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Abstract

Fine-Scale Analyses for Improving Conservation and Sustainability Efforts in
Agricultural Landscapes of Neotropical Savannas
by

Fernanda de Figueiredo Ribeiro

Regional maps featuring the fine-scale heterogeneity of neotropical savannas are
necessary for delineating species habitats and for supporting conservation and ecological
analyses. The Brazilian neotropical savanna is the most floristically diverse savanna in the
world and is amongst the top 36 global priorities for conservation. In this dissertation, | used
a suite of fine-scale geospatial analyses and remote sensing imagery in support of improving
biodiversity conservation efforts in Cerrado private lands. In Chapter 2, | developed a
systematic framework using Geographic Object-Based Image Analysis (GEOBIA) that
incorporated spectral and spatial features in a novel environmental spatial ruleset developed
to map a wide range of Cerrado vegetation structural types at 5-m resolution. This
framework mapped 13 land cover categories effectively, of which 11 were physiognomic
types. Map accuracy was 87.6%. The results show that high spatial resolution imagery is
appropriate for discriminating Cerrado land cover classes and the GEOBIA framework is
essential for refining land cover categories to ecological classes (physiognomic types). To
the best of our knowledge, this is the first map to feature a wide range of detailed

physiognomic types with high map accuracy at high spatial resolution. In Chapter 3, |
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developed a fine-scale spatially explicit gap analysis to estimate possible protection status of
physiognomic types and important habitats for endangered and endemic avifauna from areas
under land use regulation (i.e. Brazil's Forest Code). | also assessed the potential compliance
status of rural properties with land use regulation by land property size. Moreover, |
proposed a quantitative approach to support current policy implementation and improve
their guidelines. The results indicate that instruments of policy implementation such as
Legal Reserves and Areas of Permanent Preservation are essential for ensuring protection of
a wide diversity of physiognomic types and essential habitats for endemic and endangered
species. | demonstrated that allocation for mandatory set asides can be optimized to
maximize biodiversity by considering the representativeness of unprotected physiognomic
types. Moreover, the results suggest that land property size might be a reliable indicator to
target illegal land clearing within areas under current policy. Thus, efforts to enforce and
monitor policy compliance can be improved by targeting land property size. In Chapter 4, |
investigated alternative conservation priority-setting schemes to allocate privately protected
areas in a Cerrado commodity-driven agricultural landscape, aiming to improve habitat
protection and increase landscape connectivity between protected areas. The results suggest
that unprotected vegetation in Cerrado private lands is critical to maintaining regional
structural connectivity between large protected areas such as national parks and ecological
stations. | found that additional conservation set-asides are important for complementing
habitat representation and increasing habitat protection and landscape connectivity beyond
efforts implemented by current policies. Thus, conservation in private lands represents an

opportunity to reconcile conservation and agricultural production.
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Chapter 1. Introduction

1.1 Motivation

Human activities have already compromised millions of species and ecosystems, leading
to global declines in biodiversity (Butchart et al., 2010; Cardinale et al., 2012). To feed the
increasing human population and meet global demands for food, fiber, and energy
consumption, crop and livestock production has continued to expand (Kremen and
Merenlender, 2018; Tilman et al., 2009). Land conversion and degradation, however,
imposes one of the main threats to terrestrial biodiversity through habitat loss and
fragmentation (Joppa et al., 2016). For instance, land conversion alone is responsible for
~80% of all threatened terrestrial birds and mammals, mostly driven by agricultural
expansion in the tropics (Tilman et al., 2017). To mitigate such threats, protected areas are
created to promote the long-term protection of natural landscapes for species persistence and
provision of ecosystem services (Margules and Pressey, 2000).

Conservation planning to allocate new protected areas generally favors large, well-
connected habitat patches to avoid fragmentation effects on species and ecosystems (e.g.,
Kennedy et al., 2016a). Although essential, large blocks of natural vegetation are
increasingly scarce in most tropical regions due to agricultural expansion (Hansen and
DeFries, 2007). Despite this, agricultural landscapes in the tropics still retain high
biodiversity levels and provide essential ecosystem services at the landscape level (Galetti et
al., 2009; Magioli et al., 2016). The remaining habitats in tropical agricultural landscapes act

as wildlife refuges for several endemic and endangered species (Chiarello, 2000; Magioli et



al., 2016) and as stepping-stones connecting large protected areas (Banks-Leite et al., 2014;
Rocha et al., 2014). Thus, agricultural landscapes are essential to tropical conservation
strategies, and a complementary component to large protected areas (Klink, 2019; Magioli et
al., 2016; Melo et al., 2013).

With much of the world’s biodiversity located in private lands, these areas should be
effectively managed to provide essential ecosystem services and important resources for
species, and to maintain connectivity between protected areas (Kamal and Grodzinska-
Jurczak, 2014). Therefore, conservation strategies in private lands represent a global
opportunity to complement current protected area networks, and mitigate climate change
and habitat loss (Bingham et al., 2017; Borrini-Feyerabend et al., 2013; Cortés Capano et al.,
2019; Kamal et al., 2015; Knight, 1999; Stolton et al., 2014). Planning for conservation in
private agricultural landscapes is particularly challenging due to private property rights, high
costs of land acquisition, and lack of financial incentives to landowners (Naidoo et al., 2006;
Schuster et al., 2018). A strong articulation between new policies supporting protection and
monitoring of natural ecosystems, private governance, and engagement of stakeholders in
the agricultural sector is necessary for improving conservation efforts in private agricultural
landscapes in the tropics (Assuncdo and Chiavari, 2015; Klink, 2019; Strassburg et al.,
2017).

While most spatial planning approaches to allocate protected areas use coarse to medium
spatial resolution datasets to identify broad-scale conservation priorities, these datasets do
not feature small and heterogeneous patches remaining in human-dominated landscapes
(Paese et al., 2010). If not explicitly accounted for in the spatial planning process, small

habitat patches within agricultural landscapes may be converted to other land uses without
2



regulatory restrictions (Wintle et al., 2019). To help overcome this challenge, the growing
availability of fine-scale Earth observation data offers a clear opportunity to improve
conservation priority-setting in tropical heterogeneous and fragmented regions (Nagendra et
al., 2013), such as the Brazilian Cerrado (Ribeiro et al., 2020). This dissertation takes a step
towards filling this gap by using remote sensing and a suite of fine-scale geospatial analyses

to improve biodiversity conservation in private agricultural landscapes of the Cerrado.

