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Summary
Conversion of natural vegetation into cattle pastures and croplands results in altered emissions

of greenhouse gases (GHG), such as carbon dioxide (CO,), methane (CHy,), and nitrous oxide
(N20). Their atmospheric concentration increase is attributed the main driver of climate
change. Despite of successful private initiatives, e.g. the Soy Moratorium and the Cattle
Agreement, Brazil was ranked the worldwide second largest emitter of GHG from land use
change and forestry, and the third largest emitter from agriculture in 2012. N,O is the major
GHG, in particular for the agricultural sector, as its natural emissions are strongly enhanced
by human activities (e.g. fertilization and land use changes). Given denitrification the main
process for N,O production and its sensitivity to external changes (e.g. precipitation events)
makes Brazil particularly predestined for high soil-derived N,O fluxes.

In this study, we followed a bottom-up approach based on a country-wide literature research,
own measurement campaigns, and modeling on the plot and regional scale, in order to
quantify the scenario-specific development of GHG emissions from soils in the two Federal
States Mato Grosso and Paré. In general, N,O fluxes from Brazilian soils were found to be
low and not particularly dynamic. In addition to that, expected reactions to precipitation
events stayed away. These findings emphasized elaborate model simulations in daily time
steps too sophisticated for regional applications. Hence, an extrapolation approach was used
to first estimate the influence of four different land use scenarios (alternative futures) on GHG
emissions and then set up mitigation strategies for Southern Amazonia. The results suggested
intensification of agricultural areas (mainly cattle pastures) and, consequently, avoided
deforestation essential for GHG mitigation.

The outcomes of this study provide a very good basis for (a) further research on the
understanding of underlying processes causing low N,O fluxes from Brazilian soils and (b)

political attempts to avoid new deforestation and keep GHG emissions low.
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1. Introduction

1. Introduction

1.1 Overview

Tropical forests are among the most dynamic of terrestrial biomes (Luizdo et al. 1989) and
primary production, energy exchanges, and trace gas fluxes are maximized in tropical regions
(McElroy & Wofsy 1986). Thus, they can be expected to play a large role in global air
chemistry (Crutzen et al. 1985). Brazil holds about one-third of the world’s remaining
rainforests, including the majority of the Amazon rainforest (60 %). At the same time the
country is under rapid land cover change, particularly by the replacement of natural
vegetation by cattle pastures and croplands.

The Brazilian Legal Amazon (Figure 1.1) has experienced large-scale forest conversion since
the late 1970s and the deforestation rate was estimated to 5831 km? in 2015 (INPE 2015).

This is an increase of 16 % in comparison to 2014 (5012 km?), but a reduction of 79 % in

relation to the year 2004 (Figure 1.2).

Figure 1.1: Brazilian States which constitute
the Legal Amazon (Amazobnia Legal) (green):
AC = Acre, AM = Amazonas, AP = Amapa,
MA = Maranhdo, MT = Mato Grosso,

PA =Para, RO =Rond6nia, RR = Roraima,
TO = Tocantins

(Source: http://tenanbio.blogspot.de/2012/04/
amazonia-legal-tem-188-de-seu.html).

Although expansion of cattle pastures
is still the main driver of deforestation,
the increase of croplands altered
deforestation dynamics in the Amazon
(Macedo et al. 2012), either by direct

conversion of forest to cropland or by

replacing existing cattle pastures
which moved further into forested areas (Morton et al. 2006, Nepstad et al. 2006). Since 2006,
deforestation decreased when soybean traders signed the “Soy Moratorium” (SoyM), agreeing
not to purchase soy grown on lands that were deforested after 26 July 2006 in the Brazilian
Amazon (Nepstad et al. 2014, Gibbs et al. 2015). In 2009, the largest beef processing
companies agreed within the “Cattle Agreement” to exclude those livestock producers from
their supply chains who deforested after October 2009. Since both contracts will expire in

2016, it is likely that agricultural land will expand and deforestation will increase again.
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Figure 1.2: Annually deforested
area [km?] from 2004 to 2015 in
each Federal State included in
T0 the Legal Amazon (Source:
RR INPE 2015).
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(GHG) are released into the atmosphere during biomass burning (Crutzen et al. 1985). On the
other hand, forest conversion alters the structure and functioning of natural ecosystems,
which, among others, results in altered emissions of GHG fluxes from the land surface. In
2012, Brazil was ranked the second largest GHG emitter by land use change and forestry, and
the third largest emitter by agriculture (FAO 2014) worldwide.

The Intergovernmental Panel on Climate Change (IPCC) attributes the concentration increase
of the GHG carbon dioxide (CO,), methane (CHy), and nitrous oxide (N,O) in the atmosphere
as the main driver of climate change (Ciais et al. 2013). Their concentrations were 391 ppm
(CO,), 1803 ppb (CHy), and 324 ppb (N,O) in 2011 and therewith exceeded the pre-industrial
levels by about 40, 150, and 20 %, respectively (see Box 1.1). The reason commonly given
are anthropogenic emissions resulting from burning of fossil fuels, but also from land use
management (particularly agriculture), and land use changes. All three gases contribute to the
current radiative forcing (Syakila & Kroeze 2011), but N,O is also the major source of
nitrogen oxides (NOx = NO + NO,), which have been shown to catalytically destroy ozone
(Johnston 1971, Ravishankara et al. 2009). N,O has an atmospheric lifetime of 121 years
(Myhre et al. 2013) and its Global Warming Potential (GWP) - relative to CO; - is about 298
over a time horizon of 100 years (Forster et al. 2007).

70 % of the natural and anthropogenic N,O production and exchange to the atmosphere take
place in the soil (IPCC 1995) and particularly soils under natural vegetation represent the
main natural source of N,O worldwide (Denman et al. 2007, Signor & Cerri 2013) (Table
1.1). Anthropogenic N,O fluxes from soil commonly derive from input of nitrogen fertilizers

into agricultural systems (Mosier 1998) and resulting emissions range from 1.7 to 4.8 Tg
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N>O-N yr'!' (Ciais et al. 2013). The IPCC assumes the relationship between N fertilizer and
N2O emissions to be linear, implying that 1 kg of applied N fertilizer (1 %) is lost as N,O-N.

Table 1.1: Global sources of N,O [Tg N yr] for the 1990s (adapted from Denman et al. 2007).

Source N,O
Natural sources
Soils under natural vegetation 6.6
Oceans 3.8
Atmospheric chemistry 0.6
Natural total 11.0
Anthropogenic sources
Fossil fuel combustion & industrial processes 0.7
Agriculture 2.8
Biomass & biofuel burning 0.7
Human excreta 0.2
Rivers, estuaries, coastal zones 1.7
Atmospheric deposition 0.6
Anthropogenic total 6.7
Total sources 17.7

Generally, both natural and anthropogenic N,O production arises from microbial processes
(Mosier 1998), as part of the nitrogen cycle. During nitrification ammonia (NH3") is oxidized
to first nitrite (NO;") and further to nitrate (NOj3'), while NOs" is reduced to NO, and then

atmospheric nitrogen (N;) during denitrification (Figure 1.3).

Figure 1.3: The biological nitrogen

N 0 cycle. The different nitrogen
. -
DINITROGEN N.0, 9 DENITRIFICATION compounds are arranged according
FIXATION 4 NO_ ¢ to their oxidation states. The arrows
NO.- indicate the main reductive or
2 . .
NITRIFICATION 7 oxidative pathways. The numbers
NH,' _ﬁr NgOH — 2, NO; = NOs stand for the enzymes that are
6 5 involved in the different pathways.
ig’éﬁﬁiﬂ-%h] l }'_2 NITRATE ASSIMILATION For further details see Cabello et al.
Gin, Gl (2004).
(R-NH,) ‘
Nitrogen Oxidation State It has been shown that N,O is
3 2 -1 0+l #2 #3444 45
L. : b produced within the reductive
[ e,
- . . . +
Oxidative Pathways process in which NH4
— )

Reductive Pathways oxidizing bacteria use NO,’

as electron acceptor, as soon as oxygen is limiting (Poth & Focht 1985). However,
denitrification was found to be the dominant source for N,O production (Davidson 1992) and
higher rates can be expected under hypoxic conditions. While nitrification can be acquired a

relatively constant process in many ecosystems, denitrification rates have a high spatial and
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temporal variability and exact quantification of N,O production rates is challenging
(Folorunso & Rolston 1984). Nevertheless, understanding the process of denitrification is
mandatory for predictions of any nitrogen (N) gas fluxes (Firestone & Davidson 1989).

The schematic “hole-in-the-pipe” model (HIP) of Firestone & Davidson (1989) provides a
good basis for the process description, as it explains the reactions of N trace gases through the
processes of microbiological production and consumption (Figure 1.4). Therewith the model
addresses factors that (1) control nitrification and denitrification - shown as the rate of
nitrogen flowing through the process pipes - and (2) control the partitioning of the N gases —
indicated by the size of the holes in the pipes through which N,O and NO escape. The leakage
of NbO and NO through the holes, and consequently the emission rate, is primarily
determined by soil water content, as this appears the most important controller of N fluxes
(N2, N,O, and NO) (Davidson et al. 1993). It directly affects soil aeration, which in turn has
an effect on the soil microbial processes of N,O production and consumption (Davidson et al.

2004).

Figure 1.4: Schematic diagram of
the conceptual ‘“hole-in-the-pipe”

Atmosphere model (Firestone & Davidson
//’%*Ru\ 1989). Regulating factors for soil
NO N,0 Gaseous phase ofsail N,O and NO emissigns are. a) the
2 amount of N available in the
/\/\/\H/%/\/\/ system; this is symbolized by the
amount of N flowing through the
Aqueous phase H pipes and affects the total
emissions of NO and N,O; b) soil
moisture (or other factors); this is
symbolized by the relative sizes of
"\\‘ Nitrification / Denitrification the holes in the pipes through
Plants and which NO and N,O “leak” and
soil microorganisms affect the ratio of N,O:NO
emissions (adapted from Davidson
et al. 2000).

Biological Assimilation «— NO N.O
Abiological Reactions p— z

The idea of the HIP model was supported by Veldkamp et al. (1998) who found a relationship
between NO and N,O losses and water-filled pore space (WFPS). By that they showed that
NO is primarily produced by nitrification and N,O by denitrification (Figure 1.5). At the same
time the authors highlight the importance of environmental factors, particularly the soil

moisture regime, for calculating N,O and NO emissions, rather than fertilizer composition.
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Figure 1.5: Relationship between water-filled
. pore space (WFPS) and relative fluxes of N
gases (NO, N,O and N,) from nitrification and
denitrification (Pilegaard 2013). While NO
emissions occur from nitrification at 30 — 60 %
WEFPS, highest N,O fluxes can be expected at
50 — 90 % WFPS when denitrification
dominates. Above that, oxygen is strongly
limited so that N,O is consumed and N,
becomes the main end product (Bouwman
1998).

Nitrification

Denitrification

N[

f=

o 00 Tropical forest areas are usually
WEPS (%) characterized by high temperatures and

precipitation amounts, which lead to
fast turnover rates and high soil moistures and hence accelerate both biotic and abiotic
processes. While nitrogen is frequently limiting primary production in temperate and boreal
ecosystems, in most tropical forests the biomass is relatively enriched in N (Vitousek &
Sandford 1986). As this nutrient is often in excess and neither plants nor microorganisms
actively retain N within their biomass, tropical ecosystems have a higher potential for N
losses in the form of gases or leachate compared with temperate and boreal ecosystems
(Vitousek & Matson 1992). Tropical forest soils are considered an important source for N,O
emissions (e.g. Keller et al. 1983, Matson & Vitousek 1987) and the global annual production
is estimated to be more than 3 Tg N,O-N annually (Matson & Vitousek 1990, Breuer et al.
2000). Reported fluxes are mostly higher than from temperate and boreal forests (Keller et al.
1983, Livingston et al. 1988). According to Keller et al. (1983), the high N,O fluxes from
tropical forests are mainly resulting from higher rates of denitrification. In contrast to
rainforests, N,O emissions from soils under cerrado vegetation have been observed to be low
and even often below the detection limit (Verchot et al. 1999, Davidson et al. 2001). The
cerrado biome includes semideciduous forests (Cerraddo), tree and scrub woodland, and open
tropical grassland (savanna) (Eiten 1972, Anderson & Poth 1998) and covers a fourth of the
whole Brazil (Figure 1.6). Soils under this vegetation are usually characterized by a coarser
texture and well-drained structure compared to rainforest soils. These patterns prevent the
formation of hypoxic conditions in the soil and thus emissions from denitrification are rather

uncommon (Davidson et al. 2001).
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Figure 1.6: Distribution of Brazil according to six
ecological zones (biomes). The largest biome is the
Amazon, which covers approximately 49 % of the
whole Brazil, followed by the Cerrado (24 %), the
Atlantic forest (13 %), the Caatinga (10 %), and the
Pampa and Pantanal, respectively (2 % each) (IBGE

2013).
Biomes
- Denitrification rates are strongly affected by
== _| deforestation, as has been shown by
Pampa

Pantansl measurements of Robertson & Tiedje

water

(1988) in the wet Atlantic lowlands of Costa

oo mowien=e= | Rica. They found high rates in primary

forest and early successional sites (several weeks after clearance) compared to mid-
successional sites (2 to 25 years after clearance). According to their findings, they highlighted
the importance of denitrification as a major route of N losses from recently cleared and
primary forest soils. Generally, the removal of plants as a sink for nutrients causes increased
availability in soils (Bormans & Likens 1979), resulting in temporarily increased emissions of
NO and N,O (e.g. Keller & Matson 1994, Davidson et al. 2001). Though, cattle pastures,
which immediately replace the natural forest vegetation, were found to suffer from decreasing
soil N with increasing ages (years after conversion) (e.g. Verchot et al. 1999, Davidson et al.
2000, Erickson et al. 2001, Melillo et al. 2001, Neill et al. 2005), mainly because of
decreasing mineralization and nitrification. Consequently, the higher N>O emissions after the
clear-cut follow a decreasing trend as the pastures age.

Most of the studies mentioned above report on measurements that have been conducted either
sporadically or at rather large intervals (weeks or months) throughout the year. At the same
time, most studies are based on data collected with surface chambers, which are well adapted
to resolving topographic effects (Grant & Pattey 2003), but fix the observations to carefully or
randomly selected plots. N,O is known for its large temporal and spatial variability and its
sensitive nature makes it particularly susceptible to external changes, e.g. frost-thaw cycles or
precipitation events. Thus, decisive emission peaks will likely be missed. According to Grant
& Pattey (2003), measurements based on low temporal resolution and small spatial scales are
of limited value for long-term estimations of N,O emissions at the landscape scale (e.g.
Blackmer et al. 1982, Bouwman 1996, Bouwman et al. 2002). To overcome this, the authors
suggest the usage of mathematical models which include current knowledge on N
transformation and transport processes controlling N>O emissions. Groffman et al. (2009)

describe models as promising tools for evaluating the importance of external environmental
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changes, such as frost-thaw and dry-wet cycles on N,O fluxes. In this context they highlight
the need for the detection of the brief periods of high denitrification and thus, high emission,
so called hot moments (McClain et al. 2003). The Amazon region underlies more or less
pronounced dry and wet seasons and emission peaks are likely to occur during the transitional
periods and wet season, respectively (e.g. Vitousek et al. 1989, Davidson et al. 2004).
Measurements within these time periods will likely help to capture decisive emission peaks,
further improve process understanding, and thus calibrate models to site-specific conditions.
So far, many studies solely respect the best possible adaptation of observed N,O fluxes.
Influencing variables, such as soil moisture, have either not been measured or are solely used
for model comparison (e.g. Abdalla et al. 2009, Abdalla et al. 2010), but have been neglected
during the optimization process. However, most process-oriented models simulating N,O
emissions are designed such that soil moisture has a large influence on N gas fluxes, since it
at least influences the rate of decomposition of soil organic matter and therewith the rate of N
mineralization and the availability of substrate for nitrifiers and denitrifiers. Consequently,
successful simulation of N,O emissions is likely dependent on the successful reproduction of
observed soil moisture, and the appropriateness of model-internal linkage between simulated
soil moisture, denitrification, and finally N>O fluxes (Frolking et al. 1998). Since hydraulic
functions are important for simulation of soil biogeochemical processes, their derivation is
challenging for sites without detailed information about soil hydraulic parameters, such as
field capacity, permanent wilting point, and hydraulic conductivity (Frolking et al. 1998). For
site-specific purposes, adaptation of the models to observed soil moisture is likely the most
obvious proceeding for successful description of N,O emissions.

The areas within the Amazon region are mostly not easy to access and measurements are
rather difficult to perform. However, on the larger scale and with regard to national budgeting,
even remote areas have to be taken into account. Against the background of lack of time and
financing, models can be considered as planning tools for measurement campaigns and
specify particular timeframes important for N,O fluxes. Furthermore, in order to frame
policies that aim to reduce land-use related GHG, analysis of future land use trajectories using
land use models is an essential element. Here, the combination of models and scenario
techniques is a powerful tool to estimate the impacts of future land use and land cover

changes (Lampin et al. 2000) and determine mitigation strategies in terms of climate change.
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Box 1.1: The three main greenhouse gases (GHG) and their Global Warming Potentials (GWP)
The Global Warming Potential (GWP) is a metric that integrates the radiative efficiencies (RE) of
various substances and their lifetimes (LT) in the atmosphere over a particular time horizon and
relative to the reference gas carbon dioxide (CO,) (IPCC 2013) (Table 1.2). CO,, methane (CH,), and
nitrous oxide (N,O) belong to the most influential atmospheric GHG (Forster et al. 2007) and their
anthropogenic concentration increase (Figure 1.7) is extremely likely to account for more than half of
the observed increase in global average surface temperature from 1951 to 2010 (0.5 — 1.3 °C; IPCC
2013).

Table 1.2: Lifetimes (LT), radiative efficiencies (RE), Global Warming Potentials (GWP) (IPCC 2007), and
atmospheric concentrations before 1750 and in 2011 for the GHG CO,, CH,4, and N,O (Myhre et al. 2013).

Atmospheric concentration

Gas name Chemical LT RE GWP [ppm]
formula  [years] [W m?”ppb'] [100 years] before 1750 2011
Carbon dioxide CO, variable 1.4x10° 1 280.0 391.0
Methane CH, 12 3.7x10* 25 0.700 1.803
Nitrous oxide N,O 114 3.03x 107 298 0.270 0.324

CO, is an important component of the global carbon (C) cycle and huge amounts of C are stored in
vegetation living biomass, dead organic matter in litter and soils, as well as in wetland and permafrost
soils (Ciais et al. 2013). It is removed from the atmosphere by plant photosynthesis and the C is fixed
into plant litter, tissues, and in the soil. Soils are the second largest global C pool after oceans and
followed by the atmosphere, and plant biomass. Since the beginning of the industrial era, burning of
fossil fuels and changes in land use (e.g. deforestation) are the major sources of anthropogenic CO,.

CH, is produced by methanogenic organisms in strictly anaerobic (without oxygen) environments,
such as wetlands, flooded rice fields and wet forests. While wetlands have been found the largest
natural source for CH, emissions, oxidation by OH in the troposphere, biological oxidation in drier
soil, and the loss to the stratosphere are sinks for CH, (Denman et al. 2007). Although natural sources
accounted for 91 % of the global annual pre-industrial CH, emissions, the present-day CH, budget is
dominated by anthropogenic emissions, accounting for more than 60 % of the total global budget
(Denman et al. 2007).

N,O is naturally produced under both aeraobic (nitrification) and anaerobic (denitrification) conditions.
Soils under natural vegetation, e.g. forests, are the major natural sources of atmospheric N,O, while
agriculture represents the main anthropogenic source (Table 1.1). Since pre-industrial times,
atmospheric N,O concentrations increased by a factor of 1.2 (IPCC 2013).

400 : : : ———————— Figure 1.7: Atmospheric CO,
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1.2 Objectives

The present PhD thesis was conducted as part of the research project “Carbiocial — Carbon
optimized land management strategies for Southern Amazonia“, funded by the Federal
Ministry for Education and Research (BMBF). The project adresses the above mentioned land
use issue in Southern Amazonia, which is a hotspot of global change research. In order to
identify possible starting points for essential local and regional changes, the project focusses
on soil, water, climate, agro-economics, society, and politics. By creating reliable linkages
between local and regional land use patterns, Carbiocial improves the data basis for future

political decisions and sets up scenarios for simulation of future land use development.

This thesis is based on the work of subproject 02 (SP02), which aims to assess GHG
emissions from soils under changing land use and management in a very dynamic region of

Southern Amazonia.

In particular, the objectives of this study were to (a) extract patterns of direct N,O emissions
from soils of different Brazilian ecosystems, (b) assess the application of mechanistic models
as prediction tools to Brazilian conditions, and (c) estimate impacts of future land use
scenarios on GHG emissions in order to point out possible future pathways for Southern

Amazonia.

These objectives have been worked out within four scientific articles which build up upon
each other. The two recent studies (chapters 4 and 5) derive from collaborations with other

subprojects of the Carbiocial project (co-authorship) (Figure 1.8).
Within the chapters 2 — 5 the following hypotheses were tested:

Chapter 2: (1) N,O emissions from Brazilian soils exceed those reported from European
studies, (2) emission levels strongly depend on the land use type, and (3) soil and

management properties can serve as indicator for N>O fluxes.

Chapter 3: (1) emission dynamics are higher during the rainy season when soil moisture rises
and denitrification takes place, (2) correct reproduction of observed soil moisture is essential
when simulating N,O emissions, and (3) mechanistic models can be used to identify

important time periods for N,O fluxes.

Chapters 4 and 5: (1) future land development will have a strong impact on GHG emissions
from agricultural soils and (2) agricultural management is an important factor for GHG

mitigation strategies.
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Chapter1

Chapter2

Chapter3

Chapter4

Chapters5s

Chapter6

Chapter7

Figure 1.8: Structure of the present thesis. Blue and green filled boxes identify scientific articles under leading
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1.3 Study Area

The Carbiocial project aims to investigate viable carbon-optimized land management
strategies by analyzing carbon turnover, climate, ecosystem functions, and socio-economic
processes along Brazil’s Cuiaba-Santarém highway BR-163. This meanwhile widely paved
highway primarily serves as export corridor for soybeans from Northern Mato Grosso via the
Amazon River. Reconstruction and pavement accelerated forest loss in the area in the form of
deforestation and illegal logging (Fearnside 2007). Furthermore, it allows already-established
agriculture in the South to access potential agricultural areas in the North (Gerold et al. 2014).
The three investigation areas of the project are located in Central and Northern Mato Grosso
(Campo Verde and Sinop), as well as in Southern Para (Novo Progresso), which all belong to
the “Deforestation Arc”. These site selections represent a gradient, not only in a
climatological sense (semi-humid tropical savanna climate in Cuiab4d to humid tropical
rainforest climate in Novo Progresso (Moreno & Souza 2005)), but also in land use (Figure
1.9). While colonization in Central Mato Grosso started in the 1975 — 1990 with cattle and
soy, the soybean sector expanded to Northern Mato Grosso in 1990, and a strong human
influence has already reached Southern Para (mainly cattle pastures, but already first soy

trials).

The measurement data presented in chapter 2 derive from three cattle pastures near Novo

Progresso.
Figure 1.9: Investigation areas along the BR-163 in the Federal States of

Pard and Mato Grosso: 1. Novo Progresso, 2. Sinop, and 3. Cuiabé.
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Abstract

Brazil typifies the land use changes happening in South America, where natural vegetation is
continuously converted into agriculturally used lands, such as cattle pastures and croplands.
Such changes in land use are always associated with changes in the soil nutrient cycles and
result in altered greenhouse gas fluxes from the soil to the atmosphere. In this study, we
analyzed literature values to extract patterns of direct nitrous oxide (N,O) emissions from
soils of different ecosystems in Brazil. Fluxes from natural ecosystems exhibited a wide
range: whereas median annual flux rates were highest in Amazonian and Atlantic rainforests
(2.42 and 0.88 kg N ha™), emissions from cerrado soils were close to zero. The decrease in
emissions from pastures with increasing time after conversion was associated with pasture
degradation. We found comparatively low N,O-N fluxes from croplands (-0.07 to 4.26 kg N
ha™ yr' | median 0.80 kg N ha™ yr'') and a low response to N fertilization. Contrary to the
assumptions, soil parameters, such as pH, C,,, and clay content emerged as poor predictor for
N,O fluxes. This could be a result of the formation of micro-aggregates, which strongly affect
the hydraulic properties of the soil, and consequently define nitrification and denitrification
potentials. Since data from croplands mainly derived from areas that had been under natural
cerrado vegetation before, it could explain the low emissions under agriculture. Measurements

must be more frequent and regionally spread in order to enable sound national estimates.

Keywords: N,O fluxes, soil, land use change, micro-aggregation
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1. Introduction

The Food and Agriculture Organization of the United Nations (FAO 2014) has ranked Brazil
as the third largest emitting country of greenhouse gases (GHG) from agriculture for the year
2012. One reason is the significant increase in area used for agriculture in recent years
(Cederberg et al 2009). However, GHG budgeting at national scales is full of uncertainties,
particularly for such large countries, and too little is known about the processes that affect
such estimations. Literature reviews are one viable first step towards improvements (e.g.
Jungkunst et al 2006), which can eventually lead to further extrapolations to the national scale
(e.g. Brocks et al 2014). For the agricultural sector nitrous oxide (N,O) is one of the most
important GHG. It is emitted from soils by natural processes, which can be enhanced and
potentially reduced by anthropogenic activities, such as fertilization and land use changes.
The principle underlying prerequisite for N,O emission is the availability of nitrogen.
Nitrogen in soils is increased by fertilization, which usually leads to increased N>O emissions.
The Intergovernmental Panel on Climate Change (IPCC 2006) assumes this relationship
between N fertilization and N,O emissions to be linear and define an emission factor (EF) of
1 % (1 kg of every 100 kg of applied N fertilizer is lost as N,O-N). At the same time, the
IPCC strives to improve this approximation to more detailed region-specific approaches.
Based on data from temperate climates (e.g. Boeckx and van Cleemput 2001), as well as
global scale data (Shcherbak et al 2014), a single emission factor is imprecise. Shcherbak et a/
(2014) rather proposed a nonlinear relationship at the global scale. These insights lead to the
conclusion that the relationship between fertilizer input and N,O emissions must vary
according to environmental settings like climate and soil conditions (Jungkunst et al 2006).
Considerably less data exists for the tropics compared with temperate regions (Sherbak et a/
2014). However, data available from tropical areas indicate that the emission factor used by
the IPCC overestimates measured fluxes (Madari et a/ 2007, Jantalia et al 2008, Alves et al
2010, Cruvinel et al 2011, Alvarez et al 2012, Carmo et al 2013, Lessa et al 2014, Carvalho et
al 2013).

Estimations for national N,O inventories are challenging, because soils are diffusive emitters
and direct N,O fluxes show extremely high temporal and spatial heterogeneities (e.g.
Groffman et al 2009). Largest emissions of N,O mainly result from denitrification under
hypoxic conditions (Davidson et al/ 2000); especially during changes between well-aerated
(WFPS at 40 — 60 %) and wet (WFPS > 80 %) conditions (Vor et al 2003). Consequently,

when soil moisture increases during wet seasons, N,O emissions commonly increase as well
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(e.g. Luizdo et al 1989). In irrigation experiments by Vasconcelos et a/ (2004) and Carvalho
et al (2013), N,O fluxes increased after irrigation during the dry season in Brazil.

