2012). Variations
in nutrient input into rivers caused by LULC change on the AAF deserve particular
attention because of their potential impact on both biogeochemistry and aquatic
ecosystem functioning (Neill et al., 2011). Even though rain and dry forests account
for ca. 60% of the net primary production of global terrestrial ecosystems (Grace et
al., 2006; Potter et al., 2012), the effects of the impacts of LULC change in these
systems are not well studied as they are for other regions of the world (Luke et al.,
2017).

The initial effects of LULC change on the hydrochemistry of rivers have often been
observed in low-order streams (Richey et al., 1997; Neill et al., 2001; Hope et al.,
2004), which connect the terrestrial environment to large rivers and integrate
environmental processes, especially landscapes undergoing change (Alexander et al.,
2000; Moreira-Turcq et al., 2003). These characteristics qualify small streams as
sensitive indicators of changes in ecosystems due to LULC change and allow their
use as important references in carbon exportation studies and as early warning
systems for ecological change (Christophersen et al., 1994). Although many studies
have evaluated the dynamics of carbon and nutrients in streams in several regions of
the world (e.g. Southeastern USA (Marchman et al., 2015), subtropical China (Yan et
al., 2015), Germany (Strohmeier et al., 2013) and Canada (Jollymore et al., 2012)),
studies of carbon export dynamics in low-order tropical catchments are still scarce (de
Paula et al., 2016). There is increasing research interest in high-temporal-resolution
data collection in low-order fluvial systems that should also be taken into account in
hydrochemistry studies (Hughes et al., 2005; Richey et al., 2011; Wohl et al., 2012)

due to their importance to the global carbon dynamics (Bass et al., 2014).

The dynamics of stream hydrochemistry that have remained largely invisible due to
the monitoring schemes that only consider weekly or monthly sampling (Kirchner and
Neal, 2013), have been gradually unveiled due to approaches that use subdaily

sampling intervals (Tang et al., 2008). However, the high-frequency water sampling
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approach that has been shown to be useful for these studies in temperate regions
(Clark et al., 2007) has been discredited in tropical regions (Chaussé et al., 2016).
Moreover, findings in Amazonian headwater streams that have used subhourly
sampling routines have found that the conversion of forests to fertilized agricultural
lands changed neither the stream water chemistry nor nutrient output per unit of
catchment area (Neill et al., 2017; Riskin et al., 2017).

Our study aims to identify the differences in stream carbon and nutrient (CAN)
concentrations and output fluxes during prevalent baseflow and stormflow conditions
in headwater catchments under contrasting LULC (native vegetation vs. pasture),
thereby contributing to the understanding of CAN drivers in low-order streams on the
AAF. Our hypothesis is that LULC change is impacting stream hydrochemistry in
active deforestation zones of the Amazon and Cerrado biomes, with the stormflow,
which is often neglected in studies in these regions, as a substantial contributor to the
total CAN fluxes.

6.2. Study area

Our study follows the space-for-time substitution approach to compare adjacent
headwater catchments with different LULC but with similar characteristics, i.e. slope,
geology, soils, aspect and climate (Troch et al., 2015). Studies have often used this
approach to understand the effects of vegetation and land use on hydrological
responses in small catchments (Brown et al., 2005; de Moraes et al., 2006; Germer et
al., 2010; Roa-Garcia et al., 2011; Mufioz-Villers and McDonnell, 2013; Ogden et al.,
2013). It has also been applied to compare the impacts of LULC change on stream

hydrochemistry of contrasting catchments (Zhao et al., 2010; Sun et al., 2013).

We used two pairs of microcatchments on the AAF (Fig. 6.1) with contrasting LULC.
Each pair of catchments consists of a catchment with predominantly native vegetation
land cover and a catchment with predominantly pasture land cover used for extensive
cattle ranching. One pair of catchments is in the municipality of Novo Progresso
(Brazilian state of Pard), which is a hotspot of deforestation in the Amazon biome
(Rufin et al., 2015; Pinheiro et al., 2016), and the other pair is in the municipality of
Campo Verde (Brazilian state of Mato Grosso), which is a region that has been

massively deforested since the 1970s and is now a well-established agro-industrial
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area in the Cerrado biome. The catchments in Novo Progresso, hereafter referred to
as the Amazonian catchments, are in the Jamanxim River watershed, which is one of
the major southern subtributaries of the Amazon River. The catchments in Campo
Verde, hereafter referred to as the Cerrado catchments, are in the das Mortes River

watershed, the principal tributary of the Araguaia River.
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Figure 6.1 Study areas in the Amazon and Cerrado biomes.

The Amazonian catchments consist of one catchment covered with evergreen
rainforest, with sings of logging and tree regrowth (AFOR), and another catchment
covered by degraded pasture grassland (APAS). The AFOR catchment is the only
catchment that is drained by a non-perennial stream; it typically flows from November
to July. The Cerrado catchments are approximately 200 m apart, consisting of one
catchment covered with cerrado sensu stricto vegetation (CCER) and another
catchment covered by pasture grassland with signs of degradation (CPAS). The
cerrado sensu stricto is characterized as dense orchard-like vegetation consisting of
many species of grasses and sedges, and mixed with a great diversity of forbs and
trees with an average height of 6 m (Goodland, 1971; Goodland and Pollard, 1973;
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Canadell et al., 1996; Ratter et al., 1997; Furley, 1999). The APAS catchment was
established in 1984, and the CPAS catchment was established in 1994. Both pasture
catchments are mostly covered by grasses (Brachiaria grass species) that exhibit low
productivity rates. Lime (calcium carbonate, CaCQOs) was applied in the pasture
catchments several years before the study period. The climate in the Amazonian
catchments is humid tropical, with a mean precipitation of ca. 1,900 mm yr', and a
tropical wet and dry climate in the Cerrado catchments, with a mean precipitation of
ca. 1,700 mm yr'. More details regarding the climate, soils, morphology and hydrology
of this region can be found in Lamparter et al. (2018), and Guzha et al. (2015) and in
Nobrega et al. (2017) for the Amazonian and Cerrado catchments, respectively. For
clarity and to simultaneously compare the contrasting catchments within their
respective biomes, we use the term native vegetation catchments to refer to the AFOR
and CCER catchments, and the term pasture catchments to refer to the APAS and
CPAS catchments, whose main characteristics are shown in Table 6.1. We
instrumented these catchments during the dry season of 2012 and continuously

monitored them from October of 2012 until the September of 2014.
6.3. Methods
6.3.1. Soil physical and chemical properties

To support our findings related to CAN stream dynamics, we used evidence from soil
chemical and textural analyses. We collected disturbed soil samples from the topsoil
(0—10 cm soil depth), from 6 to 8 approximately equally spaced points along a
topographic sequence of landscape positions from a gently sloping upper plateau, to
a middle slope and a low-gradient valley bottom on the basis of digital elevation models
(DEMSs) derived from a topographic survey in each catchment. The topsoil of these
catchments was chosen because it has a strong synergy with the surface waters and
it is the soil layer under most direct influence of the LULC change (Lamparter et al.,
2018).

The topographic survey conducted in the Cerrado catchments is described in detail in
Nobrega et al. (2017); the described procedure was also used for the Amazonian
catchments. We analyzed these soil samples to determine pH, total carbon (TC), total

nitrogen (TN), aluminum (Al), calcium (Ca), iron (Fe), potassium (K), magnesium (Mg),
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sodium (Na), phosphorus (P), sulfur (S) and patrticle size distribution. The particle size
distribution was measured using the Kéhn pipette method (DIN ISO 11277:2002-08,
2002). pH was measured using the potentiometric method (inoLAB® pH Level 2,
Wissenschaftlich-Technische Werkstatten GmbH). TC and TN were quantified using
an elemental analysis method (TruSpec® CHN, LECO Instrumente GmbH). For
chemical analysis, a total digestion of 100—150 mg of soil was created with HCIO4, HF
and HNOs in 30-mL polytetrafluoroethylene (PTFE) vessels (Pressure Digestion
System DAS 30, PicoTrace GmbH), and chemical concentrations were determined
using inductively coupled plasma atomic emission spectroscopy (ICP-OES, Optima
4300™ DV for the Cerrado catchments and ICP-OES Optima 5300™ for the
Amazonian catchments, PerkinElmer, Germany). Chemical analyses of soils from the
Amazonian catchments were conducted at the Laboratory of the Department of Plant
Ecology and Ecosystems Research and those of the Cerrado catchments were
conducted at the Laboratory of the Department of Landscape Ecology, both at the

University of Goettingen, Germany.

Table 6.1 Main characteristics of the catchments.

Amazonian catchments

Cerrado catchments

AFOR APAS CCER CPAS
Biome Amazon Cerrado
Area (ha) 93.4 23.1 77.8 58.4
Mean premp_:tatlon 1,900 1,700
(mm yr’)
Wet season Nov—May Oct—Apr
Farm property Paraiso farm Rancff;l ?rgo Sol Gianetta farm
Coordinates 7.032° S, 7.023° S, 15.797° S, 15.805° S,
55.363° W 55.375° W 55.332° W 55.336° W

Soil classification
(IUSS Working Group
WRB, 2015, and Soil

Survey Staff, 2014)

Lixisols, Oxisols

Arenosols, Entisols Quartzipsamments

Predominant land

Cerrado sensu

Rainforest Pasture ) Pasture
cover stricto
Aspect E-W
Average slope (%) 23.6 7.5 8.4 7.7
Average elevation (m) 292.4 223.0 811.1 817.8

6.3.2. Water sampling design and analysis

An automatic water sampler (BL2000®, Hach-Lange GmbH) was installed at the outlet

of each catchment to collect stream water ca. 20 cm below the water surface and 2—4
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m upstream from the catchment weir. The sampling procedure was simultaneously
based on both time intervals and water-level variations to characterize the streamflow
hydrochemistry during baseflow- and stormflow-prevailing conditions, respectively.
The time sampling routine was based on filling a 1-L sample bottle over 1—3 days using
an extraction of 200 mL from the stream at equal intervals. The stormflow sampling
was determined suing a subhourly routine activated by water-level increase and
detected by a pressure bell switch (FD-01, Profimess GmbH). The pressure bell
switches and the automatic samplers were calibrated throughout the year according
to the water-level variation to maximize the coverage of the catchment stormflows,

which considered the time of every sampling procedure and its respective hydrograph.

The samples from the Cerrado catchments were transported to the Ecofisiologia
Vegetal Laboratory (EVL) at the Federal University of Mato Grosso (UFMT) in Cuiaba,
Mato Grosso. The samples from the Amazonian catchments were also brought to this
laboratory with prior preparation at a field facility ca. 5 km from the catchments and
stored in light-free freezers until their transportation to the EVL. Transport of all water
samples to the EVL was made using light-free coolers packed with ice. After
transportation, the water in each bottle was used to fill two 50-mL aliquots in high-
density polyethylene bottles prewashed with deionized water. One aliquot was used
for the analysis of TC, total organic carbon (TOC), total inorganic carbon (TIC) and
TN, and the other was filtered with pre-ashed glass fiber filters (0.7-um nominal pore
size, Whatman GF/F) prewashed with 20 mL of water sample for the remaining
analyses. The samples were then frozen and shipped in Styrofoam coolers for analysis
at the Laboratory of the Department of Landscape Ecology, University of Goettingen,

Germany (total travel time of ca. 22 h).

TC, TIC, TOC, total dissolved carbon (DC), dissolved inorganic carbon (DIC) and DOC
contents were determined using high-temperature catalytic oxidation (TC-Analyzer,
DIMATOC 100 (R), Dimatec GmbH). TN and DN were quantified using the
chemiluminescence detection method (DIMA_N module (CLD), Dimatec GmbH).
Fluorine (F), chlorine (Cl), nitrate (NOs) and sulfate (SO4) concentrations were
determined using ion chromatography (761 Compact IC, Metrohm, Switzerland).
Dissolved Ca, Fe, K, Mg, Na, P and S concentrations were quantified using atomic

spectroscopy (ICP-OES, Optima 4300™ DV, PerkinElmer). Prior to the analyses of
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the dissolved solutes, the water samples were filtered through membrane filters (0.45-
um nominal pore size, cellulose acetate, Sartorius Stedim Biotech GmbH). These
filters were prewashed with ultrapure water and transferred to high density
polyethylene (HDPE) bottles that were prewashed with nitric acid solution (2.6%

HNO3) and rinsed with ultrapure water.

For quality control, during the entire study period, approximately 20% of the water
samples were analyzed for DOC within 12 hours after collection using a UV-Vis
spectrometric device (spectro::lyser™ UV-Vis, s::can Messtechnik GmbH) to cross-
check with the final DOC results. This comparison indicated a linear correlation (r =
.96, n =200, p<.001, Pearson’s correlation), which is considered adequate because
of the insignificant differences in DOC estimation by the spectrometric device
calibration (Bass et al., 2011; Avagyan et al., 2014). Additionally, a 1-L water sample
was manually collected in an automatic sampler bottle and kept in a separate
automatic water sampler unit at the EVL to check DOC fluctuations resulting from the
storage of the samples in this instrument. This water sample was analyzed using the
spectrometric device up to 8 days after sampling, which was the average time interval
of the field trips for sample collection. This procedure was conducted during the first
wet season (January—May of 2013) and did not indicate any significant changes in the

DOC concentrations.