1.2 Background

The Cerrado is a neotropical savanna composed of a high diversity of physiognomic types
embedded in a vegetation mosaic of forest, savannas, and grasslands occupying the central
plateau of Brazil (Oliveira-Filho and Ratter, 2002; Ribeiro and Walter, 2008). It has a
tropical climate characterized by a wet season from October to April, and dry season from
May to September, when rainfall can be close to zero (Grimm, 2011). Plant distribution
across this biome is mostly determined by topography, soil texture, depth, and nutrient
content fire regime, and water availability (Cole, 1986; Oliveira-Filho and Ratter, 2002).
Spatial variation in these environmental conditions results in high beta diversity across the
biome as well as highly variable physiognomic types over relatively small distances
(Bridgewater et al., 2004; Ribeiro and Walter, 2008).

Brazil is a megadiverse country and a global leader in commodity exports, where fast
land conversion imperils high levels of biodiversity found within its tropical forests,
savannas and grasslands (Matricardi et al., 2019; Strassburg et al., 2017). Most of Brazil’s
commodity-driven agriculture is concentrated in the Cerrado, the world’s richest savanna in

terms of endemicity and diversity of vascular plants, harboring 1.5% of the global flora as



endemics (Klink and Machado, 2005; Mendonga et al., 2008; Ratter et al., 1997). The
Cerrado has more than 12,000 plant species (~44% endemics: Mendonca et al., 2008; Ratter
et al., 1997), 840 birds (Jose\’ Maria Cardoso Da Silva, 1997), 227 mammals (Carmignotto
etal., 2012), 267 squamates (Nogueira et al., 2011), and 209 frogs (Valdujo et al., 2012).
However, its biodiversity remains poorly understood. This biome also provides essential
ecosystem services for agriculture and food security, including water quality supply, carbon
storage, and livestock forage (Overbeck et al., 2015).

Although its contribution to biodiversity and ecosystem services is evident, the Cerrado
has already lost ~50% of its native vegetation cover and no more than 20% remains
undisturbed (Strassburg et al. 2017). Although only ~8% of its native vegetation is under
current protection, protected areas are key to reducing land conversion in the Cerrado (Brum
et al., 2019; Carranza et al., 2014; Franc¢oso et al., 2015a). Since much of the remaining
natural vegetation is within private lands, the Cerrado offers new opportunities to improve
conservation efforts within its private agricultural areas (Klink, 2019; Strassburg et al.,
2017). The implementation of conservation strategies in such settings can be either
mandatory, through the Forest Code legislation, or voluntary, through the implementation of
private natural reserves (e.g. Private Reserves of Natural Heritage, or RPPNs — Reserva
Particular do Patriménio Natural). The Forest Code is a land-use regulation policy that
requires all Cerrado landowners to set aside 20% of their lands into Legal Reserves. In
addition, it also restricts land use within Areas of Permanent Preservation, which are
designated to conserve water resources and prevent soil erosion in environmentally
important areas, such as swamps, riparian areas, hilltops, and escarpments (Soares-Filho et

al., 2014). RPPNs are privately protected areas of sustainable use defined by Brazil’s
4



National Protected Areas System (Sistema Nacional de Unidades de Conservagao da
Natureza — SNUC: MMA, 2003) and are voluntarily established to protect biodiversity,
allowing for a few limited activities such as scientific research, education, recreation, and
tourism (Rambaldi et al., 2005).

Most of the remaining Cerrado vegetation is on lands suitable for commodity crops,
especially soybeans (88.4%) and sugarcane (68.7%), which are projected to increase
production to meet future global demands (Strassburg et al., 2014). Brazil is the world’s top
producer and exporter of soybeans, which come mostly from the Cerrado’s new agricultural
frontier — the Matopiba region (https://trase.earth/ last accessed in July 16, 2020), occupying
~73Mha over the states of Maranhdo, Tocantins, Piaui, and Bahia. The western portion of
Bahia State is one of the most modified regions in Matopiba, where over 1Mha were cleared
between 2002 and 2010 (Salmona et al., 2016). Particularly, the municipalities of Barreiras,
Luis Eduardo Magalhées, Sdo Desidério, and Riachdo das Neves are amongst the most
productive areas in the Cerrado for soy crops, with most production going to China, Brazil’s
internal market, and Europe (https://trase.earth, last accessed July 16, 2020). Despite its
agribusiness focus, this region supports many species and ecosystems that are endangered
due to habitat loss and climate change, such as the Hyacinth Macaw (Anodorhynchus
hyacinthinus), the Brazilian Merganser (Mergus octosetaceus) and the Wagler’s
Woodcreeper (Lepidocolaptes wagleri), with the latter also being an endemic species of
restricted distribution (IUCN, 2020). The remaining natural vegetation within Cerrado
agricultural landscapes, in particular, has high biodiversity levels and vital ecological
functions, and therefore, should be incorporated in future conservation strategies (Magioli et

al., 2016).



Maps featuring the fine-scale heterogeneity of Cerrado physiognomic types can be used
as biodiversity surrogates in Cerrado conservation planning approaches, especially where in-
situ observations are unavailable (Monteiro et al., 2020). However, land-cover mapping of
tropical savannas still faces major uncertainties related to their definition and classification
(Bond and Parr, 2010; Eiten, 1972a; Huntley and Walker, 1982; Parr et al., 2014). These
uncertainties relate to growth patterns (associated with seasonality of contrasting dry and
wet seasons) and to admixtures of life forms and land cover categories at operational sensor
scales (Cord et al., 2010; Herold et al., 2008). Most current imagery has a moderate to
coarse spatial resolution (> 30 m) failing to resolve the fine-scale heterogeneity of savannas
(Ferreira et al., 2003, 2007). By contrast, imagery at fine (< 10m) spatial resolution can
better capture the diversity in vegetation structure of heterogeneous and complex savanna
landscapes (Arroyo et al., 2010a; Gibbes et al., 2010; Girolamo-Neto et al., 2018; Nagendra

et al., 2013; Nagendra and Rocchini, 2008).