Luizao et al (1989) and Sotta et al (2008) reported that finer textured soils have a higher N
availability. Additionally, Matson et al (1990) and Sotta et al (2008) measured higher N,O
losses from a clay compared to a sand soil. Since tropical soils of Brazil are commonly rich in
clay and experience regular changes in moisture through seasonal rainfall patterns, Brazilian
soils should emit higher amounts of N,O than temperate soils. However, reported
measurements show fairly low emission levels. Stable micro-aggregates, which form due to
adhesion of fine soil particles and (iron-)oxides, are known to create a coarser structure. This
leads to better drainage and more oxic conditions than would be expected by measured clay
contents. When compared with other predominant soils at the global scale, the general role of
the clay content as an indicator for N,O fluxes can be questionable.

Besides accounting for N>,O emission from specific land use types, the N,O dynamics during
the actual land use changes should be accounted for, particularly with respect to the rapid land
use change happening in Brazil. The expansion of cattle ranching is suggested to be the main
driver of recent deforestation in the Legal Amazon (e.g. Barona et a/ 2010). However, Morton
et al (2006) reported an increasing trend of cropland deforestation (direct conversion of forest
to cropland) between 2001 and 2004 in the state of Mato Grosso.

Tropical forests have high rates of biological turnover and rapid decomposition rates. High
soil moisture and high N availability increases these soils emissions of relevant amounts of
N,O (Davidson ef al 2000). Breuer et al (2000) estimated a N>O budget of 3.55 Tg N,O-N yr°
! from tropical rainforest soils. In contrast to rainforests, reported emissions from soils under
natural cerrado vegetation (forest to treed grassland ecosystems) were usually very low
(Davidson et al 2001) or even negative (e.g. Carvalho et a/ 2013). Consequently, knowing the
natural ecosystem present before the land use change may be as important for estimating N,O
emissions as knowing the current agricultural land use.

Here, we focus on the regional scale within Brazil in order to improve estimates for
atmospheric N>O increase. Considering single studies without a systematic scientific
compilation is neither sufficient to identify regional measurement gaps nor to identify
underlying key processes. The value of understanding specific soil and management
properties to indicate N,O fluxes not only lies in better approximations, but also feeds
process-based models that are eventually needed for scenario calculations to derive mitigation
strategies. A systematic review additionally can help to derive research strategies and to set

the base for regional and temporal N,O measurement recommendations, based on revealed

20



2. Direct nitrous oxide (N20) fluxes from soils under different land use in Brazil — a critical review

relationships with environmental parameters. The improved process understanding enables
better national estimations.

To provide this we used reported emissions of N,O-N from soils under different land use.
Specifically, we aimed to (1) compare reported N,O-N fluxes from different land use types
and define average annual emissions, (2) evaluate if specific soil and management properties
can serve as an indicator of N,O fluxes, and (3) determine knowledge gaps for improvements

of future national N,O inventory and process understanding.

2. Materials and Methods

2.1 Data collection and calculation
We searched English literature for N,O-N flux data from soils under different land use across
Brazil using online databases (Web of Science, Science Direct, Scielo (Brazilian)) and search
engines (Google Scholar) over the period between March 2014 and January 2015. Search
queries initially included the keywords “N,O” AND “soil” AND “Brazil”, which resulted in
large numbers of studies (e.g. 73 studies in the Web of Science). We further specified the
search by adding the keyword “conversion”. Additional specification of the single land use
types (AND “rainforest”/’pasture”/’cropland”) or geography (AND “Amazon”/’Southern
Brazil”) did not result in additional studies. According to the guidelines of Aiassa et al. (2015)
on how to proceed on systematic reviews, we made use of personal contacts and contacted
research groups in Brazil (EMBRAPA) to improve and expand our search strategies towards
Portuguese studies that might have been missed using the Scielo database and due to
linguistic difficulties. No time frame was set in terms of the age of the studies - the aim was
rather a good geographic coverage of Brazil. Only tabular values were analyzed; we did not
extract data from graphs. Data sets were divided into three categories: 1) data from natural
landscape units (Amazon forest, Atlantic forest, and cerrado), 2) land that was converted to
pastures, and 3) land under agricultural management and fertilizer application. Since the third
category contained long-term (one year or more), as well as short-term experiments (weeks or
months), studies within this category were again divided according to the duration of the
measurements. Short-term experiments usually presented cumulative fluxes over the specific
time period rather than annual emissions. Nevertheless, we treated short-term experimental
data as long-term data if authors extrapolated to annual values (e.g. Metay et al 2007).
Similarly, cumulative data resulting from different crops within a rotation (e.g. corn/bean
rotation, Cruvinel ef al 2011) were extrapolated to annual values, if the whole rotation cycle

covered one year. Reported units varied among the studies, thus we converted data sets to
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identical units (e.g. kg N ha™ for N,O fluxes and fertilizer inputs, or g kg™ for Corg). If N2O
fluxes were not given in annual emissions, but mean daily values were given, reported data
were projected to one year. For studies which distinguished between dry and wet season, the
length of the specific period was used in the extrapolation. Soil types were classified
according to the World Reference Base (IUSS 2014). Soil texture, usually expressed as clay
content, carbon content, and pH have been shown to influence N,O-N emissions. Thus, we
looked at correlations with available soil properties, as well as with the amount of applied
fertilizer. The latter did not include studies with soybean because legumes are treated
differently by the IPCC. Forests and cerrados were not included in the regression analysis
because information on the specific soil properties derived from the mineral soil, but not from
the overlying humus layer. We differentiated between fertilized and unfertilized plots (usually
pastures and croplands). Except for correlations with the amount of applied fertilizer, we only
regarded fertilizer-induced emissions (N,O-N/added N). Data from pastures was ordered
according to the time since establishment, as pasture ages turned out to be a meaningful factor

in forest areas converted to pastures (e.g. Wick et al 2005, Neill et al 2005).

2.2 Statistical analyses
We used the linear regression method to analyze the relationships between soil properties and
N>O-N emissions. The influence of the applied fertilizer was additionally adapted by a non-
linear model, following the suggestions of Shcherback et al (2014). Relationships were
regarded as being statistically significant for a p value of (or smaller than) 0.05. The
regression analyses and creation of graphics were conducted with the R software (version

2.15.0).
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3. Results

In total, 37 study sites were analyzed based on land use, soil properties, management, and
fertilization (Table A.1).

The geographical locations of the sites (Figure 2.1) divided Brazil into regional land use
types: Studies conducted in the northern states (e.g. Pard, Rondonia) mainly dealt with N,O-N
emissions from rainforest and cattle pastures. These land use types represented the
fundamental land use change (deforestation) in the Amazon region. In contrast, studies from
the central and southern states focused on conversion of cerrado area to croplands and the

influence of different crop rotations, management, and fertilization strategies.

Figure 2.1: Sites with available
N,O-N flux data in different
biomes in Brazil (IBGE 2013).
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467 2 Table A.1 in the appendix.
Biomes
10,11 o
®12-16 Amazon Annual N,O-N emissions
L) Caatinga

(7 12:’21.’2:23 Bareada collected in this study

24 ;
13' Al (Tables 2.1 to 2.3)

253 5930 Famp . . .
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3 ;: to the land use type. Table
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36® o 0 500 1000 2000 kiometers | 2.1 summarizes data from
37

forest (Amazon and

Atlantic forest), cerrado, and pasture sites. Table 2.2 summarizes data from experiments on
cropland. Table 2.3 gives an overview of N,O-N fluxes from short-term experiments on

grassland, pasture and cropland.

3.1 Soil under natural vegetation
In general, N,O emissions from forest soils were higher than emissions from pasture sites
(e.g. Verchot et al 1999, Steudler et al 2002, Wick et al 2005, Carmo ef al 2012). Reported
N,O-N fluxes from forest soils were positive without exception, but varied from 0.38 up to
16.20 kg N ha™ yr''. Rainforests (Amazonas and Atlantic rainforest) differ considerably from
cerrado: The highest emission (16.20 kg N,O-N ha™ yr') was reported from a forest site in
the Amazon, whereas the maximum emission from Atlantic forest was much lower (3.42 kg

N,O-N ha yr'l). In contrast, emissions from cerrado sites were exceptionally low (median:
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0.14 N,O-N ha yr! with a maximum of 1.19 N,O-N ha yr™"), and often below the detection
limit (< 0.6 ng cm™ h™).

Data presented in Table 2.1 includes studies conducted in primary or moderately altered
forests. Studies from Verchot et al (1999), Vasconcelos et al (2004), and Coutinho et al
(2010) present data from secondary forests of 12, 20, and 34 years after reforestation. Here,
annual N,O-N emissions amount to 0.35, 0.94, and 0.88 kg ha’, respectively. These results
are lower than the median annual emission from primary forests reported in this study and are

in the range of annual emissions from pastures.

Table 2.1: Annual N,O emissions with minimum, median, and maximum value from forest, cerrado, and pasture
soils. References are according to Table A.1.

Annual N,O emissions [kg N ha™]

Biome Min Median Max Reference
Forest 0.38 2.29 16.20 1,2,4,5,6,7,8,9,10, 11,12, 13, 14, 27, 28, 31
Amazon Rainforest 0.38 2.42 16.20 1,2,4,5,6,7,8,9,10,11,12,13, 14
Atlantic Rainforest 0.44 0.88 3.42 27,28, 31
Cerrado -0.09 0.14 1.19 2,17,18,19, 23,24
Pasture [age]
<10 1.32 2.52 10.16 9,10,12, 14
> 10 -0.27 0.90 3.62 2,10, 11,12, 14, 18, 19, 23, 28, 29

3.2 Pasture soil

N,O-N fluxes from pasture soils varied widely, too, but emissions from pastures younger than
10 years were significantly (p < 0.05) higher than from older pastures (Table 2.1, Figure 2.2).
Thus, we differentiated data from pastures 10 years and younger from those older than 10
years. Neill et al (2005) modeled the behavior of annual N,O emissions from forests and
pasture sites of different ages as an exponential function. When we fitted an exponential
function to our data (y = 0.65 + 4.15 * exp(—0.10 x), with ¥ = flux of N,O-N [kg ha™ yr']
and x = pasture age), we found a similar decrease in N,O-N emissions with pasture age
(Figure 2.2).

For short-term experiments on pastures under additional fertilization and soil management
(Table 2.3), highest emissions were reported from pastures under urine application and tillage
management (5.87 and 2.23 kg N ha™). These studies were not included in the nonlinear

regression (Figure 2.2).
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Figure 2.2: An exponential model of annual
N,O-N flux data dependent on years after

*  data (this study)” conversion (n = 24, R? = 0.48). Pasture ages
— fit (this study)” varied from 1 to 87 years. The gray shaded area
~ = fit(Neil o 21 2005) represents the 95 % confidence interval. The
broken line is the fit of Neill ef a/ (2005), based
on N,O-N emissions from pastures of different
ages (n =9) in the state of Rondoénia (y =
1.18 + 6.21 * exp(—0.39 x)). In their study,
pasture ages varied from 1 to 41 years.
s  Including data of Neill ez al (2005).
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3.3 Cropland soil
Highest annual emissions occurred from crop-pasture rotations (4.26 kg N ha™ yr') and
cropland under tillage treatment (2.42 kg N ha™! yr'l). The overall median from cropland soils
was 0.80 kg N ha™' (Table 2.2).
We could use only 6 studies (15, 16, 22, 26, 34, and 36 in Table A.1) for calculating an
emission factor (EF) because these allowed for subtraction of background emissions. Of
these, only study 22 (Santos et al 2008) was a long-term measurement focusing on corn and
bean cultivation. EFs were 0.24 % for corn and 0.13 % for bean. EFs from short term
experiments (Table 2.3) ranged from 0.13 to 5.14 %, with a median of 0.38 %.
Except for pH (R* = 0.21, p = 0.06), correlations with N,O-N/added N were significant
(Figures 2.3 a - ¢ and Table 2.4), but not important. Clay contents covered a range from 13 to
86 %, and the linear regression implied only a slightly increasing trend for fertilized plots
(0.0009) and a slightly decreasing trend (-0.003) for unfertilized plots with higher clay
contents. N,O-N/added N slightly decreased with increasing pH (-0.03) or carbon content
(-0.06). On unfertilized plots, emissions increased with increasing pH (0.41), but emissions
decreased with increasing carbon content (-1.38).
N,O-N fluxes increased with applied N fertilizer (Figure 2.3 d). In their global meta-analysis,
Shcherbak et al (2014) found that a nonlinear model better described the relationship between
N,O fluxes and fertilization than a linear model. In contrast, we found that a nonlinear model
of the Brazilian data did not result in a better description of the relationship between
emissions and fertilization compared with a linear model (R?=0.20* for both linear and

nonlinear model). Our nonlinear model (y = 0.93 + 1.98 ¢ x — 0.15  x2, with y = N,O-N
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flux [kg ha” yr''] and x = applied fertilizer [kg N ha™']) does not compare well with that of
Shcherbak et al (2014) (Figure 2.3 d). Besides the different intercept, which is caused by
reported N,O-N fluxes at low and even zero fertilization, our model has a lower slope, due to

the low emissions. Table 2.4 shows more detailed results of the regressions.

26



2. Direct nitrous oxide (N20) fluxes from soils under different land use in Brazil — a critical review

Table 2.2: Land use, treatment, N application, and annual N,O fluxes from soils under agricultural use in Brazil. Site numbers are according to Table A.1.

Site No. Land use Treatment Duration [days] Applied N [kg Nha']  Annual N,O [kg N ha™
improved fallow plot
3 cropland inga edulis ~365 0 0.71
(agroforestry) acacia mangium 0 0.88
control 0 0.82
conventional tillage:
17 cropland rice (1year) 79 0.85
rice (2years) 15 0.63
19 cropland crop succession 92 0.57
crop-pasture rotation 222 2.00
20 cropland disc harrowing (15 cm) ~ 182 114 0.04 "
direct seeding 114 0.01"
corn 0 0.35
22 cropland 365 80 0.54
beans 0 0.20
80 0.30
MF (NPK) 60
MF (NK) + filter cake 122
a) cropland MF (NP) + vinasse ~365 87
(plant cane) MEF (N), + vinasse + filter cake 149
25 MF 120
MF + vinasse 142
7 Mg trash, MF 120
b) cropland 7 Mg trash, MF + vinasse 142
(ratoon cane) 14 Mg trash, MF ~242 120
14 Mg trash, MF + vinasse 142
21 Mg trash, MF 120
21 Mg trash, MF + vinasse 142
32 cropland tillage 365 165 2.42
no-tillage 165 1.26
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continued

pasture/cropland integrated crop-livestock 225 4.26

33 (corn/grazed annual-ryegrass) 365 (+ excreta)
cropland continuous crop 1.26

(annual-ryegrass) 165
native vegetation 0 0.65
no tillage:
sorghum/wheat (year 1 and 2) 365 195/253 0.65
35 cropland corn/wheat (year 1 and 2) © 162/94 0.71
conventional tillage:

sorghum/wheat (year 1 and 2) ” 365 171/253 0.71
corn/wheat (year 1 and 2) © 141/78 0.80
pigeon pea + corn 367.6 1.32
lablab + corn 167.5 1.12
37 cropland vetch + corn ~ 347 144.8 0.81
black oat + corn 98.3 -0.07
black oat + vetch/corn + cow pea 231.7 1.32
median 0.80

MF: Mineral fertilizer

? from Carvalho et al (2007)

® reported as annual emissions

© soybean/vetch (year 1), sorghum/wheat (year 2)
9 maize/wheat (year 1), soybean/vetch (year 2)
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Table 2.3: Land use, treatment, N application, and cumulative N,O fluxes from soils under agricultural use in Brazil. Site numbers are according to Table A.1.

Site No. Land use Treatment Duration [days] Applied N [kg N ha'] Cum.N,O [kg N ha™]

control 0 0.07
15 pasture tillage 42 0.23
no-till, co-planting rice ~ 182 33 1.10
no-till, co-planting soybean 0 1.10
control 0 0.07
16 pasture tillage 180 42 2.23
no-tillage 33 1.62

urine application 94/37 396 /683 ™

21 pasture dung application 94/37 188 /346 ™
corn 173 155.3 0.20
24 cropland irrigated bean 135 102.7 0.20
soybean 153 21.2 0.10
cotton 258 0 0.10
26 grassland control 0 0.02
urine application 30 860 1.69

vegetation cycles
30 grassland Vi 162 80 0.44
V2 178 100 0.57
V3 149 80 1.47
control 0 0.04
34 pasture urine application 90 2200 5.87
dung application 1110 1.43
fertilization with pig slurry

36 cropland no-tillage 28 191 0.40
conventional tillage 191 0.51

% dry season
") wet season
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Figure 2.3: Relationships between N,O-N fluxes [kg ha™ yr'] per added N [kg N ha™ yr'] and (a) soil clay content
[%], (b) pH, (c) carbon content [%], and relationship between N,O-N fluxes and (d) the annual amount of applied
fertilizer N [kg ha™* yr']. Figure 2.3 d) also includes the model of Shcherbak ez al (2014) (excluding N-fixing crops)
(broken line). Only fertilized plots (croplands and pastures) are presented. Gray shaded areas represent the 95 %
confidence intervals; see Table 2.4 for more precise information on the regressions. * = p-value < 0.05.
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Table 2.4: Intercepts and slopes (including the lower and upper values of 95 % confidence interval) for linear
regression between soil properties and N,O-N/added N ratio for fertilized and unfertilized plots, and applied N and
N,O-N fluxes for the linear and nonlinear regression. * = p-value < 0.05.

Regression Clay content pH Core Applied N
parameter | fertilized | unfertilized | fertilized | unfertilized | fertilized | unfertilized | linear | nonlinear
intercept -0.22 1.68 0.16 -1.29 0.18 3.84 0.544 0.93
slope 0.0009%* -0.003 -0.03 0.41%* -0.06* -1.38 0.004 1.98%*
lower  0.0002 -0.017 -0.06 0.07 -0.10 -9.04 0.0009 0.43
upper  0.0016 0.010 0.002 0.74 -0.02 6.28 0.0068 3.54
slope -0.15
lower -1.71
upper 1.41
R? 0.29* 0.007 0.21 0.51%* 0.57* 0.23 0.20%* 0.20%*
4. Discussion

4.1 Importance of land use

4.1.1 Natural vegetation

The different emissions from cerrado and rainforest reveal the high variability of natural N,O
fluxes. While emissions from Brazilian rainforest sites were generally high (2.29 kg N,O-N ha™),
but still within the range of emissions reported for temperate (-0.1 to 4.9 N,O-N ha” yr',
Jungkunst e al 2004) and Australian tropical forests (1.15 to 5.36 N,O-N ha™ yr', Breuer et al
2000), N,O fluxes from cerrado soils were often close to zero, below detection limits (e.g. Pinto
et al 2002, Varella et al 2004) or negative (Verchot et al 1999). Nitrification is a more important
source of N,O emissions in cerrado soils because of the better drainage caused by the coarse soil
structure (Pinto et al 2002). Consequently, these soils become increasingly important in terms of
nitric oxide (NO) emissions. Pinto et a/ (2002) assumed low nitrification rates and low NO3
contents resulted in low N,O fluxes. However, further attention should be paid to cerrado soils, in
order to identify the underlying processes.

The Amazonian forest soils in the north of Brazil showed higher emissions than those of the
coastal Atlantic forests in the south-east of the country. Only 3 studies dealt with the Atlantic
forest, but 13 were found for the Amazonian rainforest. More studies from the Atlantic forest
would help to confirm this difference between the two forest types. Emissions from secondary
forests (12, 20, and 34 years after reforestation) ranged between 0.35 and 0.94 kg N,O-N ha™ yr
and were lower than from primary forests. This suggests that N cycles in these reforested areas
had not completely recovered. Regardless of the high emissions from rainforest soils compared

with soils under other land use, precise knowledge concerning emissions during the conversion
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from rainforest to pasture is missing. This is a key aspect, since some studies report increased
N,O emissions from soil after conversion of forest to pasture (Keller et al 1993, Veldkamp et a/
1999, Davidson et al 2001, Melillo et al 2001). They explain this event with a temporal increase
of N availability. The removal of plants as a sink for nutrients causes very high nutrient
availability in soils (Bormann and Likens 1979), which is known to increase N,O emissions at
barren sites (Repo et al 2009). In addition to the emissions from the soil to the atmosphere, soil-

water degassing can be an important source for N,O fluxes directly after forest clear-cutting

(Bowden & Bormann 1986).

4.1.2 Pastures

According to Keller and Reiners (1994) and Melillo et al (2001), young pastures have increased
emissions directly after a clear-cut, followed by decreasing emissions as the pastures age.
Decreasing denitrification rates (N,O + N,) in mid-successional sites compared with primary
forest and early successional sites may explain this trend (Robertson and Tiedje 1988).

The duration of higher N,O emissions after the creation of a pasture varies from 3 months
(Elligson et al 2000), to over 2 years (Melillo ef a/ 2001), to up to 10 years (Keller et a/ 1993). In
our review, we found that N,O emissions from young pastures (< 10 years) were significantly
higher than from older pastures. According to Davidson et a/ (2001), Brachiaria spp. grasses,
which were introduced from Africa (Boddey ef a/ 2004) and are commonly used for pastures in
Amazonia, can be effective sinks for soil N. Quick immobilization of the nitrogen that is released
after the disturbance of the soil might delay the degradation of the pasture. Subbarao et al (2009)
found a reduction in N,O emissions of more than 90 % under plots with Brachiaria species
compared with soybean plots. The Brachiaria roots produce and deliver nitrification inhibitors to
soil-nitrifier sites (Subbarao et al 2009). In grazed Brachiaria pastures, intense uptake of nitrogen
by grazing animals degrades pastures (Boddey et al 2004). The decrease of available N in the
litter leads to a reduction in the amount of N available for plant growth. Cerri et al (2005) and
Hohnwald et al (2006) also report that many pastures suffer from degradation (declining fertility
and grass productivity, and increasing weed cover) already 4 to 10 years after establishment.
Thus, pastures are unsustainable — a point supported by our finding of decreasing N,O fluxes

from pastures about 10 years after conversion.
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4.1.3 Croplands

Except for one study (Site No. 3), data from croplands derived from areas that had been under
cerrado vegetation before. This might justify the low emissions from cropland, since cerrado soils
appear to be a less considerable source for N,O fluxes. Although N fertilization increased
emissions for short periods of 3 to 7 days after application, the reaction of the soil to N addition
at the annual scale was very low. For application rates below 100 kg N ha™', which are frequently
applied, the reaction was negligible. The data collected in this study did not fully agree with the
global nonlinear model suggested by Shcherbak et a/ (2014). Their model includes data from 84
locations worldwide, and is consequently designed for a much larger scale than our country-
specific analysis. This difference emphasizes that large scale or global relationships may be
inappropriate to apply to more regional aspects.

Annual fluxes of N,O-N from cropland soils in Brazil ranged from -0.07 to 4.26 kg N ha™', with a
median of 0.80 kg N ha™ (Table 2.2). This value is much lower than emissions reported by
Roelandt et al (2005) from croplands in Canada (2.27 kg N,O-N ha™ yr'"), Europe (2.47 kg N,O-
N ha” yr'"), and the United States (3.35 kg N,O-N ha” yr''). Highest emissions (Figure 2.3 d)
occurred from the two cropland areas that were under either conventional tillage (2.42 kg N,O-N
ha™ yr''; Piva et al 2012) or integrated cropping systems (4.26 kg N,O-N ha™ yr''; Piva et al
2014).

4.2 Importance of soils

4.2.1 Soil texture and structure
Soil texture and structure are highly relevant driving factors for N,O emissions, mainly as
controllers of water balances and nutrient availability. Generally, finer textured soils have a
higher N availability (Luizao et al 1989) and consequently emit higher amounts of N,O than
sandy soils (Matson et al 1990). In a laboratory experiment, N losses from heavily weathered
tropical soils were higher in a clay textured soil variation than from a sandy variation (Sotta ef al
2008). Based on these findings Sotta et a/ (2008) suggest a higher N availability in a clay
compared with a sand soil in Amazonian forests. Due to the good drainage of sandy soils,
anaerobic conditions are rare and the potential for denitrification is low. In this study, clay proved
to be a poor predictor for N,O emissions from fertilized (slope = 0.0009) and unfertilized plots

(slope =-0.003), most likely due to the formation of micro-aggregates and the associated
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different water retention properties. Tomasella et al (2000) mention the rapid decrease in water
content between saturation and -100 kPa, and underline that Brazilian soils behave more like
coarse-textured soils. As a result, the water holding capacity does not necessarily increase with
increasing clay content, and nitrification is more likely to occur than denitrification. Therefore,
tropical soils with high clay contents, formation of micro-aggregates, and high drainage can be
expected to emit less N,O than is reported for temperate soils. Thus, the clay content is not

necessarily a reliable indicator for N,O-N emissions from Brazilian soils.

4.2.2 Soil chemical properties
In this study, neither pH nor C,, content seemed to have an influence on N,O-N fluxes.
However, fertilized and unfertilized plots differed. On fertilized plots, linear regression slopes
were negative for both pH (-0.03) and C,, content (-0.06). For unfertilized plots, pH
(slope = 0.41) turned out to be more predictive than C, (slope = -1.38). Although both
parameters have been reported to influence denitrification rates (Knowles 1982), the general
findings within this study suggest that N,O fluxes occur from nitrification. Thus, pH and C, are
of secondary importance. The contribution of pH and especially C,, in the formation of micro-

aggregates, however, should be further investigated.

4.3 Knowledge gaps

Considerable data gaps exist for certain biomes. We found no reported N,O emissions from the
biomes Caatinga and Pantanal. Except for one site, data from croplands derived from areas that
had been established in cerrado areas, which were found to be extreme low emitting soils under
natural vegetation. This lack of data hinders our ability to explain the low emissions from
croplands, even after fertilizer application, and points out the need for measurements from
additional land use types.

Since N>O emissions exhibit short-termed emission peaks caused by environmental changes, high
temporally resolved measurements are needed in order to explain mechanisms. Automated
measurements enable continuous data acquisition, but the establishment of such studies is
restricted to sites with a power supply and, for certain approaches, flat topography. Therefore, to
achieve an adequate spatial measurement distribution across a large nation such as Brazil, we still
have to rely on manual measurements that also take into consideration environmental (dry/wet

cycles) and human induced (land conversion) changes. Biweekly measurements throughout the
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year, as done by most authors, are no longer suitable for increasing our understanding of
biogeochemical processes. Furthermore, exact knowledge of how N,O-N emissions change
during land conversion is missing and desperately needed, since this time frame may likely
account for large emission pulses that need to be accounted for in national budgeting.

Improving the existing understanding of the underlying processes, especially during land
conversion can only be ensured by consistent monitoring and frequent measurements. Such
monitoring data could provide the basis for further model refinement and allow for spatial and
temporal extrapolations. The goal would be to develop regional solutions to improve national
inventories. At this point, most process-oriented models have been developed for temperate
conditions and application to tropical conditions is challenging. The different hydraulic
conditions caused by micro-aggregates need to be considered, since adequate description of the

soil moisture is a prerequisite for modeling N,O-N fluxes from soils.