6.3.3. Streamflow and CAN output fluxes

At the outlet of each catchment, an adjustable weir was installed. During the rainy
season, the weirs were rectangular, whereas a v-notch contraction section was
inserted during the dry season. A multiparameter probe (DS 5X, OTT) was installed
2—4 m upstream of each catchment’s weir to obtain data on water level at 10 or 15-
min intervals. To quantify catchment discharge (flow rate), we used the standard flow
equation (Eq. (1)) based on the Bernoulli equation for the rectangular weir, and the
Kindsvater—Shen equation (Eq. (2)) together with calibration adjustment functions
(Egs. (3) and (4)) for the v-notch weir (Shen, 1981), as follows:

3
Q == Carby\2gh2, (1)
0 s
Q= %Ce 2g tan (E) hez, (2)
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K, = 0.001[6(1.3956 — 4.296) + 4.135], (3)
C, = 6(0.022860 — 0.05734) + 0.6115, (4)

where Q is the discharge over the weir (m® s™); Car and Ce are the effective
dimensionless discharge coefficients for the rectangular and v-notch weirs,
respectively; b is the weir length (m); 8 is the angle of the v-notch (radians); h is the
upstream head above the crest of the weir (m); he is the effective head (h + Kn); and
Kn is the head-adjustment factor. For the Amazonian catchments, we adopted a Car
of 0.62 based on the geometric characteristics of the weirs (Kindsvater and Carter,
1957). For the Cerrado catchments, we conducted discharge calibration
measurements using an acoustic digital current meter (ADC, OTT) and estimated Car
values of 0.74 for the CCER catchment and 0.65 for the APAS catchment.

We classified the streamflow as base streamflow (Sv) and storm streamflow (Ss), which
represent the total stream discharge during baseflow- and stormflow-prevailing
conditions, respectively. Ss was computed as the flow change in response to event
precipitation and ending at the point separating the stormflow components, i.e. the
surface and subsurface stormflow, from the baseflow recession. These flows were
determined using a recursive digital filter (Eckhardt, 2005) implemented in the Web
GIS-based Hydrograph Analysis Tool (WHAT) for baseflow separation (Lim et al.,
2005, 2010). Using this information, we calculated the ratio of Ss to total streamflow

(St) discharge.

The annual CAN stream output fluxes for each catchment were calculated multiplying
the annual mean CAN concentration by the respective annual Sp and Ss volumes (Egs.

5 and 6) as follows:

Frs, = Al;<106 ’ (5)
CssXVg
Frs, Af<106s’ (6)

where Frsp and Frss are, respectively, the annual CAN output fluxes of Sp and Ss (kg
ha™ yr'); Csbis the mean CAN concentration in S (mg L"); Css is the volume-weighted
mean CAN concentration obtained using Eqg. 7 (mg L™); Vs and Vss are the mean

annual Sp and Ss discharges (L yr), respectively; and A is the catchment area (ha).
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where Css() is the CAN concentration per Ss event interval i for the number of event

intervals n (mg L") and Vj is the volume per event j for the number of Ss events m (L).
6.3.4. Statistical analysis

We used principal component analysis (PCA) to identify the most representative
hydrochemical parameters causing most of the total variance in Sp and Ss. PCA is
commonly used to identify the variables that contain the most information and to
provide future data collection criteria in ecological studies (King and Jackson, 1999;
Zhang et al., 2009). It is useful for the identification of important surface water-quality

parameters (Ouyang, 2005; Zeinalzadeh and Rezaei, 2017).

We conducted PCAs separately for each biome (Amazon and Cerrado) and flow
condition (Sp and Ss) in order to avoid the dominance of the PCA by the data variance
of only one specific region or streamflow condition. We used the Kaiser—Meyer—Olkin
(KMO) test (Kaiser, 1974) as a measure of quality control in the PCAs. The KMO test
measures the sampling adequacy of each variable for the complete analysis. We only
considered CAN parameters with individual KMO values greater than the bare
minimum of .5; therefore we repeated the PCAs, excluding the unacceptable CAN
parameters from the analyses, until we obtained acceptable individual KMO results.
We applied the orthogonal rotation varimax with Kaiser normalization to the PCAs to
maximize the dispersion of loadings within the factors and considered the results with

the most significant components (eigenvalues > 1).

We used the Kolmogorov-Smirnov test of normality for each dataset to determine the
adequate statistical test, i.e., parametric or nonparametric, for comparison of
catchments within the same biome. We used the two-sample t-test to compare the soil
chemistry and the Mann—Whitney (MW) U-test to compare the CAN concentrations by
means of sample ranks to determine whether Sp and Ss were significantly different
between the native vegetation and pasture catchments. Additionally to the MW test,
we used Mood’s median test, given its robustness for outliers to detect differences in
the median. We used the language and environment R (R Core Team, 2017) and the

significance threshold at .05 for all statistical analyses.

110



Chapter 6

6.4. Results

6.4.1. Soil physical and chemical properties

The soils exhibited textural similarities within each pair of catchments, with mostly
sandy clay loams in the Amazonian and loamy sand textures in the Cerrado
catchments (Table 6.2). The soil pH was between 10 to 25% higher in the pasture
catchments, being significantly different (p < .01) between the CCER and CPAS
catchments. The soils from all catchments have a high content of Al and Fe and low
nutrient contents (Table 2). K, Mg and Mn contents exhibited significant differences (p
< .05) between the Amazonian catchments, with higher Mn content in the AFOR than
that of the APAS catchment. In the Cerrado catchments, Ca was the only element to
exhibit significant differences (p < .01) between the CCER (0.03 g kg™') and CPAS
catchments (0.18 g kg™).

Figure 6.2 shows the soil chemical results. The soils from all catchments have a high
content of Al and Fe, a characteristic often found in Amazon soils (Quesada et al.,
2011; Dos Santos and Alleoni, 2013) and Cerrado (Buol, 2009). Further, we found low
nutrient contents in the soils of all catchments. The K, Mg, and Mn contents exhibited
significant differences (p < .05) among the Amazonian catchments, with higher Mn
content in the AFOR than in APAS catchment. In the Cerrado catchments, Ca was the
only element to exhibit significant differences (p < .01) between the CCER (0.03 g kg
1y and CPAS catchments (0.18 g kg™").

Table 6.2 Mean, one standard deviation and n of soil physical properties, and C
and N contents.

$°i| Amazonian catchments Cerrado catchments
attributes
AFOR APAS CCER CPAS
Sand (%) 67.2£6.0 (8) 57.6 £ 6.4 (8) 81.1 £ 20.5 (6) 93.3+1.0(8)
Silt (%) 9.1 +3.9(8) 22.8 £ 6.0 (8) 6.1+ 7.3 (6) 1.51£0.4(8)
Clay (%) 23.7 6.1 (8) 19.6 + 5.5 (8) 14.0+ 13.4 (6) 5.2+ 0.7 (8)
pH 5.7+ 0.3 (3) 6.4 +0.7 (3) 3.6 +0.3 (6) 4.4+0.5(8)
C (%) 3.19 £ 2.54 (5) 1.47 £ 0.45 (6) 3.41 + 3.88 (6) 1.33 £ 1.01 (8)
N (%) 0.27 £ 0.22 (5) 0.12 £ 0.04 (6) 0.18 £ 0.20 (6) 0.07 £ 0.05 (8)
C:N ratio 11.9+1.8 11.8+ 0.5 17924 18.3+3.3
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6.4.2. Hydrochemistry results

TOC, DOC, K and NOs exhibited the highest mean concentrations (> 1 mg L) in the
Amazonian catchments under both flow conditions. For these catchments, our results
indicate low mean streamflow concentrations for Cl, SO4, Na, Ca and Mg (< 0.4 mg L
). In the Cerrado catchments, TOC, DOC, NOs and Ca showed the highest mean
concentrations. Other elements, such as Mg and Na, exhibited relatively low
concentrations in the CCER catchment. Fe, F, P, S and SOs4 had the lowest
concentrations in all catchments, with most values less than the limit of detection

(Appendix 1 and Appendix 2).

The varimax rotation applied to the PCA on the water quality parameters exhibited
individual KMO values greater than .5 (Table 6.3). The overall KMO was .70 for Sp and
.63 for the Ss PCAs in the Amazonian catchments, and .68 for both the Sp and Ss
PCAs in the Cerrado catchments, which are acceptable values of sampling adequacy
for PCA (Kaiser, 1974). Bartlett’s test of sphericity for the parameters indicated that
correlations between items were sufficiently great for PCA (p < .001). Kaiser’s criterion
of eigenvalues greater than 1 was met by two components in the Sp PCAs and by
three components in the stormflow PCAs for the Amazonian and Cerrado catchments.
In combination, these components explained 80% and 86% of the variance in the Sp
and Ss values in the Amazonian catchments, and 83% and 88% of the variance in the
St and Ss values in the Cerrado catchments, respectively. Some parameters, such as
TC, TOC, DC and DOC, cluster in the same components in all PCAs with high factor

loadings.

In all of the PCAs, the first two components account for more than 60% of the total
variance (Fig.6. 2). For the Amazonian catchments, the first component of the Sp PCA
(Fig 6.2a) was mostly correlated with nitrogen and organic carbon, which showed the
highest standard deviations. The items that cluster in the second component represent
the inorganic carbon and cations (Ca and K). The main difference between the Sp and
Ss PCAs (Fig. 6.2b) is the clustering of NOs, TN and DN in the third component of the
Ss PCA, suggesting that during stormflow events, nitrogen fluxes have a distinct
dynamic from that of the other nutrients. For the Cerrado catchments, the first

component of the Sp PCA (Fig. 6.2c) groups carbon and Ca, and the second
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component groups TN, DN and NOs. This is the only PCA where the organic and
inorganic carbon compounds cluster in the same component. The Ss PCA (Fig. 6.2d)
shows that the first component groups DOC with DN, NOs and K, and the second
component shows a high factor loading grouping of TIC, DIC and Ca. The third
component of this PCA groups TC, TOC and TN. This is the only PCA where TOC
does not group together with DOC, which indicates the importance of particulate
organic carbon (POC) in these catchments. We did not directly measure POC in our
study, but the differences between TOC and DOC, which could be interpreted as POC
(Zhou et al., 2013), were the highest in the Cerrado catchments, representing an
average of 19% of the TOC.

Based on the results of the PCAs, we compared TOC, DOC, TIC, DIC, TN and DN
(Fig. 6.3), and NOs, Ca and K (Fig. 6.4). With the exception of higher TOC in the APAS
catchment, Ss carbon concentrations between the Amazonian catchments did not
exhibit significant differences. In the Cerrado catchments, the highest differences were
found in Ss, with higher TOC and DOC concentrations in the CPAS catchment
compared to those of the CCER (Fig. 6.3a—b). For DIC, the differences in
concentration between the Amazonian catchments in Sp and between the Cerrado

catchments in Ss (Fig. 6.3c—d) were significant.

Except for DN in Sp of the Amazonian catchments, the pasture catchments exhibited
higher TN and DN concentrations than those of the native vegetation catchments. The
differences in NOs were significant between the Cerrado catchments, with higher
concentrations in the CPAS catchment, whereas there was no significant difference in
the Amazonian catchments (Fig. 6.4a). Differences in Ca concentrations (Fig. 6.4b)
were significant in the catchments of both biomes, but not for the same flow conditions.
While the difference in Ca was significant only in Se of the Amazonian catchments,
this was only observed in Ss of the Cerrado catchments. There were significantly

higher K concentrations in both Sp and Ss for the pasture catchments (Fig. 6.4c).
6.4.3. Hydrological and CAN output fluxes

The Amazonian catchments exhibited the greater annual average stream discharge
with 23.2 L s for the AFOR catchment and 18.3 L s for the APAS catchment,

whereas the stream discharge for the Cerrado catchments were 11.6 L s for the
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CCER catchment and 13.4 L s for the CPAS catchment. The average stream
discharge during stormflow events were 94.2 L s for the AFOR catchment, 89.5 for
the APAS catchment, 11.6 L s for the CCER catchment and 30.9 L s™' for the CPAS

catchment.

In the Amazonian catchments, TOC output fluxes were between 35 and 135 kg ha™
yr', and K and NOs values ranged from 8 to 60 kg ha™' yr' (Fig. 6.5). In the Cerrado
catchments, TOC, Ca and NOs had total output fluxes between 2 and 12 kg ha™ yr,
and DIC and DN had output fluxes less than 2 kg ha™' yr'. Although the two biomes
show different magnitudes of CAN fluxes with higher fluxes in the Amazonian
catchments, the Sp CAN fluxes were higher than those of the Ss in all catchments.
Furthermore, the fluxes in the pasture catchments were generally higher compared to

those of the native vegetation catchments.