1.3 Research Objectives and Overarching Questions

This research aims to improve our understanding of conservation efforts in private
agricultural landscapes in the Cerrado through fine-scale geospatial analysis.

The overarching questions that motivated this study are:

Question 1 — Can the wide range of Cerrado heterogeneous physiognomic types be
accurately mapped at fine spatial scales using Geographic Object-Based Image Analysis?

Question 2 — To what extent is the biodiversity of a Cerrado agricultural landscape
protected by Brazil’s Forest Code? How much biodiversity is left unprotected by current

policy? How much biodiversity can be incorporated if areas under the Forest Code policy



are allocated according to representation of natural habitats? Can policy compliance be
monitored by targeting land property size?

Question 3 — How do different biodiversity target levels, along with connectivity, affect
land requirements for efficient conservation in Cerrado private lands? How much of
unprotected land is required to adequately represent habitats in Cerrado privately protected
areas? How does a greater emphasis on connectivity affect conservation land requirements?

To thoroughly answer these questions, | generated a map of Cerrado physiognomic
types. Given the challenges of mapping Cerrado physiognomic types with traditional pixel-
based methods at medium to coarse spatial resolution, in Chapter 2, | developed a systematic
GEOBIA framework using single-date high spatial resolution imagery and a novel
environmental spatial ruleset developed to identify a wide range of Cerrado vegetation
structural types. This framework proved to be a robust method to differentiate a larger
number of physiognomic types at a higher accuracy than previously reported in several
studies regarding Cerrado land cover mapping. In Chapter 3, | developed a fine-scale
spatially explicit gap analysis to estimate possible protection status of physiognomic types
and important habitats for endangered and endemic avifauna from areas under the Forest
Code policy. I also assessed the potential compliance status of rural properties with the
Forest Code by land property size. Moreover, | proposed a quantitative approach to support
the implementation of Forest Code and improve policy guidelines. In Chapter 4, |
investigated alternative conservation priority-setting schemes to allocate privately protected
areas in a Cerrado commaodity-driven agricultural landscape, aiming to improve habitat

protection and increase landscape connectivity between protected areas.



Chapter 2. Geographic Object-Based Image Analysis framework for

mapping vegetation physiognomic types at fine scales in Neotropical
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2.0 Abstract

Regional maps of vegetation structure are necessary for delineating species habitats and for
supporting conservation and ecological analyses. A systematic approach that can
discriminate a wide range of meaningful and detailed vegetation classes is still lacking for
neotropical savannas. Detailed vegetation mapping of savannas is challenged by seasonal
vegetation dynamics and substantial heterogeneity in vegetation structure and composition,
but fine spatial resolution imagery (<10 m) can improve map accuracy in these
heterogeneous landscapes. Traditional pixel-based classification methods have proven
problematic for fine spatial resolution data due to increased within-class spectral variability.
Geographic Object-Based Image Analysis (GEOBIA) is a robust alternative method to
overcome these issues. We developed a systematic GEOBIA framework accounting for both
spectral and spatial features to map Cerrado structural types at 5-m resolution. This two-step
framework begins with image segmentation and a Random Forest land cover classification
based on spectral information, followed by spatial contextual and topological rules
developed in a systematic manner in a GEOBIA knowledge-based approach. Spatial rules
were defined a priori based on descriptions of environmental characteristics of 11 different
physiognomic types and their relationships to edaphic conditions represented by stream
networks (hydrography), topography, and substrate. The Random Forest land cover
classification resulted in 10 land cover classes with 84.4% overall map accuracy and was
able to map 7 of the 11 vegetation classes. The second step resulted in mapping 13 classes
with 87.6% overall accuracy, of which all 11 vegetation classes were identified. Our results

demonstrate that 5-meter spatial resolution imagery is adequate for mapping land cover



types of savanna structural elements. The GEOBIA framework, however, is essential for
refining land cover categories to ecological classes (physiognomic types), leading to a

higher number of vegetation classes while improving overall accuracy.

Keywords: GEOBIA; land cover mapping; high spatial resolution imagery; savanna; Cerrado
biome; vegetation types
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2.1 Introduction

Monitoring patterns and trends in tropical savannas still faces major uncertainties
related to their definition and classification (Bond and Parr, 2010; Eiten, 1972b; Huntley and
Walker, 1982; Parr et al., 2014). This uncertainty is reflected both in general land cover
classification and maps featuring vegetation physiognomic types (e.g., life form, vegetation
cover). For example, savannas are poorly defined in global land cover products, and
variation in their physiognomic types is not well classified at local scales (Bastin et al.,
2017; Eiten, 1972b; Symeonakis et al., 2018). Most current technology featuring moderate
to coarse spatial resolution (> 10 m) fails to resolve the fine-scale heterogeneity of savannas.
Major issues in their discrimination relate to growth patterns (associated with seasonality of
contrasting dry and wet seasons) and to admixtures of life forms and land cover categories at
operational sensor scales (Cord et al., 2010; Herold et al., 2008).

Savannas occupy a significant area of the tropics, covering approximately 20% of the
world’s land surface (Huntley and Walker, 1982; Scholes and Archer, 1997). Tropical
savannas, for example the Argentinian Chaco, the African Miombo, and the Brazilian
Cerrado, are often intermixed with riparian forests, swamps, and marshes (Scholes and
Archer, 1997). They are composed of a herbaceous stratum in a discontinuous tree and shrub
cover of varying height and density (Eiten, 1982, 1972b; Huntley and Walker, 1982). The
Cerrado, a neotropical savanna in Brazil, is the most floristically diverse savanna in the
world, with more than 12,000 plant species (Mendonga et al., 2008), including numerous
endemics (Felfili and Felfili, 2001; Silva et al., 2006). Moreover, the Cerrado provides

critical ecosystem services such as carbon storage (Grace et al., 2006) and plays a major role

11



in provision of water resources by hosting the headwaters of the three largest watersheds in
South America.