5. Conclusions

This systematic review on N,O fluxes from Brazilian soils provides a good basis for further
estimations and inventories on the national scale and eventually for explaining atmospheric N,O
increases. The land use types differed in direct N,O fluxes from soils, but emissions were
generally low. Systematic regional measurement gaps were identified, of which the Caatinga
biome in northeastern Brazil is the most prominent example. Furthermore, land use types were
not randomly distributed between biomes. In other words, pastures were studied in rainforest
biomes, and croplands in cerrado biomes. Therefore, no predictions can be made on the behavior
of N>O fluxes from croplands in the rainforest biome. Soil parameters, such as pH, C,g, and clay
content, had proven to be unsuitable as indicators for N,O fluxes. Oddly enough, N,O itself was
found to be an indicator for the degradation stage of pastures, as emission levels decrease along
with the productivity and years since conversion. A kind of tipping point from high to low N,O
emissions was found to be in the range of 10 — 15 years after forest conversion. N,O is known to
have high event-based emissions, which the current measurement concept did not account for.
Future studies must focus on high temporal resolutions in order to promote process

understanding. Otherwise, sound national inventories will not be possible.
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Abstract

Process-oriented models have become important tools in terms of quantification of environmental
changes, for filling measurement gaps, and building of future scenarios. It is especially important
to couple model application directly with measurements for remote areas, such as Southern
Amazonia, where direct measurements are difficult to perform continuously throughout the year.
Processes and resulting matter fluxes may show combinations of steady and sudden reactions to
external changes. The potent greenhouse gas nitrous oxide (N,O) is known for its sensitivity to
e.g. precipitation events, resulting in intense but short-term peak events (hot moments). These
peaks have to be captured for sound balancing. However, prediction of the effect of rainfall
events on N,O peaks is not trivial, even for areas under distinct wet and dry seasons. In this
study, we used process-oriented models in both a pre-and post-measurement manner in order to
(a) determine important periods for N,O-N emissions under Amazonian conditions and (b)
recalibrate the models to Brazilian pastures based on measured data of underlying processes (soil
moisture and C,,) and subsequently on measured N,O-N fluxes. During the measurement period
(early wet season), observed emissions from three cattle pastures did not react to precipitation
events, as proposed by the models. Here both process understanding and models have to be
improved by long-term data in high resolution in order to prove or disprove a lacking of N,O-N
peaks. We strongly recommend the application of models as planning tools for field campaigns,

but we still suggest model combinations and simultaneous usage.

Keywords: N,O-N fluxes; modeling; cattle pasture; Southern Amazonia

Highlights
- models were used to identify hot moments for N,O-N in Southern Amazonia.
- observed emissions from pastures were low and did not react to rainfall events.
- calibration and validation primarily aimed to reproduce underlying processes.

- strong need for further process understanding and highly resolved measurements.
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1. Introduction

In recent years, the importance of process-oriented models was strengthened by the demand for
quantitative and sound assessments of impacts of environmental change. The models aim to
reflect our current knowledge of the underlying processes for a specific target variable based on
ecosystem-specific factors (Blagodatsky and Smith, 2012). In the course of knowledge gain,
process-oriented models have constantly improved to a degree that they might now be used in a
pre-measurement manner and not only in a post-measurement way filling measurement gaps and
building future scenarios. In this context, greenhouse gas (GHG) exchanges between soil and
atmosphere are a prominent example, as principle underlying biogeochemical processes are well
known (Butterbach-Bahl et al., 2013) but only partially implemented into mechanistic models
(Blagodatsky and Smith, 2012). Thus, the unsteady and sensitive nature of GHG dynamics from
soils still leads to considerable deviations between model experiences and associated
measurement results and requires intensive site-specific testing. The common way of combined
model-measurement approaches would be first to measure and second to test the model on
observed data. Depending on the accordance of the model output, a calibration of specific model
parameters will be done in order to meet observed data. Nowadays, this would be the most
efficient way to optimize model-measurement-approaches.

Continuous testing to various locations and conditions improves the model’s flexibility. This
quality is particularly important when dealing with areas which underlie rapid and serious
environmental changes (e.g. land use changes) on the one hand and are not easily accessible for
daily scientific research on the other hand. Especially remote areas, like the Brazilian Amazon
region, are amongst the most essential areas in terms of closing knowledge gaps. This
circumstance is an excellent opportunity to use models for improving measurements: Since
intensive field studies in remote areas are extremely difficult to perform and very often require
special demands to the measurement system, preceding applications of widely tested models
could be a good way to optimize scarce measurement time to periods of so-called hot moment
events. Hot moments (McClain et al., 2003) describe short time periods of high activity, e.g.
during which high emissions of GHG are occurring. Particularly nitrous oxide (N,O), a potent
GHG, is known for its peak events and about half of the annual emission rate can be emitted
during these specific periods (Flessa et al., 1995). Three emission patterns (background, events,

and season) were identified by Brumme et al. (1999) to satisfyingly describe the interruption of
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generally low background emissions by either temporary (event-based, e.g. from frost/thaw or
rewetting) or longer termed emission increases following moderate decreases (e.g. seasonal
temperature and soil moisture changes). Since Southern Amazonia typically underlies distinctly
separated seasons (dry and wet), it is challenging to predict occurrences of short/high and
long/low peak emissions.

The seasonal patterns are triggered by distinct dry and wet seasons, whereas first intensive
rainfall events during the transitional period from dry to wet season (Breuer et al., 2002) may be
even more decisive in terms of impulse emissions. In any case, measurements performed during
these periods will obviously lead to a better model calibration to local conditions and better
include this area into national budgeting. Following Frolking et al. (1998), successful modelling
of N,O fluxes is closely linked to the successful description of measured soil moisture - one of
the main driving factors for any biogeochemical process in soils - and the appropriateness of
model algorithms linking simulated soil moisture to denitrification and N,O fluxes. This
parameter can usually be determined easily in the field, even at remote sites.

Within the project Carbiocial, our task was the determination of N,O emissions from cattle
pastures along the BR-163 in the state of Para. Dealing with remote areas and the limitations
regarding the planning and realization of measurement campaigns, we used pre-simulations with
process-oriented models in order to identify the best measurement periods and develop an
adequate measurement design. After that we performed field measurements in high temporal
resolution during the identified period of hot moments, and calibrated the models based on
measured data and with a special focus on the satisfying description of underlying parameters

(soil moisture and Coyg).

2. Materials and Methods

2.1 Models

The process-oriented biogeochemical models CANDY (Franko et al., 1995), DNDC (Li et al.,
1992), and DailyDayCent (DDC) (Del Grosso et al., 2002; Parton et al., 1998) were used to
perform pre- and post-measurement modeling. The models run in daily time-steps and thus
require information about weather conditions, such as precipitation, air temperature, and global
radiation in daily resolution. Additional input parameters are land management and soil

properties. Daily climate data for the spin-up and pre-measurement simulations were taken from
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the  online  database of the National Climatic Data  Center (NCDC)
(ftp://ftp.ncdc.noaa.gov/pub/data/noaa/) (Table 3.1). During the field studies a weather station
and rain gauges were installed on the studied sites, delivering relevant climate data. Soil data
derived from studies of Strey et al. (2016). Model adaptation was made for three pastures, which
allowed for a calibration and two subsequent validation processes. Pasture management was
defined as year-round grazing and without additional fertilizer application, as indicated by the

local farmers. This management was also used during the pre-simulation (Table B.1).

2.1.1 CANDY

The model CANDY (Carbon And Nitrogen DYnamics) was developed by Franko et al. (1995). It
is based on data from long-term experiments in Germany (Franko et al. 1997) and has been
applied to experiments in the UK (Smith et al. 1997), as well as to the European scale in order to
calculate carbon stocks under cropland (Franko et al. 2011). In addition to sub-models for soil
water, soil temperature, and crop growth, CANDY simulates soil nitrogen, considering a soil
nitrate and soil ammonium pool. Emissions of N,O-N are expressed as a result of denitrification
and thereby soil temperature and water content. The soil column is considered to consist of 20
homogeneous and 10 cm thick layers.

In CANDY, hydrological processes are modeled by the capacity concept, which means that
downward water flux is only possible if a soil-specific value of field capacity is exceeded. As this
occurs, gravitation forces lead to the draining of the water. Losses of nitrogen may occur as
leaching of NOs3-N with the percolation water, or gaseous losses, such as ammonia volatilization
and N,O-N emission. Gaseous losses from nitrate N are triggered by the anaerobic turnover. The
calculation of denitrification involves soil moisture and temperature reduction functions, the size
of the NO; pool and the amount of the carbon in the active soil organic matter pool. The rate is
controlled by a rate constant k£ deni and limited to a maximum. During denitrification, N, and
N,O are considered conjointly but are split by a partitioning coefficient, which depends on the
water filled pore space, the CO, production, and the nitrate concentration, as described by Parton

et al. (1996).
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2.1.2 DNDC

The DNDC (DeNitrification and DeComposition) model (Li et al. 1992) simulates decomposition
and rain event-driven denitrification at the field scale. Predictions of soil temperature, moisture,
pH, redox potential and substrate concentration profiles, as well as gas fluxes from the plant-soil
systems, are realized by six sub-models, embedded within two main components. Soil water and
temperature dynamics are described by a cascade model approach, which assumes that each layer
(2 cm thickness) has a uniform temperature and moisture content. Consequently, vertical
downward water flow occurs as soon as the field capacity of the specific layer is reached (Zhang
et al. 2002). N,O emissions under aerobic conditions (nitrification) are calculated as a function of
soil temperature and soil ammonium concentration. A maximum fraction of 0.06 % loss from
gross nitrification is assumed for N,O production during nitrification (Li et al. 2000).
Precipitation events are assumed to start at midnight, have a constant intensity, but a variable
duration. As soon as a layer is saturated with water, denitrification starts. Both nitrifying and
denitrifying rates are determined based on soil oxygen content via the concept of the anaerobic
balloon (Li et al. 2000). This concept divides the soil into an aerobic (outside the balloon) and an
anaerobic (inside the balloon) part, based on the Nernst equation to calculate the soil redox
potential. The size of the balloon and the reductive and oxidizing processes are calculated with
the Michaelis-Menten equation. DNDC includes a database with already parameterized soil
types, which can be adapted, according to available soil information. The forest version of DNDC
(PnET-N-DNDC) has been tested for tropical rainforest (Kiese et al. 2005) and the model was,
for instance, used for estimating methane (CH4) and N,O emissions from Brazilian beef cattle
feedlots (Costa et al. 2014).

In this study, the latest DNDC version (9.5, downloaded in January 2015) was used.

2.1.3 DailyDayCent
DailyDayCent (DDC) is a daily version of the monthly time-step model CENTURY, developed
by Parton et al. (1998). DDC incorporates all of the ecosystem processes represented in
CENTURY, which means it simulates fluxes of carbon and nutrients in different ecosystems,
such as cropland, grassland, and savanna. The model consists of four main sub-models focusing
on soil organic matter, water budget, temperature, and the behavior of nitrogen in the soil. In
addition to that, sub-models for phosphorus and sulfur can be switched on individually. The

structure of the soil layers is recommended to 15 cm per layer up to a soil depth of 60 cm and 30
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cm per layer below. DDC includes a semi-dynamic water model which means that it adopts the
capacity concept but describes infiltration and water distribution more dynamically due to
multiple soil layers and more realistic and mechanical modifications (Yuan et al. 2011).
Unsaturated water flow to each layer is calculated as bidirectional vertical flow using Darcy’s
equation, which is additionally multiplied by a damping multiplier. Direct nitrogen losses appear
as NOj; leaching, mineralization, denitrification and nitrification and volatilization from crops or
grassland. Emissions of N, NOx and N,O are a result of both nitrification and denitrification.
N,O and NOy emissions from nitrification are calculated as a function of soil NH4', water
content, temperature, pH, and texture. N,O flux from nitrification is supposed to be proportional
to the nitrification rate. The fraction of nitrified N, which is lost as N,O flux is expressed by a
specific factor (K, = 2 % per default), based on the comparison of observed and simulated flux
data (Frolking et al. 1998; Parton et al. 2001). Emissions from denitrification depend on soil NOs’
, water content, labile C availability, and soil texture properties that have an impact on the gas
diffusion rates (Del Grosso et al. 2002). N losses from denitrification are calculated as N, + N,O
and by using a specific ratio function, the proportions of N, and N,O losses are determined
(Parton et al. 2001).

In studies in Southern and Southeastern Brazil, Galdos et al. (2009), Bortolon et al. (2011), and
Lima et al. (2011) found adequate results with the CENTURY model for simulating soil carbon
dynamics under sugarcane, estimating the development of soil organic carbon under different
agricultural management scenarios, and changes in organic carbon stocks under eucalyptus

rotations, respectively.

2.2 Pre-simulations

The models were applied to typical Southern Amazonian climate, soil, and management
conditions (Table B.1) in order to determine the optimal measurement periods for nitrous oxide
(N20O) emissions. The simulation period was from 2007 — 2011. All three models reacted to
precipitation events with increasing soil moisture (0 — 10 cm) and resembled in the general course
(Figure B.1). However, the CANDY model showed the highest sensitivity to strong rainfall
events and simulated soil moisture temporarily exceeded soil porosity. Although uncalibrated and
therefore different in calculated emission levels, the model outputs underlined the dry season as

negligible and the beginning of the wet season as considerable for N>O-N fluxes (Figure B.2).
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2.3 Site description

Field studies on cattle pastures were conducted on two farms in the municipality of Novo
Progresso, Para (7.14694°S 55.3819°W). The average annual temperature is 25.8 °C and annual
precipitation is more than 2200 mm. The rainy season lasts from December until May. Three
pastures of different ages were chosen for the field campaign from December 2012 to February
2013, as well as from November to December 2013. On all sites rainforest as native vegetation
has been replaced by Brachiaria (brizantha) grass. Major soils under these land use types were
Acrisol and Ferralsol (Table 3.1), classified according to the World Reference Base (IUSS,
2014).

Table 3.1: Soil properties and years of conversion of the studied pasture sites. The given values refer to the depth 0 —
10 cm (Strey et al. 2016 ).

Site Bulk density Clay Corg C:N pH Soil type Year of
[Mg m™| [gkg'l] [gCkg'] [WRB] conversion
young 1.39 340 14.5 14.00 494  Ferralsol 2001
medium 1.05 440 23.9 11.95 5.07 Ferralsol 1988 (1998%)
old 1.33 190 18.3 13.25 4.80 Acrisol 1983

* ploughed for degradation reasons and once more sown

2.4 Soil gas flux measurements

The closed chamber method (Flessa et al. 1995) was used to analyze the soil N,O release. For
each study site, PVC rings (A = 0.062 m?) were inserted into the soil (approximately 10 cm) one
day before the start of the measurement campaign. They acted as fixed anchors during the field
campaign and the previous installation allowed the soil to equilibrate and aimed to prevent
detection of fluxes caused by soil disturbances during the ring installation. A capture hood
(V =0.016 m?) that was set on each anchor during the actual measurement for a total period of 90
minutes every day, while headspace samples were taken after 0 (TO), 45 (T1), and 90 (T3)
minutes. Samples were taken with a syringe and stored in pre-evacuated 5.9 ml exetainer vials. In
order to ensure a representative headspace sample, a small fan (25 x 25 x 10 mm, 5.1 m* h™") was
used inside each chamber to homogenize the headspace air. The fan was activated from the
outside with a battery for 60 seconds before, as well as during each sampling. Subsequently, the
exetainer were flushed with a total volume of 50 ml of headspace air. Pressure equilibration was
achieved by a vent tube. The outputs of the pre-simulation suggested that precipitation events

lead to emission peaks of different heights and durations and this highlighted the need for
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frequent (daily) measurements. Measurements were taken between 7:00 am and 2:00 pm with 5
repetitions. Because an immediate analysis was not possible, the exetainer were stored on their
heads to prevent the escape of gas. Trace gas analysis was carried out by a gas chromatography
system consisting of an autosampler unit coupled online to a GC (APS 96/20-K, ESWE Gera
Analysentechnik GmbH, Germany, coupled to a GC-14B, Shimadzu, Japan). Gas flux was
calculated according to the increase or decrease of gas concentration over time. Assuming a
representative flux measurement for the sites, the resulting N,O flux was projected to a full day
and taken as daily average. Additional parameters, such as the temperature inside and outside the

chamber, soil water content, and soil temperature were determined for each chamber.

2.5 Model setup

Achieving the best agreement between measurements and model outputs usually requires the
adjustment of internal model parameters. Considering model adaptation to N>O-N fluxes,
additional state variables and environmental parameters have to be represented adequately. Being
in the inner tropics the daily averaged temperatures are fairly constant and relevant differentiation
in N,O-N fluxes due to temperature differences are highly unlikely. Furthermore, measured soil
temperature data was restricted to the duration of the measurements, but the models perform on
mean daily temperatures. Therefore, they are not included in calibration and validation.
According to our objectives, we followed the approach of first describing carbon stocks and soil
moisture of each site (calibration and validation) as best as possible before modifying parameters
for N,O-N fluxes. The latter were only adapted during the calibration, but kept the validation
process. Generally, the models CANDY and DNDC were run over a 7 year period with a spin-up
of 5 years, whereas simulations with DDC were started in 2000 B.C.

2.5.1 Calibration to observed soil moisture
Soil moisture is mentioned as the main driver for No,O-N emissions because the decrease in O,

availability in the soil influences biogeochemical reactions and, consequently, greenhouse gas
production (Hall et al., 2012). Being a critical determinant of N,O fluxes (Dobbie and Smith,
2001; Keller and Reiners, 1994) , over- or underestimation of soil moisture may result in strong
discrepancies between measured and modelled N,O fluxes. This knowledge is implemented in all

three models and soil moisture influences nitrification and denitrification processes and rates.
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Hence, we initially adapted field capacity, wilting point, and saturated hydraulic conductivity

individually for each site and model based on the observed soil moisture dynamics.

2.5.2 Calibration to observed carbon stocks
N,O emissions have often been reported to being directly influenced by the SOC content and

mineralization, respectively. Denitrifiers are heterotrophic organisms which depend on carbon to
survive. The turnover of SOC leads to anaerobic conditions in the soil which favors
denitrification (e.g. Burford & Bremner 1975, Senbayram et al. 2012). Thus, correct
representation of the observed C,, content and carbon stocks, respectively, by the models can be
expected to have an impact on modelled N,O-N fluxes. For DNDC, SOC has been found a very
sensitive factor regarding N,O fluxes (Li et al. 1996).

CANDY and DNDC allow the user to use information on soil carbon as input data based on the
assumption of an equilibrium or steady state in the soil. Initial values for Cor, (CANDY) or depth
distribution of soil organic carbon (DNDC) were adapted, in order to meet measured SOC
(0 - 30 cm depth) by the end of the simulation. In DDC, the soil carbon equilibrium has to be
developed by a spin-up of several thousand years. Following this, we started the simulation in
2000 B.C., assuming tropical rainforest as natural vegetation. Conversion was simulated by a
clear-cut of the rainforest, followed by a ploughing event, and application of cattle pasture in the
specific year. This assumption is in accordance to proceedings at the studied sites. In order to
simulate carbon contents under cattle pasture, we adjusted the timing of clear-cut and ploughing,
the C:N ratios of material entering different SOM pools (VARAT), and the corresponding
decomposition rates of SOM with intermediate turnover (DECS5). The effect of a ploughing event
on decomposition can be adapted by cultivation factors (CLTEFF) for the different SOM pools.
These factors multiply decomposition rates in the month of the cultivation. CLTEFF, VARAT,
and the timing of forest conversion and ploughing were kept within the validation process, but
DECS5 was adapted for each site. We used the output parameter somtc, which describes the total
soil carbon including undecayed root litter and appeared us to be closest to measured C stocks
(0 —20 cm depth).

2.5.3 Calibration to observed N2O-N fluxes

N,O-N flux parameters (one for CANDY and one for DDC) were calibrated based on data from
the old pasture. Consistent to the soil physical parameters (see 2.5.2 Calibration to observed soil

moisture), the optimization was performed using the Optimizer tool, described by Oelschligel et
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al. (2015). This tool uses the downhill simplex method of Nelder and Mead (1965), aiming to
find a local minimum of a nonlinear function with more than one independent variable (Press et
al., 1992). Calibrated N,O-N flux parameters were kept during the simulations of the medium-

aged and young pasture in order to enable a validation process.

2.6 Model validation

Models were validated using N,O-N flux data from the medium-aged and young pasture, since
they were not part of the model calibration. During the validation phase we kept plant and
emission specific parameters for each model as adjusted during the calibration phase.
Considering the different soil types (Acrisol vs. Ferralsol) and the differences in clay and carbon
contents of the sites chosen for validation (Table 3.1), we adjusted soil physical parameters and

carbon stocks. The duration and spin-up data was the same for calibration and validation.

2.7 Statistical methods and model accuracy

Data was analyzed and plotted using the statistical tool R 2.15.0. Results were assumed to be
significant for a p value equal or smaller than 0.01.

Model accuracy was based on median values of observed data of soil moisture [Vol %] and N,O-
N fluxes [kg N ha]. Quality criteria were the root mean squared error (RMSE, Eq. 3.1) and the
lack of fit (LOFIT, Eq. 3.2). Latter was described by Whitmore (1991) and evaluates the
difference between measured and simulated values excluding error associated with variations in
the measurements and repetitions, respectively. If replicates are available, LOFIT provides a very
thorough analysis of coincidence (Smith & Smith 2007) and states whether the model error is
greater than the error in the measurements.

In both cases the lower the values — given in the specific unit - the better the fit between observed
and simulated data. The RMSE has an optimum value of 0 representing a perfect match. In
contrast to this, the LOFIT not only accounts for the observed mean value being simulated, but
also considers the variance within the repetitions and can best be interpreted in comparison with

other sites.

RMSE = ($1,(0; — P)* /n)/? (Eq. 3.1)
LOFIT = {lzl mi(Oi - Pi)z, (Eq 32)
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where O and P stand for the observed and predicted values, n is the number of data, and m
represents the number of repetitions. Significance of the LOFIT was tested by comparison of the

F value with the critical 1 % F value.

3. Results and discussion
3.1 Calibration site

3.1.1 Soil moisture
Strong precipitation events were reproduced by increasing soil moisture by all models, but not

always observed in the field (e.g. Figure 3.1; 90 mm precipitation at the end of December 2012).
This cannot necessarily be reduced to model inaccuracy, but to the timing of the daily
measurements. After adjusting default values of field capacity, wilting point, and saturated
hydraulic conductivity (Table B.2), the models were able to reproduce the temporal patterns of
the measured soil moisture (Figure 3.1 a-c, Table 3.4).

The CANDY model strongly reacted to single precipitation events and simulated soil moisture
exceeded soil porosity after heavy rainfall at all sites. This is caused by the inclusion of simulated
puddle water (ponding) in the water balance of the first soil layer, as it was observed in the field
after strong precipitation events. Soil moisture measurements were focused to a depth of
0 - 10 cm, as this depth is assumed to be of great importance for N,O production (Hosen et al.,
2000). Thus, a further segmentation of the first soil layer could be helpful. However, this shallow
depth turned out to be inappropriate for testing CANDY’s water submodule. Following the
process understanding, the standing water acts as diffusion barriers and consequently hinders
N,O fluxes and leads to lower net emissions. In order to get useful optimization results for soil
physical parameters, simulated values which were equal or higher than the soil porosity were
excluded from the optimization process.

The semi-dynamic model DDC matched best with observed soil moisture (RMSE = 4.69 Vol %).
The DNDC model over- and underestimated observations and thus suggested even stronger
dynamics in the water balance than found in the field (RMSE = 7.75 Vol %). Especially on days
without rainfall, simulated soil moisture fell below observed values. This is a result of the high

hydraulic conductivities that were found within the optimization process (Table B.2).
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Figure 3.1: Adaptation of CANDY, DNDC, and DDC to observed soil moisture [Vol %] (0 —10 cm) from an old
(a), a medium-aged (b), and a young (c) cattle pasture.

3.1.2 Carbon stock
The models satisfyingly calculated measured carbon stocks after adjustments (Table 3.3). On the

old cattle pasture, the difference between the carbon content of the first (0 — 10 cm, Corp = 183 g
C kg™ and the second layer (10 — 30 cm, Cog =681 gC kg') was large. CANDY and DNDC
consider this horizon distribution in the outputs and the observed carbon decrease with soil depth
was provided by large differences in the initial horizon-specific parameterization (CANDY) and
a high decreasing content with soil depth (DNDC), respectively (Table B.2). For DNDC, we
adapted the initial SOC content and decrease of carbon content along the soil profile for each site,
and assumed a uniform SOC content in the first 10 cm of each profile.

For DDC we adjusted the maximum C:N ratio of material entering various soil pools (VARAT),
as well as the maximum decomposition rates of soil organic matter (SOM) pools with
intermediate turnover (DECYS) in order to meet measured carbon stocks. Although information

about the year of pasture establishment was available, we did not know about the exact timing of
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the cut-down of the rainforest. Best results were gained by a clear-cut within the first 6 month of
the specific year and a ploughing event after 50 more days. The effect of a ploughing event on
decomposition can be adapted by cultivation factors (CLTEFF) for the different SOM pools.
These factors multiply decomposition rates in the month of the cultivation. During the
calibration, we set the cultivation factors for surface organic matter, soil organic matter with
intermediate and slow turnover to the maximum value of 2.

Attention has to be paid to the different output depths: DDC calculates carbon stocks only for the
first 0 — 20 cm of the soil profile, whereas CANDY and DNDC allow a more horizon-specific
calculation and output. The adapted parameters for each model are listed in Table B.2.

Table 3.2: Measured and modeled carbon stocks in the depths 0 — 20 cm (DDC) and 0 — 30 cm (CANDY and
DNDC) after parameter adjustments.

Site Measured CANDY DNDC DDC
0-20cm® 0-30cm 0-30cm 0-—20 cm
[t ha']
old 34.13 43.94 43.80 44.10 34.15
medium 39.60 55.67 55.64 56.70 39.56
young 31.11 4276 42.98 42 .48 31.10

% recalculated based on the results for 0 — 30 cm

3.1.3 N0 fluxes
Average emissions were highest from the young (183 pg m™ d™') and lowest from the old pasture

(38 ug m™~ d) (Table 3.3). This is consistent with findings of Neill et al. (1995), Melillo et al.
(2001), and Meurer et al. (2016) who reported on decreasing N,O fluxes with pasture age. No
significant difference was found between the young and medium-aged pasture (p = 0.23), but
both were significantly different from the old pasture (p < 0.01). Negative emissions were only
observed on the medium-aged and old pasture. Some studies still dismiss measured fluxes from
the atmosphere to the soil, but Chapuis-Lardy et al. (2007) strongly highlight the importance of
N,O uptake for estimating global N,O budgets, even if they are low. However, consideration of

negative N>O emissions is implemented in none of the three models used in this study.
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Table 3.3: Minimum, median, and maximum N,O fluxes [pug N m? d*] from pasture sites in Novo Progresso.

Site N,O fluxes [ug N m” d”']
Min Median Max
young 28 183 1254
medium -30 164 768
old -79 38 425

Simulated N,O-N emissions from the old cattle pasture are shown in Figure 3.2. Emissions
calculated by the CANDY model followed the low course of the measurements
(RMSE = 0.86 x 10~ kg N ha™). The denitrification rate constant k_deni was found to be optimal
at a value of 1.75 x 10” d”' during the calibration based on emission data from the old pasture.
However, total N,O-N fluxes over the period were underestimated by 22 % (Table 3.5). Similar
patterns were simulated by the DDC model, which showed no noticeable response to
precipitation events. The K, factor, which describes the amount of nitrified N that is lost as N,O,
was optimized to a value of 0.2. This parameterization resulted in an almost perfect match with
cumulative fluxes — the upwards deviation from the measured values was 4 % (0.001 kg N ha™).
The RMSE was slightly higher than from the CANDY model (0.88 x 10~ kg N ha™). DNDC has
a high sensitivity to soil organic carbon and rainfall and simulated emission peaks, which were
not observed in the field. A particular increase occurred on the old pasture following the strong
precipitation event (90 mm) at the end of December 2012, by which the simulated water filled
pore space increased from 0.27 to 0.88. The model suggested that the influence of this rainfall
event on N,O-N fluxes maintains over a longer period (several days) and is taken up by
subsequent rainfall, resulting in another longer lasting emission peak. At the same time, the
simulated soil nitrogen did not decrease during the simulated period, but rather accumulated,
which consequently increased the amount of N available for N,O-N fluxes. As a consequence of
these strong upwards outliers, cumulative fluxes were overestimated by almost 4,400 %
(Table 3.5). The RMSE was two magnitudes higher compared to the CANDY and DDC model
(33.3 x 107 kg N ha!, Table 3.4).
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Figure 3.2: Adaptation of CANDY (a), DDC (b), and DNDC (c) to observed soil N20-N fluxes from an old cattle
pasture. Observed data is presented as median, error bars represent minimum and maximum observations.