Table 6.3 Correlations between variables and components after varimax

rotation.
Amazonian catchments Cerrado catchments
Sb Ss Sb Ss

ct c2|Ct C2 cCc3]cCct cCc2|Ct C2 C3

TC 92 27|99 07 .07].98 -02| .32 .25 .90
TIC 12 88 | .07 95 -17] .94 -12| .00 .99 .05
TOC 95 05 |.99 .02 .08 ]| .77 .11 33 .06 .92
TN .81 30 .12 10 .92 |-04 .96 | 49 .01 .75

DC .88 .19 | .99 .12 .01 96 -24 | .74 36 .41
DIC .01 93 | .07 95 -25| .94 -12| .01 99 .07
DOC 91 -05(100 .07 .03}|.79 -35|.79 .01 41
DN 85 19| .09 -14 95]|-03 .92 | .77 -05 .33
NOs - - -12 -40 .56 |-16 .74 | 87 .03 .12
Ca 22 .82 |-02 .92 -01].93 -06| .12 .97 .13

K 20 .79 | 17 56 .37 - - 87 .05 .29
Eigenvalue 55 25143 32 20|60 23|58 29 1.0
Variability (%) | 48.2 31.7 | 36.6 28.8 209 |57.7 254|340 284 254

Correlations between variables and components greater than .5 are
bolded.
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Figure 6.2 Biplots of the PCAs after varimax rotation for the first (C1) and second (C2)
components of the: a) Amazon catchments base streamflow (Sp); b) Amazon catchments storm
streamflow (Ss); ¢) Cerrado catchments base streamflow (Sp); and d) Cerrado storm strea
streamflow (Ss).
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Figure 6.3 Boxplot and violin plots of hon-flow weighted carbon and nitrogen concentrations in
base streamflow and storm streamflow. The violin plots indicate the density of the sample
distribution across the y-values. The y-axis was limited to exclude some outliers (only
graphically) for better visualization of the results. NS stands for not significant and *, ** and ***
indicate statistical significance at the .05, .01 and .001 probability levels, respectively. The
significance of the results was based on the MW and Mood tests. When the test type is not
indicated, the result is valid for both tests.
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Figure 6.4 Boxplot and violin plots of NOs, Ca and K non-flow weighted concentrations in base
streamflow and storm streamflow. The violin plots indicate the density of the sample distribution
across the y-values. The y-axis was limited to exclude some outliers (only graphically) for better
visualization of the results. NS stands for not significant and *, ** and *** indicate the statistical
significance at the .05, .01 and .001 probability levels, respectively. The significance results were
based on the MW and Mood tests. When the test type is not indicated, the result is valid for both
tests.
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6.5. Discussion
6.5.1. Stream hydrochemistry

Our results showed significantly higher CAN concentrations in the pasture catchments
compared to those of the native vegetation catchments, especially for TIC, TN and K.
Some other macronutrients (Mg, P and S) and micronutrients (F, Cl, Fe and Na)
exhibited concentrations of < 1 mg L™ in all of the studied catchments. Our DOC results
for the Amazonian streams are in accordance with other studies of Sp of major
tributaries of the Amazon River (Moreira-Turcq et al., 2003; Tardy et al., 2005) and in
Ss of small Amazonian streams (Johnson et al, 2006). Although stream
hydrochemistry data are scarce in these regions, studies have reported low stream
concentrations for nutrients in a forested catchment in the central Amazon (Zanchi et
al., 2015) as well in natural and disturbed catchments in the central and southwestern
Cerrado (Silva et al., 2011, 2012). For some nutrients, i.e. F and Fe, we attributed this
to the absence of fertilizer application in the pasture catchments during our study
period and the poor soil nutrient conditions in both regions, which is typical of Lixisols
(Driessen and Deckers, 2001) and Arenosols (Markewitz et al., 2006) because of their
strongly weathered substrate. Additionally, the highly weathered soils fix available
nutrients, especially P, in the form of Fe and Al sesquioxides (Uehara and Gillman,
1981). Indeed, the soils from all catchments exhibited a high content of Al and Fe and,
a characteristic often found in Amazon (Quesada et al., 2011; Dos Santos and Alleoni,
2013) and Cerrado soils (Buol, 2009).

Soil pH in the pasture catchments was higher than that in the native vegetation
catchments, which has also been reported in other studies in other regions of the
Amazon (Mazzetto et al., 2016) and Cerrado (Neufeldt et al., 2002; Carvalho et al.,
2007; Hunke et al., 2015b). This is owing to liming practices in the pasture catchments.
Lime (CaCOQ:s) is often applied to acidic soils in these regions to increase soil pH (Couto
et al., 1997; Jepson et al., 2010; Moreira and Fageria, 2010). Therefore, Ca content
was higher in the soils of the pasture catchments than in the soils of the native
vegetation catchments. The pasture catchments exhibited significantly higher stream
Ca concentrations, which reported in in other studies in the Amazon (Biggs et al., 2002;
Figueiredo et al., 2010) and Cerrado (Markewitz et al., 2011; Silva et al., 2011).

118



Chapter 6

TOC TIC TN DOC DIC DN NO, Ca K

|:| Base streamflow
- Storm streamflow

100

50

Output Fluxes (kg ha ' yr ")

1 Dﬂ:uﬁﬁgﬂ ﬁU o B = _ss-aa0l_

2L L£LHOKEL Lo 2 222 L2 L L£L2RDO L£LLRL2 L£LOLOEL L2020
OV oY (Olo¥ ot OV ot (Oov ot (Oov ot Ot oV (Oov oV (Cov ot Ot ot
ST IR T S S S RS R 5

Catchments

Figure 6.5 Annual carbon and nutrient output fluxes of base streamflow (Sp) and storm
streamflow (Ss).

The significantly higher Ss Ca concentrations exhibited in the CPAS catchment
compared to those of the CCER catchment indicates that liming practices are
increasing Ca content in the topsoil of the CPAS catchment and facilitating the
leaching of this element to the stream during stormflow events. Other studies have
already reported that the high rainfall rates in the Cerrado are sufficient to solubilize
and leach fertilizers such as Ca (Villela and Haridasan, 1994; Hunke et al., 2015a).
Conversely, between the Amazonian catchments, the Ca concentrations in stream
water were significantly higher in the APAS, but only in Se. Such an enrichment of Ca
in the Sp has been observed in other studies in Brazil (Da Silva et al., 1998; Gonzatto,
2014), and we attribute this to the slow percolation of the residual lime through the soil
profile (Rowe, 1982). Because Lixisols are in an advanced weathering stage (Quesada
et al., 2011) and characterized by a low cation exchange capacity (Driessen and
Deckers, 2001), the percolating soil water carries the residual Ca, thereby increasing
its concentration in the Se. In contrast, during storm events, the surface runoff dilutes
the Ca concentration in the Sp, resulting in similar concentrations between the
Amazonian catchments. Biggs et al. (2002) found strong correlations between the soil
exchangeable cation content and the concentration of stream solutes and suggested

that pasture age may help explain the substantial variation in solute concentration
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responses to deforestation, especially for Ca. DIC presented dynamics similar to Ca;
its differences within the Amazonian and Cerrado catchments occur in the same flow
types, and they are grouped in the same components in all PCAs. We ascribe this to
be a consequence of liming practices. As lime is applied, the CaCOs reacts with water,
increasing the soil pH and producing HCOs, which is one of the main DIC components
and has been identified as a main driver of DIC fluxes in small streams in the Amazon
(Johnson et al., 2006; Cak et al., 2015).

We found NOs concentrations to be significantly different only between the Cerrado
catchments, with higher values in the CPAS catchment. The increase in NO3s
concentrations due to deforestation in Amazonian streams are not as clear (Figueiredo
et al., 2010; Silva et al., 2007; Williams and Melack, 1997) as they are in the Cerrado
(Silva et al., 2011). It has been reported that the high percentage of mineralized N
nitrified in forests is the cause of a high potential for NOs loss in soil solution and
streamwater when these forests are cleared and burned (Neill et al., 2006; Vourlitis
and Hentz, 2016), which has occurred in small catchments under recent or ongoing
deforestation (Williams and Melack, 1997). The fact that we could not find this same
relationship between the NOs concentrations of the Amazonian catchments is
consistent with patterns of N cycling and N availability, which shows high soil solution
NOs concentrations in Amazonian forests (Neill et al., 2001). The Amazonian forest
behaves rather similar to old and temperate forests, which present high nitrification
rates and NOs pool losses that occur under normal conditions (Aber et al., 1989;
Stevens et al., 1994; Neill et al., 2001). These forests may become net sources of

nitrogen, thereby causing NOs leaching to streams (Aber et al., 1995).

6.5.2. Stream CAN output fluxes

Except Except for DIC in the Cerrado catchments, the CAN fluxes were greater in the
pasture catchments (Table 6.4). The Amazonian catchments exhibited the greatest
differences in CAN fluxes. In these catchments, Ss showed a greater difference
between the APAS and AFOR catchments, with an average APAS:AFOR ratio 37%
higher than that in Sp. Conversely, for the Cerrado catchments, the CPAS:CCER CAN
ratios were, on average, 56% less in Ss than in Sp. This is consistent with that fact that

nutrients, especially K and Ca, have been shown to have higher stream fluxes in
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pastures than in forests in the Amazon (Williams and Melack, 1997; Germer et al.,
2009) and Cerrado (Figueiredo et al., 2010; Silva et al., 2011).

The total and dissolved carbon stream outputs were higher from the pasture
catchments. Strey et al. (2016) found that degraded pasture areas exhibit lower
organic carbon (OC) content than that of areas with native vegetation in the Cerrado
and Amazon biomes, which is likely connected to larger losses of forest-derived OC
after deforestation. In these biomes, the reduced organic carbon due to native
vegetation clearing for pasture has been shown to be associated with reduced
aggregate stability (Longo et al.,, 1999), which, in turn, has resulted in degraded
pasture soils storing less carbon than soils covered with natural vegetation (Fonte et
al., 2014). This facilitates carbon leaching and, consequently, increases the TOC and
DOC fluxes. Kindler et al. (2011) affirmed that the quantification of DOC leaching from
soil is crucial for the carbon balance. These authors found that losses of biogenic
carbon from grasslands account for ca. 22% of the net ecosystem exchange, whereas
leaching from forest sites hardly affects net ecosystem carbon balances. In the
Amazon, the decreased soil carbon storage as a consequence of forest conversion to
pastures has been reported to be directly correlated with pasture age (Asner et al.,
2004). In the Cerrado, while well-managed pastures may sustain soil carbon content,
most pastures in this biome are in advanced stages of degradation (Davidson et al.,
2012). In this region, the sandy soils, such as the Arenosols, are commonly found and
the decrease of their organic matter content owing to their increasingly use for
agricultural practices (Speratti et al., 2017) is likely to increase the leaching of nutrients
(Hunke et al., 2015a).

Table 6.4 Base streamflow, storm streamflow and total streamflow ratios of
stream output fluxes for each pair of catchments.

Ratio Flow type TOC TIC TN DOC DIC DN NO3 Ca K

APAS:AFOR Base streamflow 2.8 5.0 3.4 2.3 4.5 2.8 3.9 3.6 41

APAS:AFOR Storm streamflow 5.8 5.0 4.7 5.8 4.8 4.4 3.8 4.6 5.7

APAS:AFOR Total streamflow 3.6 5.0 3.7 3.2 4.6 3.2 3.9 3.8 4.4

CPAS:CCER Base streamflow 1.8 1.5 3.3 1.2 0.4 4.0 3.8 1.8 6.8

CPAS:CCER Storm streamflow 1.0 0.7 1.2 1.1 0.6 1.7 2.7 2.8 1.4

CPAS:CCER Total streamflow 1.6 14 3.0 1.2 0.4 3.7 3.7 1.8 5.5
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The results of C content and C:N ratios for the Amazonian catchments are in
accordance with studies on primary forests and old pastures in the Amazon (McGrath
et al., 2001). For the Cerrado catchments, the C:N ratios are also similar to other
results for topsoil in areas with cerrado vegetation and pasture in this biome
(Figueiredo et al., 2010; Neufeldt et al., 2002). Similar to C, N output fluxes were higher
in the pasture catchments. In comparison to the Cerrado catchments, the Amazonian
catchments exhibited a lower C:N ratio, which is typical for Oxisols in the uppermost
horizon (Tardy et al., 2005), and has been identified as an important controlling factor
of total ecosystem N retention. High C:N promotes N immobilization, reduces net
nitrification and consequently contributes to greater N retention (Templer et al., 2012).
This has direct implications for the net N fluxes in this region, as the atmospheric
deposition of N (3.5-10 kg N ha~' year™' (Bobbink et al., 2010; Salemi et al., 2015)) is
exceeded by N output via streamflow in the APAS catchment. This indicates that the
pastures in this region might be a sink for N, as has been found in other studies in the

Amazon (e.g., Germer et al., 2009 and Salemi et al., 2015).

Our results show the importance of Ss as a significant contributor to St CAN fluxes in
catchments of the Amazon and Cerrado biomes. To illustrate this, we provide the
ratios between the short-lived events (Ss) to the St duration, volume and CAN fluxes
in Table 6.5. The Ss:St duration ratios were only 4.9-5.3% in the Amazonian
catchments and 1.7-2.1% in the Cerrado catchments. Nevertheless, the relatively
small durations of the Ss events caused an increase of 15.9-26.5% and 2.8-5.5% in
the St volume in the Amazonian and Cerrado catchments, respectively. Moreover, in
nearly all cases the Ss contribution to the St CAN output fluxes was greater than its
contribution to the St volume. In the APAS catchment, 50% of the St DOC output fluxes
were caused by Ss. In the Cerrado catchments, Ss fluxes accounted for 16—26% of the
TOC total streamflow output fluxes, despite the Ss contribution to St volume of only
approximately 2-5%. This shows that Ss is especially important as a rapid hydrological
pathway for CAN losses in areas on the AAF where deforestation reduces the
infiltration capacity rates, which are in turn exceeded by the rainfall intensities, causing
greater stormflow contributions (Zimmermann et al, 2006). The substantial
contribution exhibited by Ss to St CAN fluxes is mainly owing to their higher CAN

concentrations compared to those of Sb. These concentrations may be higher in Ss
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because of the rapid subsurface response in streams dominated by pre-event water,
where a rapid mobilization of old water occurs (Kirchner, 2003), and to surface flow

paths that contribute to higher CAN concentrations (Johnson et al., 2006).

DIC also exhibits a rapid response during stormflows in wet tropical catchments under
pristine rainforest and agriculture LULC (Bass et al, 2014). In the Amazonian
catchments, we found that Ss represented slightly more than 30% of St DIC fluxes,
with similar Ss:St DIC fluxes between these catchments. In contrast, Ss DIC fluxes
represented only 6% of the total output fluxes in the CCER catchment and 10% in the
CPAS catchment.

Table 6.5 Percentage ratio of the storm streamflow duration, volume and fluxes
to the total streamflow.