Land cover mapping of savannas has been conducted mostly at regional scales, using
optical sensors available at moderate (10-500 m) to coarse (>500 m) spatial resolution, such
as the Landsat series and Moderate Resolution Imaging Spectrometer (MODIS). Most
studies focus on multi-temporal analysis for change detection (Coulter et al., 2016; Mayes et
al., 2015; Mller et al., 2015; Oliveira et al., 2014), deforestation monitoring (Beuchle et al.,
2015; de Oliveira et al., 2017a; Johansen et al., 2015; Trancoso et al., 2014), and land
surface phenology (Ferreira et al., 2003; Jin et al., 2013; Schwieder et al., 2016). Specific
challenges to savanna land cover classification are related to: (a) high sensitivity to sensor
resolution due to discontinuous tree canopy cover (Whiteside et al., 2011); (b) high seasonal
variation in ecosystem properties, cloud cover, and data availability (Sano et al., 2007); and
(c) smoke and haze due to frequent fires in the dry season (Cochrane, 2003).

As for other savannas, discriminating spectrally similar shrubs from trees with
moderate-to-coarse resolution imagery has proven challenging for the Brazilian Cerrado
(Ferreira et al., 2003, 2007). Sano et al. (2010) used image segmentation and visual
interpretation of Landsat to produce a map of natural and converted areas for the entire
Cerrado region. Other Landsat-based studies have focused on local sites to investigate
methods for mapping fractional woody cover, such as spectral unmixing (Ferreira et al.,
2007), and Support Vector Machine classification of multi-year phenologic profiles based
on the Tasseled Cap Transform (Schwieder et al., 2016). Several studies took advantage of
multi-temporal rather than single-date imagery to overcome spectral similarities in woody

cover using characteristic phenological patterns (Ferreira et al., 2003; Hill et al., 2017,
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Miiller et al., 2015; Ratana et al., 2005; Schwieder et al., 2016). Although these approaches
are useful for broad-scale analyses, they depict coarse structural vegetation classes (Ferreira
and Huete, 2004; Franklin, 1991; Franklin et al., 1991; Schwieder et al., 2016) and cannot
resolve the structural heterogeneity essential for regional biodiversity and ecosystem
assessments (Nagendra and Rocchini, 2008).

A critical problem in mapping Cerrado physiognomic types concerns the definition of
classes. Most previous remote sensing studies considered a widely adopted vegetation
nomenclature for the Cerrado physiognomies based on structural attributes and floristic
composition (see Ribeiro and Walter, 2008). Vegetation maps exhibiting the diverse
structural variation in vegetation types are critical for representing fine-scale savanna habitat
patterns. Spectrally based remote sensing analyses based on floristic classification systems
(such as Ribeiro and Walter , 2008) may not succeed in identifying structural differences in
vegetation and may require extensive field work for species identification. Thus, they may
not be suitable for regional scale mapping using multispectral imagery classification alone.
Geographical characteristics related to edaphic conditions (e.g., topography, soils), however,
can potentially help identify some physiognomic types not strictly based on species
composition.

Remote sensing imagery at fine (< 10m) spatial resolution can better capture the
diversity in vegetation structure of heterogeneous and complex savanna landscapes (Arroyo
et al., 2010b; Gibbes et al., 2010; Girolamo-Neto et al., 2018; Nagendra et al., 2013;
Nagendra and Rocchini, 2008). However, traditional pixel-based classification methods
have proven problematic for fine spatial resolution data due to increased within-class

spectral variability, potentially leading to inconsistent results (Blaschke et al., 2014; Hay et
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al., 1996). Geographic Object-Based Image Analysis (GEOBIA) bridges remote sensing and
Geographic Information Science by defining image objects as entities and focusing on the
conceptual modeling of defined land cover classes at multi-scales. Thus, GEOBIA is a
robust alternative approach to address within-class spectral variability issues in land cover
classification of high spatial resolution imagery and heterogeneous landscapes (Blaschke et
al. 2014).

GEOBIA is based on extracting information from Earth Observations using spectral,
spatial, structural, and hierarchical properties of an image (Lang, 2008). A fundamental step
is to delineate objects of interest, which are strongly associated with image segmentation
approaches that cluster relatively homogenous pixels into image objects. One of the
significant advantages of the GEOBIA approach is that image objects provide not only
diverse spectral information (e.g., mean values per band, standard deviation, mean ratios)
but also additional spatial information, such as distance, neighborhood, and topological
metrics (Blaschke, 2010; Blaschke et al., 2014). The combination of spectral and spatial
properties allows incorporation of contextual information of a given object using
ontologies/semantics to create hierarchical conditional rules tailored to classify meaningful
object definitions in a knowledge-based classification (Blaschke et al., 2014; Hay and
Castilla, 2008).

Efforts to map fine-scale structural variation in savanna ecosystems using GEOBIA
have obtained encouraging results compared to moderate spatial resolution data and pixel-
based methods (Boggs, 2010; Gibbes et al., 2010; Girolamo-Neto et al., 2018; Kaszta et al.,
2016; Whiteside et al., 2011). GEOBIA is also increasingly used for Cerrado studies due to

the recent availability of fine (5 m) spatial resolution imagery from the RapidEye sensor at
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no cost for Brazilian researchers. Initial efforts to evaluate the utility of high spatial
resolution imagery for discriminating and mapping Cerrado physiognomic types have
demonstrated improved discrimination of structural classes and higher map accuracy
compared to coarser resolution imagery (Girolamo-Neto et al., 2017; Orozco Filho, 2017;
Teixeira et al., 2015). Such efforts include using supervised object-based classification with
several input object features in a GEOBIA context, such as in Girolamo-Neto (2017) and
Girolamo-Neto et al. (2018); or strict knowledge-based classification by defining conditional
rules based on shape and brightness parameters, such as in Teixeira et al. (2015). However,
these studies were tested at sites with limited extent (< 50,000 ha) such as Brasilia National
Park, which does not include some major vegetation structural types known for causing
misclassification errors (i.e., semi-deciduous versus deciduous forest: Teixeira et al., 2015),
or featured coarse vegetation classes as opposed to detailed physiognomic types. A
systematic approach that can discriminate a wide range of meaningful and detailed
vegetation classes is still lacking for the Cerrado biome.