Table 3.4: Root mean squared error (RMSE) and lack of fit (LOFIT) of the adapted model outputs regarding soil
moisture [Vol %] and N,O flux [kg N ha™] for three cattle pastures.

RMSE LOFIT
Soil moisture N,O flux Soil moisture N,O flux

Site Model [Vol %] [kg N ha” d] [Vol %] [kg N ha” d]
. g CANDY 5719 0.89x 10~ 6543 ¥ 0.56 x 10~
CR= old DDC 4.69 0.88x 107 4816 0.59x 107
© 5 DNDC 7.75 333x 107 12430 535x 107
CANDY 5.149 2.02x 107 4980 ¥ * 45.6x 107
g medium DDC 1.29 3.09x 10° 377 46.7x 107
5 DNDC 3.34 33.0x 107 2569 279 x 107
% CANDY 3.329 3.01x 107 13042 @ 0.12x 107
> young DDC 1.69 2.86x 107 713 0.11x 107
DNDC 3.60 28.4x 107 2992 1.82x 10

% after exclusion of soil moisture > pore volume
* = model error is significantly greater than measurement error
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Table 3.5: Duration of measurement period [d] and cumulative measured and modeled N,O fluxes [kg N ha™]. Diff
specifies the deviation of cumulative measured and modeled fluxes.

Site Duration Measured CANDY Diff DNDC Diff DDC Diff
[d] [kg N ha™]
old 57 0.027 0.023 -0.004 1.209 +1.182 0.028 +0.001
medium 52 0.094 0.026 -0.068 1.193 +1.099 0.157 +0.063
young 53 0.119 0.022 -0.097 0.974 +0.855 0.029 -0.090

3.2 Validation sites

3.2.1 Soil moisture
After adaptation of soil physical parameter within the CANDY model, RMSEs ranged from 3.38

(young) to 5.16 Vol % (medium-aged pasture). With regard to the medium-aged pasture, the
model error (deviations of model results from observations) was even greater than the error
within the measurement repetitions, as indicated by the significant LOFIT (7,447; Table 3.4). The
variance within the measurements was low on this site, compared to the old pasture, and this
consequently increases the importance of the error caused by model deviations. Best description
of observed soil moisture on the medium-aged and young pasture was given by DDC (RMSEs:
1.29 Vol % and 1.69 Vol %, respectively). DNDC still strongly over- and underestimated
observed soil moisture, as a result of precipitation events and periods without rainfall,
respectively. RMSEs were 3.34 and 3.60 Vol % for the medium-aged and young pasture;

however, the error within the measurements was still greater than the model error.

3.2.2 Carbon stocks
Observed carbon stocks from the medium-aged and young pasture were satisfyingly reproduced

by the models (Table 3.2) after adaptation of initial SOC contents and depth distributions
(CANDY and DNDC, respectively). For DDC, calibrated values for C:N ratio of material
entering the soil pools and the cultivation factor for decomposition were kept during the

validation process and only decomposition rates were adapted site-specifically (Table B.2).

3.2.3 NLO fluxes
Simulated N,O-N emissions for the validation sites (medium-aged and young pasture) are shown

in Figures 3.3 and 3.4. For both models CANDY and DDC, adaptation of the calibrated
parameters (k_deni for CANDY and K, for DDC) resulted in strong under- and overestimations
of observed fluxes from the medium-aged and young cattle pasture. While fluxes from both

pastures were strongly underestimated by the CANDY model (-73% at medium-aged and -84 %
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at young pasture), DDC underestimated observations from the young pasture (-76 %), but
overestimated emissions from the medium-aged pasture by 67 %. Comparable over- and
underestimations were reported from Abdalla et al. (2010) for simulations of N,O-N fluxes from
Irish pastures with (+ 38 %) and without (- 50 %) fertilization. In this study, the model output
from DDC was still in the range of the measured variances for both sites, as indicated by the non-
significant LOFITs (46.7 x 10~ (medium-aged) and 11.0 x 10~ kg N ha™' (young)). However,
these results of the CANDY and DDC model suggest that the adoption of the optimized factors
k_deni (1.75 x 10” d) and K (0.2) to younger pastures is not optimal. Following the assumption
of decreasing N,O fluxes with increasing pastures ages, as mentioned by the authors above and
found in this study, further consideration of the total nitrogen balance of the sites is mandatory. In
this study, none of the models showed a suchlike trend.

In the DNDC model, emission peaks resulting from precipitation events led to strong
overestimation of cumulative fluxes (1,169 % (medium-aged) and 718 % (young)). These values
are clearly higher than overestimation of observed fluxes found by Beheydt et al. (2007) on
grazed grassland sites in Germany (+ 154 %) and by Abdalla et al. (2010) for annual fluxes from
fertilized (+ 132 %) and unfertilized (+ 258 %) pastures. Despite these upward deviations, the
LOFIT still did not indicate significant errors between measured and modeled data (Table 4).
However, RMSEs for DNDC were 10 times higher than for CANDY or DDC (33.0 x 107
(medium-aged) and 28.4 x 10 kg N ha™ (young)).
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Figure 3.3: Model simulations with CANDY (a), DDC (b), and DNDC (c) for N,O-N fluxes from a medium-aged
cattle pasture used for model validation.
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Figure 3.4: Model simulations with CANDY (a), DDC (b), and DNDC (c) for N,O-N fluxes from a young cattle
pasture used for model validation.
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Simulated all-season N,O-N fluxes from the young pasture for the second half of 2012 and the
whole 2013 (Figure 3.5) confirmed that the field studies fell within the most active emission
periods. However, they did not capture the effective end of the dry season, which is accounted by
the CANDY model as period with high, but short-term emission peaks, following single
precipitation events. In contrast to DNDC, which suggested an emission decline to zero from the

second half of the rainy season until the beginning of the next rainy season, CANDY and DDC

still react to the almost daily rainfalls.
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Figure 3.5: Simulated all-season N,O-N fluxes from the young pasture with calibrated CANDY (a), DDC (b), and
DNDC (c) for the second half of the year 2012 and the whole year 2013. Gray shaded areas represent the time

periods of the field studies.
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4. Conclusions

In this study, the hot moments that were predicted by the models were not measured in the field.
This may be because (a) they did not happen or (b) they only occurred during the first
precipitation events at the end of the dry season and hence were missed. There is still a lack of
process understanding regarding the influence of pasture ages on the decrease of N availability
and consequently on N,O emissions is not regarded by the models. This is especially important
when modeling Brazilian cattle pastures, since the Brachiaria grass rather immobilizes soil
nitrogen. Here, process understanding has to be improved and gained knowledge has to be
implemented into the models. In particular, data in higher resolution (daily) over a considerable
period (full year) is needed, in order to prove or disapprove a lacking of emission peaks. In
addition to that, we do not recommend the usage of only one model for tropical cattle pastures.
We rather suggest further model improvement with regard to tropical ecosystems, as well as
model combination. To that effect, development of an overarching tool to operate these (and

additional) models simultaneously may be useful.
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Abstract

The calculation of robust estimates of future greenhouse gas emissions from agriculture is
essential to support the framing of the Brazilian climate mitigation policy. Prerequisite is
information on the future development of land use and land cover change (LULCC) under the
combination of various driving factors operating at different spatial scale-levels, e.g. local land
use policy and global demands for agricultural commodities. The spatially explicit land use
model LandSHIFT was applied to calculate a set of high resolution land use scenarios for
Southern Amazonia. Time frame of the analysis was the year 2030. Based on the generated
maps, emission factors were applied to calculate N,O, CH,4, and CO, emissions from agricultural
soils. The results indicate that future land use pattern and the resulting greenhouse gas emissions
in Southern Amazonia will be strongly determined by global and regional demands for
agricultural commodities but also from the level of intensification of agriculture and the

implementation of nature protection policies.

Keywords: Land use and land cover change, Southern Amazonia, scenarios, agriculture,

greenhouse gas emissions
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1. Introduction

Throughout the last decades, Southern Amazonia was characterized by the conversion of large
areas of forest and Cerrado ecosystems (Kohlhepp 2002; Coy 2001) resulting in high CO,
emissions from soils and vegetation in the phase of land clearing (Schmidt et al. 2011; Krogh et
al. 2003) as well as substantial losses of biodiversity (Martinelli et al. 2010). In the 1990s and
carly 2000s deforestation was one of Brazils’ largest contributors t0 greenhouse gas emissions
(e.g. Lapola et al. 2014). Main drivers of these land use and land cover changes were an
accelerated population growth together with an ongoing trend of urbanization and the expansion
of cropland and grazing land due to an increased global demand for fodder and energy crops,
meat and timber (Godfray et al. 2010). The subsequent agricultural land use currently contributes
~35 % to Brazil’s greenhouse gas emissions (CAIT 2014) mainly in form of CO; but also N,O
and CHa.

After 2005 increasing agricultural production could be considerably decoupled from further
deforestation because of (1) successful initiatives of the Brazilian government and local
authorities to protect natural ecosystems (Gibbs et al. 2015a; Nepstad et al. 2014) and (2) the
decrease of world market prices for soybean (Nepstad et al. 2009; Hecht 2011) in combination
with a further intensification of agricultural systems (Cohn et al. 2014; Macedo et al. 2012). But
it is likely that deforestation and expansion of agricultural land will increase again as soon as
Brazil’s Soy Moratorium ends in May 2016 (Gibbs et al. 2015a), the cattle agreement runs out in
2019 (Gibbs et al. 2015b), and world market prices for soy and cotton eventually rise again.
Therefore, the analysis of future land use and land cover change (LULCC) trajectories is an
essential element for framing policies that aim at reducing land-use related greenhouse gas
emissions as an important means of climate change mitigation.

Land use models in combination with scenario techniques are suitable tools to systematically
explore future LULCC trajectories (Lambin 2000), because they can capture the interplay
between multiple drivers such as agricultural intensification, regional governance and linkages
between regional and global markets (Veldkamp & Lambin 2001; Mietzner & Reger 2005). In
the last couple of years different land use models were used to study deforestation processes
(Soares-Filho et al. 2004, 2006; Walker et al. 2004; Aguiar 2007; Arvor et al. 2013), direct and
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indirect LULCC due to biofuel production (Lapola et al. 2010) and the effect of climate change

on agricultural expansion (Lapola et al. 2011) within the Amazon.

Nevertheless, in their review article Dalla-Nora et al. (2014) stress the need for improved
modelling techniques and for new scenarios which portray the interplay between regional and
global drivers in a more detailed manner as a prerequisite for generating information that is useful
to inform and to support regional policy makers. Dalla-Nora et al. (2014) especially stress the
need of an integration of both intra-regional and global drivers into the modeling step of land
demand calculation. Land demand calculation based on international economic growth or
population growth alone fails to capture intra-regional dynamics, while land demand calculation
based on regional drivers of change neglects pressure due to international trade or productivity
factors. Furthermore, Dalla-Nora et al. (2014) plead against an oversimplification of model
assumptions. For instance, the integration of regional policies (e.g. Soy Moratorium, Cattle
Agreement, and New Forest Code) in the form of land use constraints and management practices
(e.g. multi-cropping) could lead to improved modeling results. Moreover, most of the existing
studies of land-use related greenhouse gas emissions concentrate on the effects of land
conversion, in particular biomass burning (e.g. Fearnside et al. 2009; Galford et al. 2010).

The objectives of our study are twofold. First is to develop a new set of consistent land use
scenarios for Southern Amazonia. These scenarios integrate international (e.g. crop Yyield
development due to technological change (IMPACT), international trade (IBGE)) as well as
regional drivers (regional policies (New Forest Code), pasture intensification) of LULCC. For
this purpose we apply the spatially explicit land use model LandSHIFT (Schaldach et al. 2011) to
translate the scenario storylines that were developed within the Carbiocial project, in a set of land
use maps. Second objective is to calculate the resulting greenhouse gas emissions (CO», N,O, and
CH,) from agricultural soils in order to provide first insights into the potential role of future

agricultural development in Brazil for climate mitigation.

2. Material and Methods

2.1 Study Area
The study focusses on the two federal states Mato Grosso and Pard in Brazil containing 36

municipalities being blacklisted as so called “priority municipalities” in terms of monitoring and
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repressing deforestation through an optimized monitoring system and stricter environmental law
enforcement respectively. These constitute only 6.6 % of the area of all municipalities within the
Amazon biome but accounted for almost 45 % of deforestation within the Amazon. Hotspots of
deforestation can be found especially around the development corridors (BR-070, BR-158, BR-
163). The study area comprises 1,253,165 km? in Par4 and 906,807 km? in Mato Grosso.

Mato Grosso has a population of 3.2 million people (IBGE 2014), 69807 km? of land is used for
soybean cultivation (IBGE 2013) and 1149 km2 were deforested in 2013 which constitutes an
increase of 52 % in comparison to 2012 (INPE 2014b). Another dominant land use sector is cattle
ranching with a total herd size of 28.4 million animals (IBGE 2013). Here the expansion of area
used for soybean cultivation and cattle ranching could be identified as the primary cause of
conversion of natural ecosystems to agricultural land (Greenpeace-Brazil 2009; Barona et al.
2010), mainly located in the Cerrado biome.

Para has a population of 8 million people (IBGE 2014). Only 11,969 km2 of the land is used for
soybean cultivation (IBGE 2013). In 2013, 2,379 km? were deforested which is an increase of
37 % in comparison to 2012 (INPE 2014b). The dominant land use sector is cattle ranching with
a total herd size of 19.2 million animals (IBGE 2013). The natural vegetation is dominated by
dense rainforest (Vieira et al. 2008). A hot spot of LULCC is along the Cuiaba-Santarem
highway (BR-163), the most recent of the development corridors which are used to acquire the
agriculturally rather underdeveloped northern parts of Brazil for crop cultivation and cattle
farming (Coy & Klingler 2008).

2.2 Land use change modeling

2.1.1 Model description
Land suitability and land-use change were analyzed with the spatially explicit LandSHIFT model.
The model is fully described in Schaldach et al. (2011) and has been tested in different case
studies for Brazil (Lapola et al. 2011; Lapola et al. 2010). It is based on the concept of land use
systems (Turner et al. 2007) and couples components that represent the respective anthropogenic
and environmental sub-systems. In our case study land use change is simulated on a raster with
the spatial resolution of 900 x 900 m that covers the territories of the federal states of Mato

Grosso and Para.
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The model consists of sub-modules that represent three different land use types: settlement
(URBAN), cropland (AGRO) and pasture (GRAZE). An additional module (BIOPROD)
provides information on potential rain-fed yields of 14 crop types (wheat, maize etc.) as well as
on NPP for grasslands. This data serves as input to the AGRO and GRAZE sub-modules where it
is used for calculating land suitability and to define the amount of crop production and livestock

that can be allocated to each cell (Figure 4.1).

Macro-level input data: drivers and parameters

Socio-economy Agricultural production
total population numbers * production of n croptypes
environmental policy * number of ruminants
regional planning » impact of technological change on yields

Model output

d L
N

LUC module

Settlement Cropland Pasture
(URBAN) (AGRO) (GRAZE)
LandSHIFT Crop yields Grassland NPP

LN
—~

BIOPROD module

r

Micro-level input data

Landscape and zoning information State variables
+ terrain slope + land-use type
* conservation area * population density

Time series:

Maps (micro-level):
\| * 1and-us§ type _

) . population desity
+ livestock density

Statistics (macro-level):
* loss of natural area
+ general area statistics

Figure 4.1: Structure of the LandSHIFT model (adapted from Schaldach et al. 2010).

LandSHIFT simulates the spatiotemporal dynamics of the three land use types by regionalizing
their state-level drivers to the raster level in 5-year time steps. For this purpose, each land use

type implements two process steps. First the preference of each grid cell for the respective land-

use type is determined using a multi-criteria analysis according to the following equation 4.1:

n m
Wy :zWi Pix XHCj,k’
i—1 j=1

suitabiliy constrains

(Eq. 4.1)
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with Zi w; = 1 and Pik: Cjk € [0,1]

The factors p; reflect the most important geographical and biophysical drivers that affect
suitability for a particular land use type. The factor-weights w; describe the importance of each
factor at grid cell k (e.g. high potential crop yields, moderate slope and no soil constraints would
be favorable conditions for cropland), while c; determine constraints that restrict particular land
use changes (e.g. the exclusion of nature conservation areas from agriculture). Both p; and c; are
normalized by value functions transforming the factor values to a co-domain from 0 to 1. Each
land use activity implements its own evaluation scheme.

The second process step is the allocation of land use changes. Firstly, URBAN determines the
change of settlement area. Then, the allocation algorithm of AGRO regionalizes the state-level
crop production to the cells with the highest preference values for each crop type. It calculates a
“quasi-optimum” spatial crop distribution using the multi objective land allocation heuristic
introduced by Eastman et al. (1996). The crop production of a given grid cell k is defined as the
potential crop yield at k (as calculated by LPJmL) corrected by the influence of TC and
multiplied by the area in k that is not covered by settlement. Finally, the allocation of rangeland
by GRAZE relies on the potential grassland NPP in the grid cells, based on livestock-forage
supply-demand logic. Forage supply is calculated by summing up the grass production of every
rangeland cell multiplied by the fraction of biomass utilizable by livestock (grazing efficiency of
30 %, according to Stéphenne and Lambin (2001)). Total forage demand is determined with the
multiplication of the total ruminant herd size by the average forage consumption per livestock
unit (4.6 Mg yr). The share of forage demand fulfilled by rangeland is specified for each
country individually by analyzing the available grassland forage in the base land use map and is
kept constant during the simulation. If forage demand is higher than the supply, then new
rangeland cells are allocated, starting from grid cells with the highest suitability until the demand
is fulfilled.

2.2.2 Model modifications
For the calculation of land use scenarios in Southern Amazonia a regional version of the model
has been developed. Important elements of the scenario storylines (section 2.6) are related to land

use policies and agricultural intensification. In order to reflect these assumptions more accurately,
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the LandSHIFT model has been modified by integrating a new agricultural land-use type and a
new process that describes the further intensification of pasture management.

The Legal Intensification scenario presumes the compliance with the new Brazilian forest code
(Soares-Filho et al. 2014). For this purpose a new mosaic land use type was implemented. This
land use type consists of 20 % cropland or rangeland and 80 % forests. This adaptation reflects
the partial conservation of forest land cover from conversion into agricultural land as is presumed
in the case of the Legal Intensification scenario and described in more detail in section 2.6.2.

In order to represent the intensification of pasture management described in some of the scenarios
the model includes the new variables intensification rate and maximum intensity. The
intensification rate specifies the increase of biomass productivity of each pasture cell per time
step until the defined maximum is reached. In Para we assume an intensification rate of 4.5 % per
time step up to a maximum of 30 %. That means that the biomass productivity of any pasture grid
cell is increased by 4.5 % until biomass productivity is 30 % higher than in the base year. As
agriculture in Mato Grosso is presumed to be more mechanized, large scale, and world market
oriented (Jasinski et al. 2005; Arvor et al. 2012), we assume an intensification rate of 9 % up to a
maximum value of 50 %. These assumptions are based on past pasture intensification rates in
Brazil. The stocking density of pastures in Brazil has been continuously rising from 1990 to 2010
(Lapola et al. 2014, Robinson et al. 2007). The increase amounted to 45 % over the respective

period.

2.2.3 Model input data
LandSHIFT is initialized with a gridded historic land use map representing the year 2001 which
combines MODIS land-cover data (Friedl et al. 2002) and statistical information on the spatial
distribution of crop types. The size of the grid cells is 900 x 900 m. Human population density for
each cell was derived from the population density data set published by Salvatore (2005).
Moreover the model input comprises spatial datasets in regard to terrain slope, river and road
network as well as protected areas used for the suitability analysis. Grid level information on
terrain slope is based upon the SRTM30 data set (Farr and Kobrick 2000). Information on the
river network and the road network were derived from Banco de Nomes Geogréaficos do Brasil
database (IBGE 2012). Spatial data sets with the location of military areas, ecological and

indigenous protected areas were provided by the Zoneamento Ecologico-Economico da Rodovia
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BR-163 and the Ministério do Meio Ambiente, respectively. Crop yields and biomass productivity
of pasture were calculated by the LPJmL model (Bondeau et al. 2007) for current climate
conditions, defined by the reference period 1971-2000 using the CRU TS 2.1 dataset for monthly
precipitation, air temperature, cloud cover, and frequency of wet days (Mitchell and Jones 2005).
Additional datasets (soil texture, soil moisture, tree cover, and atmospheric CO, concentration)
were applied according to Sitch et al. (2003). LPJmL modeling results are typically available in a
spatial resolution of 0.5° and had to be adapted to the resolution used for modeling LULCC with
LandSHIFT of 900 x 900 m. For this purpose we simply disaggregated the 0.5° cell to 900x900
m cells. We assumed the yield value of the lower resolution cell to be valid for each 900 x 900 m
cell that is an element of this 0.5° cell.

On the municipality level, data on crop production, human population number, and number of
grazing animals (converted into livestock units (LU)) was taken from the municipal livestock and
agricultural production survey for the years 2000, 2005 and 2010 available at the IBGE database
(IBGE 2013). Information on agricultural area for both of the Federal States was also derived
from the IBGE database but used only for the step of base-map generation. These model drivers
were aggregated to the state level (i.e. for Mato Grosso and Para) and serve as input for the
URBAN, AGRO and GRAZE modules. Table C.1 summarizes the data used to initialize and

operate the model.

2.3 Calculation of N,O and CH, fluxes from agricultural soils
We used the average N,O emissions reported in the review of Meurer et al. (2016) for different
land use types in Brazil (Table C.2). The authors of that study showed the non-linear relation
between N,O fluxes from soils and pasture age (years since conversion), and hence distinguished
between pastures younger and older than 10 years. In this study we considered pastures in 2010
to be older than 10 years, but included the age and the corresponding average emissions of the
pastures established after 2010 for estimation of total N,O fluxes. For methane, cropland is
reported to be a sink for atmospheric CH,, although positive fluxes from pastures were reported
by almost all references included in this study. Furthermore, this assessment of N,O and CH,
emissions focusses on emissions after clearing (persisting land use) and does not consider

emissions that originate from the conversion process.
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2.4 Calculation of CO, fluxes from agricultural soils
COz-emissions and uptake from agricultural soils were derived from changes in soil organic
carbon (SOC) stocks under different land use regimes. Here we rely on field trials conducted
within the Carbiocial project where soil samples were taken from 29 plots in the study region
according to the methods described in the Supporting Information. To include the most common
soil types of the Amazon region the analysis concentrated on Ferralsols and Acrisols.
Additionally it was distinguish between old (> 10 years) and young (< 10 years) forms of pasture
and cropland in order to capture the specific potentials to absorb or emit CO,. Result of the
analysis was a set of emission values (Table C.3) that was be applied to determine carbon fluxes

for the different land use scenarios.

2.5 Effects of climate change and technological improvements on crop yields

The potential impact of changing temperature and precipitation in combination with CO, effect
on crop growth is strongly debated in scientific literature, especially for the Amazon region
(Lapola et al. 2011; Justino, Oliveira et al. 2013). In order to account for potential climatic effects
in 2030 for agricultural development, and to augment we have conducted simulation runs for
soybean and maize (for which tropical cultivar calibrations are available), using the Model of
Nitrogen and Carbon dynamics in Agro-ecosystems (MONICA), that was developed for the
assessment of climate change impact on agricultural production (Nendel et al. 2011). Climate
data was taken from the SRES A1B scenario simulated with the IPCC Climate Model ensembles
and downscaled with the Statistical Regional Model (STAR).The STAR model predicts a
temperature increase of 1.7 K and a precipitation decline of 20 — 30 %, which turns out to be
more severe in Mato Grosso than in Pard. For more detailed information on climate model input
see Bohner et al. (submitted).

Future crop productivity will not only suffer alteration from changing climate conditions, but it
may also profit from genetic improvement and progress in crop management. Therefore, we
developed a new approach of how to forecast technology driven yield increases. This approach is
based on the assumption that there is a biological maximum to crop yields that supersedes all
environmental limitations. These limits are 35 t ha™* for maize and 12.5 t ha™* for soybean (Specht
et al. 1999). Currently, highest maize yields observed on experimental sites of the Brazilian

Agricultural Research Corporation (Embrapa) in the Centro-Oeste region of Brazil are about 12.2
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t ha?, while soybean yields in famer competitions reached 7.6 t ha® (Embrapa 2014, CESB
2015). We further assumed that yield increases due to technological progress can best be
described by a sigmoid curve, with initial low increases that accelerate over time and slow down
as they move towards the biological yield maximum. We then estimated individual sigmoid
functions for each grid cell and applied them to the previously simulated yield maps of the
MONICA model.

2.6 Construction of land use scenarios

2.6.1 The scenario building process

A central aspect of the Carbiocial project was the construction of scenarios that describe plausible
future development pathways of Southern Amazonia until the year 2030. The main intention was
to provide an instrument for informed stakeholder dialogues and as a framework for designing a
multi-level decision support tool that can help to identify potential environmental risks associated
with specific regional development trajectories. Four scenarios were developed each consisting of
a storyline and related quantitative information that describe the main drivers of LULCC such as
agricultural production, technological change, population, infrastructure and governance. These
drivers were used as input for the LandSHIFT model to conduct simulation runs. In the following
we give an overview of the main characteristics of the storylines and their translation into drivers
of LULCC.

2.6.2 From storylines to drivers of LULCC
Each scenario consists of a storyline which is a short narrative of the respective future world. On
this level the most important small-scale factors and agents such as farmers and institutions are
considered. On the basis of the outcome of a scenario workshop, a panel of experts was
established. This expert panel has then begun to translate the findings of several stakeholder
workshops and extensive stakeholder and expert interviews, which were conducted throughout
2012 in the project region, into qualitative information needed to further define these scenarios.
Four narrative storylines outlining the Trend scenario and three further scenarios have been
deduced. The next step was the quantification of the qualitative information deviated from these
storylines so that scenarios can be designed to ultimately facilitate a simulation-based scenario

analysis. For this purpose, land use drivers were classified into three categories (human
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population, agricultural development, and land use policy). For each of these categories the main
statements have been extracted from the storylines and interpreted into assumptions that can be
translated into numerical drivers of LULCC according to Tables C.4 — C.7.

The storyline of the Trend scenario describes a growing production of agricultural commodities
in the study region. At the same time further intensification of the agricultural sector leads to
increasing crop yields. Natural ecosystems that are not located in protected areas are still
converted into cropland and pasture. Migration processes lead to a strong population increase.
The numerical land use drivers between 2010 and 2030 (crop production and population) were
derived by linear extrapolation of historical trends from 1973 - 2000 employing the method of
least squares (Rao et al. 1999) and in case of crop yield increases due to technological change
from a global scenario analysis with the economic trade model IMPACT (Rosegrant 2012)
conducted in context of food security research (Vervoort et al. 2013). In this storyline, in Paré
crop production (in kg) will increase by 108.5 % and in Mato Grosso by 64.5 %. Crop yields will
augment by 50.1 % in Para and by 48.9 % in Mato Grosso, and livestock numbers will grow by
217 % in Pard and by 157 % in Mato Grosso. In both states population is projected to rise by
35%. The model settings for protected areas and infrastructure development are presented in
Table C.8.