Ss:St (CAN fluxes)

Ss:St Ss:St
Catchment TOC TIC TN DOC DIC DN NOs Ca K
(duration) (volume)
AFOR 4.9% 15.9% 26% 24% 23% 28% 31% 23% 7% 29% 23%
APAS 5.3% 26.5% 42% 23% 28% 50% 33% 32% 7% 34% 30%
CCER 2.0% 5.2% 26% 3% 14% 18% 6% 12% 4% 2% 24%
CPAS 1.6% 2.8% 16% 2% 6% 17% 10% 6% 3% 2% 6%

While many recent studies showed insights of high-temporal monitoring schemes in
areas with fairly easy access (e.g., close to urban centers accessed via paved roads)
in Europe (e.g., Blaen et al., 2016; Cuomo and Guida, 2016) and North America (e.g.,
Jollymore et al., 2012; Sherson et al., 2015) as a valid and new approach to ensure
appropriate management of the natural resources (Skeffington et al., 2015), our study
uses this method to assess the impacts of LULC change in catchments located in

data-scarce active zones of deforestation of the two largest biomes of South America.

Despite the contribution of our study contributes to the understanding of the
hydrochemical fluxes on the AFF, the magnitude and duration of these impacts
depend on several catchments characteristics (e.g., soils, morphology and geology)
that should also be addressed in further studies (Birkinshaw et al., 2010). Long-term
measurements (over 10 years) of stormflow events including quantifying changes in

groundwater quality are required to analyze trends in water quality. Biggs et al. (2006)
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found evidence of long-term increases in solute fluxes following the conversion of
forest to pasture in the Amazon. Hence, empirical studies that contemplate the
comparison of pastures with different ages are fundamental to quantify the effect

pasture age in CAN fluxes.

The degree to which the chemical changes of the streamwater in the Amazon and
Cerrado biomes are affecting the CAN delivery to the ocean is poorly understood and
difficult to assess (Bouchez et al., 2014). Notwithstanding, the changes in stream
hydrochemistry are likely to unfold greater impacts due to several large dams under
construction in this region (Tollefson, 2015; Pavanato et al., 2016), which will receive
and store the increased loads of CAN and negatively affect their suitability as aquatic
habitats. To that end, we recommend studies that take into account the long-term
effects of LULC change on stream hydrochemistry in nested scales and their impacts

in large watershed systems in this region.

6.6. Conclusions

Our research demonstrates how the conversion of natural vegetated landscapes
(forest and cerrado) to pasture changes stream hydrochemistry, which can disturb the
natural carbon and nutrient balance in the Amazon and Cerrado biomes. Stream
carbon and nutrient concentrations were significantly higher in catchments where the
native vegetation was replaced by pastures. These higher concentrations underlie
further implications for carbon and nutrient fluxes as streamflow increase occurs,
which is widely reported in this region as a consequence of the conversion of native

vegetation into agricultural lands.

We found that most of the carbon and nutrient flux contributions of stormflow to total
streamflow is proportionately greater than its respective volumetric contribution to
stream discharge. This shows that stormflow is a substantial hydrological pathway for
carbon and nutrient losses, including areas with small stormflow contribution, as
shown in the Cerrado catchments. This indicates that the unaccounted stream carbon
and nutrient fluxes derived from sampling approaches on a daily or weekly basis are
substantially great. Our study confirms the need for detailed temporal data on stream

hydrochemistry that include the sampling of short-lived stormflow events to not only to
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understand natural tropical ecosystems, but also to unveil impacts of anthropogenic

changes in these environments.

Although the acquisition of high-temporal resolution data in tropical forests is often
limited by logistical restraints, we recommend that further studies use novel monitoring
techniques such as automatic overland flow sampling and real-time water-quality
sensors to improve the understanding of hydrochemical pathways and fluxes in forest
ecosystems under anthropogenic changes such as the Amazonian agricultural

frontier.
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7. Ecosystem services in the Amazon agricultural frontier:
separating the wheat from the chaff in a functionally diverse
riparian zone

Abstract

The ecological services provided by pristine riparian zones in human-altered
landscapes are widely acknowledged, yet little is known about them. In this study, we
assess ecosystem properties that a protected riparian zone maintains in contrast to
environmental changes in its surroundings caused by agro-industrial activities in the
northwestern fringe of the Brazilian Cerrado, on the Amazonian agricultural frontier.
We conducted a detailed assessment of the plant biodiversity, soil hydro-physical
properties, and water quality, to understand at how the underlying ecological
characteristics of a riparian zone sustain its neighboring cropland area. We show that
the riparian zone is fundamental in providing key ecosystem regulating services,
including maintenance of plant biodiversity, soil properties and water quality. Our
results indicate that the protection of the plant biodiversity in the riparian zone sustain
a synergy between plants and soil by promoting higher infiltration rates, higher soil
porosity and natural soil chemistry conditions, which in turn has direct implications on
the quality of water that becomes streamflow. Our study reaffirms that conservation of
riparian zones is crucial to buffer the negative impacts of land-use conversion
associated to agricultural practices on ecosystem services supply.

7.1. Introduction

The concept of ecosystem services is related to the benefits that the environment
offers for human well-being, and it has become useful for promoting sustainable
management of natural resources (Guzha et al., 2013). Essential ecosystem services,
such as plant biodiversity, water provisioning, water quality regulation and soil carbon
storage, are commonly provided by landscapes in pristine conditions (Guswa et al.,
2014). When such environments are under threat by anthropogenic change, the
vegetation is usually one of the first ecosystem components affected, which in turn
can cause further impacts, such as soil degradation and water quality deterioration
(Galford et al., 2010; Silva et al., 2011). The magnitude, types and scope of these
impacts are still poorly understood, especially on landscape components such as the
riparian zones (RZs), such as those found in agro-industrial regions (Skorupa et al.,
2013). These RZs, also known as riparian vegetation, riparian corridors or riparian
forests (Silva et al., 2008; Mcjannet et al., 2012; Bianchi and Haig, 2013; Ferraz et al.,

2014), are often spared from deforestation in agricultural areas because they do not
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offer satisfactory agricultural productivity conditions (usually due to their high slope
and frequent waterlogging conditions) (Tiwari et al., 2016) or because there are
regulatory restrictions that require their conservation. This is a common situation for
the RZs found in the Brazilian Cerrado, which has historically held the highest
deforestation rates of the Amazon agricultural frontier (AAF) (Klink and Machado,
2005).

The conversion from natural land cover to crops and pastures has resulted in the
reduction of the native fire-adapted savannah-like Cerrado vegetation to
approximately 50% (ca. 1 million km?2) of its original land cover (Mendonca et al., 1998;
Klink and Machado, 2005; Lambin et al., 2013). The Cerrado is one of the world’s
critical hotspots for conservation due to its high amount of endemic species (Myers et
al., 2000; Brooks et al., 2002; Myers, 2003; Brooks, 2006; Loyola et al., 2009), and is
the savanna with the greatest plant diversity in the world (Mendonga et al., 1998). The
Cerrado environment contains different vegetation formations, ranging from
grasslands to forests, including the interspersed gallery forests, which are found in
RZs and contain ca. 30% of Cerrado plant biodiversity (Felfili et al., 2001; Ribeiro and
Walter, 2008). Most plant species in the Cerrado RZs are commonly associated with
Amazonian and Atlantic rainforests and display distinguished adaptations, enduring
high level of root zone soil water levels (Oliveira-filho and Ratter, 1995), which is
facilitated by their position along the watercourses. Further away from the RZs, the
natural Cerrado landscape is occupied by other types of vegetation with lower water
demand, which exhibit more open, grassy physiognomies that are substantially
different from the gallery forests (Felfili and Silva Junior, 1992). Gallery forests are
occupied by plant species that have a higher leaf area index (Hoffmann et al., 2005)
and biodiversity (Santiago et al., 2005; Silva-Junior, 2005) than the other Cerrado
vegetation types, with tree heights up to 40 m (Felfili, 1997).

On the AAF, the Brazilian Forest Code regulates the protection of the RZs, which are
categorized as riparian preservation areas (Stickler et al., 2013; Soares-filho et al.,
2014; Garrastazu et al., 2015). However, Nagy et al. (2015) has identified human-
induced degradation in an Amazon’s agricultural landscape, which significantly
decreased its biodiversity and regeneration capacity. In fact, it is well-known that the

application of pesticides and fertilizers in agricultural lands cause anthropogenic

129



Chapter 7

pressure, endangering the ecological functions of the RZs (Gregory et al., 1991). In
other parts of the world, there is evidence that natural RZs act as buffer zones, filtering
nutrients and pollutants (Addy et al., 1999; Daniels and Gilliam, 1996; Gyawali et al.,
2013; Lowrance et al., 1984; Lowrance and Sheridan, 2005; Ranalli and Macalady,
2010; Randhir and Ekness, 2013; Smith et al., 2012), and reducing sediment load into
streams (Daniels and Gilliam, 1996; Randhir and Ekness, 2013). Still, the width of the
riparian buffer zone, i.e., the distance to the streams, which is used as a measure of
protection of the native RZ vegetation, is arbitrarily established in Brazil. Since an
appropriate riparian width can substantially buffer the impacts of the agricultural
activities (Mander and Tournebize, 2015), it is inferred that the riparian width should
depend on the ecological functions that need to be protected (Newbold et al., 1980).
One of the few studies in Brazil in this matter, conducted in the Atlantic Forest (Aguiar
et al., 2015), showed that a 36-m riparian width retained 70-94% of pesticides. By
contrast, the previous compulsory cut-off value of 30 m for restoration of the riparian
width buffer zone of small streams was reduced to 15 m in the new Brazilian Forest
Code of 2012. This reduction in the protected riparian width threatens the maintenance

of water quality and availability in streams (Garrastazu et al., 2015).

The survival of many non-aquatic plants and animals depends upon the RZs of small
forest headwater streams (Richardson et al., 2005). The understanding of the
ecosystem properties in the RZ is fundamental to support further guidelines on riparian
conservation (Bowler et al., 2012; Weigelhofer et al., 2012). The description of the
ecological functioning of plant species in natural landscapes is limited in the literature,
including data on the capacity of individual plant species to retain nutrients (Haridasan,
2008). The same applies for plant biodiversity, hydro-physical and chemical solil
characteristics, and stream hydrochemistry in the RZs. Most environmental studies on
the Cerrado RZs were conducted in areas surrounded by pristine savanna vegetation
(e.g., Parron and Markewitz, 2010; van den Berg et al., 2012) and only a few studies
analyzed the provision of RZ’s ecosystem services in areas under intense
anthropogenic influence (e.g., Ferraz et al., 2014), which are located outside of the
AAF.

Despite the fact that RZs often represent a small portion of the altered landscapes,

when protected, they can be natural barriers between these extended altered
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environments and entire stream networks. Considering the sum of individual benefits
that hundreds of RZs provide at large scales, their relevance in environmental
protection is amplified. However, the ecosystem services provided by RZs at the
catchment level remain poorly understood, especially in the tropics (IAiguez-Armijos
et al., 2016; Luke et al., 2018). RZs on the AFF have suffered degradation (Macedo
et al.,, 2013), and large streams that have historically been influenced by the
agricultural expansion in this region have also shown upwards trends in nutrient fluxes
(Nbbrega et al., 2018b).

Our work aims to improve the understanding of the ecosystem services provided by
the Cerrado RZs, adding to an increasing body of evidence that recognizes the
importance of RZs as ecological buffer zones. By analyzing field environmental data
across different landscape gradients of a typical large-scale agro-industrial system
with a RZ in the Cerrado of the AAF, we provide a detailed assessment of the
associated plant biodiversity, soil hydro-physical properties, and water quality,

showing the contrasting ecologies in the RZ and its surrounding cropland area.

7.2. Study area

This study was conducted in the municipality of Campo Verde (15.7381°S,
55.3618°W) in the Brazilian state of Mato Grosso (Fig. 7.1). This region is
characterized by a typical tropical savanna climate with a wet season extending from
October to April, a dry season from May to September, rainfall averaging ca. 1,800
mm and the mean annual temperatures ranging from 18 to 24 °C (Meister et al., 2017,
Nobrega et al., 2017). Dominant soils in the Cerrado (e.g., Arenosols and Ferralsols,
IUSS Working Group WRB, 2015) are typically highly weathered and acidic with high
aluminum concentrations, thus requiring fertilizers and lime for crop production and

livestock farming (Hunke et al., 2015).
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Deforestation in the Legal Amazon up to 2014 LSS {UP{ [T levation (m a.s.1. )R Y A-% - SRR -1
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Deforestation data from: IMAZON (2018),
http://lwww.imazongeo.org.br/doc/downloads.php;
and Brazilian Ministry of the Environment (2018),
http://mapas.mma.gov.br/i3geo/datadownload.htm.

\ B Texture sampling points for geospatial analysi

Service Layer Credits: Esri, HERE, Garmin, © OpenStreetMap contributors, and the GIS user community
Source: Esri, DigitalGlobe, GeoEye, Earthstar Geographics, CNES/Airbus DS, USDA, USGS, AeroGRID, IGN, and the GIS User Community

Figure 7.1 Study area location: a) Amazon, Cerrado and the Campo Verde municipality; b) the
study catchment with elevation and soil sampling points; ¢c) a zoom to the riparian zone
surroundings where the plots were surveyed and water samples were collected.

We selected a 93 ha catchment that lies within the das Mortes River basin (15.743°S,
55.363°W), the main tributary of Araguaia River. This catchment is on the Santa Luzia
farm, an agro-industrial property with ca. 2,500 ha where agricultural activities have
been expanding since the 1980s. The catchment area is dominated by cropland (91%
of the total area) with an average slope of 2.4%. The cropland area is used for no-till
mechanized rainfed agriculture based on crop rotation of soybean from October to
January and maize from February to July. The RZ of this catchment occupies only 9%
of the catchment area and has a mean slope of 4.9%. The RZ area is composed of a
gallery forest and a campo de murundus Cerrado formation (Ribeiro and Walter, 2008)
connected in a continuum manner and forming a mixture of typical plant species from
Cerrado and Amazon and Atlantic rainforests (Oliveira-filho and Ratter, 1995; Marimon

et al., 2002). Within this catchment, the average width is approximately 250 m for the
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gallery forest and 175 m for the campo de murundus. The campo de murundus is the
vegetative community located closest to the stream. The campo de murundus is a
subtype of Cerrado vegetation, and it is characterized by plain areas intertwined with
large mounds, with the former colonized by herbaceous and shrub vegetation, and
presenting mostly woody savannah species (Eiten, 1972; De Oliveira-Filho, 1992;
Ponce and Cunha, 1993; Resende et al., 2004; Ribeiro and Walter, 2008; Marimon et
al., 2012). Soils in the cropland catchment are Ferralsols (IUSS Working Group WRB,
2015) characterized by clay loam texture, and are correlated with Oxisols (Soil Survey
Staff, 2014) and Latossolos Vermelhos Distroficos de textura argilosa (EMBRAPA,
2006).