The primary goal of this study is to develop a systematic framework to discriminate
detailed Cerrado physiognomic types in a semi-automatic manner using single-date high
spatial resolution imagery. The rationale for mapping detailed physiognomic types at fine
scales stems from the potential of such maps to (1) improve our understanding of species
habitat requirements and conditions, as well as our ability to assess ecosystem services and
biodiversity (Nagendra and Rocchini, 2008), and (2) provide improved inputs for fire
modeling, carbon accounting (Gomes et al., 2020), landscape restoration (Dave et al., 2019),
and land-use management (Brannstrom et al., 2008). Our approach takes advantage of

GEOBIA and semantics to combine land cover classes and edaphic conditional drivers in the
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definition of hierarchical contextual rules used to classify a wide range of Cerrado
physiognomic types. The specific research questions we aim to answer with this framework
are: What accuracies are achievable using spectral information alone? What accuracies are
achievable adding spatial context information? How can the widely adopted Cerrado
physiognomic types nomenclature be used in a remote sensing analysis? We address these
questions using RapidEye imagery (5 m) in a two-step GEOBIA framework that begins with
a supervised object-based land cover classification based on spectral information alone,
followed by assignment of spectral land cover classes to more detailed physiognomic types
using a novel hierarchical spatial and topological ruleset defined by semantics (i.e.,
descriptive assessment and knowledge). This approach takes advantage of ancillary
information on hydrography, topography, and substrate as environmental conditional drivers
in the semantic definition of hierarchical contextual rules. This GEOBIA framework was
tested for two large study sites covering most major Cerrado physiognomic types. Its main
advantages relate to its reproducibility across different areas of this heterogeneous biome, its
capacity to discriminate a wide variety of physiognomic types that could not be
distinguished in previous studies, and its adaptability to other physiognomic types and to

other types of optical imagery.

2.2 Materials and Methods

2.2.1 Study Sites
The Cerrado has a tropical climate characterized by an October—April wet season and
May-September dry season, when rainfall can be close to zero (Grimm, 2011). Plant

distributions across the Cerrado are mostly determined by topography, soil texture, nutrient
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content and depth, fire regime, and water availability (Cole, 1986; Oliveira-Filho and Ratter,
2002). Spatial variation in these environmental conditions results in high beta diversity
across the biome as well as large variability of physiognomic types over relatively small
distances (Bridgewater et al., 2004; Ribeiro and Walter, 2008).

We chose two study sites (Figure 2.1) to test our classification framework and compare
its accuracy in discriminating savanna vegetation with differing landscape composition and
surface heterogeneity. The sites were chosen based on their ecological importance for
conservation, their differences in composition and beta diversity, and a combination of

imagery and ancillary data availability.
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Figure 2.1. Map (upper left corner) showing the Cerrado biome and the location of both study sites and their
respective states, in bold. The other two maps show the RapidEye imagery used in the Taquara (encompassing
the Brazilian Institute of Geography and Statistics — IBGE Ecological Reserve and the Taquara watershed) and
the Western Bahia sites, with false-color composition as R: NIR (band 5), G: Red-edge (band 4), B: Blue (band
1). The Western Bahia site map shows a grid representing the acquired 16 imagery tiles.

2.2.1.1. Study Site 1: Taquara watershed

We initially tested our method at the Taquara site (Figure 2.1), a study site for which
we had high-quality orthophotos (24 cm resolution) and a greater availability of ground
reference and ancillary data that were important for testing our ability to visually identify
physiognomic types using air photos when collecting training data. The Taquara site
(15°54'S, 47°55'W to 15°58', 47°50'W) comprises an area of 67.3 km? located

approximately 26 km from downtown Brasilia, covering most of the Taquara watershed and
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its surroundings. This site also contains the Brazilian Institute of Geography and Statistics
(IBGE) Ecological Reserve, a protected area created to act as a biodiversity control site for
comparison to other Cerrado areas altered by human occupation. The IBGE Ecological
Reserve served as one of the Cerrado sites included in the Large Scale Biosphere-
Atmosphere Experiment in Amazonia (LBA) (Roberts et al., 2003), and was the first
International Long Term Ecological Research (ILTER) site in the Cerrado biome .

The watershed is located in the Cenozoic bed from the Paranoa Group and terrain is
relatively flat, with elevation in the region varying between 1040 and 1196 meters. Mean
annual precipitation is 1426 mm and mean annual temperature is 23°C (Silva and
Bergamini, In prep.). The site has considerable diversity of plants and soil types,
representing most of the typical physiognomic types found across the Cerrado. Soils are
mostly acidic, low fertility Oxisols (Latosols) supporting savanna ecosystems. Organic,
nutrient-rich hydromorphic soils occur locally in the area and often support forest
ecosystems. Most of the site is covered by savanna ecosystems, but grasslands located on
small hills, and gallery forests with surrounding wetlands following small streams are also
present. Common tree species include Pterodon pubescens, Bowdichia virgilioides,
Vochysia thyrsoidea, and Dalbergia miscolobium, while grasses are dominated by perennial
species such as Echinolaena inflexa, Schizachyrium tenerum, Trachypogon spicatus, and

Axonopus chrysoblepharis (Pereira and Furtado, 2011).