The Legal Intensification and the Illegal Intensification scenario are characterized by a further
increase of crop production and livestock numbers due to a growing demand for these
agricultural commodities from Asian countries. As a result crop production is projected to
increase by 120.7 % in Pard and by 69.6 % in Mato Grosso, while livestock numbers will
increase by 284 % in Para and by 211 % in Mato Grosso. Crop yields increases are similar to the
Trend scenario. Additionally the scenarios presume the intensification of cattle ranching as
described in section 2.2.2. The two scenarios differ in respect of the assumed enforcement of
environmental law (Table C.8). Under Legal Intensification the conversion of protected areas of
any kind is not allowed. In addition we assume compliance with the New Forest Code which
implies that cropland and pasture expansion is realized as the new mosaic land use type (section
2.2.2), leaving 80 % of natural land on the newly converted grid cell intact. In contrast, the
Illegal Intensification scenario is characterized by weak law enforcement. Here only military and
indigenous areas are protected while areas under ecological protection status are de facto
available for agricultural use. Also the compliance with the New Forest Code does not apply.

80



4. Future scenarios of land use and land cover change in Southern Amazonia and its impacts on
greenhouse gas emissions from agricultural soils

The Sustainable Development scenario describes a society that enjoys a social model based on
participation, citizenship, an inclusive economic system with clear land titles and strong law
enforcement. Natural resources are well protected. Due to a global shift towards a more
vegetarian diet that is oriented on WHO recommendations (e.g. Srinivasan et al. 2006; WHO
2014) we find a strong decrease of livestock numbers and a significant increase of crop
production (soybeans, beans, fruits and vegetables) for compensating the calorie intake formerly
realized by animal products. Due to less immigration from other parts of Brazil, population
increase is lower than in the other scenarios.

Accordingly, crop production will increase by 629.6 % in Para (considering massive growth rates
of beans and soybean due to low historic production) and by 192.2 % in Mato Grosso. Due to the
strong focus on crop production, crop yields are assumed to have a stronger increase than in the
other scenarios (+ 95.1 % in Para and + 93.6 % in Mato Grosso). Livestock numbers are
estimated to decrease by 75 % in Pard and by 50 % in Mato Grosso while human population was

calculated to increase by 32 % and by 29 % respectively.

2.7 Modeling protocol

Using these scenario drivers as input the LandSHIFT model generates digital maps for 2010 until
2030 in 5-year time steps that depict the resulting LULCC. For further analysis we aggregated the
12 crop types into the land use class cropland, the 5 forest types into the class rainforest, and the
2 savannah vegetation types into the class savannah (Cerrado) according to Table C.9. Changes
in location and area of the respective land use types were determined by comparing the maps for
2010 and 2030 using GIS software.

In the second step of the analysis we first classified cropland and pasture in the 2030 map as
“new” and “old” and additionally assigned each cell in the 2010 and 2030 maps to the Ferrasol
and Acrisol soil type. Then the N,O and CH,4 emissions as well as CO, emissions (derived from
SOC stock changes) were calculated for each cropland and pasture cell in both maps using the

emission values described in sections 2.3 and 2.4.
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3. Results

3.1 Model output
The LandSHIFT simulation results for all scenarios are summarized in the supporting materials,
(Tables C.10 — C.12). Calculated N,O and CH, emissions are shown in Table C.11 while the
calculated CO, emissions are summarized in Table C.12. Figure 4.2 shows the simulated land use
maps for the base year 2010 and the scenarios in 2030. Figure 4.3 shows the land use and land
cover change for each of the applied scenarios between 2010 and 2030. Figure 4.4 depicts the
expected changes of GHG emissions according to the calculated LULCC for each of the
scenarios. Figure 4.5 presents total global warming potential (GWP) [CO,-eq] for the greenhouse
gases COy, N0, and CHy4 in 2030 for each of the calculated scenarios. In the following sections

the main characteristics of the scenarios are described.

3.2 Trend Scenario

3.2.1LULCC
In Para the loss of tropical rainforests amounts to 113,370 km? (-11.5 %) while 12,879 km? of the
Cerrado biome is converted into urban and agricultural land. The majority of deforestation can be
found in close proximity to the newly established development corridors (BR-163, BR-230) and
along the eastern border of the state. The largest fraction of the converted land is used for pasture
(102,271 km?) which almost doubles compared to 2010. Cropland expands by 16.4 % from
147,960 to 172,190 km? despite the assumed yield improvements due to technological change
(e.g. more efficient crop varieties; improved agricultural management). Urban area expands from
599 km? to 640 km? by 6.9 %.
In Mato Grosso 34,360 km? (-20.1 %) of Cerrado are converted, followed by forest with
30,136 km? (-8.4 %) and grassland with 2,143 km? (-11.1 %). Most of the loss of natural
vegetation can be witnessed along the BR-163 (central north-south axis) with ongoing expansion
to the east and west from this starting point, along the east-west axis in southern Mato Grosso
(BR-070) and along the eastern north-south axis (BR-158). The area in central southern Mato
Grosso (Pantanal) is not affected by LULCC as it is defined as nature protection area. Pasture
area expands from 168,198 km? to 252,786 km? (+ 50.3 %). Cropland decreases by 8.3 %.
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3.2.2 N,O, CH,, and CO, emissions from agricultural soils

In Para, N,O fluxes more than double due to the expansion of pasture area and cropland. In Mato
Grosso, total emissions from pasture soils almost double between 2010 and 2030. 83 % of
pastures in 2030 are older than 10 years and account for 63 % (0.02 Mt) of the total N,O fluxes
from pasture. The slight decline in cropland leads to an emission decrease. The emission patterns
are the same for methane with the difference that most of the fluxes are negative and thus, soils
are a CH, sink. The only exceptions are pastures, since the emission factor assumed accounts for
CHy, fluxes from the soil to the atmosphere.

In Para net CO, emissions from agricultural soils increase from 70 Mt in 2010 to 216Mt in 2030.
During the same period, in Mato Grosso CO, emissions rise from 38 Mt to 224 Mt. Main
contributor in both states is old cropland (> 10 years) followed by old pasture. Uptake by young
cropland in 2030 amounts to approximately 1 Mt in Para and 4 Mt in Mato Grosso, respectively.
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Figure 4.2: Land use and land cover changes [km?] in Pard and Mato Grosso between 2010 and 2030.
SD = Sustainable Development, ILI = Illegal Intensification, LI = Legal Intensification, TD = Trend.
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Carbiocial scenarios as simulated by the LandSHIFT model.
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3.3 Legal Intensification scenario

3.3.1LULCC

In Par4 57,339 km? of rainforest (-5.8 %) and 14,721 km? of Cerrado vegetation (-59.7 %) are
converted. Urban area increases by 6.2 % from 599 km? to 636 km?. Cropland increases by
50.5 % from 134,641 km? to 222,677 km2. In contrast, pasture is slightly decreasing. The results
for Mato Grosso indicate a loss of 8,937 km? of Cerrado and grassland ecosystems. The
converted area is utilized mainly for crop cultivation with cropland increasing from 221,389 km?
to 240,987 km? (+ 8.9 %) while pasture decreases from 168,198 km? to 157,536 km? (- 6.3 %).

In both states the decrease of pasture can be attributed to the intensification of grazing
management which is sufficient to absorb the additional pressure by increasing livestock numbers
and therefore seems to be a suitable tool to substantially reduce LULCC.

Due to the compliance to the Brazilian forest code the resulting land use pattern has a very
different characteristic from the trend scenario. As we have previously described, the newly
allocated cropland cells have a mosaic land-cover consisting of 20 % cropland and 80 % of the
original natural land-cover type. This might have positive effects for example on biodiversity
compared to larger agricultural entities but de-facto means that human activities affect a larger
area. Another negative side effect is that cells with potentially high crop yields can only partly be
used for crop production. As a result the production that could have been generated on this land
has to be realized on additionally converted land with lower crop yields which will lead to an

over-proportionally expansion of cropland.

3.3.2 N,O, CH,4, and CO, emissions from agricultural soils

Total N,O fluxes slightly increase in Pard and Mato Grosso mainly due to an expansion of
cropland. In Mato Grosso, young pastures exist, but they only amount for 0.9 % of the total
emissions in 2030. N,O fluxes from pastures are slightly lower (~ 5 %) in 2030 as compared to
2010. At the same time the soils uptake of atmospheric CH, increases in both states also because
of an expansion of cropland.

In Para net CO, emissions from agricultural soils increase from 70 Mt in 2010 to 244 Mt in 2030.
In Mato Grosso we find an increase to 242 Mt. Similar to the trend scenario old cropland and old
pasture are the main sources. CO,-uptake by young cropland amounts to 0.24 Mt in Pard and 5
Mt in Mato Grosso.
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3.4 lllegal Intensification scenario

34.1LULCC

In Par4 99,377 km? of tropical rainforest is converted. Cerrado decreases by 62.2 % from 24,648
km2 to 9327 km?. Grassland and Cerrado diminish almost completely. Urban area spreads by
6.9 % from 599 to 640 km?. Cropland increases by 26.5 %. The scenario assumes the possibility
to convert land that is under protection (e.g. nature reserves), thus opening up spaces that are not
allowed for conversion in all other scenarios. Such areas are mainly located in north-western and
in north-eastern Para on an east-west axis between Baia do Vieira Grande and Baia de Marajo. At
the same time we see that pressure is relieved from regions less favorable for crop cultivation
(e.g., due to lower potential crop yields). Examples can be found in north-eastern Parg, east of
Baia de Marajé and in south-eastern Para, north of the state border to Mato Grosso. Pasture
expands by 74.4 % mainly in the regions south-western Para (Parque Nacional do Rio Novo) and
west of the BR-163 that are favorable for conversion due to their proximity to roads and urban
centers. Further areas are acquired in the north-western region of Para close to Bahia and to the
north of Bahia. Generally speaking, the opening up of regions formerly protected due to their
ecological richness leads to an increased destruction of rainforest and other natural vegetation
cover.

In Mato Grosso forest cover only slightly decreases by 0.2 %. The largest share of land
conversion is at the expanse of Cerrado vegetation that diminishes by 6.8 %. Most of this
conversion is located in southern Mato Grosso (Pantanal). Large areas are also converted along a
north south axis in central Mato Grosso and along the courses of the rivers Rio Juruena and Rio
Sdo Manuel. 9.9 % of grassland vegetation is converted. Urban area is estimated to expand by
0.3 %. Most of the natural vegetation cover (27,939 km?) is converted to cropland corresponding
to an expansion by 12.6 %. At the same time rangeland area decreases by 10.5 %. Due to
expansion of pasture taking place mainly in central southern Mato Grosso, large areas of rain
forest can be spared from deforestation, e.g. along the courses of the rivers Rio Juruena and Rio
S&o Manuel and west of the Rio Xingu along a north-south axis. This again shows the suitability
of intensification measures to preserve rainforest but also the necessity to legally protect rare and

ecologically precious zones from destruction.
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3.4.2 N,O, CH,, and CO, emissions from agricultural soils

In Pard, total N,O fluxes from agricultural soils increase by 68 % from 2010 to 2030 due to an
expansion of cropland and pasture. In Mato Grosso, total N,O fluxes amount to 0.034 Mt for
2030. This is an increase of 2.4 % compared to 2010. 1.4 % of total pasture emissions derive
from young pastures. Uptake of atmospheric methane is reduced in Para, but increased in Mato
Grosso. While the uptake reduction in Para is mainly driven by an expansion of pasture area, in
Mato Grosso the loss of pasture area and expansion of cropland lead to decreasing CH4 emissions
to the atmosphere and an increasing CH,4 uptake.

COz-emissions from agricultural soils increase to 227 Mt in Para and to 240 Mt in Mato Grosso.
Main sources are old cropland and old pasture. As a consequence of the increasing pasture area in
Pard, emissions from young pasture also play a significant role (10 Mt). Again, young pastures
act as a carbon sink in both states with an uptake of 1 Mt CO; in Para and of 4 Mt CO, in Mato

Grosso.

3.5 Sustainability scenario

3.51LULCC
In Par4 3,766 km? of natural vegetation cover are converted into croplands. As forest is fully
protected the majority of the converted area (98.5 %) is Cerrado vegetation. Caused by the lower
meat consumption, pasture areas considerably decrease until 2030. In total, 89,038 km2 (-86.7 %)
of the original pasture (2010) can be released. In contrast cropland increases by 53.9 % from
134,641 km? to 227,636 km2. Thus, most of the newly established cropland area is found in areas
that were formerly used for grazing and could be released due to the declining demand for meat.
Similar to the trend scenario new cropland is located in regions west of Rio Tocatins, along the
development corridors (BR-163, BR-230) and around the shores of the Amazonas in western
Para (close to Santarem). Most of the new cropland is allocated on former pasture characterized
by relatively high crop yields.
In Mato Grosso 36,731 km? (-21.5 %) of Cerrado is lost. Also grassland vegetation diminishes
considerably by 5,761 km2 (-30.1 %). Similar to Para, forest area is protected and remains
constant. As expected, most of the converted area is used for crop cultivation. Consequently
cropland expands from 212,389 km? to 266,481 km? (+20.4 %). Also triggered by the shift in
diets, pasture area is slightly decreasing.
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3.5.2 N,O, CH,, and CO, emissions from agricultural soils

In total, N,O fluxes are reduced by 2.9 % in Para but increase by 10.3 % in Mato Grosso. In Para,
the highest emission reduction is caused by the decrease of pasture area, whereas cropland
expansion increases N,O fluxes. The increase of cropland in Mato Grosso and thus, the increase
of N,O emissions, surmount the decrease due to a reduction of pasture area and lead a total N,O
emission increase of 10 %. The total uptake of atmospheric methane increases by 0.022 Mt in
Para and by 0.006 Mt in Mato Grosso. Main driver in Para is the reduced pasture area which
leads to 0.01 Mt less CH,4 fluxes to the atmosphere. The decrease of CH, emission in Mato
Grosso is mainly resulting from an expansion of cropland that functions as a sink of atmospheric
CHa.

Due to the strong expansion of cropping area, young cropland forms a significant carbon sink.
CO,-uptake amounts to 30 Mt in Par and 225 Mt in Mato Grosso, respectively. Nevertheless in
Para net emissions increase to 197 Mt and in Mato Grosso to 225 Mt in 2030. Main contributor in
both cases is old cropland while emissions from pasture are lower than in the other scenarios due

to the decline of pasture area.

3.6 Impact of climate change and technological change on crop yields

The simulation results from the MONICA model for Pard show a 21 % decrease of average
soybean yields from 2.4 t ha™ in 2000 — 2005 under current climate to 1.9 t ha™* in 2025 — 2030
under the A1B climate scenario. Second-season maize yields (braz.: safrinha), in contrast, are
likely to benefit from changing climatic conditions and will experience an increase of 31 % from
3.2 tha'to 4.2 t ha in the same time period, according to the model. This is because second-
season maize is sown in the colder dry season, where relatively low temperatures inhibit biomass
accumulation. A moderate temperature increase of 0.5 — 1.0 K as predicted for Para, will
therefore lead to an increase of second-season maize yields.

In Mato Grosso, soybean yields will decline by 17 % from 2.3 t ha™ in 2000 — 2005 to 1.9 t ha™ in
2025 — 2030. This productivity decrease is due to a precipitation reduction of about 30 % and a
temperature increase of 1.0-1.7 K which accelerates the crop development and increases the
probability for heat stress on crops in the already warm rainy season. Other than in Para, maize

yields in Mato Grosso are likely to stay unchanged at 5.2-5.4 t ha™*. Here, the yield increasing
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effect of higher temperatures in the dry season is outweighed by a strong precipitation reduction,
which negatively affects the mostly rain-fed maize production.

Our analysis also shows that technological progress is likely to increase average soybean yields
in Pard and Mato Grosso by 76 and 69 %, respectively, from 2000 — 2005 to 2025 — 2030. Maize
yield increases due to genetic gains and improved crop management will turn out even clearer:
Simulation results indicate productivity gains in maize production of 111 % in Para and 120 % in
Mato Grosso. Accounting for both effects together (climate change and technological progress),
soybean yields will increase by 55 and 52 %, while maize productivity will increase by 142 and
123 % in Pard and Mato Grosso, respectively.

In comparison, in the scenarios the soybean yields are projected to increase by 39.2 % except for
the Sustainable Development scenario where we assume an increase by 80.9 % due to the strong
focus on crop production and relevant technological improvements. The maize yield is projected
to increase by 70.3 % in the case of the Trend scenario as well as both intensification scenarios.
Under Sustainable Development we assume a maize yield increase of 121.4 % due to the same

reasons as stated earlier.

Para Mato Grosso

CH, N,O
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Figure 4.4: Changes of GHG emissions (N,O, CH,, and CO,) [Mt] in Para and Mato Grosso between 2010 and
2030. SD = Sustainable Development, ILI = Illegal Intensification, LI = Legal Intensification, TD = Trend.
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Figure 4.5: Emissions of CO,, N,O, and CH, [Mt CO,] from Para and Mato Grosso in based on the land use
distribution in the year 2030.

4. Discussion

The main objective of this modeling exercise is to support scenario developers and decision
makers to better interpret the storyline assumptions and to evaluate potential impacts of changes
in politics, society, and economy on the resulting environmental consequences. In this context
our models can provide a test-bed for the effectiveness of strategies aiming at a more sustainable
land-management and can help to identify potential hot spots of future LULCC.

4.1 Discussion of LULCC scenario results
The largest reduction of rainforest was simulated for the Trend scenario. Main driver is the
expansion of pasture. This is typical for the dynamics of pioneer frontier development in this
region of Brazil where newly deforested area is first converted into pastures and after being used
for several years converted into cropland (e.g. Coy and Klingler 2008; Pacheco 2012). The loss
of rainforest could be considerably lowered in the Legal Intensification scenario (compliance
with the New Forest Code), indicating that, especially in Pard, effective governance and
protection of natural habitats play an important role for reducing deforestation (Arima et al.
2014). These results are reinforced by Soares-Filho (2010) who arguments that 37 % of
deforestation could be halted by the establishment of new protected areas. The compliance with
protection policies leads to a reduction of deforestation by 35 % in the case of the Legal

Intensification scenario in comparison with the lIllegal Intensification scenario. However,
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especially in Pard at the frontline of the agricultural frontier land holders often do not acquire
large parcels of land and split them into 80 %/20 % shares but rather acquire small parcels of
rainforest connected to one of the development corridors. A split of these small parcels according
to the regulations of the New Forest Code imposes a high risk of habitat fragmentation resulting
in lower species abundance (Chaplin-Kramer et al. 2015). Additionally this development does not
occur from the edge of the rainforest inward but rather from the inside. This might lead to higher
carbon losses due to the higher amount of carbon stored in the central parts of the forest
compared to the forest edges (Chaplin-Kramer et al. 2015).

For both states the highest increase of pasture occurs in the Trend scenario. In this particular case,
we see a strong increase of meat demand while there is no intensification of pasture management.
Consequently the additional feed demand has to be fulfilled alone by further area expansion.

The highest increase of cropland area is projected for the Sustainable Development scenario for
both states which can be explained by the soaring demands for crop products due to a shift
towards a vegetarian diet. Parts of this additional demand are fulfilled by crops (e.g. soybean)
formerly used as livestock fodder. It is important to note that a substantial share of the newly
acquired cropland is located on former pasture. Interestingly, in Para under the Illegal
Intensification scenario the expansion of cropland into protected areas leads to a considerable
reduction of the total increase of cropland area. In these regions areas with higher crop yields
could be converted, thus sparing land from conversion into cropland.

The highest reduction of rangeland in Para could be achieved for the Sustainable Development
scenario due to the lower demand for meat products. Pasture expansion under the Legal
Intensification scenario is substantially lower than under Illegal Intensification. This underlines
the important role of governance and for reducing area expansion while simultaneously fulfilling
the growing demand for agricultural commodities as has been emphasized by Soares-Filho
(2010). In contrast, the reduction of pasture in Mato Grosso is highest in both intensification
scenarios, indicating that in this particular case the effect of a more intensive pasture management
outweighs the effect of the reduction of meat production.

Pasture intensification in Para only leads to a reduction of pasture expansion in the Legal
Intensification scenario. The assumed intensification rate of 4.5 % is too low to halt pasture
expansion for the case of the Illegal Intensification scenario, suggesting that a higher
intensification rate is necessary to completely fulfill the demand for meat products without

92



4. Future scenarios of land use and land cover change in Southern Amazonia and its impacts on
greenhouse gas emissions from agricultural soils

further conversion of natural ecosystems. For Mato Grosso a higher intensification rate was
assumed, thus expansion of pastures could be halted in the case of both intensification scenarios
indicating the need for pasture intensification as a mean of habitat protection as has been
discussed by Galford et al. (2013). This result is supported by Cardoso et al. (2016) who
compared the results of 5 different intensification scenarios with each scenario representing a
higher degree of pasture intensification. Cardoso et al. (2016) found that the introduction of a
forage legume on Brazilian pastures, thus increasing the digestible biomass productivity on
pastures, led to a reduction of pasture area by 36 % in Brazil. We found that an increase of
pasture productivity leads to a reduction of pasture area by close to 44 % when comparing Trend

and Legal Intensification scenario focusing on a Brazilian hotspot of pasture farming.

4.2 Roads to a more sustainable use of land resources in Southern Amazonia

In our scenarios we investigate three main mechanisms that can be part of such strategies: land
protection policies, agricultural intensification and changing human consumption patterns.

The outstanding role of land protection policies becomes obvious in all scenarios as suggested by
Arima et al. (2014). As biophysical conditions of natural ecosystems in Southern Amazonia are
often very suitable for agriculture, without effective protection measures in our simulation runs
these are being converted into cropland and pasture when agricultural production cannot be
compensated by intensification. In the scenarios land protection is realized either as a land use
mosaic under the New Forest Code or by the strict protection of specific regions. A detailed
analysis of the resulting effects of both approaches on biodiversity was beyond the scope of this
paper.

In section 4.1 we elaborated that the intensification of pasture management plays a crucial role in
reducing the area that is needed for cattle grazing. Especially in Mato Grosso intensification was
identified as a powerful instrument to stop further expansion of pasture even under increasing
livestock production as has been proposed by Galford et al. (2013). In the case of Parj,
intensification measures were less relevant for reducing pasture expansion. Here, the compliance
with the public policies (e.g. New Forest Code) and the protection of natural habitats in
combination with a shift of human consumption patterns towards a more crop-based diet had the
strongest impact in terms of a reduction of pasture expansion and forest loss.
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Also the expansion of cropland was strongly influenced by the demand for crop products and
crop yield increases due to technological change and intensification of agricultural management.
In both states the largest expansion of cropland can be found in the Sustainable Development
scenario where it could be compensated by the drastic decline of pasture area. Interestingly, we
can see a reduction of cropland area in the Trend scenario in Mato Grosso. This effect can be
traced back to the decoupling of agricultural production and area expansion that could be
witnessed over the latter half of the first decade of this century and can be explained by
agricultural intensification (e.g. Gollnow and Lakes 2014, Macedo 2012). However, if we assume
further increase of crop production, e.g. in the Legal and lllegal Intensification scenarios, this
effect is cancelled out.

These findings are supported by Bringezu et al. (2012) and Stehfest et al. (2009) who also see
changes of human consumption behavior in combination with more intensive land use as a

crucial element for avoiding further LULCC.

4.3 Agriculture and greenhouse gas emissions

In contrast to the comprehensive study by Galford et al. (2010) on the effect of alternative
deforestation futures on greenhouse gas emissions in Mato Grosso, in this study we focus on
cropland and pasture and their role as respective sources or sinks for CO,, N,O, and CH,4. As our
scenario analysis shows (Figure 4.4 c), the Sustainable Development scenario and thus, a
considerable change in terms of anthropogenic consumption pattern, produces the lowest GHG
emissions compared to the other scenarios. In order to compare the values of emission of the
greenhouse gases CO,, N,O, and CH,; the emitted amounts were converted into CO;-eq
according to Myhre et al. (2013) in relation to a time horizon of twenty years (GWPcps = 86,
GWPn20 = 268) .

As expected, in Para the largest reduction of N,O and CH, emissions from pasture is achieved for
the Sustainable Development scenario. In contrast, in Mato Grosso the reduction of non-CO,
greenhouse gases from pasture is largest under the Illegal Intensification scenario. Here pasture
expands into protected areas (mainly the Pantanal) that are characterized by higher biomass
productivity thus reducing the net area demand. The highest increase of N,O and CH,4 from

pasture is calculated for the Trend scenario as we assume high rates of livestock production
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increases while simultaneously restricting the possibility to realize this production by mean of
pasture intensification.

The highest increase of CH,4 uptake by cropland in Para could be achieved for the Sustainable
Development scenario. A decrease of N,O emissions from cropland is only calculated for the
Trend scenario in Mato Grosso due to the reduction of cropland area.

For both states a substantial increase of CO, emissions from cropland is calculated for all
scenarios due to a decline of young cropland that acts as a carbon sink in favor of old cropland
that acts as a source for CO, emissions.

In Mato Grosso the Illegal Intensification scenario shows the lowest amount of CO, emissions
from pasture as it is characterized by the lowest extend of pasture area of all scenarios due to the
strong intensification of grazing management. Interestingly, compared to the base year, we find
decreasing CO; emissions from pasture for all but the Trend scenario. This can be explained by
the increasing proportion of old pastures to young pastures and the fact that young pastures (< 10
years) on Acrisols tend to emit 3 times more CO, than older pastures (Table C.12). Consequently
it would be a good measure to reactivate older degraded pastures instead of transforming natural
vegetation in order to reduce CO..

In Pard the highest reduction of CO, emissions from pasture is calculated for the Sustainable
Development scenario (-98.2 %) where it can be attributed to the strong decline of area used for
meat production. The highest increase of CO, emissions from pasture is calculated for the Illegal
Intensification scenario closely followed by the Trend scenario. Here, the additional emissions
from an expansion of pasture area cannot be compensated by the shift of proportion of old
pastures to young pastures.An important part of our analysis is the consideration of the age of
these land use types which influences their emission behavior. This is comparable with the study
of Galford et al. (2010) who divide pastures into young (0 — 3 years), middle (4 — 5 years) and old
(> 6 years). However, they only use this information for N,O emissions; in our study, we
additionally focus on age-related CO, emissions from pastures and croplands. In addition to that,
this study is based on a very broad data basis since it combines both own observations from the
specific study areas and information from an extensive literature research.

Our results clearly indicate that the way how agriculture in Southern Amazonia will develop in

the coming decades not only affects the loss of natural ecosystems but also the amount of sectoral
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greenhouse gas emissions. Therefore, the Brazilian efforts for avoiding deforestation should be

accompanied by policies aiming at a more climate friendly agriculture.

4.4 Climate change and crop productivity

In all of our scenarios we assume that increases of crop yields can be achieved until 2030 by
technological improvements and a more intensive management. At the same time studies such as
Lapola et al. (2011) point out that climate change might have negative effects on crop yields in
Amazonia. The simulation runs with the MONICA model indicate that negative climate effects
under an A1B scenario can be compensated by technological improvements. Compared to these
results the assumed yield increases in the scenarios are in a plausible range and it is likely that
climate change at least until 2030 will not prevent further agricultural intensification. It is
important to note that this situation might change until the mid or end of this century when
changes in temperature and precipitation are projected to become more intense (e.g. Marengo et
al. 2010) with potentially stronger negative impacts on crop yields (e.g. Rosenzweig et al. 2014).

4.5 Limitations and uncertainties of the study

Our scenario projections of agricultural production and population growth combine the
extrapolation of historic trends and relatively simple assumptions regarding future changes in
demands for agricultural commodities due to international trade and changing consumer
behavior. Therefore, in contrast to studies based on economic modeling (e.g. Chaudhury et al.
2013) they do not give a comprehensive picture of future changes in global economy and trade.
Nevertheless, comparison of the production data of the Trend scenario with the USDA baseline
projection for Brazil (Westcott and Hansen, 2015) indicates that that our assumptions are in a
reasonable order of magnitude.