7.3. Methods
7.3.1. Vegetation survey

Surveys were conducted in the RZ for the two vegetation formations (i.e., gallery forest
and campo de murundus) in March (wet season) and September (dry season) of 2014
to consider the vegetative characteristics in both dominant seasons. For the surveys,
we selected eight of 20 x 30 m plots (total area of 4,800 m?) spaced approximately 50
m from each other along a 400-m transect from the gallery forest area near the stream
to an area of the campo de murundus formation in transition to the cropland area (Fig.
7.1c). To characterize the plant biodiversity within the plots, we sampled woody
individuals (dead and alive) with a minimum of 15.5 cm DBH (diameter at breast
height) as well as with a minimum of 15.5-cm trunk diameter at 30 cm above ground
height, which is an adequate measurement for small and mid-sized plants in similar
Cerrado vegetation types (Phillip, 1994). We collected vegetative and fertile plant
specimens that could not be identified in the field for posterior identification at the

Tangara da Serra herbarium of the Mato Grosso State University (UNEMAT).
7.3.2. Soil sampling and analysis

To regionalize soil properties, we delineated transects for soil sampling based on the
surface elevation and geostatistical analysis of the clay content (Fig. 1b). We used the
DEMs derived from a topographic survey for the surface elevation analysis, and
collected 55 disturbed soil samples at the 0—20 cm soil depth from randomly selected

points throughout the catchment for clay content analysis. We interpolated the clay
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content values using isotropic variogram analysis and the ordinary kriging method,
which exhibited a correlation coefficient of 0.92, and then we validated the interpolation
by using the leave-one-out cross-validation method (Herbst et al., 2006). This
procedure allowed the categorization of the surface elevation in 5 equal intervals and
clay content in quintiles and delineated transects from the catchment’s crest to the

stream valley passing over all elevation and clay content categories.

For the hydro-physical analysis, we selected 2 points in the RZ and 13 in the cropland
area approximately equally-spaced along the transects to collect one disturbed sample
and two undisturbed soil core samples (4.8 cm in diameter and 5.2 cm in height) at
depth intervals of 0—-10, 10-20, 20—40, and 40-60 cm for each sampling point. The
disturbed soil samples were analyzed to obtain the particle size distribution, and the
undisturbed samples were used to determine bulk density, saturated hydraulic
conductivity (Ksat), total porosity, macroporosity, microporosity, and field capacity.
These procedures are in line with the soil geostatistical and hydro-physical analyses
conducted by Nébrega et al. (2017) in catchments located in the das Mortes River

basin.

For the soil chemical analysis, we collected soil samples at 5 and 30 cm depths in 4
points in the RZ and 3 points in the cropland area (Fig. 7.1b). The collection of soll
samples for chemical analysis was primarily focused on understanding the effects of
land-use on the overland flow quality. Therefore, we restricted the soil sampling to
areas where we detected overland flow generation, i.e., overland flow sampling points,
considering the different elevation and clay categories defined for the regionalization
of the soil properties. We analyzed these soil samples to determine pH, total carbon
(TC), total nitrogen (TN), calcium (Ca), potassium (K), magnesium (Mg), phosphorus
(P), and sulfur (S) at the Laboratory of Landscape Ecology at the University of
Goettingen, Germany. pH was measured by using the potentiometric method
(inoLAB® pH Level 2, Wissenschattlich-Technische Werkstatten GmbH). TC and TN
were quantified by using the elemental analysis method (TruSpec® CHN, LECO
Instrumente GmbH). The total digestion of 100—150 mg of soil was made with HCIOa4,
HF and HNOs in 30 mL PTFE vessels (Pressure Digestion System DAS 30, PicoTrace
GmbH) and used to determine chemical concentrations by using atomic spectroscopy
(ICP-OES, Optima 4300™ DV PerkinElmer).
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7.3.3. Water sampling and analysis

An automatic water sampler (BL2000®, Hach-Lange GmbH) was installed at the outlet
of the catchment inside the RZ to collect stream water samples at 20 cm below the
water surface during the 2013—-2014 hydrological year. The sampling procedure was
based simultaneously on both time and water level variation in order to represent the
streamflow either during baseflow or stormflow prevailing conditions, respectively. The
sampling routine was based on filling a 1-L sample bottle in 3 days by using an
extraction of 200 mL from the stream at 14.4 h intervals. The stormflow sampling was
determined by a sub-hourly routine activated by water level increase, detected by a

pressure bell switch (FD-01, Profimess GmbH).

Overland flow samples were collected by using self-made overland flow detectors
(OFDs) (Kirkby et al., 1976; Elsenbeer and Vertessy, 2000), consisting of a 50 mm-
diameter PVC tubes with a permeable section with 5 mm holes connected at a right
angle by a “tee” to a reservoir section tube with 200 mL capacity. The contact of the
detector section with the soil diverted the ponded overland flow into the reservoir tube.
After field observations during rainfall events, we placed OFDs on observed flowpaths
in the RZ and in the cropland area (Fig. 7.1b). We installed the OFDs during the wet
season and collected the samples within 12 h after the rainfall events. Additionally, to
evaluate potential impacts of the cropland on the groundwater of the RZ, samples were
taken twice per month in the wet and dry season from eight wells, each located in one

of the eight vegetation survey plots.

The transportation, analysis and quality control of the water samples followed the
same procedure described in Nbébrega et al. (2018). The water samples were
protected from light following collection and transported in coolers packed with ice to
the Ecofisiologia Vegetal Laboratory (EVL) of the Federal University of Mato Grosso
(UFMT) in Cuiabd, Mato Grosso. At the laboratory, the water sample in each bottle
was used to fill two aliquots of 50 mL in high-density polyethylene bottles pre-washed
with deionized water. One aliquot was used for the analysis of total organic carbon
(TOC), dissolved organic carbon (DOC), dissolved inorganic carbon (DIC) and TN,
and the other aliquot was filtered through pre-ashed glass fiber filters (0.7 um nominal

pore size, Whatman GF/F) pre-washed with 20 mL of water sample for the remaining
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analyses. The samples were then frozen and shipped in Styrofoam coolers for analysis
at the Laboratory of the Department of Landscape Ecology, University of Goettingen,
Germany. The quality control of this procedure was conducted by comparing the DOC
of water samples within 12 h after collection using a UV-Vis spectrometric device
(spectro::lyser™ UV-Vis, s::can Messtechnik GmbH) with the DOC results obtained in
the laboratory after final transportation and assuring that the results were not

significantly different (N6brega et al., 2018).

TOC, DOC and DIC concentrations in water were determined by using high
temperature catalytic oxidation (TC-Analyzer, DIMATOC 100 (R), Dimatec GmbH).
Total nitrogen (TN) concentration was quantified by using the chemiluminescence
detection method (DIMA_N module (CLD), Dimatec GmbH). SO4 concentrations were
determined by using ion chromatography (761 Compact IC, Metrohm, Switzerland).
Dissolved K, Ca, P, SO4, and Mg concentrations were quantified by using atomic
spectroscopy (ICP-OES, Optima 4300™ DV, PerkinElmer). Before the analyses of the
dissolved solutes, the water samples were filtered through membrane filters (0.45 pm
nominal pore size, cellulose acetate, Sartorius Stedim Biotech GmbH). These filters
were pre-washed with ultrapure water, transferred to HDPE bottles pre-washed with

nitric acid solution (2.6% HNOs3) and rinsed with ultrapure water.
7.3.4. Statistical analyses

Data on soil properties were compared using the Mann-Whitney U nonparametric test
due to their non-normal distributions to determine whether the results from the RZ and
cropland area were significantly different from each other. Soil pH was converted to
HsO for statistical comparison because of the non-linearity of these values. To
compare the water quality parameters from the different hydrological pathways, we
used the Kruskal-Wallis H test by ranks with the Steel-Dwass—Critchlow—Fligner
(Fligner, 1984) method for multiple comparisons. We used the language and
environment R v. 3.5.1 (R Core Team, 2017), the XLSTAT-Base v. 2018.6 software
(Addinsoft, Paris, France, www.xlstat.com), with a significance threshold of 0.05.
However, because no significant difference at this level was found for the soil

chemistry, we considered the significance threshold for these results at 0.057.
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7.4. Results
7.4.1. Riparian Zone Vegetation

The 378 individuals sampled in the plots across the RZ revealed a floristic composition
of 66 species belonging to 28 families (Appendix C). The most abundant botanical
families in the campo de murundus plots were Euphorbiaceae, Melastomataceae and
Simaroubaceae. In this formation, a total of 15 botanical families were found, adding
up to a total of 242 living individuals and 17 dead individuals belonging to 27 different
plant species. In the gallery forest, the most abundant plant families were Burseraceae

and Anacardiaceae.

The first four plots (Plots 1-4), located in the gallery forest, were dominated with plant
species that are primarily distributed in the Amazon rainforest, Atlantic rainforest and
Cerrado vegetation (Fig 7.2a; Oliveira-Filho and Ratter, 1995; Flora do Brasil 2020,
http://floradobrasil.jbrj.gov.br). The last four plots (Plots 5-8) are in the campo de
murundus, where an increasing predominance of Cerrado-related vegetation and a
decrease in Amazon-related vegetation exist. As the plots were located further from
the gallery forest and stream network and closer to the cropland area, typical Cerrado
species began to predominate for increasing distance from the stream. The
predominance of tropical wet forests over dry vegetation types in the gallery forest are
evident, and the opposite relationship was exhibited in the campo de murundus area

(Fig. 7.2b).
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Figure 7.2 (a) Assembly and phytogeographic distribution of the surveyed plant species along
the plots; (b) Percentage of the represented phytogeographic domains according to the two
vegetation formations in RZ transect. Outer circle represents gallery forest (plots 1-4) and inner
circle campo de murundus (plots 5-8).
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7.4.2. Soil hydro-physical and chemical properties

Soil hydro-physical properties of both RZ and cropland have a clay-loam texture (Table
7.1). The cropland area only shows a greater clay content in the topsoil compared to
the RZ. The bulk density values in the RZ were significantly lower than those in the
cropland area (p < 0.01). Ksat and field capacity did not show significant differences
between these areas, but total porosity was significantly different for the upper layer
(0—10 cm), with higher values in the RZ. In both areas the soil total porosity is
dominated by about 75% micropores due to the high clay content (58 + 7%, average
of both areas). The soil acidity was significantly higher (p = 0.057) in the RZ than in
the cropland area at the 5-cm soil depth (Table 7.2). The soil nutrient content analysis
showed that the cropland area had higher Ca and P content than the RZ at both soil
depths, and higher Mg content at 5-cm soil depth.

Table 7.1 Soil hydro-physical properties.

Soil BD TP MaP MiP FC Ksat Sand Silt Clay
?i’r)r:;] (gem?) (%) (%) (%) (%) (mm h?) (%) (%) (%)
118+14%  501+8%: 10540060 o7 T I0ALI 4o g quge 285ESENT g60ia10p 576117
o (0.86+9%)°  (69.1+9%)° (225 3%)° (fzeo'/i)f (fjé/z );" (130.4 + 68%)" (fgl;/‘:)f (131+14%)* (515 + 16%)
11041106 569470 o063 43I IBILINT 00, gap  DSEN oy 0ia 525+ 4%
1o (0.95+10%)°  (60.1 + 8%)" (1185(;2)5 (f756/3 )f (fgl%f (302.8 + 129%)° (3259[;)3 (16.0+5%)  (54.8 % 20%)
Ll6eite | STLEOW 1625350 41010 3422 13%° oo 253ESIR o oo oo
200 (0.94 + 13%)? (ffo/::)f (175(;2);" (ggo'/i)f (gllo'/i)f (69.9 + 83%)° (556;3);" (13.040%)°  (61.0 + 23%)?
110+9%:  se7royr  LLEE20%T 449 BTN oo, g 194N L1 4u00n 503+ 6%
%0 (LO7+3%)°  (57.8 + 1%)° (jf‘;/f)f (f;‘/i)f (f;yi)i (53.3 + 550)° (5230/*:)* (9.9+40%)°  (66.4 + 17%)°

Results are expressed in terms of average and relative standard deviation. The results without parentheses are for the cropland area, and the
results between parentheses are results for the riparian zone.

Significant differences (p < 0.05) are indicated by different letters and highlighted in bold. Comparisons were performed between Riparian
Zone and Cropland at each soil property and depth.

* BD = Bulk Density, TP = Total Porosity, MaP = Macroporosity, MiP = Microporosity, FC = Field Capacity, K = Saturated Hydraulic
Conductivity.

7.4.1. Water quality

The Kruskal-Wallis H test by ranks with the multiple comparison (Steel-Dwass-
Critchlow-Fligner method) exhibited the water quality varying from three to five groups
with similar mean values (Fig. 7.3). Mg was the parameter with less groups (3) and
with the smallest variation (0—6 mg L™"). The other nutrients with 3 groups were TOC
(0.3-312.2mg L"), TN (0.1-18.5 mg L") and P (0-13.3 mg L'"). DOC (0.1-32 mg L
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), DIC (0-16.2 mg L"), K (0-32.2 mg L"), Ca (0.1-22.6 mg L") and SO4 (0—20.8 mg

L") exhibited the greater number groups (5). The descriptive statistics of each nutrient

and each hydrological path is shown in Appendix D.