2.2.1.2. Study Site 2: Western Bahia

We also tested whether our method could be applied to a larger and even more

heterogeneous site with minimal ground reference and ancillary data. This study site
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comprises an area of 9409 km? and is located on the western side (11°43'S, 45°52'W to
12°36'S, 44°59'W) of the S&o Francisco River watershed, the largest river basin entirely
located in Brazilian territory (Figure 2.1). The Western Bahia site is not only naturally
heterogeneous but also has considerable complexity due to historical land use conversion of
natural savanna to pasture and row crop agriculture (Oliveira et al., 2014). Elevation ranges
from a maximum of 808 m across karstic mesas/plateaus (known as Chapaddes do Sao
Francisco) to 433 m in the lowest point in the Sdo Francisco Depression, with annual
precipitation ranging from 800 mm at lower elevations to 1600 mm at highest elevations
(Brannstrom et al., 2008; Nou and Costa, 1994). The plateaus are composed of Proterozoic
rocks from the Bambui Group and Cretaceous beds from the Urucuia Group. Diverse soils
include deep well-drained Oxisols (Latosols) of medium texture in the highest parts of the
plateau and sandy texture (sandy quartz) on irregular terrain, rocky soils (Lithosols) of sandy
to medium texture on steep slopes and escarpments, and hydromorphic/organic soils across
floodplains (Nou and Costa, 1994). This variety of edaphic conditions supports diverse
vegetation types mostly consisting of savanna ecosystems across the plateaus, wetlands and
riparian vegetation along floodplains, and semi-deciduous forest restricted to cliffs and to
the eastern part of the plateau, which is possibly due to local concentrations of calcium
carbonate in the soil and higher moisture conditions (Nou and Costa, 1994). In general,
lower elevation sites have greater physiognomic diversity compared to the plateaus (Silva
and Bates, 2002).

Common tree species within the savanna ecosystem include Anacardium occidentale
and Miconia ferruginea, and the grass layer is dominated by annual species such as

Ichnantus hoffmannseggii (Santana et al., 2010). Seasonally dry tropical forests are mostly
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found along escarpment slopes, and are composed of deciduous or semideciduous tree
species such as Astronium urundeuva, Piptadenia macrocarpa, Chorisia speciosa.,

Tabebuia spp., Cavanillesia arborea, and Cedrella fissilis (Furley and Ratter, 1988).

2.2.2 Methods Overview

The GEOBIA framework used in this study is divided into two major steps (Levels 1
and 2), in addition to pre and post-processing stages: (a) pre-processing; (b) land cover
classification (Level 1 processing); (c) physiognomic types classification (Level 2
processing); (d) area estimates; and accuracy assessment (statistics). These procedures are

shown and described in detail in Figure 2.2.

TWO-STEP FRAMEWORK
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Figure 2.2. Workflow of the Geographic Object-Based Image Analysis (GEOBIA) classification framework to
map Cerrado land cover and physiognomic types.

2.2.2.1. Definition of Classes

The Cerrado physiognomic types have been defined by many authors such as Coutinho

(1978), Eiten (1978), and Oliveira-Filho and Ratter (2002). The most recent vegetation
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terminology proposed by Ribeiro and Walter (2008) has been widely adopted by the
scientific community in Brazil. This scheme, however, is based on criteria such as
environmental edaphic conditions and species composition that are not reliably detected by
multispectral sensors. Thus, translating these on-the-ground Cerrado classification schemes
to a land cover classification derived from remote sensing is a challenging task.

The United Nations Food and Agriculture Organization's (FAO) Land Cover
Classification System (LCCS) is a flexible and systematic framework designed for land
cover classification terminology at any given scale and for any data source (Di Gregorio and
Jansen, 2000; Nou and Costa, 1994). The LCCS framework defines classes at different
levels, starting with broad distinctions (e.g., Primarily Vegetated Areas, Primarily Non-
Vegetated Area) within a dichotomous key and then adds specific attributes through a
hierarchical framework (e.g., life form, cover, height). Classes are then defined as a function
of the intended level of detail (scale) for the land cover classification based on a
combination of the spatial and spectral resolution of the imagery, which makes the LCCS
appropriate for object-based classification (Radoux et al., 2017).

To allow for standardization among Cerrado classes, we used the LCCS as a reference
in the first classification level. The classes were defined a priori, based on a literature
review of major physiognomic types found across the Cerrado. In accordance with the
RapidEye spatial and spectral characteristics, the quality of the images (e.g., off-nadir
viewing angles), and the recommended scale for mapping Cerrado physiognomic types
(Ribeiro and Walter, 2008), the map scale was defined as 1:25,000. We followed the LCCS
criteria based on dominant life form, vegetation cover, and structure, as well as water

seasonality (Figure 2.3). In the second classification level (Figure 2.3), we followed the
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nomenclature described by Ribeiro and Walter (2008) for our map legend of physiognomic

types (Table 2.1).

Level 2: physiognomic Level 1: land cover

Level 1: land cover

Level 2:
physiognomic

classes

types

classes

Primarily Vegetated Areas
Clc;sed- o Or?en Dense Open ' | Scrub- | ' Shrub- izHerbaceous | Herbaceous .
, canopy | canopy shrub shrub shrub herb | (dry)
trees trees ‘
Riparian | ; | Cerrado | SR |4 Open | i Scrub | Semi- Invasive e —
Forest Woodland savanna | | Cerrado natural forbs »
B ) shrubby
Il grassland
Seasonally | | Seasonally | | g Shrub Shrub ‘
—J |Dry Tropical |« |Dry Tropical « « «
Egiest ‘ Forest swamp swamp swamp
Semi- Palm
deciduous |+ Grove |«
Forest Swamp
Primarily Non-Vegetated Areas
Soil, NPV, and | soil,NPV,and | |
impervious ‘ impervious : Water
. surfaces (bright) : | surfaces (dark)
g Non-natural/ Water
.% Barren

Figure 2.3. Land cover classes used on each classification level. Level 1 represents the Land Cover
Classification System (LCCS) classes defined for the Cerrado biome, which is appropriate for mapping with
multispectral imagery at fine spatial scales (< 10m). Level 2 represents the corresponding physiognomic types
for each LCCS class. The arrows represent the corresponding physiognomic type category (level 2) derived
from the LCCS classification (level 1).

Table 2.1. Description of the physiognomic types used in the classification.