Uncertainties of the simulation results can be separated into uncertainties related to the input data
and uncertainties related to the structure of the model. Regarding input data quality, the disparity
between different input data sources has to be mentioned. For instance the underestimation of
IBGE-based crop production data in comparison to crop area derived from MODIS satellite data.
A reason for this underestimation might be the illegal agricultural activity in Brazil. A new
extensive study suggests that close to 90 % of Brazil s deforestation over the period from 2000 to
2012 was illegal (Lawson 2014). This illegally cleared area was used mainly for crop production

or cattle ranching. The production quantity produced on these illegally cleared areas and the areas
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themselves are not included in the IBGE agricultural survey, thus IBGE data on crop production
and cropland area underestimates agricultural production and agricultural used area in Brazil. Yet
MODIS satellite images capture all agricultural area. This leads to a discrepancy of observed
cropland to agricultural production concerning the land use change model and the step of base-
map generation. MODIS satellite images suggest 35 % more cropland in the study area than is
discernible from IBGE crop production and area statistics. This mismatch is further reinforced
through following process. In the step of base-map generation, agricultural production numbers
are allocated to observed cropland. If the production of agricultural commodities is
underestimated, some cropland areas are left without crop production and are therefore classified
as fallow land (set-aside) cells. In the next modeled time-step, these areas are used first for
agricultural or pasture expansion, thus sparing areas classified as forest or Cerrado from
deforestation. An example for model uncertainties is the simplification of agricultural
management. For instance, we neglect the information that double-cropping has been adapted by
close to 60 % of the farmers in Mato Grosso (e.g. Lapola et al. 2014). If this management
practice was integrated into the model, we could expect a significantly lower pressure on land
resources as one single plot of cropland could satisfy the demand for two different crop types
(e.g. soy and maize) in each year. The inclusion of these processes into our land use model will
play an important part in upcoming studies.

Furthermore, as described earlier (Section 2.3) our estimates of CO,, N,O, and CH,4 only consider
emissions caused after clearing due to persisting land use. Information on emissions caused by
biomas burning or changes in biomass carbon content were neglected. So far, nothing is known
about what happens during the conversion process — here, further research is needed. In order to
holistically compare the CO,, N,O, and CH,4 emissions caused due to LULCC for each of the
scenarios in the study region, these aspects need to be integrated.
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5. Conclusion

In the light of these limitations, our model-based scenario analysis should not be misunderstood
as a method to predict concrete future events. It rather provides a powerful tool to systematically
explore plausible constellations of social and economic drivers and the emerging trajectories and
dynamics of LULCC together with its related environmental and social consequences. In this
sense it can help to test potential impacts of political and social exertions as well as
environmental influences (e.g. climate change) on changing land use pattern and to assess their
effects in relation to social, economic and environmental goals that have been set as policy

targets.
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Abstract

In Southern Amazonia, the expansion of agricultural land during the last decades led to a massive
conversion of natural ecosystems degrading biodiversity and environmental processes. Building
on the land-systems approach a modelling framework has been developed as an important part of
the Carbiocial project, in order to gain new insights into human-environment relationships within
this region. On different scale levels it combines land-use models with different types of
environmental models. The article describes the structure of the framework and how it was
applied in simulation experiments for answering critical questions regarding the future
development of land-use change in Southern Amazonia and the resulting environmental impacts.
A central aspect in this context was the development and analysis of scenarios for the year 2030.
The main findings from the simulation experiments that are presented in various articles of this
special issue are summarized, contextualized and discussed. Based on these outcomes the authors
reflect on which lessons could be learned from the model development process itself as well as

for the design and implementation of future research projects.

Keywords: Modelling framework, land systems, Southern Amazonia, human-environment

interaction
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1. Introduction

Brazil is a global player in terms of food and biofuel production, with major influence on world
markets (Hertel 2015; FAO 2015). In addition to agricultural products, Brazil’s environmental
resources (e.g. clean water, CO, sink, biodiversity) are of global importance. In particular the
Amazon rainforest is considered as a crucial tipping element of the global climate system whose
destruction may have significant impacts on the functioning of that system (Lenton et al. 2008,
Nepstad et al. 2008). Locally, however, these resources are valued quite differently, and
Amazonia’s resources for timber, employment and large-scale agricultural production out-

compete all efforts to protect the pristine ecosystem.

In Southern Amazonia, the expansion of agricultural land during the last decades led to a massive
conversion of natural ecosystems (mainly rainforest and cerrado) degrading biodiversity and
environmental processes. Although the rate of land conversion could be significantly reduced in
the past decade, e.g. by agricultural intensification and environmental protection policies, it is
uncertain whether this trend will prevail or if increasing global demands for food, bioenergy and
biomaterials in combination with weak law enforcement will trigger enhanced deforestation
again.

In order to gain a better scientific understanding of possible future development trajectories of the
region it is essential to overcome the boundaries between social and environmental sciences and
to develop integrative research tools. The land-system approach (Turner et al. 2007) provides a
consistent framework for describing and analyzing human-environment relationships and
dynamics, based on two coupled sub-systems of social and environmental processes. Human
activities such as land-use affect the structure and the functioning of ecosystems and
consequently the provisioning of ecosystem goods and services (e.g. freshwater availability).
These changes intended or unintended may in turn have positive and negative effects on human
well-being. The human system responds for example by adapting to or by trying to mitigate
negative environmental changes.

Simulation models have proven suitable tools for investigating the dynamics of human-
environment interactions within land systems (van lIttersum et al. 2004; Ewert et al. 2011; van
Wijk 2014, An et al. 2014) and particularly in the Brazilian Amazon (Soares-Filho et al. 2006;
Richards et al. 2014; Lapola et al. 2011). A recent review by Dalla-Nora et al. (2014) has shown
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that the existing modelled scenarios substantially deviate from the observed land-use change in
the Brazilian Amazon. Consequently the authors highlight the need for the integration e.g. of
economic and environmental models models to explore plausible trajectories of future land-use
change and the resulting effects on society and environment.

The main objective of the Carbiocial project operating from 2011 — 2016 was to investigate
viable, carbon-optimized land management strategies for Southern Amazonia (Gerold et al. in
review). The project followed an interdisciplinary and multiscale research approach, using
scenario techniques and life histories as well as field experiments, remote sensing and dynamic
simulation modelling. Consequently, models from different scientific disciplines were combined
to investigate human-environment interactions in Southern Amazonia land systems across spatial
scale levels. The objectives of the modelling exercises were to gain a better scientific
understanding of the processes within these land systems but also to develop new ideas of
plausible future regional development pathways. In this context our article focuses on three main
research questions which were formulated within the project. (1) How do trends of global change
affect land-use change in Southern Amazonia in the coming decades? (2) How does the changing
land-use pattern affect carbon stocks, greenhouse gas emissions, the water cycle and soil erosion?
(3) How does climate change together with technological change affect crop yields within the

region?

The article first describes how different simulation models were adapted to the case study region
and then linked to each other. In the second step, the main results from the modelling exercises
regarding the aforementioned research questions are reviewed. It is then discussed how these
results contribute to an improved scientific understanding of the social and environmental
processes within the investigated land-use systems. Finally it is investigated which lessons could

be learned for the design and implementation of forthcoming research projects.

2. Materials and Methods

2.1 Study region

The study region stretches along the BR-163 highway from Cuiaba in the state of Mato Grosso to
Novo Progresso in the state of Pard, at the southern fringe of the Brazilian rainforest. Along its

route the highway passes through 3 agroscapes which represent a historical land-use gradient
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(Gerold et al. in review). Today, Central Mato Grosso is characterized by a highly industrialized
agriculture, with large-scale soybean, cotton and maize production, whereas in Pard smaller-scale
farming and cattle ranching still dominate. As this frontier is still dynamic, the majority of
deforestation is located in Para. Overall, the highway is an excellent example for the pioneer front
development in the Amazon (Galford et al. 2010), integrating boviculture, agriculture, and
agroindustrial practices into what is still the world’s largest untouched forest ecosystem. The
land-use gradient nearly parallels a climatological gradient, which is manifested in the biomes
from the Cerrado (savannah and forest) of the semi humid tropics to the evergreen rainforest of
the humid tropics in Para.

Land use

- Forest
\:l Cerrado
:] Crop
:] Pasture
- Water
- Settlements
I Open Soil

60
Kilometers

Figure 5.1: Overview of the Carbiocial study region. The map shows the regional level with the Federal States of
Mato Grosso and Pard, and the land use within the two investigated watersheds.

Modelling exercises were undertaken on different spatial scales: local, watershed, landscape and
regional level (Figure 5.1). The local level comprises selected farms in Mato Grosso. The
watershed level includes the 2 macro-catchments “Rio das Mortes” and “Rio Jamanxim”. A
tributary of the Tapajos river in Pard, the “Rio Jamanxim” catchment (37,400 km?) is still largely
covered by primary rainforest, but the pioneer front of human-induced land-use change is evident

along its course. Contrasting, the “Rio das Mortes” catchment (17,500 km?) in Mato Grosso, east
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of Cuiaba, has seen most of the primary forest being cut more than 30 years ago and turned into
cropland. The catchment characteristics are described in detail in Lamparter et al. (in review).
The landscape level focuses on the deforestation frontier region along the BR-163. Finally the

regional level includes the whole territories of both states with an area of almost 2.5 million km2,

2.2 Modelling Framework

Figure 5.2 shows the linkages between the simulation models that were used to describe and to
analyse societal and environmental processes within Southern Amazonian land systems. The
individual models are introduced in the following subchapters. Societal aspects of land-use
change and land management were simulated on farm level with the agent-based MPMAS model,
on the landscape-scale using alucR and on the regional level with the LandSHIFT model.
Environmental aspects of the land systems were calculated with different empirical and process-
based modelling approaches. The impacts of climate change and technological change on crop
productivity were calculated for the whole study region with the MONICA model. The calculated
crop yields were used to inform both MPMAS and LandSHIFT. On the watershed level the
SWAT model was applied to simulate the effects of land-use change (as provided by
LandSHIFT) on the water balance whereas the effects on water soil erosion were investigated
with the EROSION 3D model. Additionally on the regional level greenhouse gas emissions
(GHG) and changes in soil organic carbon (SOC) stocks related to land-use changes were
assessed with a set of empirical models (emission values).

Drivers of global change used by MPMAS, alucR and LandSHIFT such as agricultural
production, market prices for crop commaodities, and population development were provided in
form of scenarios that include both qualitative aspects in form of verbal descriptions (storylines)
and quantitative information on the future development of these drivers (see 2.3).

A potential climate change in the study region was assessed utilizing simulations of three
different models: i) The global IPCC climate model ECHAMS/MPI-OM (Roeckner et al. 2003),
ii) the regional climate model WRF driven by ECHAM/5/MPI_OM data, and iii) the Statistical
Regional Model STAR (Orlowsky et al. 2010) using ERA-interim input interpolated to a
900x900m grid. As the focus of the model-based analyses is on the socio-economic scenarios and
due to the short time frame of the study until 2030, only the A1B scenario (Forster et al. 2007)

was used.
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Figure 5.2: Model framework and linkages between the models.

2.3 Scenarios

The analytical framework for the simulation exercises is defined by a set of four scenarios which
portray the societal development of the study region until the year 2030 (Schonenberg et al. in
review). Each scenario consists of a storyline that verbally describes the situation in 2030 and a
set of quantitative drivers that is used as model input for LandSHIFT (Goepel et al. in review),
alucR (Gollnow et al. in review) and MPMAS (Moraes et al. 2016).

The Trend storyline is based on a forward projection of growing demands for agricultural
products, a continuation of the conversion of natural ecosystems, the technical and social
consolidation of highway BR-163 and local populations, as well as the further intensification of
agricultural production.

Legal Intensification assumes a growing demand for agricultural products, but with an effective
law enforcement preventing the illegal conversion of natural ecosystems. The technical and social
consolidation of highway BR-163 and its populations will include a high intensification of
agricultural production with regard to increased production as well as productivity and law
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enforcement of social and environmental law will be effective even as climate change continues.
The Illegal Intensification storyline includes similar assumptions as “Legal Intensification”, but
with only very sporadic law enforcement which will lead to the further conversion of natural
ecosystems.

Finally, within the storyline of the “Sustainable Development” scenario Amazonian society will
enjoy a social model with participation, citizenship and the enforcement of existing laws.
Knowledge and technical resources will be available to most of the people, and there will be a
growing demand for global finance mechanisms for sustainable economics and for certified
agricultural goods. The latter are increasingly plant-based, as a shift to a low-meat diet assumes a
general reduction of global meat consumption and, consequently, a reduction of Brazilian meat
production by almost 70 %. Furthermore, land rights in the region will be clarified and licensed.
Based on the storylines for each scenario, a set of land-use drivers was identified to quantitatively
describe the evolution of key variables until 2030. They include information on population
development, crop production, livestock numbers and crop yield increases due to technological
change, as well as assumptions about the conversion of natural ecosystems, infrastructural
development related to highway BR-163, protected areas, and the degree of law enforcement

(Goepel et al. in review; Gollnow et al. in review).

2.4 Modelling land-use change on fram level

MPMAS (Schreinemachers and Berger 2011) is a simulation package for dynamic modelling of
agricultural systems at farm-level. It integrates an agent-based decision module representing the
activities of land users with a cellular module representing the geographical landscape. MPMAS
employs mathematical programming to simulate the investment, production, and consumption
decisions of computational agents that represent real-world farm holdings. Agents in MPMAS
maximize expected income by choosing the optimal land use and resource allocation while
accounting for individual risk aversion. The software simulates the multi-period dynamics of
agricultural systems by implementing the temporal carry-over of farm agent resources and
updating of agent expectations. In addition, MPMAS is designed such that it allows coupling
with external software packages, for example the crop-growth simulator MONICA. MPMAS can

then be run for thousands of farm holdings simultaneously and thereby simulate the emergent
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policy response at aggregate level. Results for simulating the impacts of the Brazilian program

for low-carbon agriculture (Programa ABC) are presented in Moraes et al. (in review).

2.5 Modelling of land-use change on landscape level

The alucR model was developed and applied for the empirical analysis and modelling of land use
change specifically in the Brazilian Amazon within the Carbiocial project (Gollnow et al. in
review). The model includes a non-spatial macro level that allows for integrating globally and
regionally determined demands of land use change for possible future trajectories and a spatially
explicit micro level dimension that allows for allocating the simulated future land use change on
a raster-level of 90 x 90 m on a yearly basis. To develop locally adapted land use change
processes the model “learns from historical developments” by applying a regression analysis in a
first step to analyse the specific local drivers and determinants of change that was observed in
past years in TerraClass data. From these findings the likelihood of change is derived and
combined with a rule-based definition of possible transitions and dynamics of change. Modelling
results are the identified statistically significant drivers and spatial determinants of land use
change observed in the past and the simulated scenarios of future land use change on raster cells
of 90 x 90 m on a yearly basis for the landscape-level along the BR-163.

2.6 Modelling of regional land-use change

The LandSHIFT model is used to calculate spatial and temporal land-use change due to the
cultivation of food and energy crops, grazing, and urbanization (Schaldach et al. 2011; Lapola et
al. 2010). It is based on the concept of land-use systems (Turner et al. 2007) and couples
components that represent the respective anthropogenic and environmental sub-systems. In our
case study land-use change was simulated on a raster with the spatial resolution of 900 x 900 m.
Each cell is assigned to a state (regional level). Model drivers are specified separately for each
state (see 2.3). Cell-level information comprises land-use type, human population density, and a
set of parameters that describe the landscape characteristics (e.g. terrain slope, potential yields,
road infrastructure) and land-use restrictions (e.g. protected areas). During the simulation,
LandSHIFT translates the regional model drivers into spatial land-use patterns. At the beginning
of every time step the suitability of each raster cell for the different land-use types is determined

based on cell-level information. Thereafter, the model uses region-level data to determine and
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allocate the land needed for each crop type, pasture and settlement in the most suitable cells.
Model results are raster maps that depict the spatial and temporal patterns of land-use change
until 2030.

2.7 Land-use change impacts on GHG fluxes, SOC stock changes,
and carbon losses

GHG fluxes

The calculation of greenhouse gas emissions on the regional scale level was done using land use-
specific average emissions of N,O (Meurer et al. 2016 a) and CH,4 (Goepel et al. in review) which
were extrapolated on the basis of the predicted land-use expansion or reduction, respectively.
Since N,O fluxes from cattle pastures were reported to increase noticeably for a certain period
after the clear-cut (e.g. Melillo et al. 2001) and then decline to a level considerably below forest
emissions (e.g. Neill et al. 2005, Meurer et al. 2016 a), average emission values of N,O differed
between young (< 10 years) and old (> 10 years) pastures. Results for the land-use types
rainforest, cerrado, pasture, and cropland were converted into CO,-equivalents considering the
global warming potentials (GWP) of the two gases (N,O = 298, CH, = 25, Forster et al. 2007).

SOC stock changes and carbon losses from forest conversion

SOC stock changes and carbon loss (as direct CO, emissions) resulting from forest conversion
and biomass removal were likewise calculated. For the latter, we considered an average above-
ground biomass for rainforest (222.3 Mg ha™*, Lima et al. 2012) and above-ground C stocks for
cerrado areas (37.4 Mg C ha*, de Miranda et al. 2014), as reported by Fearnside (2016). These
values were applied to the converted rainforest and cerrado areas. SOC stock changes were
calculated for the land-use types pasture and cropland based on measured data (> 950 samples)
from the two reference soil groups Ferralsol and Acrisol (Strey et al. 2016). Samples were taken
to a depth of 100 cm (n =9 (plot level), n = 29 (regional level)). C stocks were calculated using
an on-plot bulk density measurement and subsequently corrected for their soil mass according to
Ellert and Bettany (1995) and Poeplau and Don (2013).
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2.8 Modelling the effects of land-use change on water balance

For two macro-catchments a SWAT-model (Arnold et al. 2012) was setup with the
implementation of gradual land use change for the periods with the most intensive deforestation:
1977-1986 for “Rio das Mortes” (cerrado biome), 2000-2009 for “Rio Jamanxim” (rainforest
biome). The scenario application in both catchments was set to the decade 2026-2035. The better
performance of the SWAT model with gradual land-use change compared to a classic setup with
steady state land use distribution was demonstrated with the good calibration and validation
statistics (Lamparter et al., in review). For the parametrization of the hydrological model
alongside an extensive literature review and data mining with eco-physiological and hydrological
studies of the region (vegetation parameter) and statistical analysis of the RADAM soil profile
data base (ESALQ 2015), own research results on soil hydrological properties in different scales
were used with: spatial variability of key soil physical properties in five micro-catchments (with
main land use types and cerrado and rainforest as reference) with texture, bulk-density, porosity,
C-content, hydraulic conductivity (Guzha et al. 2014). Also land use-dependent differences in
pedo-hydrological conditions for the main soil types in the macro-catchment “Rio das Mortes”
were used (Wolf 2016) which allows a better estimation of sensitive land use and soil parameters

for each soil and land use type combination separately.

2.9 Modelling the effect of land-use change on soil erosion

The process-based soil erosion model EROSION 3D (Schmidt 1991) simulates soil loss,
sediment transport and deposition for single events or sequences. It has been applied to numerous
catchments (e.g. Defersha and Melesse 2012; Starkloff and Stolte 2014). EROSION 3D enables
simulations of a wide range of processes including erosion by sheet and channel flow. Simulation
of infiltration is based on the Green-Ampt approach (Green and Ampt, 1911) whereas particle
detachment and transport are calculated using the momentum flux approach (Schmidt 1991).
Model parameters were identified as functions of land use, soil characteristics and simulation
date using an extensive data base deducted from numerous rainfall experiment simulation on test
plots between 2012 and 2013 within the two watersheds. Experiments were conducted on the
most common regional soil, land use and tillage types. The consequences on climate change and

land-use change for soil loss by erosion were simulated for the four scenarios.
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2.10 Impacts of climate change and technological change and crop yields

In order to account for potential climatic effects in 2030 for agricultural development and to
augment, we have conducted simulation runs for soybean and maize (for which tropical cultivar
calibrations are available), using the Model of Nitrogen and Carbon dynamics in Agro-
ecosystems (MONICA), that was developed for the assessment of climate change impact on
agricultural production (Nendel et al. 2011). Climate data was taken from the SRES AlB
scenario as described in section 2.2.

Future crop productivity will not only suffer alteration from changing climate conditions, but it
may also profit from genetic improvement and progress in crop management. Therefore, we
developed a new approach of how to forecast technology driven yield increases. This approach is
based on the assumption that there is a biological maximum to crop yields that supersedes all
environmental limitations. This limit is 35 t ha™ for maize and 12.5 t ha™* for soybean (Specht et
al. 1999). Currently, highest maize yields observed on experimental sites of the Brazilian
Agricultural Research Corporation (Embrapa) in the Centro-Oeste region of Brazil are about
12.2 t ha™, while soybean yields in famer competitions reached 7.6 t ha™ (Embrapa 2014, CESB
2015). We further assumed that yield increases due to technological progress can best be
described by a sigmoid curve, with initial low increases that accelerate over time and slow down
as they move towards the biological yield maximum. We then estimated individual sigmoid
functions for each grid cell and applied them to the previously simulated yield maps of the
MONICA model.

3. Results
3.1 The effect of global change on land-use change in Southern Amazonia
Land-use change on the farm level

Moraes et al. (in review) conducted simulation experiments to quantify the impacts of
preferential credit programs on the adoption of low-carbon agricultural systems in the federal
state of Mato Grosso. Starting in 2010, the Brazilian government launched the so-called ABC
Program that offers subsidized credit for integrated crop, livestock and forestry systems (Gil et al.
2014). By providing this incentive, the government intends to relieve land-use pressure on the

agricultural frontier and fulfil its pledge at COP15 of reducing its greenhouse gas emissions
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substantially. The impacts of this program, however, are still unclear, and MPMAS together with
MONICA was employed to quantify them with the help of computer simulation.

The simulation results suggest that the ABC Program indeed contributed to the adoption of
integrated systems in Mato Grosso. Without these preferential credit lines, the adoption of
integrated systems would be rather modest at about 11 % of agricultural land use. With the
introduction of the ABC program the area under integrated systems more than doubled in Mato
Grosso. Furthermore, without the ABC Program, almost the entire area of integrated systems
would be made up of crop-livestock integration only. With the ABC Program, the simulations
suggest an increase in more deeply integrated crop-livestock-forestry and crop-forestry systems.
Still, impact and cost-effectiveness of the ABC Program vary significantly across Mato Grosso.
Given the heterogeneity of farming conditions, it appears ineffective to apply the ABC Program
under identical conditions in the entire state. Tailoring financing conditions to smaller
geographical units could decrease the implementation costs of this program and increase its
effectiveness. Explorative simulations concerning the possible introduction of high-value timber
markets suggest that enabling more farmers to engage in commercial teak production could

further increase the state’s area of integrated systems with ABC credit.

Land-use change on the landscape level

The simulation results are described in detail by Gollnow et al. (in review). While on the regional
level (see below) pasture area decreased and croplands expanded under Sustainable
Development, these dynamics were less pronounced along the BR-163 where pasture area
remained the dominant land use in 2030. In contrast, the Trend scenario depicts a strong
expansion of pasture and an increase of cropland and settlements. The model outcome on the
landscape level thereby reflects the dynamics of processes such as intensification (conversion of
pastures to croplands) and migration which have shaped recent decades of the BR-163 region
(Rudorff et al. 2011, Richards 2012). Results also highlight that pasture expansion was rather
determined by infrastructure availability or accessibility while it was more indifferent on
biophysical determinates. In this rational, an effective implementation of the cattle moratorium,
the implementation of a property cadastre, combined with efforts on intensification may be an
important policy to curb deforestation within the region, next to the soy moratorium and

strategies implemented within the PPCDAm.
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Land-use change on the regional level

The model output from LandSHIFT is described in Goepel et al. (in review) and summarized in
Figure 5.3. The largest reduction of rainforest was simulated for the Trend scenario, mainly
driven by the expansion of rangeland. In contrast, the loss of rainforest was considerably lower in
the Legal Intensification scenario, indicating that, especially in Pard, effective governance and
protection of natural habitats play an important role for reducing deforestation. The highest loss
of Cerrado was simulated for the Trend scenario while the lowest loss did occur under Legal

Intensification.
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Figure 5.3: Projected land-use change in Mato Grosso and Para under the 4 scenarios.

The highest increase of cropland area was projected for the Sustainable Development scenario
which can be explained by the soaring demands for crop products due to a shift towards a
vegetarian diet. Parts of this additional demand was fulfilled by crops (e.g. soybean) formerly
used as livestock fodder. A substantial share of the newly acquired cropland was located on
former pasture. Both intensification scenarios were characterized by cropland expansion which
could only partly be compensated by increasing crop yields.

The highest increase of pasture area was found in the Trend scenario, which assumes a strong

increase of meat demand, but no concurrent intensification of pasture management.

118



5. A multi-scale modelling framework for the analysis of societal and environmental processes in
Southern Amazonian land systems: Lessons learned from the Carbiocial project

Consequently, the additional cattle feed demand was satisfied by area expansion alone. Pasture
expansion under the intensification scenarios was significantly lower as a more intensive pasture
management outweighs the effect of increasing livestock numbers. In contrast, pasture area
strongly declined under the Sustainable Development scenario due to the lower demand for meat

products.
3.2 Land-use change impacts on GHG fluxes and SOC stock changes
Greenhouse gas emissions on the regional level

Table 5.1 summarizes the calculated GHG emission, expressed as CO,-equivalents, for the

different land use scenarios in the year 2030.

Table 5.1: Calculated median emission of N,O and CH, [CO,-eq] from soils for scenario-based land distribution
(including natural and agricultural areas) in the year 2030.

GHG emission [CO,-eq, 10° Mg]

Scenario Para Mato Grosso
Trend 68.00 34.78
Legal Intensification 67.66 32.54
Illegal Intensification 67.30 32.45
Sustainable Development 69.75 33.36

Median emissions from soils did not vary a lot between the scenarios, but differed between the
states Pard and Mato Grosso. Emissions in Para were almost twice as high as in Mato Grosso
because of the larger forest area in Pard, compared to Mato Grosso. Main drivers between the
scenarios were the conversion of rainforest areas and the establishment of new pastures. The
Sustainable Development scenario does not account for further forest conversion and the uptake
of CH,4 from rainforest soils does not compensate the high N,O fluxes in the overall budget
(69.75-10° Mg CO,-eq). Since young pastures (< 10 years) were found to emit even larger
amount of N,O than forest areas, they play an important role in estimating GHG emissions. In the
Trend scenario, 19 % and 17 % of all pastures in Para and Mato Grosso were younger than 10
years in 2030 (Goepel et al., in review). This proportion accounted for 39,534 and 43,706 km?,

respectively, and explains the high GHG emissions, especially in Mato Grosso.
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Carbon losses from forest conversion and SOC stock changes

The carbon loss from biomass removal for the different land-use scenarios are depicted in Table
5.2. It becomes clear that the area of converted rainforest and cerrado is directly reflected in the
resulting CO, emissions.

Table 5.2: Estimated carbon loss as CO, from biomass in the states Para and Mato Grosso resulting from biomass
loss between 2010 and 2030.

CO, emissions[10° Mg]

Scenario Para Mato Grosso Total
Rainforest Cerrado Total Rainforest Cerrado Total

Trend 4.44 0.18 4.62 1.18 0.47 1.65 6.27

Legal Intensification 2.78 0.20 2.98 0 0.10 0.10 3.08

Illegal Intensification 3.89 0.21 4.10 0.03 0.16 0.19 4.29

Sustainable Development 0 0.52 0.52 0 0.50 0.50 1.02

The response of SOC stocks to land-use changes under the four scenarios differs greatly between
Acrisols and Ferralsols (Table 5.3). Compared to the native forest or cerrado vegetation, Acrisols
showed an increase of SOC stocks in the first meter of soil depth when converted into pastures
but a SOC decrease if used as cropland. SOC stocks in Ferralsols reacted oppositely, with a loss
of SOC if converted to pastures and a gain of SOC if transferred to cropland. Therefore, in
scenarios with extensive conversion to pasture, Acrisols will appear as C sinks where at the same
time Ferralsols will act as SOC sources. In summary, the Trend scenario appeared as the worst
case scenario with respect to SOC storage, since this scenario predicted the biggest and
unpropitious conversion area, particular in Pard. However, the coefficient of variation of SOC
changes varies between 61 and 358 % (Table 5.3), indicating the level of uncertainty and that at a

larger scale the effects of SOC losses and gains might compensate each other (Strey et al. 2016).
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Table 5.3: SOC stock changes in Acrisols and Ferralsols (0 - 100 cm) for pastures and cropland in Para and Mato
Grosso. SOC stock changes were calculated for areas that were converted from native vegetation to pasture or
pasture to cropland between 2010 and 2030. TD = Trend, LI = Legal Intensification, ILI = Illegal Intensification,
SD = Sustainable Development.