Table 7.2 Mean, one standard deviation and sample size (n) of soil chemical

properties.

5-cm soil depth

30-cm soil depth

Rz

Cropland

Rz

Cropland

pH 38+0.2 (4

55+0.7 (3

45+03 ()

49+04(3)

Total C (%)  4.60 +0.72 (4)°

357 0.65 (3)°

1.99 £ 0.26 (4)°

1.89£0.30 (3)°

Total N (%)  0.30%0.05 (4)°

0.22+0.05 (3)°

0.15 + 0.07 (4)*

0.09 £ 0.01 (3)*

Ca (mg kg?) 77.4 +44.9 (4)?

2,389.0 £ 1,781.8 (3)°

34.9%11.7 (4)?

311.3+22.5(3)°

K(mokgD) 692.9+129.2 (4)°

786.4 + 167.2 (3)°

569.4 + 100.7 (4)°

639.3 + 31.6 (3)°

Mg (mg kg')  167.8 +40.1 (4)

839.8 + 617.2 (3)°

129.6 + 23.7 (4)°

190.7 +38.1 (3)°

P(mgkg?) 3524 +121.2 (4)

1,244.7 + 487.8 (3)°

187.9 +53.8 (4)°

430.1+69.8 (3)°

S (mg kgt 372.1£14.5 (4)?

416.6 + 43.0 (3)°

208.8 +29.0 (4)*

297.7+81.9 3)°

Most significant differences (p = 0.057) are indicated by different letters and highlighted in bold.

Comparisons were performed between Riparian Zone and Cropland at each soil depth.

Baseflow exhibited the lowest concentrations for all water quality parameters, whereas

the overland flow in the cropland (hereafter referred to as OF-Cropland) area exhibited

most of the highest nutrient concentrations. Except for Ca, the differences between

OF-Cropland and baseflow, stormflow and groundwater were all significant (p < 0.01)

for all other nutrients. The overland flow in the RZ (hereafter referred to as OF-RZ)

also exhibited high nutrient concentrations that were significantly lower (p < 0.01) than
OF-Cropland but still higher than the other hydrological fluxes, except for TOC, DOC
and TN. OF-RZ showed significant differences in TOC, TN, Ca and SOs from

streamflow (baseflow and stormflow). Difference between stormflow and OF-RZ were
not significant for DOC, DIC, K, P and Mg.
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Figure 7.3 Boxplot of water quality parameters throughout the study are in different hydrological
pathways. The y-axis was limited to graphically omit some outliers for a better visualization of
the results. Significant differences (p < 0.05) are indicated by different letters. These letters
follow an alphabetical order that correspond to groups with an ascendant order of mean of

ranks.
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7.5. Discussion
7.5.1. The functionally and evolutionarily diverse plant community

Our botanical survey showed that the RZ is richly assembled by species belonging to
several clades or families in the plant tree of life (APG, 2016). Evolutionarily diverse
plant communities are considered a key element for enhancing ecological functions
by controlling light and temperature, offering shelter for biota, providing food for
aquatic and terrestrial fauna, contributing with large and small woody debris that
influence sediment directions, channeling morphology and microhabitats inside the
river, controlling the flow of water and nutrients, and maintaining the local biodiversity
(Décamps and Naiman, 1990; Naiman et al., 1993; Weisberg et al., 2013). The
composition of plant species defines the efficiency of nutrient uptake from the soil and
the water (Osborne and Kovacic, 1995). Functionally diverse plant communities are
known to promote greater environmental stability because their associated multiple
functional traits balance abiotic instability of buffer ecosystems (Cadotte et al., 2011).
In our study, we found that the RZ is ecologically dominated by the legume trees
Tachigali vulgaris, Bowdichia virgilioides, Hydrochorea corymbosa and Ormosia
paraensis, which are all known as nitrogen fixing species (Sprent, 2001). Tibouchina
stenocarpa contributed with the greatest individual incidence in the RZ. This species
in fact belongs to a genus that is well-known for its ability to colonize intensively

degraded areas, thus contributing to their recovery (Lorenzo et al., 1994).

In the gallery forest, Tapirira obtusa was the most abundant, which is a pioneer species
(Raaimakers and Lambers, 1996) that contributes to vegetation re-establishment by
attracting seed dispersers (birds) (Pereira et al., 2012). In fact, we found several dead
and juvenile individuals of Tapirira obtusa, which indicates that a regeneration process
is underway (Goodale et al., 2012). The main common characteristic of the gallery
forest and campo de murundus across the RZ was the predominance of pioneer
species, which has important ecological roles, such as the recovery of a perturbed
area or a degraded site by refilling canopy spaces inside the forest (Goodale et al.,
2012). Similarly to Morais et al. (2013), we also observed the family Melastomataceae
as having the greatest dominance in the campo de murundus. A relevant characteristic

of this family is the capacity of intense regeneration in RZs, preparing the soil for the
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process of increasing forestation and facilitating the normal course of successional
stages (Mendonca et al., 2008). The fruits of Melastomataceae generally produce
great seed quantity for germinating and propagating new plants (Domingos et al.,
2003; Fava and Albuquerque, 2009), which also supports the indication that this RZ is

under regeneration.
7.5.2. Implications of RZ conservation on soil and water quality

The mean Ksa ranged from 43 to 167 mm h™' in the cropland area and 53 to 303 mm
h'' in the RZ. We attribute the higher variability of Ksat in the cropland to the use of
heavy farm machinery and field operations in this area, which follow precise
established routes and impact the soil heterogeneously (cf. Fig. 7.1). Although modern
agricultural approaches, i.e., no-till and precision farming, are often associated with
low environmental impacts (Bongiovanni and Lowenberg-Deboer, 2004; Bramley et
al., 2008; Jenrich, 2011), changes in the soil properties as a result of modern
agriculture were reported by Hamza and Anderson (2005). Farming practices such as
these, particularly for soybean cultivation, are reported to enhance subsoil compaction
(Scheffler et al., 2011; Hunke et al., 2015). Indeed, we observed significant higher soil
bulk density in the cropland area than in the RZ, and over a five-fold Ksat decrease
after the 10—-20 cm soil depth interval in the cropland area, which indicates that the
conservation of the RZ maintains its soil properties and, consequently, the balance
between water fluxes. These fluxes distribute nutrients in the soil through infiltration
and runoff, influencing the vegetation composition and structure (Ravi et al., 2007).
For example, undisturbed soil hydro-physical conditions that promote waterlogging in
the campo de murundus are known to reduce the Fe-oxides (Oliveira and Marquis,
2002), which play an important role in driving soil biogeochemical processes during

periods of anaerobiosis (Yang and Liptzin, 2015).

Plant species in the Cerrado are evolutionarily adapted to thrive on soils with low pH
and nutrient content (Ruggiero et al., 2002). However, changes in the soil chemistry
due to agricultural practices in this region disturb these soil conditions. We found
higher pH at the topsoil of the cropland area than that of the RZ. Our results are
consistent with other studies, such as Ruggiero et al. (2002), that showed the soil pH

less than 4.5 for three distinguished Cerrado formations (Campo Cerrado, Cerrado
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sensu strictu and Cerradao). We attribute the lower acidity of the soil in the cropland
area to the Calcium carbonate (CaCQOs3) applied to the topsoil of this area, which is a
common practice in the Cerrado and has the objective to reduce soil acidity and
support nutrient availability to the crops. In our study area, the application of CaCO3
to croplands had implication on the soil Ca content, which was significantly higher in
the topsoil of the cropland area. Further, as CaCOs reacts with water, it produces
bicarbonate (HCOs), which is a main component of DIC. In fact, the Ca and DIC
concentrations in the overland flow were significantly higher in the cropland area than
in the RZ. Despite this, concentration of Ca and DIC in the streamflow was low
compared to the other hydrological pathways. The groundwater in the RZ exhibited a
concentration not as high as the overland flow but significantly higher than the one
found in the streamflow. This shows evidence of long-term impacts of the topsoil
application of CaCOs on the soil profile and groundwater. As indicated by Nébrega et
al. (2018), residuals of the CaCOs applied to the soil surface can percolate the soil
profile and reach the stream via groundwater. In this context, the protected RZs are
crucial to maintain natural soil properties in agricultural landscapes, as the Cerrado-
inhabiting plant species are adapted to these properties and can regenerate without
nutrient additions, which in turn also protects the ecosystem from invasive plant

species.

Haridasan (2000) observed C content between 0.74 and 3.33% in soils located under
Cerrado sensu stricto and Cerraddao vegetation types and Parron and Markewitz
(2010) showed N varying from 0.10 to 0.35% in Cerrado soils. Our results are similar
to these studies with the C and N content reaching maximum mean values (ca. 5% for
C and 0.3% for N) at the 5-cm soil depth of the RZ and minimum mean values (ca. 2%
for C and 0.1% for N) at the 30-cm soil depth of the cropland area. We ascribe the
greater C and N contents in the topsoil of the RZ to the natural processes in the gallery
forest and campo de murundus, such as litterfall and high organic matter
decomposition (Parron and Markewitz, 2010), which is more intense in RZ ecosystems
(Aguiar Jr. et al., 2015). We ascribe the higher TOC concentration in the overland flow
of the RZ than in the cropland area as a result of this vegetation—soil interaction.

Conversely, DOC and TN were higher in the cropland area, which a consequence of
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crop fertilization that causes nutrient leaching (Chantigny, 2003; Richardson et al.,
2005; Pittaway et al., 2018).

We found significantly higher P and Mg at the topsoil of the cropland area than that of
the RZ. Other studies (Tinker and Nye, 2000; Cruz Ruggiero et al., 2002; Haridasan,
2008; Silva et al., 2008) found nutrients, such as K, Mg or P, higher in cropland areas
than in native vegetation zones without direct agricultural influence. Our results are
likely due to regular fertilizer application to cropland area while undisturbed Cerrado
soils are highly weathered and low in nutrients (Hunke et al., 2015). However, we were
able to find a downward gradient of K, P, SO4 and Mg concentrations, which were
highest in the overland flow of the cropland area, exhibiting a gradual decrease in
concentration from the cropland area towards the stream. On a farm in the USA,
Lowrance and Sheridan (2005) also verified the capacity of RZs in retaining nutrients,
i.e., NOs, NH4 and K. These results are also in agreement with earlier findings in the
Cerrado by Parron and Markewitz (2010), who reported reduction of N and P in water

fluxes going through an RZ towards a stream.

Considering the hydrological pathways analysed, our overarching finding is that the
nutrient overland flow from the cropland area is drastically higher than that of the
streamflow. Our results indicate that a reduction or fragmentation of the RZ to the
advantage of cropland expansion can increase the soil bulk density, reduce its porosity
and Ksa, which in turn will increase the overland flow generation in the cropland
towards the RZ. This aligns with findings from Alvarenga et al. (2017), who used the
Distributed Hydrology Soil Vegetation Model (Sun et al., 2015) and found that
increases in riparian width from 30 to 100 m in a catchment of 6.76 km? in the Atlantic

rainforest decrease 6.2% of total overland flow generation in the catchment.
7.5.3. Uncertainties and research directions on RZ studies in agricultural landscape

Our results uphold two main causes accredited to the capacity of RZs to act as buffers
(Peterjohn and Correll, 1984). The first concerns the uptake of nutrients by RZ
vegetation. Our findings agree with the fact that the vegetation and the soil in the RZs
form a micro-environment, where the capillarity of the Cerrado’s diverse RZ root plant
system allows extensive contact with nutrients and their uptake by plants (Sternberg

et al., 2005). The second is related to the capacity of the soils of RZs to reduce
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nutrients and pollutants, which is sustained by the hyporheic zone, a component of
streams and rivers that interacts with the RZ (Ward, 1989). The hyporheic zone acts
as a water-purifying bioreactor that contains microbial biofilms, which in turn control
biogeochemical fluxes of nutrients (Peralta-Maraver et al., 2018). Concerning the
ecological buffering potential of RZs, there are, however, many variables that need to
be considered in further studies, such as the residence time or the period of
hydrodynamic retention in the hyporheic zone where biogeochemical processing of
dissolved solutes occur (Buffington and Tonina, 2009). There is an ecosystem
arrangement of these variables that may follow spatial and temporal nestings (Peralta-
Maraver et al.,, 2018), which vary according to the different ecosystems and

environmental conditions.

How pollutants and nutrients are transformed during their travel through the hyporheic
zone is still unanswered (Peralta-Maraver et al., 2018). The uncertainties in the
efficiency of the RZs in buffering effects of croplands are also related to the
fragmentation of the landscape, since small changes in vegetation cover or machinery
routes in an agricultural catchment can strongly influence hydrological pathways (Leal
et al.,, 2016). Weller and Baker (2014) used models to predict the stream nitrate
concentration and annual streamflow to estimate nitrate loads and found that RZs
removed 21.5% of the nitrate loads released by the croplands, which would have
increased to 53.3% in case the gaps in the riparian width that caused fragmentation
of the riparian vegetation were restored. Although the riparian width is widely used as
a measure to protect streams, Tiwari et al. (2016) have argued that this approach has
been criticized for ignoring the spatial heterogeneity of biogeochemical processes and
biodiversity in RZs debates, and that by using hydrologically adapted site-specific

riparian buffers, landowners can maintain site specific efficient RZs.