Herbaceous .
(wet)

Physiognomic types

Ecosystems . Description
4 (English; Portuguese) P
Riparian Forest; mata Closed-canopy semi-deciduous and evergreen trees
Forest riparia, mata de galeria, following rivers and streams. This class includes gallery

mata ciliar forests with a variety of soil moisture regimes
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Physiognomic types

Ecosystems .
4 (English; Portuguese)

Description

Seasonally Dry Tropical
Forest; mata seca (semi-
decidual, decidual, sempre-
verde), floresta estacional

Closed-canopy semi-deciduous, deciduous, and/or
evergreen trees across nutrient-rich environments on
interfluves. This class is associated with mountainous

terrain, such as cliffs

Semi-deciduous Forest; mata
semi-decidual; cerradao;
mata seca

Closed-canopy semi-deciduous trees with dense layer of
xeromorphic shrubs located across flat interfluvial
terrain. This class contains tropical dry forest and/or
sclerophyll forest, which can occur in different
successional stages due to recent deforestation or fire
activity

Cerrado Woodland; cerrado
denso

Open canopy semi-deciduous trees over an open
herbaceous layer and dense layer of xeromorphic shrubs

Savanna Savanna; cerrado tipico

High density of xeromorphic shrubs over an herbaceous
layer with scattered to medium density of trees; may
contain elements of transition to caatinga vegetation

Open Savanna; cerrado ralo;
campo sujo

Low density of xeromorphic shrubs and sub-shrubs over
a closed herbaceous layer, which may contain scattered
trees throughout the landscape

Grassland; campo limpo,
campo limpo com murundus

Treeless herbaceous layer

Non-natural Shrubby
Grassland; campo sujo,
campo sujo degradado,

Grassland .
capoeira

Sparse xeromorphic shrubs over an open herbaceous
layer with strong presence of exposed soil. This class
may contain degraded areas, such as abandoned
pastures and agricultural areas

Scrub Cerrado; campo sujo
denso, campo cerrado, scrub

High density of xeromorphic shrubs and sub-shrubs,
with occasional scattered deciduous trees and no
presence of herbaceous layer or soil. It may contain
elements of transition to caatinga vegetation

Shrub Swamp; vereda, scrub
de vereda

High to low density of shrubs and sub-shrubs, usually
clustered, over a seasonally flooded herbaceous layer

Wetlands Palm Swamp; vereda

High to low density of palm trees (most commonly
Mauritia flexuosa), either clustered throughout a
seasonally flooded herbaceous layer, or aligned along a
water course

Marsh; brejo, campo limpo
umido

Seasonally flooded herbaceous layer composed mainly
of grass species. This class usually surrounds riparian
forests and contains palm and shrub swamps
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2.2.2.2. Imagery Acquisition and Pre-Processing

Most RapidEye imagery used in this study was acquired in the 2011 dry season,
representing the imagery with the best quality available. The commercial RapidEye sensor,
launched in 2009, operates in a constellation of five satellites in the same orbit, providing
multispectral images with a spatial resolution of 6.5 meters resampled to a 5-meter grid (at
the Level 3A), and a tile size of 25 km by 25 km. The sensor has a swath width of 77 km,
daily off-nadir coverage, and radiometric resolution of 12 bits, scaled up to a 16-bit dynamic
range. RapidEye’s spectral resolution covers the visible and near-infrared bands ranging
from 440 to 850 nm, including a red-edge band (690 to 730 nm). The imagery is available
through the Ministry of Environment (MMA) Geocatalog and is accessible to Brazilian
researchers at no cost. The collection covers the entire country and is composed of varying
off-nadir angles and temporal coverage, which is limited to inconsistent dates mostly
available for the years 2011 through 2015, depending on the area of interest.

Although the orthorectified Level 3A RapidEye product is provided with radiometric,
geometric, and terrain corrections, additional corrections were made for improving
consistency in the product. Atmospheric corrections and reflectance retrieval were
performed using ACORN 4.0 software for all individual imagery tiles. Calibration files
corresponding to image spectral response, gain, and offset, as well as acquisition parameters,
were created from the metadata provided. Water vapor and atmospheric visibility parameters
were determined by a trial-and-error analysis of a dark object reflectance (e.g., pure water
pixels) and following the ACORN user guide suggestions for areas of dry conditions.

In total, we used 17 RapidEye imagery tiles. One tile corresponds to most of the

Taquara watershed, covering the IBGE Ecological Reserve and its surroundings (Figure
25



2.1). After applying the atmospheric correction and reflectance retrieval, the image was
subset to the bounding box extent of the watershed to facilitate data processing. The other 16
images correspond to the Western Bahia study site (Figure 2.1). The pre-processing steps
were applied to individual imagery tiles, and tiles with the same acquisition date were
mosaicked. The individual mosaics were processed separately, at both classification levels,
and merged together to derive statistics for the complete study site (i.e., accuracy assessment
and landscape composition). The Taquara tile was acquired on August 11" 2013, and the
Western Bahia tiles were acquired from June to October 2011. Details of imagery tiles,

dates, and sensor angle-viewing characteristics are summarized in Table A.1.

2.2.2.3. Level 1 Classification: Major Land Cover Types

Segmentation

Our GEOBIA approach starts with segmenting the images into homogeneous image
objects to ensure neighboring pixel similarity at an adequate scale. The segmentation was
performed through the multi-resolution segmentation (MRS) algorithm, proposed by Baatz
and Schape (2000) and implemented in eCognition Developer 8.0 software. For all images,
the segmentation used all five spectral bands of the RapidEye image, with higher weights for
near-infrared (NIR) (760-850 nm), red-edge (690-730 nm), and red (630-685 nm) bands
due to their importance in discriminating vegetation types (Ferreira et al., 2003; Schuster et
al., 2012). The multi-resolution algorithm implemented in eCognition uses a bottom-up
merging approach as an optimization procedure to identify similar, homogenous,
neighboring pixels and cluster them into a single object. eCognition accounts for a scale

parameter as a level of aggregation of image objects and uses a stop criterion in the
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optimization algorithm. Thus, the scale is a crucial part of GEOBIA, as it defines the size of
image objects as well as their level of heterogeneity. The multi-resolution algorithm also
accounts for shape and compactness parameters. We visually inspected multiple
combinations of scale, shape, and compactness parameters and selected a combination of
scale = 10, shape = 0.3, and compactness = 0.7. These parameters are in accordance with
other GEOBIA studies that use high spatial resolution imagery and have small image object

scale (Myint et al., 2011).

Collection of training data and Random Forest model

The training data were collected through a process of visual interpretation assisted by
orthophotos and Google Earth images covering both study sites. We defined standard
parameters for visual interpretation of the classes, which were assisted by ancillary data
(such as other vegetation maps available for the sites) and one field excursion conducted in
the dry season of 2018 to each site for confirmation of class categories in areas that were
still unclear after examining the available resources.