Para Mato Grosso
Converted area SOC stock changes Converted area SOC stock changes Total
Scenario [10°km?] [Mg 102km™] [10°km?] [Mg 1022km™]
Pasture Cropland Pasture’ Cropland® Total Pasture Cropland Pasture Cropland Total
Acrisol
D 43.73 2.96 23.66 —3.83 19.83 26.52 28.22 14.35 -36.51 -2217 -2.34
LI 8.51 226 4.60 -2.92 1.68 8.12 33.91 4.40 -43.88  —39.48 -37.80
LI 41.90 9.85 22.67 -12.75 9.92 4.43 38.38 2.39 -49.67 —47.28 -37.36
SD -31.52 -4.07 3 3 3 9.67 34.11 5.23 -44.14  -3891 -38.91
Ferralsol
D 97.79 25.64 -51.73 32.56 -19.17 66.38 19.00 -35.11 2414  -1098 -30.15
LI 261 21.14 -1.38 26.85 25.47 19.08 42.29 -10.09 53.71 43.62 69.09
ILI 30.47 26.17 —-16.12 33.23 17.12 13.03 34.27 —6.89 43.52 36.63 53.75
SD —-25.33 11.29 3 14.34 14.34 23.14 41.40 —-12.24 52.57 40.33  54.67

! mean SOC accumulations = 6.2 % (Acrisol) and 4.8 % (Ferralsol); CV = 156 % (Acrisol) and 348 % (Ferralsol), considering only the
variation of SOC not the variation of the converted area

2 mean SOC losses = 20.1% (Acrisol) and 9.6 % (Ferralsol); CV = 103 % (Acrisol) and 61 % (Ferralsol), considering only the variation
of SOC not the variation of the converted area

3 no calculated data since the area of this land-use type decreased from 2010-2030 and it is not clear which is the new land-use

3.3 Land-use change impacts on the water balance

As land-use change is accompanied by soil compaction processes with lower hydraulic
conductivity (ksg) for cropland and pasture it has a clear effect on discharge (Q) in both
catchments. For both catchments model results show an increase of Q with continuing
deforestation. A reduction of cerrado of 5 % and an increase of pasture of 12 % resulted in a
3.4 % increase of annual Q (comparison Sustainable Development and Trend scenario in 2030).
In the “Rio Jamanxim” catchment 24 % more deforestation increases Q by 2 % (compare
Sustainable Development to Illegal Intensification) (see Figures 3 a and b in Lamparter et al., in
review). In the “Rio das Mortes” catchment only the Trend scenario with the highest increase of
pasture area shows higher Q due to lower evapotranspiration and ksat reduction. Higher
evapotranspiration (ET) for the Sustainable Development scenario (no further deforestation, 88 %
forest cover remains) and therefore lowest the Q within the scenarios was calculated for the “Rio

Jamanxim” catchment. The strongest effects of land-use change on hydrology were visible during
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the rainy season. In the cerrado catchment only gradual differences in the water balance
components exist between the scenarios, because main land-use change was completed after 1990
(Table 1 in Lamparter et al., in review). Moreover the simulations reveal a clear seasonality of the
changes to the water balance components. Q shows the strongest land use change effects at the
beginning of the rainy season. The seasonal pattern seems characteristic for hydrological effects

of land-use change in areas with pronounced wet and dry periods.

3.4 Land-use change impacts on soil erosion on watershed level
In both catchments soil erosion and sediment transport are a function of climate, land use and soil
types. Most endangered areas are croplands, pastures and deforested area. Since the vulnerability
of the catchments depends on distribution of resilient soil types, the “Rio Jamanxim” catchment
with its widespread little-resilient Acrisols suffers the most from land use changes.
In the “Rio das Mortes catchment” compared to the status quo (3.2 t ha™* a %) all scenarios reveal
more than a tripling of soil losses, which is a result of an increased rainfall intensities of the WRF
climate scenario rather than of land use changes. The highest soil losses were calculated for the
Trend scenario which can be explained by the large expansion of erosion-prone pastures in the
east part of the catchment. All others scenarios reveal quite similar results around 11t ha* a™
soil loss and 0.5 t ha * a™* deposition.
Simulations of the “Rio Jamanxim” catchment indicate that under the Trend scenario annual
mean soil losses of 28 tha ™ a* seem possible, which corresponds to an increase by factor 3.3
compared to the current situation (8.48 t ha* a*). Under lllegal Intensification simulated erosion
even increased by the factor 5.6, which is due to the high rate of land forest conversion into
pasture in the western part of the catchment. A legal intensification of land use would lead to a
decrease of 25 % in soil erosion compared to the actual situation. In contrast, a Sustainable
Development of land use in the catchment would lead to an annual soil loss of only 4 t ha* a™,
which means a decrease of more than 50 % compared to the status quo.

3.5 Effects of climate change and technological change on crop yields
The simulation results from the MONICA model for Para show a 21 % decrease of average
soybean yields from 2.4 t ha™ in 2000-2005 under current climate to 1.9 t ha™ in 2025-2030
under the A1B climate scenario. Second-season maize yields (braz.: safrinha), in contrast, are

likely to benefit from changing climatic conditions and will experience an increase of 31 % from
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3.2tha*to4.2 tha'in the same time period, according to the model. This is because second-
season maize is sown in the colder dry season, where relatively low temperatures inhibit biomass
accumulation. A moderate temperature increase of 0.5 — 1.0 K as predicted for Para, will
therefore lead to an increase of second-season maize yields. In Mato Grosso, soybean yields will
decline by 17 % from 2.3 t ha™* in 2000 — 2005 to 1.9 t ha™ in 2025 — 2030. This productivity
decrease is due to a precipitation reduction of about 30 % and a temperature increase of 1.0 -
1.7 K which accelerates the crop development and increases the probability for heat stress on
crops in the already warm rainy season. Other than in Pard, maize yields in Mato Grosso are
likely to stay unchanged at 5.2 — 5.4 t ha*. Here, the yield increasing effect of higher
temperatures in the dry season is outweighed by a strong precipitation reduction, which
negatively affects the mostly rain-fed maize production.

Our analysis also shows that technological progress is likely to increase average soybean yields
in Pard and Mato Grosso by 76 and 69 %, respectively, from 2000 — 2005 to 202 5- 2030. Maize
yield increases due to genetic gains and improved crop management will turn out even clearer:
Simulation results indicate productivity gains in maize production of 111 % in Para and 120 % in
Mato Grosso. Accounting for both effects together (climate change and technological progress),
soybean yields will increase by 55 and 52 %, while maize productivity will increase by 142 and

123 % in Para and Mato Grosso, respectively.

4. Discussion and conclusion

We illustrated the application of various combined simulation models to answer the three
research questions posed in the introduction that were central to the Carbiocial project:

How do trends of global change affect land-use change in Southern Amazonia in the coming

decades?

We found that the development of global demands for agricultural commodities led to a further
increase of crop and livestock production within the region, and in tendency a growing demand
for land resources. In the scenarios this pressure could partly be compensated by further
intensification of agricultural systems gaining higher per ha biomass productivity. It also became
clear that the loss of natural ecosystems is strongly determined by the successful enforcement of

conservation laws either in form of the new forest code or by a strict definition of protected areas
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(e.g. Soares-Filho et al. 2010). Results from the Sustainable Development scenario highlighted
that changes in human lifestyle and consumption patterns together with strong law enforcement

has a high potential for further reducing the loss of natural ecosystems (e.g. Stehfest et al. 2006) .

How does the changing land-use pattern affect SOC, GHG emissions, the water cycle, and soil

erosion?

Based on the output from the land-use models environmental impacts were assessed. SOC stock
changes and direct GHG emissions from soils vary significantly between the scenarios and were
mainly driven by the underlying soil type and the area of converted natural vegetation,
respectively. Assuming a steady rate in forest conversion over the time from 2010 to 2030, the
annual CO, emissions from biomass removal ranges from 0 to 60-106 Mg C for rainforest and
from 5 to 30-106 Mg C for cerrado. Especially the numbers for cerrado are considerably higher
than the results from Fearnside et al. (2009) for 2006/2007, which can be explained by the higher
conversion rates of cerrado within all Carbiocial scenarios. Impacts on hydrological processes
(discharge) and water erosion were investigated on the watershed level. By feeding SWAT and
EROSION 3D with output from the regional land-use model a direct link between global and
regional drivers of land-use change and their effects on these processes was achieved. Also in
these analyses the scenarios with the highest transformation of forest cover to pasture and

cropland had the strongest effects.

How does climate change together with technological change affect crop yields?

Our simulation experiments indicated that climate change in tendency has negative effects on
crop yields in both states. Only second-season maize may profit from the changing conditions.
Against this background, major efforts to improve crop yields e.g. by the introduction of new
crop varieties or an optimization of crop management practices are necessary in order to achieve

the assumed crop yield increases within the scenarios (see also Moraes et al., 2016).

Lessons learned from model building and the combination of models

Addressing the goals of the project required advancements in the modelling techniques.
Innovations of land-use models for example included the development of a high-resolution
models for the whole region and along the BR-163, and the ability to simulate the interplay of the
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different drivers of land-use change in a more explicit manner as in recent studies with focus on
deforestation alone (e.g. Soares-Filho et al. 2006; Gilford et al. 2010). For agricultural yield
simulations, only a very few simulation models are available that have been successfully tested
for tropical regions and are capable of simulating crop rotations. A tailor-made solution was
required by adapting the MONICA model for tropical regions which required significant efforts
for example in the representation of soil properties.

Independent of the modelling scale, experimental data was mandatory for model building,
calibration and evaluation (Jakeman et al. 2006). Especially regarding the calibration of the
hydrological and erosion models we found the necessity for more differentiated information of
soil and land use types. New scientific insights could be gained from the field measurements that
formed the foundation especially of the model-based analysis of environmental impacts. The
calculation of GHG emissions and SOC stock changes were based on field measurements for
obtaining the emission factors. Emissions of N,O and CH,4 from Brazilian soil were found to be
low across the country (Meurer et al. 2016 a; Goepel et al. in review) and CH4 was rather
absorbed by most of the soils, except for cattle pastures. Measurements in the states of Mato
Grosso and Para did not show any recognizable dynamics (Meurer et al. submitted) and detailed
mechanistic model applications in daily time steps was found to be too sophisticated for regional
approaches (Meurer et al. 2016 b). The same applies to soil organic carbon (SOC) stocks, which
were hardly affected by a change in land-use system, but noticeable by the soil type itself. Table

5.4 gives an overview of new scientific knowledge gained by these field experiments.

In became clear that only by combination of the different models a comprehensive analysis of
processes of the investigated land systems was possible. Although the models were not fully
integrated (e.g. Hamilton et al. 2015), our modelling framework ensured that they were using
consistent data sets and scenario assumptions for their experiments whenever possible. It also
facilitated the analysis of linkages between different spatial scale levels. For example it was
possible to investigate how hydrological and erosion processes were influenced by land-use

change which is mainly driven by regional and global drivers.
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Table 5.4: Hypotheses (based on current knowledge), approaches, gained scientific understanding, and application of field data within the modelling framework.

Research topic

Hypotheses

Approach

Understanding gained  Application within the

modelling framework

Reference

N,O and CH, fluxes
from soils

High and dynamic

fluxes from Brazilian

agricultural soils
(especially during
rainy season)

Field measurements
(daily measurements)

Low emissions of N20
and CH4 and negligible
short-term dynamics

Models as prediction
tools for
determination of
meaningful
measurement period
for hot moments of
N,O

Model application
(CANDY, DNDC, and
DDC)

Process-based models
were too sensitive;
overestimations likely
due to simulated
expected “hot
moments”

Extrapolation of
emission values for
different land use types
gained by an extensive
literature review
(Meurer et al. 2016 a)

Meurer et al. (2016 b)
Meurer et al. (submitted)

Meurer et al. (2016 b)

Hydrological
modelling, water
balance

Deforestation with
land-use change and
climate change
increase discharge
variability and leads
to more discharge
peaks. ET is mainly
changed by land-use
change.

Field measurements
with long-term
hydrological and
hydro-chemical
monitoring in micro-
catchments.
Model application
with SWAT

Mainly pasture
expansion increases
discharge and its
variability, due to
changes of
pedohyrological
parameters. Climate
change further increases
discharge changes by
land-use change.

Measured field data
allows better model
parameterisation for
land-use change
scenarios in macro-
catchments

Guzha et al. (2013)
Guzha et al. (2014)
Lamparter et al. (in review)
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Lessons learned for the design and implementation of future research projects

As illustrated by Turner et al. (2016) interdisciplinary research is needed to efficiently bring
together analyses of land-use change with the analyses of impacts on ecosystems and the human
system. Here the Carbiocial modelling framework is a first step for knowledge integration which
can be transferred to future research projects. An important prerequisite is a clear definition of
interfaces for the exchange of information not only between models but also between the
responsible scientists in order to adequately portray the interplay between societal and
environmental aspects (see Schonenberg et al., in review). This includes the willingness from
scientists to reflect benefits but also shortcoming of each one of the specific models and — most
importantly — the time (and funding) to develop and implement an operating modelling

framework.

With our model experiments we could illustrate that scale needs to be accounted for in the
respective studies by addressing the inherent multi-scale processes in a transparent manner.
Particularly for land-use change, processes on different scales and interactions between scales

and places have to be accounted for (e.g. Meyfroidt et al. 2013).

Last but not least communication and the translation of scientific findings from comprehensive
model experiments and projects into policy and stakeholder-relevant information is a decisive
step that has to be accounted for by using generalizations but at the same time transparent
interpretation of the simulation results. In this regard, scenarios together with spatially explicit
model outcome in form of maps may allow for stimulating and structuring discussion of possible
future pathways of land-use change in the Brazilian Amazon. The coupled model system
MPMAS-MONICA, for example, has a graphical user interface (GUI) containing soil maps and
historical climate data from local meteorological stations. Also, it is synchronized with Google
Maps® and can display terrain and road maps from Google Maps®. The GUI was originally
developed by Wenkel et al. (2013) and was adapted for the Carbiocial study area to include the
results of farm performance simulated by MPMAS. The GUI has been designed to support the
decisions of local land users. Through the interface, its users can apply MPMAS and MONICA
for the improvement of farm planning. The user selects the location and the size of the farm, for
which he or she wants to perform simulations, and the interface displays the results of respective

model computations. The GUI provides visualized information on simulated optimal land use,
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crop yields, per hectare gross margins of different land use activities and total profit of the farms
(Latynskiy et al. 2014)
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6. Synopsis

The aim of the present study was to investigate the effect of changing land use on GHG
emissions from Brazilian soils. Starting on the plot scale, as presented in chapters 2 (data
collection) and 3 (measurements and modeling), this thesis follows a bottom-up approach ending
up at the regional scale by providing scenario-based estimates on emission development from
agricultural soils (chapter 4) and suggestions for further political attempts in terms of carbon
sequestration and GHG mitigation strategies (chapter 5). The latter study combines the results of
specific research areas within the Carbiocial project, resulting in outcomes on changes in soil C
stocks, GHG emissions from soil and as a consequence of biomass removal, and C loss from soil
erosion. Following the objectives of the presented thesis, the concluding synopsis will just focus
on the development of soil-derived GHG fluxes. Additional outcomes can be looked up in

chapter 5.

In contrast to the assumption of high emissions from Brazilian soils, the results of the literature
research (chapter 2) showed that N,O emissions were generally low compared with fluxes
reported from Europe (Jungkunst et al. 2004), Australia (Breuer et al. 2000), and North America
(Roelandt et al. 2005). However, emission levels varied with the land use type in the order:
Young Pastures > Amazon Rainforest > Old Pastures > Atlantic Rainforest > Cropland >
Cerrado. According to short-term studies and experiments on agriculturally used lands, not even
application of nitrogen fertilization did have a strong impact on emissions, since reactions were
rather moderate or even neglectable. Only few studies allowed for comparison with the emission
factor (EF) suggested by the IPCC (1 %), and thus an assessment of this approach to agricultural
soils in Brazil is not possible. A rather undynamic behavior of N,O fluxes was also found during
the measurements on cattle pastures in Pard and emission peaks following precipitation events
were not observed.

Soil texture and structure are generally highly relevant driving factors for N,O emissions, and
finer textures soils are likely to emit higher amounts of N,O than sandy soils, due to their higher
N availability (Matson et al. 1990). In this study, clay content turned out to be a poor predictor
for N,O emissions, which can be related to the formation of micro-aggregates and the change in
the hydraulic behavior of the soil. According to Tomasella et al. (2000), the water content
decreases very rapidly between saturation and -100 kPa in Brazilian soils, which gives them the

hydraulic properties of coarse-textured soils. Following this, increasing clay content does not
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necessarily lead to an increasing water holding capacity. On the contrary, the higher drainage
capacity prevents the formation of anaerobic areas within the soil which makes N,O fluxes very
likely to result from nitrification rather than denitrification. This assumption is supported by the
missing effect of the soil chemical properties pH and Corg. Although they are known to influence
denitrification (Knowles 1982), they seem to be of secondary importance for N,O emissions from
Brazilian soils. Summarized: Neither soil nor management properties served as indicators for
N,O fluxes. Oddly enough, N,O itself was found to point out the degradation stage of cattle
pastures, the decreasing N availability, and nitrification and denitrification, respectively.

Another output of the literature research was the identification of concrete regions that have been
ignored so far (e.g. the biomes Caatinga and Pantanal). At the same time, the study clearly shows
that the time expenditure and measurement frequency found in the studies are not adequat,
especially with respect to national budgeting. Obviously, both spatially expanded and highly
temporal resolved measurements are usually restricted to automated measurements. Since the
areas of interest are often rather remote and not easily accessible, manual measurements will be
the only way to achieve an adequate spatial measurement distribution across a nation such as
Brazil. At the same time, the high event-based emission peaks have to be captured and included
into national estimates. As already suggested by Groffman et al. (2009), mathematical models
can be used for the evaluation of external environmental changes. With regard to the strong
development and improvement of mechanistic models in recent years, it can be assumed that their

application might help in determining important time periods for detection of hot moments.

This approach turned out to be suitable for data collection in the study areas of the Carbiocial
project (chapter 3). Three process-oriented models were run in a pre-measurement manner for a
cattle pasture under grazing and by using historical climate data. The prediction of the models
followed the current knowledge of biogeochemical processes in the soil, according to which
seasonal patterns can lead to emission peaks (e.g. Brumme et al. 1999). Following the model
predictions, measurements on three cattle pastures of different ages were performed in Southern
Para during the early wet season (December 2012 + January 2013 and November + December
2013, respectively). Although these time periods were characterized by days without rain, as well
as subsequent intense and constant rains, predicted emission peaks were not observed in the field.

Subsequent emission dynamics in the course of the rainy season were rather moderate. These first
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results follow the findings of the literature research and thus highlight the need for further
investigation of underlying processes.

Nevertheless, the fluxes measured on the cattle pastures supported the assumption of a
relationship between pasture age and N availability and hence N,O levels, as higher fluxes were
observed from the oldest and lower emissions from the youngest pasture. This relation could not
be reproduced by the models: since the oldest pasture was used for model calibration, the
retaining of adapted emission parameters for the CANDY and DDC model led to
underestimations of observed fluxes from the younger validation pastures. The DNDC model was
found to be unsuitable for Brazilian conditions, as its strong sensitivity to precipitation events led
to overestimations of N,O fluxes. Consequently, the model followed the current process
understanding but was not able to reproduce field observations. However, the choice of the
perennial grassland as vegetation led to a steady increase of soil nitrogen during the spin-up (5
years). Consequently, the annual N,O emissions were higher each year.

For all models correct description of easy-to-measure underlying processes (here soil moisture
and Cyq content) led to a better adaptation to observed N,O fluxes. This shows that the linkages
between the different soil compartments are satisfyingly respected and implemented in the
models. Nevertheless, the CANDY and DNDC model struggled when it came to heavy
precipitation events and simulated soil moisture strongly overestimated observations. While
increasing the hydraulic conductivity led to considerable improvements in the DNDC model,
measurements from a depth of 0 — 10 cm turned out to be inappropriate for calibrating the
CANDY model. The consideration of puddle water and inclusion into the first soil horizon led to
simulated soil moistures that exceeded the soil pore space. As this shallow depth is known to be
decisive for N,O production, a further refinement of the first soil layer might improve the
adaptation.

All-season fluxes simulated with the calibrated models indicated that the time periods chosen for
the field campaigns were within the most dynamic and thus adequately chosen. However, the
CANDY model suggested the first precipitation events at the end of the dry season as most active
for N,O peaks and rather moderate dynamics during the subsequent rainy season. This might be
another explanation for the missing emission peaks, and if this is the case, future measurement
campaigns have to capture the immediate beginning of the rainy season - this needs further

investigation. Nevertheless, mechanistic models — and ideally a combination of models — proved
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to be immensely helpful for planning field campaigns in remote areas as presented in this study.
However, since observed emissions seemed to be unaffected by external short-term events,
process-oriented modeling in daily time steps — as it has been made in this study — seems too
sophisticated in relation to the value. In particular with regard to regionalization, simpler
approaches, such as extrapolation of emission values, likely cause less uncertainties compared

with comparatively elaborate modeling.

Such an extrapolation approach was performed within two studies, which aimed to asses the
impact of scenario-based land use changes on GHG emissions in the two Federal States Mato
Grosso and Paré (chapters 4 and 5). Four new land use maps for the year 2030 were created using
the land use model LandSHIFT based on the alternative future scenarios established by
Schonenberg et al. (submitted) (Trend, Legal Intensification, Illegal Intensification, and
Sustainable Development). Aiming to investigate strategies towards a more sustainable use of
land resources in Southern Amazonia, three mechanisms were identified: land protection policies,
agricultural intensification, and changing human consumption patterns. Especially the first two
aspects were found to play an important role for CO, and non-CO, (N,O and CH,4) emission
development, since in this case main drivers between the scenarios were the conversion of
rainforest areas and the establishment of new pastures. While forest soils are sources for CO, and
N0, they act as a sink for atmospheric CH,. In contrast to this, pasture soils are sources for both
gases and although nothing is known about a relationship between pasture age and CH,
emissions, especially young pastures emit large amounts of CO, and N,O. Largest reduction of
forest and cerrado vegetation and subsequent expansion of pasture area was simulated for the
Trend scenario in both states. This is still the typical procedure in this region of Brazil, since
deforested areas are mainly used as cattle pastures first and after several years converted into
cropland (e.g. Coy & Klingler 2011).

Although the GHG emissions mentioned above relate to the already existing land use in 2030 and
do not include emissions from the conversion process itself, the comparison of the scenarios
allows conclusions about the development following the specific alternative futures. Considering
solely the non-CO, fluxes shows that the “business-as-usual” (Trend) scenario and the shift
towards a vegetarian diet (Sustainable Development) are not the ideal futures in terms of GHG
mitigation; mainly because of the ongoing deforestation and pasture expansion. The combination

of New Forest code and pasture intensification is only considered in the Legal Intensification
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scenario. Intensive usage of established pastures is also integrated in the Illegal Intensification
scenario and here the reductions of both CO, and non-CO, emissions are highest because of the
pasture expansion to protected (and high biomass producing) areas, such as the Pantanal.

These results follow the general findings of Galford et al. (2010), who highlight that avoided
deforestation is the best strategy for minimizing future GHG emissions. Although Galford et al.
(2010) just focussed on Mato Grosso, this suggestion applies even more for Para, which still
contains large areas of untouched rainforest.

Generally, the results of the presented studies clearly indicate that, despite the loss of natural
ecosystems, the way how agriculture will develop in Southern Amazonia strongly affects the
amount of land-use specific GHG. Intensification of agriculturally used land is crucial in
reducing the conversion of areas under natural vegetation and might become a key driver for
GHG mitigation strategies. Thus, these results must make entry into political attempts and

strategies.
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7. Outlook

7. Outlook

This study offers a comprehensive overview on the influences of land conversion on soil-derived
GHG emissions — mainly nitrous oxide (N,O), but also CO, and CH,4 — in Southern Amazonia. It
has been shown that the underlying processes of low N,O emissions from Brazilian soils are not
yet fully understood and have to be further investigated, inter alia, with more frequent and long-
term measurements. In addition to that, nothing is known about the emission behavior of any
GHG during the conversion process of natural vegetation. Since it can be expected that large
amounts of GHG are released during these processes, research during these phases is needed in
order to close this knowledge gap.

Implementation of the thereby gained knowledge into process-oriented models will result in a
better adaptation to Amazonian conditions and will enable more precise calculations of expected
emissions from land conversion, e.g. direct forest-to-cropland conversion. In the frame of
ongoing deforestation, this might be a fundamental step towards sound national budgets on the
one hand and further mitigation strategies and political attempts on the other hand.
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Appendix A

Chapter 2: Direct nitrous oxide (N,O) fluxes from soils under different land use in Brazil —
a critical review

Table A.1: Geographical location, climatic condition, soil type and properties of studies with N,O-N flux
measurements in Brazil.

Site Geographical MAT  MAP  Soiltype O Core
No Reference location [°] °C] [mm] WRB content [gkg']
) south  west [%] EX8
1 Vasc‘zgg‘f)l:)s et al 131 47.95 255 2539 Ferralsol 20 2.20
2 Verchot et al (1999) 2.98 47.51 1850 Ferralsol 2.47-3.02
3 Verchot et al (2008) 1.11 47.78 26 2500 Leptosol
Ferralsol 80
4 Keller et al (2005) 3.03 54.95 25 2000 Acrisol 13 2.50
5 Davidson et al (2004) 2.88 54.95 2000 Ferralsol 60 - 80
. Ferralsol 60
6 Silver et al (2005) 2.64 54.59 25 2000 Acrisol 18
Ferralsol 80
7 Varner et al (2003) 2.64 54.59 25 2000 Acrisol 33
.. Ferralsol
8 Livingston et al (1988) 3.0 60.0 26 1770 Acrisol
9 Luizéo et al (1989) 3.0 60.0 2200 Ferralsol
10 Melillo et al (2001) 10.16 62.81 25.6 2200 Acrisol 19 -29
11 Steudler et al (2002) 10.16 62.81 25.5 2200 Nitisol 23-29
12 Garc‘a'(%%nlt)lel aal 105 625 188-256 2270 Acrisol <30
13 Garc‘a'(%%r;t)lel @aljos 625  188-256 2270 Acrisol  20-30
14 Neill et al (2005) 10.5 62.5 25.6 2200 Acrisol 13-76
15 Carmo et al (2005) 10.5 62.5 2270 Ferralsol
16 Passianoto et al (2003) 10.5 62.5 25.5 2200 Acrisol
17 Carvalho et al (2009) 12.48 60.0 23.1 2170 Ferralsol 73 1.71 -2.77
18 Neto et al (2011) 17.78 51.91 233 1550 Ferralsol 54 - 68 1.85-2.90
19 Carvalho et al (2014) 17.36 51.48 23 1155000_ Ferralsol 56-60  2.09-2.89
20 Metay et al (2007) 16.48 49.28 22.5 1500 Ferralsol 40
21 Lessa et al (2014) 16.48 49.28 Ferralsol 43
22 Santos et al (2008) 16.48 49.28 22.5 1460 Ferralsol
23 Varella et al (2004) 15.65 47.75 1500 Ferralsol 57-74 42‘471411
. 16.3 47.5 Ferralsol 49 - 72
24 Cruvineletal Q01 1655 4761 Ferralsol 68 - 76
25a 22.25 48.56 Lixisol 11
a5p  Camoetal013) oy e 4855 21 1390 Ferralsol 29
26 Barneze et al (2014) 22.7 47.61 Nitisol 3.03
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continued
23.56 45.08 3050 35
27 Neto et al (2011) 234 45.18 2300 21 4.59 -9.15
23.31 45.08 19.1 - .
28 Carmo et al (2012) 234 4595 25 5 2500 Acrisol 23
29 Coutinho et al (2010)  22.73 44.95 20 1500 Ferralsol 30-36
30 Morais et al (2013) 22.76 43.68 24 1300 Acrisol 45
22.75 a) 1500 - 2.01
31 Maddock et al (2001) 2) 43.08 21 2250 Ferralsol 27-29 203
32 Pivaeral 2012) 2478  49.95 1400 Ferralsol 44 ggg
33 Piva et al (2014) 24.78 49.95 1400 Ferralsol 44 gg;
34 Sordi et al (2014) 25.38 49.11 1400 Cambisol 44 2.50
35 Jantalia et al (2008) 28.25 52.4 1430 Ferralsol 63
36  Giacomini et al (2006)  29.75 53.7 Luvisol
37 Gomes et al (2009) 30.1 51.7 19.4 1440 Acrisol 22

MAT: Mean annual temperature.
MAP: mean annual precipitation.