To address these concerns, further studies on the efficiency of RZs using long-term
datasets are recommended. As our findings show, the groundwater often exhibited
nutrient concentrations higher than the streamflow, i.e., baseflow and stormflow, and
DIC and Ca concentrations in the groundwater were also higher than overland flow in
the RZ. We highlight that the magnitude of agricultural influences on streamflow water
quality under baseflow conditions due to the contamination of groundwater is

uncertain. Another uncertainty is the portion of the active root zone of the RZ that
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provides a nutrient uptake significant enough to protect the soil and water. To that end,
the soil-plant-atmosphere continuum needs to be addressed in a more integrated
manner in future research. This should consider the effects that interflow and
groundwater have on the streamflow quality by using field measurements and reactive
transport modelling, as well as the ecological functioning of the hyporheic zone in
Cerrado soils and the role that root uptake systems play in the groundwater quality,

which are known to be complex in the Cerrado (Canadell et al., 1996).

7.6. Conclusions

We assessed the characteristics of the vegetation, soil and water of a cropland
dominated catchment with a riparian zone in an agro-industrial area in the Cerrado on
the Amazon Agricultural Frontier. Our study showed that the riparian zone sustains
ecosystem services by providing an intense synergy between the plant biodiversity

and soil and water quality. Among our findings, we highlight the following:

¢ Inthe riparian zone, we identified a high plant species diversity that ecologically
function as pioneers, by improving and recovering altered environments in the
Amazon agricultural frontier, especially in the Cerrado;

e The soil chemistry in the riparian zone maintains the major Cerrado soil
characteristics (e.g., low pH and nutrients content), which facilitate the
conservation of the native species. We identified that not only the soil chemical
properties were conserved in the riparian zone in contrast to its surrounding
cropland area, but also soil hydro-physical properties, such as bulk density and
porosity were significantly different, which are important in maintaining natural
water fluxes that are directly linked to buffering effects of the riparian zone;

¢ The maintenance of soil hydro-physical properties in riparian zones provides
important ecosystem services since this is directly connected to water dynamics
that flow to the stream. In this respect, we found the overland flow water from
the cropland with the highest water nutrient concentrations, mostly related to
inorganic carbon and fertilizers. We observed that these concentrations
became lower as the water fluxes were closer to the stream, which were areas

under higher influence of the riparian zone ecosystem.
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8. Conclusions and outlook

In this thesis, many approaches over several temporal and spatial scales were used
to assess the impacts of land use and land cover change on hydrology,
hydrochemistry, soil hydro-physical properties and vegetation in the Amazon and
Cerrado biomes. By applying a top-down approach, large-scale analyses (macro-
catchments) were conducted and, consequently, refined with studies on small scales
(micro-catchments). The results were obtained using state-of-the-art methods
including hydrological modelling, remote sensing techniques, high-temporal-resolution
analyses, and ecosystem integrated assessments (soil-plant-water relationships). To
that end, the study was supported by extensive field data collection in addition to
laboratory and computational analysis. To the best of my knowledge, up to date, no
published study has investigated both Amazon and Cerrado biomes using such

different scales and methods in an integrated manner.

The macro-scale analyses (chapters 2 and 3) showed that land use and land cover
change alters water quantity of large rivers in the Amazon and Cerrado biomes. These
changes are more pronounced as an increase in the low flows, which are mainly
maintained by the streams under baseflow dominant condition. Chapter 3 introduced
the small-scale analysis in this thesis and showed that, although the magnitude of land
use and land cover impact on water quantity and quality is known to be scale-
dependent, some changes are detectable in both small and large rivers in the Amazon

biome.

The hydrological and soil analyses in small scale catchments (chapters 4 and 5)
showed that land cover and catchment physiographic parameters play a substantial
role in the hydrological responses of small catchments in the Amazon and Cerrado
biomes, changing the water balance due to the conversion of native vegetation to
pastures. Moreover, this land cover and land use conversion caused significant soil
hydro-physical degradation (e.g., increased bulk density and reduced soil porosity).
While an increase in the streamflow during baseflow conditions was observed in both

biomes, an increase in peak flows was observed only in the pasture catchment of the
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Amazon biome. This is attributed to the decreased hydraulic conductivity of the topsail,
which was exceeded by the rainfall intensities, causing an increase in surface runoff
and, consequently, greater peak flows. Additionally, the conversion of native
vegetation to pastures reduced the evapotranspiration from the catchments in both
biomes, which explained the increase in the baseflow due to the natural water balance

of these areas.

The analysis of the role of stream discharge on carbon and nutrient dynamics and
fluxes (chapter 6) showed how the conversion of forest and cerrado land covers to
pastures changed hydrochemical fluxes. Stream carbon and nutrient concentrations
were significantly higher in pasture catchments. These higher carbon and nutrient
concentrations have further implications for carbon and nutrient fluxes as streamflow
increases take place, as observed in chapters 4 and 5. In this context, the stormflow
has an essential role as a rapid hydrological pathway for carbon and nutrient losses,
especially in areas where infiltration capacity rates are exceeded by the rainfall

intensities, as observed in the pasture catchment in the Amazon biome.

By assessing vegetation biodiversity, soil hydro-physical and chemical characteristics,
and water quality of a riparian zone in an agro-industrial catchment in the Cerrado
biome (chapter 7), it was possible to observe that the riparian zone is providing
ecosystem services and maintaining plant biodiversity, soil properties and water
quality in the areas close to the stream. The riparian zone provides a strong synergy
between the plants and soil, which has direct implications on water quality. In this area,
it was identified that the majority of plants are pioneer plant species, which improve
and recover altered environments. The soil chemistry in the riparian zone maintains
the Cerrado soil characteristics (e.g., low pH and nutrients content), which facilitates
the conservation of the native species. It was observed that not only were the soil
chemical properties significantly different between the riparian zone and its
surrounding cropland area, but the soil hydro-physical properties, such as bulk density,
porosity, and hydraulic conductivity, were different as well. The maintenance of soil
hydro-physical properties in riparian zones is a valuable ecosystem service since this
is directly connected to dynamics (quantity and quality) of the water that flows to the

stream. The overflow water from the cropland showed the highest water nutrient
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concentrations, mostly related to inorganic carbon and fertilizer applications. These
nutrient concentrations became lower closer to the stream, showing the influence of

the riparian zone ecosystem.

This study shows a chain reaction caused by the land use and land cover change that
causes changes in the environment. The removal of native vegetation and the change
of land use practices cause direct alterations in the soil characteristics. These changes
subsequently alter the water, carbon and nutrient balances. Despite recent findings
concluding that no-till agricultural practices in this region associated with high soil P
fixation capacity of the soils protect streams from the impacts of land use and land
cover change (Neill et al., 2017), more studies are crucial for the understanding of the
role of riparian zones as important buffer systems influencing the water balance and

reducing eutrophication in surface waters (Hattermann et al., 2006).

While this study contributes to the understanding of the hydrological and
hydrochemical fluxes, as well as soil degradation and ecosystem services in these
biomes, long-term measurements including quantifying changes in groundwater
storage are required. The great baseflow contribution to the streamflow, highlighted in
chapters 2, 3, 4, 5 and 6, shows the importance of the groundwater in the water
balance of these catchments. To that end, it is recommended that more empirical
studies be undertaken to assess the manner in which the deforestation in the Amazon
and Cerrado biomes affects the water balance, especially regarding the groundwater

flow mechanisms and deep seepage.
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Appendix A

Table A.1. Descriptive statistics of the base streamflow hydrochemistry?.

Amazonian catchments

Cerrado catchments

Parameter AFOR APAS CCER CPAS
(mgL?) N min max median mean sd vc n min  max median mean sd vc n min max median mean sd vc n min max median mean sd vc
TC 75 118 12.62 4.04 467 229 049 96 117 10.27 4.67 512 190 0.37 126 048 546 1.19 1.65 1.17 0.70 86 0.19 13.81 1.04 1.78 1.89 1.06
TIC 75 <LOD" 1.33 050 0.51 0.30 0.59 96 <LOD” 221 0.86 0.92 0.51 056 126 <LOD" 3.37 0.03 038 066 1.75 86 <LOD" 3.23 <LOD" 0.35 0.74 2.11
TOC 75 118 1178 350 416 218 052 96 117 9.63 3.63 420 174 0.41 126 0.48 342 110 128 062 048 8 0.19 1381 0.97 143 166 1.15
™ 75 018 155 0.27 035 021 058 96 0.18 1.00 0.36 0.43 0.19 045 126 <LOD® 0.55 0.18 0.14 0.09 062 86 0.11 088 0.26 0.29 0.12 0.42
DC 73 048 9.76 354 383 199 051 95 0.70 6.51 312 3.33 1.34 040 82 0.01 558 1.00 1.37 1.13 082 53 0.20 4.23 0.71 0.97 0.88 0.89
DIC 73 <LOD" 1.44 023 0.29 0.34 1.16 95 <LOD” 208 0.25 0.47 0.49 1.06 101 <LOD"” 3.19 0.00 020 059 293 73 <LOD" 1.40 <LOD" 0.05 0.23 4.53
DOC 73 <LOD" 9.76 329 354 195 055 95 <LOD” 576 284 286 121 042 82 010 3.70 100 1.14 059 052 53 020 362 0.71 0.89 0.73 0.81
DN 41 018 073 027 031 014 043 37 018 065 0.27 031 011 037 62 <LOD" 0.28 <LOD® 0.09 0.09 1.08 16 0.10 0.48 0.20 0.23 0.09 0.37
F 75 001 009 0.02 0.02 001 043 95 0.01 0.20 0.04 0.04 0.02 0.53 114 <LOD° 0.64 0.01 005 0.11 2.03 88 <LOD" 1.18 0.03 0.12 0.21 1.82
Cl 75 017 079 043 045 0.15 032 95 0.10 2.03 044 055 0.32 057 119 004 281 0.19 039 048 1.22 88 0.10 518 0.27 0.62 0.81 1.30
NO3 51 006 758 068 116 152 1.29 66 0.04 6.92 094 162 184 1.13 90 0.02 583 0.23 0.50 1.03 2.03 77 0.12 530 0.85 1.20 1.01 0.84
S04 70 <LOD" 0.63 0.04 0.08 0.10 1.29 87 <LOD’ 0.34 0.04 0.06 0.05 0.93 119 <LOD’ 0.50 0.06 0.08 0.08 0.95 88 <LOD" 0.74 0.06 0.11 0.3 1.18
Ca 75 015 185 040 047 026 056 95 0.15 136 057 0.60 0.24 0.40 126 <LOD" 6.36 0.15 0.79 1.26 158 87 0.01 1554 0.15 0.92 213 2.29
Fe 75 <LOD" 0.11 <0.01 0.01 0.02 1.54 95 <LOD’ 0.06 <0.01 0.01 0.01 1.73 126 <LODP 0.05 <0.01 <0.01 0.01 3.18 87 <LOD" 0.09 <0.01 <0.01 0.01 4.78
K 75 040 334 155 151 050 033 95 035 398 230 220 0.81 0.36 126 0.02 0.76 0.04 0.07 0.09 1.16 87 0.01 296 0.18 0.30 0.50 1.64
Mg 75 003 040 010 0.2 006 050 95 0.03 042 015 0.16 0.07 042 126 001 056 0.05 007 0.07 0.98 87 001 035 0.06 0.07 0.06 0.81
Na 75 024 136 090 0.89 025 0.28 95 021 165 093 090 0.31 0.34 125 <LOD® 0.73 0.10 0.16 0.13 0.86 87 <LOD" 1.40 0.23 0.27 0.16 0.59
P 75 <LOD" 0.11 0.04 0.04 0.03 0.78 95 <LOD’ 0.15 0.03 0.03 0.04 1.03 126 <LODP 0.09 <0.01 0.01 0.02 1.92 87 <LOD" 0.20 <0.01 0.02 0.04 1.92
S 75 <LOD" 0.27 0.03 0.05 0.05 1.07 95 <LOD” 0.19 0.04 0.05 0.03 0.66 126 <LOD" 0.06 <0.01 001 001 1.63 87 <LOD" 0.21 <0.01 0.01 0.04 251

2 The results of the base streamflow chemistry are related to sampling routines performed from 04/2013 to 07/2014 in the Amazonian catchments and from 12/2012 to 07/2014 in the Cerrado catchments.

° LOD stands for limit of detection.
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Table A.2. Descriptive statistics of the storm streamflow hydrochemistry?.