? coordinates from MMA/IBAMA (2006)
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Appendix B

Chapter 3: Model-guided measurements of nitrous oxide (N,O) fluxes from Amazonian

cattle pastures

Table B.1: Input data for the pre-simulations with CANDY, DNDC, and DDC.

Climate (daily data)
Weather station Alta Floresta
Latitude/Longitude -9.87°N / -56.10°E
Time frame 2007 - 2011
Parameters temperature

mean: CANDY

Average annual mean temperature [°C]
Average annual minimum temperature [°C]
Average annual maximum temperature [°C]
Average annual precipitation sum [mm]

minimum and maximum: DNDC, DDC
precipitation (all)
global radiation (CANDY)
26.95
20.70
32.20
2,182

Soil (average values over the depth 0 — 100 cm)

Soil texture loam

Clay content [%] 16

Bulk density [g cm™] 1.05

Initial Cyy, [kg C kg™'] 0.0181

Porosity 449

Field capacity [Vol %] 16

Wilting point [Vol %] 79

Hydraulic conductivity [cm min™'] 0.17%
Management

Vegetation type dry pasture/grassland
Harvest year-round grazing

¥ taken over from the database provided by DNDC for the specific soil texture

144



Appendices

ALY N T
E Precipitation [mm]

— T

i_ 3) CANDY
o\,?E' b) DDC
B B

=

L2

=

B g

[=}

£

E & IWWW\’\ mew\]—
: T T T T
2o DNDC

T T T T T T
11/02 11/04 11/06 11/08 1110 1112

Figure B.1: Simulated soil moisture from the pre-simulations with CANDY (a), DDC (b), and DNDC (c) for the
year 2011 under Amazonian conditions (see Table B.1).
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Figure B.2: Simulated N,O-N fluxes from the pre-simulations with CANDY (a), DDC (b), and DNDC (c) for the
year 2011 under Amazonian conditions (see Table B.1).
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Table B.2: Optimized parameters for model adaptation to observed soil water contents, carbon contents, and N,O-N

fluxes.
Parameter and site CANDY DNDC DDC
Soil water content
Field capacity [Vol %] 0-10cm
old 36 44 39
medium 40 43 39
young 34 37 32
Permanent wilting point [Vol %] 0-10cm
old 20 16 12
medium 16 26 10
young 20 17 16
Hydraulic conductivity [m hr] 0-10cm
old 45x107 7.7x10° 4.7x107
medium 6.0 x 1072 2.6x10" 1.7x10°
young 48x10? 8.9x10* 2.1x10?
Carbon content
Initial carbon content M% kg C kg*
(0-10/10-30cm) (0-5cm)?
old 5.80/0.74 0.0220
medium 3.95/1.66 0.0240
young 1.82/1.17 0.0185
Carbon decrease rate
old 4.0
medium 15
young 2.5
Decomposition rates DEC5(1) / (2)
old 0.130/0.104
medium 0.185/0.148
young 0.248/0.198
Maximum C:N ratio of material entering SOM VARATI11/12
pools 10/9
old VARAT21/ 22
10/20
VARAT3
10
Cultivation factor for decomposition CLTEFF(1 - 3)
old” 2
N,O-N fluxes
Factor controlling denitrification rate
old 1.75 x 10°
Fraction of nitrified N lost as N,O
old ” 0.2

% assuming a depth of 10 cm with uniform SOC content

% values were kept during validation
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Appendix C

Chapter 4: Future scenarios of land use and land cover change in Southern Amazonia and
its impacts on greenhouse gas emissions from agricultural soils

C.1. Model input and scenario assumptions

Table C.1: Datasets used for land use modeling.

Spatial scale Input variable Temporal Purpose Comment Source
coverage
crop production 2000-20_10 production of major crops IBGE 2013
dynamic per federal state
. number of livestock (cattle,
livestock 2000'20.10 goat, sheep) per federal IBGE 2013
numbers dynamic
Federal state state
crop area 2000 base map crop area of major crops per IBGE 2013
federal state
. 2000-2010 total population number per
Population dynamic federal state IBGE 2013
biomass
Grid, _ crop yields/ 2000-20_30 productivity; yield distribution of major Bondeau et al. 2007
30 arc-minutes cell grassland NPP dynamic preference crops
ranking
Grid, . Iivestgck 2000 initial state livestock distribution Wint & Robinson 2007
30 arc-minutes cell density
land cover 2001 initial state map of agricultural area and Friedl et al. 2002
natural land cover types
opulation Poverty Mapping Urban,
P dp : 2000 initial state Rural Population Salvatore et al. 2005
ensity i
Distribution
terrain slope; reference SRTM30 (Shuttle Radar
elevatiorﬁ] ' 2000 prankin Topography Mission Farr & Kobrick 2000
Grid, g Global Coverage)
900 x 900m cell river nerork 2000 Banf:q de Nomes _ IBGE 2012
density Geogréficos do Brasil
road preference Banco de Nomes
infrastructure 2000 ranking Geograéficos do Brasil IBGE 2012
travel distance 2000 prefergnce distance to _m_arkets (major ESRI 2009
ranking cities)
conservation 2000 land use military, ecological and military: ZEE 2009;
areas constraint indigenous protected areas  ecological and indigenous: MMA

3 Zoneamento Ecoldgico-Econémico da Rodovia BR-163
®) Ministério do Meio Ambiente
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C.2. CH,; and N,O emission values

Table C.2: Land-use specific emission values of N,O [kg N ha™] and CH, [kg C ha™].

N,O fluxes [kg ha® yr']? CH, fluxes [kg ha® yr]

Land use type Min Median Max Min Median Max
Rainforest 0.38 2.29 16.20 -6.57 -1.31°-¢ -0.41
Cerrado -0.09 0.14 1.19 -4.35 -3.15% k! -1.3
Pasture -2.19 1.20-ek! 2.89

old -0.27 0.9 3.62
young 1.32 2.25 10.16
Cropland -0.07 0.8 4.26 -4.18 -1.24M! 1.65

9 Meurer et al. (2016), ” Vasconcelos et al. (2004), ? Steudler et al. (1996), ¥ Carmo et al. (2012), ® Fernandes et al. (2001),
Silver et al. (2005), 9 Verchot et al. (1999), ™ Verchot et al. (2008), ? Metay et al. (2007), ? Piva et al. (2014), ¥ Carvalho et al.

(2014), " Neto et al. (2011)

C.3. Method for measuring and calculating SOC changes

To analyze the SOC stocks changes after land use conversion 29 plots of a size of 100 m x 100 m were

identified along the research transect (Figure C.3).
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Figure C.3: Map of research area along the BR-163 with the three study regions: 1 -
Novo Progresso; 2 - Sinop; 3 - Cuiaba.

The plots included three different land use types: native vegetation, pastures
and crop-fields. To include the most common soil types (Quesada 2011) of the
Amazon region land use types were sampled on Ferralsols and Acrisols. Soils
were classified according to IUSS Working Group WRB (2014). To describe
the heterogeneity of SOC within soil the plots were sampled using a grid
system with a mesh size of 25 m and took 9 or 5 individual soil cores down to
100 cm on each plot. Each core was separated into sample increments of 0 -
10 cm, 10 - 30 cm, 30 - 60 cm, and 60-100 cm, totally we analyzed 996

samples. The samples were immediately air dried followed by an additional

drying in the laboratory at 50°C until weight constancy. All samples were sieved < 2 mm for further

analysis.

SOC concentrations were measured on an elemental analyzer (ISOTOPE CUBE, Elementar

GmbH, Hanau, Germany) on samples previously ground with a ball mill (Retsch MM200, Haan,

Germany). For calculating SOC stock the bulk density was analyzed on every plot. Therefore, a soil pit

was opened (1m x 1m x 1.1m) for taking undisturbed core samples (100 cm®) in increments of 10 cm in 3

replicates. Bulk density was calculated gravimetrically after drying the 100 cm3 samples for 48 h by

105°C.
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Land use change is mostly accompanied by changes in the soil bulk density (Roscoe & Buurman 2003).
As we assumed similar initial conditions (space for time substitution) of the plots under agriculture and
their reference plots under native vegetation; the SOC stocks were mass corrected. For this the soil mass
after land use change were adjusted to the corresponding soil mass on the reference plots under native
vegetation (Ellert & Bettany 1995, Poeplau & Don 2013):

SMi+SMnativet

SOCSTOCK o7y = SOCSTOCK, (2t Mnatioet e ¢ )

(C.1)

where SOCSTOCK,,,, is the corrected SOC stock in Mg SOC ha™, SOCSTOCK; defines the original
calculated SOC stock in Mg SOC ha™, SM; is the soil mass of the individual sample in g, and SMave the
soil mass of the corresponding native vegetation in g, whereas Cv; defines the volume in cm?, and Ceepest
is the C concentration in % of the deepest considered soil layer. After mass correction SOC stock changes
were calculated for every individual sampling point.

Table C.3: Mass corrected SOC stocks and SOC stock changes for different land use types on Ferralsol and Acrisol
for topsoil (0 - 30 cm), subsoil (30 - 100 cm) and the complete sampling depth (0-100 cm?).

SOC stocks + SE [Mg ha™]

SOC stock changes + SE [Mg ha']

Ferralsol n 0-30 cm 30-100 cm 0-100 cm 0-30 cm 30-100 cm 0-100 cm
Cerrado 18 57.4+1.75 66.19+1.66 127.02+2.89 - - -
Rainforest 23 5558 +3.16 67.43+2.07 12438+4.4 - - -
Pasture
old 50 5445 +153 60.15+1.66 118.16+258 -1.64+1.61 -496+1.78 -529+261
young 18 52.88+3.68 59.92+138 11469+476 -3.61+3.68 -9.39+138 -14.88+4.82
Cropland
old 32 58.39+1.26 70.23+1.18 131.79+212 3.00+0.81 7.65+0.92 12.70+1.37
young 36 4728+179 5785+191 10821+346 -642+1.77 -830+1.80 -13.28+ 3.36
Acrisol
Rainforest 27 3485+184 41.08+237 77.68+342 - - - - - -
Pasture
old 27 3917 £1.14 4127 £162 8338 £1.70 5.13 +1.14 0.23 +148 541 +162
young 9 39.64 +£2.65 5259 +1.19 9341 £3.34 6.10 £265 946 +1.19 1495 +3.36
Cropland
young 9 29.17 +2.33 3487 +2.05 64.46 +4.42 -447 £233 -7.67 £2.05 -1294 +4.42

3 due to mass correction, the sum of topsoil SOC and subsoil SOC might not be similar to 0 — 100 cm
n = amount of individual sampling points

SE = standard error
young: < 10 years
old: > 10 years
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Table C.4: Translation of storyline statements into numerical LULCC drivers (Trend scenario).

Storyline assumption

Scenario interpretation

Quantification

Population

population growth continues
according to agricultural pioneer
frontier dynamics

population growth according to past
observations

trend projections (method of the least
squares) until 2030

Agricultural development

agricultural production is expanding
and intensifying
livestock numbers continue to rise

agricultural production growth according to
past observations

livestock number growth according to past
observations

trend projections (method of the least
squares) until 2030
trend projections (method of the least
squares) until 2030

Land use policy

conversion of natural ecosystems is
taking place

infrastructural development
continues in regard to BR-163

law enforcement in place but rather
inefficient due to resource
deficiency

reduction of protected areas size

no further constraint regarding conversion of
natural ecosystems

BR-163 is going to be paved from Cuiab4 to
Santarem

Mato Grosso/Paré:

No further land use change in protected areas
(strictly protected, sustainable use, military,
indigenous).

forest and Cerrado (savannah) vegetation
cover is less likely to be converted into
pastures or cropland due to conversion
costs

BR-163 is integrated into database road-
map layer

Mato Grosso/Paré:

Land use type of cells within protected
areas is not changed.

Table C.5: Translation of storyline statements into numerical LULCC drivers (Legal Intensification scenario).

Storyline assumption

Scenario interpretation

Quantification

Population

population dynamics and growth continue
according to agricultural pioneer frontier

dynamics

population growth according to past
observations

trend projections until 2030

Agricultural development

agricultural production is expanding and
intensifying further accelerated due to

demand from Asian countries

agricultural ~ production  growth
according to past observations
increased by additional demand
(Asia)

trend projections
growth according to population growth in Asian
countries

until 2030 + additional

livestock numbers continue to rise further
accelerated due to demand from Asian
countries
tendency toward intensification of cattle
ranching

livestock number growth according
to past observations increased by
additional demand (Asia)
intensification of
management

pasture

trend projection until 2030 + additional growth
according to population growth in Asian
countries

Mato Grosso: livestock unit production on each
grid cell is increased by 9% every time step
until a maximum production increase of 50% is
realized; livestock unit production on each grid
cell is increased by 4.5% every time step until a
maximum production increase of 30% is
realized
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continued

Land use policy

conversion of natural
taking place
infrastructural development continues in
regard to BR-163

protected areas continue to play an
important role in conservation of natural
ecosystems;

law enforcement in place but rather
inefficient due to resource deficiency

ecosystems is

conversion coinciding with New Forest
Code (according to Soares-Filho et al.
2014)

conversion of natural ecosystems is
taking place

infrastructural development
continues in regard to BR-163
protected areas continue to play an
important role in conservation of
natural ecosystems;

law enforcement in place but rather
inefficient due to  resource
deficiency

conversion coinciding with New
Forest Code (according to Soares-
Filho et al. 2014)

conversion of natural ecosystems is taking place

infrastructural development continues in regard
to BR-163

protected areas continue to play an important
role in conservation of natural ecosystems;

law enforcement in place but rather inefficient
due to resource deficiency

conversion coinciding with New Forest Code
(according to Soares-Filho et al. 2014)

Table C.6: Translation of storyline statements into numerical LULCC drivers (lllegal Intensification scenario).

Storyline assumption

Scenario interpretation

Quantification

Population

population dynamics and growth continue
according to agricultural pioneer frontier
dynamics

population growth according to past
observations

trend projections until 2030

Agricultural development

agricultural production is expanding and
intensifying further accelerated due to
demand from Asian countries

livestock numbers continue to rise further
accelerated due to demand from Asian
countries

tendency toward intensification of cattle
ranching

agricultural production growth
according to past observations
increased by additional demand (Asia)
livestock number growth according to
past observations increased by
additional demand (Asia)
intensification of pastures taking place

trend projections until 2030 + additional
growth according to population growth in
Asian countries

trend projections until 2030 + additional
growth according to population growth in
Asian countries

Mato Grosso: livestock unit production on
each grid cell is increased by 9% every time
step until a maximum production increase of
50% is realized; livestock unit production on
each grid cell is increased by 4.5% every
time step until a maximum production
increase of 30% is realized

Land use policy

conversion of natural ecosystems is
taking place

infrastructural development continues in
regard to BR-163

Road connection between Br-163 and
Terra Do Meio

protected areas are used for illegal
agricultural expansion; only sporadic law
enforcement

no constraint regarding conversion of
natural ecosystems

BR-163 is going to be paved from
Cuiaba to Santarem

BR-163 corridor: road construction
between Novo Progresso and Felix do
Xingu

indigenous and military areas are
considered as protected,; strictly
protected, sustainable use and riparian
protected areas are not protected

forest and Cerrado (savannah) vegetation
cover is less likely to be converted into
pastures or cropland due to conversion costs
BR-163 is integrated into database road-map
layer

BR-163 corridor: integration of a new road
layer describing subsequent construction
states

no land use within military and , indigenous
areas; land use change allowed in ecological
strictly protected, sustainable use and
riparian protected areas
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Table C.7: Translation of storyline statements into numerical LULCC drivers (Sustainable Development scenario).

storyline assumption

scenario interpretation

Quantification

Population

population growth stabilizing; less
migration of land-less from other
Brazilian regions

population growth rate decreasing
(Mato Grosso: -10%; Para: -5%)

trend projections until 2030 — growth rate
correction (Mato Grosso: -10%; Para: -5%)
per time-step

Agricultural development

agricultural production specializing on
fresh products (niche market); the better
the development of trade structures, the
stronger smallholder and medium
business production

agricultural production specializing on
fresh products (niche market); worldwide
trend toward vegetarian diet

high intensification regarding agricultural
practices

agricultural production focusing on
production of vegetarian products;
focus on crops for domestic use;
focus away from cash crops

livestock numbers decrease
considerably; meat consumption
substituted by vegetarian products
crop yield data is further increased

trend projections until 2030 + production
growth (beans, fruits, vegetables, soy);
production correction of soybean (exported
fraction) due to less export demand

trend projections until 2030 minus 70% of
total livestock numbers due to healthy and

sustainable diet

crop yield growth adapted by an additional
+30% of crop biomass over 30 years

Land use policy

conversion of natural ecosystems avoided
when possible

infrastructural development continues in
regard to BR-163

protected areas continue to play an
important role in conservation of natural
ecosystems

effective law enforcement; Soy-
Moratorium continues after 2016; Cattle-
Moratorium continues after 2019

constraint regarding conversion of
forest land cover; no further
constraint regarding all other natural
land cover

BR-163 is going to be paved from
Cuiabé to Santarem

protected areas (ecological, military,
indigenous) are considered as
protected

Mato Grosso/Para:

no illegal transformation of natural
land cover; transition of areas
defined as forest not possible;
conversion of Cerrado less likely

forest and Cerrado (savannah) vegetation
cover is even less likely to be converted into
pastures or cropland due to conversion costs
and a restraining land use policy

BR-163 is integrated into database road-map
layer

no land use within protected areas (exception:
land use according to base-map (2000))

Mato Grosso/Para:

forest and Cerrado (savannah) vegetation
cover is even less likely to be converted into
pastures or cropland due to conversion costs
and restraining land use policy
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Table C.8: Overview on scenario assumptions relevant to spatial modeling.

Variables

Trend

Legal Intensification

Illegal
Intensification

Sustainable
Development

Area-specific policies

New Forest Code

Nature Reserve
Protection

Military Areas
Indigenous Reserves

not considered

protected®

o)
protected?

80 % of every forest grid

cell converted into

cropland/pasture retains

its original natural land
use type

see Trend scenario

see Trend scenario
see Trend scenario

see Trend scenario

unprotected ®

(insufficient

enforcement)
see Trend scenario
see Trend scenario

see Trend scenario

see Trend scenario

see Trend scenario
see Trend scenario

Area conversions

Forest

Shrubland/
Savannah (Cerrado)
Grassland

Fallow Land

Barren Land

trans: 50 % due to
cost of conversion
trans: 70 % due to
cost of conversion
trans: 100%
if available: used first
for conversion
trans: 10 % due to
cost of conversion and
low expected
agricultural
production

see Trend scenario

see Trend scenario
see Trend scenario
see Trend scenario

see Trend scenario

see Trend scenario

see Trend scenario
see Trend scenario
see Trend scenario

see Trend scenario

transition
probability 0%
transition
probability 30%
see Trend scenario

see Trend scenario

see Trend scenario

Intensification

Pasture

not considered

Pard: 4.5 % per timestep;
maximum intensity: 30 %

Mato Grosso: 9 % per
timestep; maximum
intensity 50 %

Paré: 4.5 % per
timestep; maximum
intensity: 30 %

Mato Grosso: 9 % per
timestep; maximum
intensity: 50 %

see Trend scenario

Infra-
structure

Road Infrastructure

BR-163 considered
paved from Cuiaba to
Santarém

see Trend scenario

see Trend scenario

see Trend scenario

4 not available for conversion
b available for conversion
trans. = transition probability

Table C.9: Aggregation of LandSHIFT land use classes.

LandSHIFT land use types

aggregated land use types

evergreen needle forest, evergreen broad-leafed forest,
deciduous needle forest, deciduous broad-leafed forest,
mixed forest

closed shrub land, open shrub land

woody savannah, savannah

tea, cocoa, coffee, maize, annual oil crops, pulses, rice,
tropical roots and tubers, soybean, sugarcane, cassava,
wheat

pasture, rangeland

rainforest

shrub land
savannah (Cerrado)

cropland

pasture
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C.4 Simulated LULCC and greenhouse gas emissions

Table C.10: LULCC as comparison between land use in 2010 and 2030 regarding each scenario.

Para Mato Grosso
Scenario  Land use type
2010 [km?] 2030 [km?] Change [%] 2010 [km?] 2030 [km?] Change [%0]
Urban land 599 640 +6.9 906 909 +0.3
Cropland 147,960 172,190 +16.4 221,389 203,055 -8.3
B Pasture 102,675 204,946 +99.6 168,198 252,786 +50.3
E Rainforest 982,240 868,869 -11.5 360,012 329,876 -8.4
Cerrado 24,648 11,770 -52.2 171,047 136,683 -20.1
Grassland 341 302 -114 19,148 17,014 -11.2
Urban land 599 636 +6.2 906 906 0
§  Cropland 147,960 222,677 +50.2 221,389 240,987 +8.9
Tg’g Pasture 102,675 100,437 -2.2 168,198 157,536 -6.3
Ja Rainforest 982,240 924,900 -5.8 360,012 360,016 0
é Cerrado 24,648 9,927 -59.7 171,047 163,879 -4.2
Grassland 341 302 -114 19,148 17,398 9.1
Urban land 599 640 +6.9 906 909 +0.3
§  Cropland 147,960 187,141 +265 221,389 249,328 +126
gg Pasture 102,675 179,108 +74.4 168,198 150,616 -10.5
% ‘@ Rainforest 982,240 882,862 -10.1 360,012 359,268 -0.2
é Cerrado 24,648 9,327 -62.2 171,047 159,401 -6.8
Grassland 341 101 -70.4 19,148 21,038 -9.9
Urban land 599 631 +5.3 906 907 +0.1
% § Cropland 147,960 227,636 +53.9 221,389 226,481 +2.3
[ g_ Pasture 102,675 13,636 -86.7 168,198 165,744 -15
g § Rainforest 982,240 995,891 +1.4 360,012 360,017 0
A&  cerrado 24,648 20,937 -15.1 171,047 134,316 -215
Grassland 341 300 -12.0 19,148 13,387 -30.1
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Table C.11: N,O and CH, fluxes [Mt a™*] from agricultural soils regarding each scenario.

Para Mato Grosso
Scenario Latr;%:se 2010 2030 2010 2030
N,O CH, N,O CH, N,O CH, N,O CH,
Pasture 0.0092 0.0123 0.0249 0.0246 0.0151 0.0202 0.0298 0.0303
- old 0.0149 0.0188
= young 0.0100 0.0110
= Cropland 0.0108 -0.0167  0.0138 -0.0214 0.0177 -0.0275 0.0162 -0.0252
Total 0.0200 -0.0044  0.0386 0.0032 0.0329 -0.0073 0.048 0.0052
< Pasture 0.0092 0.0123 0.009 0.0121 0.0151 0.0202 0.0144 0.0189
_E old 0.009 0.0141
S.2 young 0 0.0003
DE
- g Cropland 0.0108 -0.0167  0.0178 -0.0276 0.0177 -0.0275 0.0193 -0.0299
£ Total 0.0200 -0.0044  0.0269 -0.0156 0.0329 -0.0073 0.0337 -0.011
s Pasture 0.0092 0.0123 0.0187 0.0215 0.0151 0.0202 0.0137 0.0181
_E old 0.0147 0.0135
%;f-j young 0.0040 0.0002
= § Cropland 0.0108 -0.0167 0.015 -0.0232 0.0177 -0.0275 0.02 -0.0309
|5 Total 0.0200 -0.0044  0.0336 -0.0017 0.0329 -0.0073 0.0336 -0.0129
© B Pasture 0.0092 0.0123 0.0012 0.0016 0.0151 0.0202 0.0149 0.0199
=g old 0.0012 0.0149
.E = young 0 0
% [ Cropland 0.0108 -0.0167  0.0182 -0.0282 0.0177 -0.0275 0.0213 -0.033
s Total 0.0200 -0.0044  0.0194 -0.0266 0.0329 -0.0073 0.0362 -0.0132

155



Appendices

Table C.12: CO, fluxes [Mt] from Acrisol and Ferralsol regarding each scenario. Totala.r = CO, fluxes from Acrisol

and Ferralsol.

Para Mato Grosso
Scenario Land use type 2010 2030 2010 2030
Ferralsol Acrisol Ferralsol  Acrisol Ferralsol ~ Acrisol  Ferralsol Acrisol
Pasture
old 0 20.64 0 28.73 0 16.74 0 26.37
young 0 12.31 0 18.98 0 16.79 0 15.23
= Cropland
o old 63.59 28.21 96.37 72.53 77.84 30.66 131.11 55.23
= young -37.97 -16.41 -0.40 -0.30 -74.87 -28.74 -2.49 -1.02
Total 25.62 44.75 95.97 119.94 2.97 35.45 128.62 95.81
Totalar 70.37 21591 38.42 224.43
- Pasture
£ old 0 20.64 0 23.8 0 16.74 0 21.48
8 young 0 12.31 0 0 0 16.79 0 0.49
G Cropland
§ old 63.59 28.21 112.34 108.27 77.84 30.66 162.54 62.13
£ young -37-97 -16.41 -0.12 -0.12 -74.87 -28.74 -3.35 -1.25
‘_“5 Total 25.62 44,75 112.22 131.95 2,97 35.45 159.19 82.85
- Totala.r 70.37 24417 38.42 242.04
c Pasture
-% old 0 20.64 0 38.88 0 16.74 0 20.98
RS young 0 12.31 0 10.31 0 16.79 0 0.30
'S Cropland
I old 63.59 28.21 82.32 97.22 77.84 30.66 153.7 69.09
E young -37.97 -16.41 -0.58 -0.67 -74.87 -28.74 -3.01 -1.32
% Total 25.62 44.75 81.74 145.74 2.97 35.45 150.69 89.05
= Totala.r 70.37 227.48 38.42 239.74
Pasture
- old 0 20.64 0 0.6 0 16.74 0 22.55
% = young 0 12.31 0 0 0 16.79 0 0
< g Cropland
32 old 63.59 28.21 121.55 103.34 77.84 30.66 164.32 62.91
2] % young -37.97 -16.41 -15.86 -13.13 -74.87 -28.74 -18.02 -6.90
@0 Total 25.62 44.75 105.69 90.81 2.97 35.45 146.3 78.56
Totala.r 70.37 196.5 38.42 224.86
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