Amazonian catchments

Cerrado catchments

Parameter AFOR APAS CCER CPAS
(mgL?) n min max median mean sd \' n min max median mean sd ve n min max median mean sd ve n min max median mean sd ve
TC 108 156 25.80 6.08 739 491 066 160 2.63 96.80 7.04 859 971 113 119 0.77 2490 357 427 316 0.74 43 050 20.02 7.00 7.47 3.98 0.53
TIC 108 0.08 2.20 0.35 053 0.47 0.87 160 <LOD" 270 0.52 0.64 049 0.76 119 <LOD" 3.79 <LOD" 0.17 058 3.44 43 <LOD" 4.00 0.08 0.64 111 173
TOC 108 1.38 2501 550 686 4.81 0.70 160 2.63 9550 6.29 7.95 966 121 119 0.77 2310 347 410 300 073 43 050 1827 650 6.84 3.88 0.56
™ 108 0.18 1.82 0.40 0.46 0.24 053 160 0.22 1.30 0.50 049 0.17 035 119 0.10 1.50 0.27 0.27 0.18 0.65 43 0.20 3.10 0.50 0.61 0.48 0.79
DC 93 194 2730 5.35 6.73 4.41 0.65 148 112 98.60 5.18 6.94 1058 152 119 0.80 10.20 2.90 3.26 1.73 053 38 330 1140 6.21 6.50 1.96 0.30
DIC 46 <LOD" 2.10 0.34 052 0.56 1.06 125 <LOD" 2.60 0.30 0.45 051 1.14 115 <LOD° 225 <LOD" 0.12 040 343 41 <LOD" 3.90 <LOD" 0.62 1.10 1.75
DOC 93 121 26.30 4.87 6.13 4.33 0.70 148 112 97.60 4.73 6.47 1049 1.61 119 0.80 8.22 2.80 3.13 162 051 38 210 1090 5.45 5.81 2.03 0.34
DN 91 0.18 1.46 0.36 0.42 0.23 055 117 0.27 0.90 0.40 0.42 015 034 65 <LOD" 0091 0.18 0.22 0.11 049 35 0.10 2.10 0.40 0.49 0.37 0.75
F 109 0.01 362 002 007 035 503 159 0.01 0.10 0.03 0.03 001 042 119 <LOD" 033 0.01 001 003 293 36 <LOD" 123 0.04 0.19 0.30 151
Cl 109 035 1605 053 081 153 1.88 159 0.08 495 0.60 0.63 040 0.64 119 0.06 420 017 028 042 150 36 020 365 059 0.93 0.90 0.96
NO3 107 0.10 6.66 0.44 093 1.21 129 142 0.01 7.56 0.40 118 1.74 1.48 109 <LOD® 6.53 0.34 1.09 162 148 35 0.27 3.20 1.00 1.02 0.50 0.48
SO, 107 0.01 1.03 007 012 0.16 126 159 001 055 0.07 0.09 007 082 117 0.02 062 005 007 007 097 36 004 038 011 0.14 0.09 0.67
Ca 109 0.22 2.65 0.48 0.70 0.53 0.77 160 0.09 3.71 0.47 0.61 054 0.88 118 0.06 5.30 0.17 0.41 0.84 2.02 42 0.08 7.18 0.45 143 1.88 1.30
Fe 109 <LOD® 0.06 0.01 0.01 0.02 1.04 160 <LOD" 0.23 0.03 0.03 0.03 1.02 119 <LOD® 0.11 0.01 0.02 0.02 1.09 42 <LOD® 005 <001 0.01 0.02 175
K 109 0.91 3.62 1.87 1.96 046 0.23 160 0.31 4.11 251 254 053 0.21 118 0.02 1.68 0.16 0.23 0.23 0.98 42 0.15 2.80 0.50 0.60 0.45 0.73
Mg 109 0.04 030 012 014 0.06 040 160 002 026 0.12 014 005 035 118 0.03 236 0.08 012 022 181 42 004 042 008 0.11 0.07 0.65
Na 109 0.56 1.95 0.92 096 0.22 0.23 160 0.14 1.18 0.76 0.72 0.23 0.33 118 0.05 1.57 0.11 0.22 0.22 1.01 42 0.15 1.62 0.27 041 0.30 0.72
P 109 <LOD” 0.11 <LOD° 0.02 0.03 145 160 <LOD" 0.14 0.01 0.04 0.04 1.13 119 <LOD® 011 <001 002 0.03 139 42 <LOD"* 0.09 <0.01 0.02 0.03 1.82
S 109 <LOD* 052 0.05 0.07 008 118 160 <LOD”* 021 0.07 0.07 0.05 0.78 119 <LOD" 026 0.02 0.03 003 1.18 42 <LOD"” 0.09 <0.01 0.01 0.03 176

2 The results of the storm streamflow chemistry are related to sampling obtained from 02/2013 to 02/2014 in the Amazon and Cerrado catchments.

b LOD stands for limit of detection.
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Table A.1. List of plant species and their respective family and occurrence in each surveyed plot.

Family Species Plot1 | Plot2 | Plot 3 | Plot4 | Plot5 | Plot 6 | Plot 7 | Plot 8
. Tapirira guianensis - - - - - 2 - ]
Anacardiaceae —
Tapirira obtusa - - 4 17 - - - -
Xylopia aromatica - - - 1 1 - 1 1
Annonaceae - - - -
Xylopia cf. chivantinensis 1 - - - - - - -
Aspidosperma cf. excelsum 1 - - - - - - ]
Apocynaceae - -
Himatanthus articulatus - - 1 - - - - -
Bignoniaceae Jacaranda copaia - 1 - - - - - -
Boraginaceae Cordia bicolor 2 1 - - - - - -
Dacryodes microcarpa - - 1 - - - - -
Protium cf. heptaphyllum 1 - 1 1 - - - -
Burseraceae - —
Protium pilosissimum - - 1 - - - - -
Protium spruceanum - 1 13 3 - - - -
Ebenaceae Diospyros sericea - - 1 - - - - -
Elaeocarpaceae Sloanea sinemariensis 1 - - - - - - -
Alchornea glandulosa - - 2 - 2 3 1 -
Alchornea discolor - - - - - 3 1 5
Euphorbiaceae Croton cf. palanostigma 1 - - 1 - - - -
Mabea fistulifera 1 1 - - - - - -
Maprounea guianensis - - - - 3 7 7 -
Bowdichia virgilioides - - - - - - 1 -
Fabaceae
Hydrochorea corymbosa 2 - - - - - - -
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Family

Species

Plot 1

Plot 2

Plot 3

Plot 4

Plot 5

Plot 6

Plot 7

Plot 8

Inga pezizifera

2

Inga vera

Ormosia paraensis

1

Tachigali vulgaris

Humiriaceae

Sacoglottis guianensis

Hypericaceae

Vismia gracilis

Vismia angusta

Vismia guianensis

Vismia macrophylla

Icacinaceae

Emmotum nitens

Lauraceae

Nectandra cuspidata

Ocotea aciphylla

Ocotea leucoxylon

Malpighiaceae

Byrsonima arthropoda

Byrsonima chrysophylla

Byrsonima clausseniana

Byrsonima laxiflora

Diplopterys cf. lucida

Melastomataceae

Bellucia grossularioides

Macairea cf. pachyphylla

Miconia albicans

Miconia cuspidata

Pleroma stenocarpum

Moraceae

Pseudolmedia cf. laevigata

Pseudolmedia laevis
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Family Species Plot1 [ Plot2 | Plot 3 | Plot4 | Plot5 | Plot6 | Plot 7 | Plot 8

Myristicaceae Virola sebifera - - - - - - 4 1
Myrtaceae Myrcia splendens - - - - - 1 1 -
Olacaceae Minquartia guianensis 4 4 1 - - - - -
Polygalaceae Bredemeyera divaricata - - - 1 - - - -
Primulaceae Myrsine coriacea - - - 1 - - 2 -
Rubiaceae Alibertia edulis - - - 1 - - 1 3
Ecclinusa cf. ramiflora 1 - - - - - - -
Micropholis guyanensis - 2 - - - - - -

Sapotaceae - -
Micropholis venulosa - - 2 - - - - -
Pouteria cf. filipes - - 1 - - - - -
Simaroubaceae Simarouba amara - - 1 1 - 23 1 -
Siparunaceae Siparuna guianensis - - - - - - 1 -
Styracaceae Styrax ferrugineus - - - - - - 1 -
Symplocaceae Symplocos sp. - - - - 5 4 - -
Dead - 1 4 3 3 4 4 5 4
Not Identified - - - 1 - - - - -
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Table A.2. Descriptive statistics of the water quality parameters.

Water Freq Freq Standard Standard
quality Flow type n Min Max of " of " 1st Median 3rd Mean Variance deviation Variation Skewness Kurtosis error of
parameter yP : " Quartile Quartile (n-1) coefficient (Pearson) (Pearson) the
(mg L) min. max. (n-1) mean
Baseflow 50 0.3 1.4 1 1 0.4 0.5 0.6 0.5 0.1 0.2 0.4 1.5 2.7 0.0
Stormflow 21 1.2 13.1 1 1 2.5 3.5 4.2 4.2 8.9 3.0 0.7 2.0 3.4 0.7
TOC Groundwater 24 1.0 7.6 1 1 1.6 3.0 4.5 3.1 3.2 1.8 0.6 0.7 -0.3 0.4
OF-RZ 22 5.1 312.2 1 1 11.0 227 45.5 48.4 5,832.8 76.4 1.5 2.7 6.0 16.3
OF-Cropland 18 2.9 92.2 1 1 5.5 7.7 16.4 17.8 586.5 242 1.3 2.2 3.8 5.7
Baseflow 50 0.1 1.2 1 1 0.4 0.5 0.7 0.6 0.1 0.2 0.4 0.6 -0.3 0.0
Stormflow 23 0.7 4.0 1 1 1.8 2.1 2.9 2.3 0.8 0.9 0.4 0.3 -0.7 0.2
DoC Groundwater 24 0.8 1.9 1 1 1.2 1.4 1.7 1.4 0.1 0.3 0.2 -0.1 -1.0 0.1
OF-RZ 22 1.0 32.0 1 1 2.0 3.8 10.8 7.5 65.8 8.1 1.1 1.6 1.9 1.7
OF-Cropland 19 3.2 15.4 1 1 5.7 9.3 11.8 9.2 14.3 3.8 0.4 0.0 -1.1 0.9
Baseflow 50 0.0 0.2 43 1 0.0 0.0 0.0 0.0 0.0 0.1 2.6 2.6 5.4 0.0
Stormflow 23 0.0 0.9 8 1 0.0 0.1 0.2 0.1 0.0 0.2 1.5 2.5 5.4 0.0
DIC Groundwater 24 0.0 4.2 2 1 0.7 1.7 28 1.8 1.7 1.3 0.7 0.3 -1.1 0.,
OF-RZ 22 0.0 6.3 7 1 0.0 0.3 1.4 1.0 25 1.6 1.6 21 4.0 0.,
OF-Cropland 19 24 16.3 1 1 5.1 8.0 9.8 8.2 14.0 3.7 0.4 0.6 -0.4 0.!
Baseflow 50 0.1 0.3 6 1 0.1 0.2 0.2 0.2 0.0 0.0 0.2 -0.2 1.0 0.0
Stormflow 21 0.1 11 1 1 0.3 0.5 0.5 0.5 0.1 0.2 0.5 1.2 1.4 0.1
™~ Groundwater 24 0.2 4.2 3 1 0.4 1.0 2.1 1.4 1.4 1.2 0.9 1.0 0.0 0.2
OF-RZ 22 0.6 18.5 1 1 1.3 22 3.7 3.7 19.6 4.4 1.2 24 4.8 0.9
OF-Cropland 19 0.4 18.2 2 1 1.3 4.2 7.0 5.1 221 4.7 0.9 1. 1.2 1.1
Baseflow 50 0.0 0.1 1 1 0.0 0.0 0.1 0.0 0.0 0.0 0.5 1. 4.2 0.0
Stormflow 22 0.1 1.0 1 1 0.4 0.5 0.6 0.5 0.1 0.3 0.5 0. -0.7 0.1
K Groundwater 24 0.1 0.6 1 1 0.2 0. 0.3 0.3 0.0 0.1 0.4 0. 0.3 0.0
OF-RZ 22 0.1 25.2 1 1 0.2 0. 1.3 1.8 27.8 5.3 28 4. 16.3 11
OF-Cropland 19 0.1 322 1 1 4.9 8. 14.1 10.6 56.0 7.5 0.7 1.2 1.6 1.7
Baseflow 50 0.1 0.6 1 1 0.1 0. 0.2 0.2 0.0 0.1 0.5 2.7 9.6 0.0
Stormflow 22 0.1 2.4 1 1 0.2 0.2 0.3 0.4 0.3 0.5 1.2 2.8 7.6 0.1
Ca Groundwater 24 1.9 8.0 1 1 4.6 5.8 6.5 5.3 3.4 1.8 0.3 -0.5 -0.7 0.4
OF-RZ 22 0.1 12.4 1 1 0.7 14 2.7 25 8.8 3.0 1.2 2.1 4.0 0.6
OF-Cropland 19 21 22.6 1 1 3.8 5.6 12.5 8.3 33.9 5.8 0.7 1.0 -0.1 1.3
Baseflow 39 0.0 0.1 3 1 0.0 0.0 0.1 0.0 0.0 0.0 0.8 0.7 -0.6 0.0
Stormflow 22 0.0 0.1 1 1 0.0 0.0 0.1 0.0 0.0 0.0 0.6 0.5 -0.4 0.0
P Groundwater 8 0.0 0.1 1 1 0.1 0.1 0.1 0.1 0.0 0.0 0.4 0.8 -0.6 0.0
OF-RZ 22 0.0 4.9 1 1 0.0 0.1 0.1 0.3 1.1 1.0 3.5 4.4 17.0 0.2
OF-Cropland 19 0.2 13.3 1 1 0.5 1.0 1.2 1.9 9.6 3.1 1.6 29 7.8 0.7
Baseflow 48 0.0 0.3 3 1 0.0 0.0 0.1 0.1 0.0 0.1 0.9 1.7 22 0.0
Stormflow 23 0.0 0.2 1 1 0.0 0.1 0.1 0.1 0.0 0.0 0.6 0.5 -0.6 0.0
S04 Groundwater 24 0.0 0.3 1 1 0.1 0.1 0.1 0.1 0.0 0.0 0.5 1.5 3.1 0.0
OF-RZ 22 0.1 15.9 1 1 0.1 0.2 0.3 0.9 11.2 33 3.5 4.4 17.0 0.7
OF-Cropland 19 0.0 20.8 1 1 1.3 1.5 1.6 26 20.4 4.5 1.7 3.7 12.5 1.0
Baseflow 50 0.0 1.0 1 1 0.1 0.1 0.1 0.1 0.0 0.1 1.3 6.0 37.4 0.0
Stormflow 22 0.1 0. 1 1 0.1 0.1 0.2 0.1 0.0 0.1 0.4 0.8 -0.3 0.0
Mg Groundwater 24 0.1 0. 2 1 0.1 0.1 0.2 0.1 0.0 0.1 0.4 0.5 -0.7 0.0
OF-RZ 22 0.1 1. 3 1 0.1 0.1 0.6 0.4 0.2 0.5 1.1 1.7 26 0.1
OF-Cropland 19 0.7 6.0 1 1 1.0 1.8 3.8 24 27 1.6 0.7 0.8 -0.6 04
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