Training samples were collected in proportion to class abundance, with abundant
classes having a higher number of training data compared to classes that were rare across the
landscape (Table A.2). All training was done at the object scale, in which each sample
corresponds to an image object generated in the segmentation process. Spectral variables
(e.g., statistics and indices), also known as object features in GEOBIA, were attributed to
each training polygon (Table 2.2), including three indices: Normalized Difference

Vegetation Index — NDVI (Rouse et al., 1973), Normalized Difference Vegetation Index
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with red-edge band — NDVI-RE (Schuster et al., 2012), and Normalized Difference Water
Index — NDWI (McFeeters, 1996).

All training samples and their respective statistical attributes were used as input in the
‘random forest” package in RStudio developed by Liaw and Wiener (2002) based on
Breiman (2001). All parameters were set to default on the random forest classification
algorithm, which resulted in a model based on 500 decision trees used to classify all image
objects derived from the multi-resolution segmentation. The result of this process is the

Level 1 land cover classification based on the LCCS land cover classes.

Table 2.2. Summary of selected features used in the random forest model. NDVI: Normalized Difference
Vegetation Index; NDVI-RE: Normalized Difference Vegetation Index with red-edge band; NDWI:
Normalized Difference Water Index.

Selected features/

Statistics Description
Brightness Sum of mean values of all layers (spectral bands) divided by
the total number of spectral bands
Mean (reflectance) value of each spectral band within an image
Mean Value

object
Standard deviation (reflectance) value of each spectral band
within an image object

Standard Deviation Value

Customized attributes
NDVI (NIR-Red)/(NIR+Red)
NDVI-RE (RedEdge—Red)/(RedEdge+Red)
NDWI (Green—NIR)/(Green+NIR)

2.2.2.4. Level 2 classification: physiognomic types
In accordance with our goal of classifying physiognomic types in a semi-automatic
manner, we developed a series of spatial contextual rules for each study site in order to
refine the Level 1 land cover map (Table 2.3). We combined the Level 1 LCCS
classification with hydrographic data (stream networks and hydromorphic soils) developed
by Ribeiro (2011) for the Taquara site (scale 1:10,000); and by the Laboratory of Spatial

Information Systems — LSIE at the University of Brasilia (Brazil), in partnership with the
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Inter-American Institute of Commerce and Agriculture and the Brazilian Ministry of
National Integration, for the Western Bahia site (scale 1:2,000). Slope and elevation were
derived from the NASA Digital Elevation Model - NASADEM (Crippen et al., 2016)
available at a resolution of 1 arc-sec (approximately 30 m).

The spatial rules were developed based on environmental characteristics of the
vegetation physiognomic types described in Pereira and Furtado (2011), Nou and Costa
(1994), and Ribeiro and Walter (2008), in addition to personal and expert knowledge of the
study sites. Specific elevation and slope thresholds were based on recommendations from
the Brazilian Agricultural Research Corporation — Embrapa (1979). The same contextual
and topological rules were applied for both study sites, except that thresholds used for
elevation and slope were adapted to each site’s characteristics.

Table 2.3. Spatial contextual rules used to characterize LCCS land cover classes into physiognomic types;
rules and classes with "*" were only applied for the Taquara watershed site, and rules with "**" were only
applied for the Western Bahia site due to the absence of these classes in the other study site.

Level 1 classes Spatial rules Level 2 classes
1. Within hydromorphic soils Riparian Forest
Closed Canopy
2. Within steep slopes (>20%) and Seasonally Dry Tropical
not adjacent to perennial streams and water Forest**

(relative border to ‘streams’ = 0)**

3. Adjacent to streams and water (relative Riparian Vegetation
border to ‘streams’ > 0)

4. Within high elevation (>670m) and flat Semi-Deciduous
terrain (slope < 8%)** Forest**
1. Within hydromorphic soils Palm Swamp
2. Within steep slopes (>20%)** Seasonally Dry Tropical
Open Canopy p slopes ( ) Fgrestz* P
3. All other conditions Cerrado Woodland
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Level 1 classes

Spatial rules

Level 2 classes

Dense Shrub

1. Within hydromorphic soils

Shrub Swamp

2. All other conditions

Savanna

Open Shrub

1. Within hydromorphic soils

Shrub Swamp

2. All other conditions

Open Savanna

Scrub—Shrub

1. Within hydromorphic soils**

Shrub Swamp**

2. All other conditions **

Scrub Cerrado**

Herbaceous (wet)

1. Within hydromorphic soils

Marsh

2. Within steep slopes (>20%)**

Shade**

3. All other conditions

Non-Natural/Barren

Herbaceous (dry)

Grassland*

Herbaceous

Invasive Forbs and
Shrubs*

Water

1. Isolated small objects (size < 60 pixels) not

within hydromorphic soils **

Shade**

2. Within steep slopes (>20%)

Shade**

2. All other conditions **

Water**

Shrub—Herbaceous

Semi-Natural Shrubby
Grassland**

Soil, NPV*** impervious
surfaces (bright)

Soil, NPV*** impervious
surfaces (dark)

Non-Natural/Barren

***Non-photosynthetic vegetation

The combination of mountainous terrain (e.g., escarpments/cliffs) and fine spatial

resolution resulted in a high presence of shadows in the Western Bahia site imagery.
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However, RapidEye’s spectral resolution does not allow us to distinguish shadows from
water, a well-known source of confusion in remote sensing and multispectral high resolution
images (Franklin et al., 1991). We therefore developed a “shade” mask using a topological
rule in eCognition. We also used visual interpretation to create a “cloud” and “shade from
cloud” mask, and a “water body” mask was created for the Taquara site, given that this class
was rare and small enough (<0.01%) to not be included in the model. Because we were
exclusively interested in natural areas, a land use mask from our database (data from
Oliveira et al., 2014; Ribeiro, 2011) was used in each study site to exclude paved roads,

agricultural, and urban areas from validation.

2.2.5. Accuracy Assessment Procedures

Measuring thematic map accuracy is a crucial step to determine error sources and
calculate producer and user map accuracies. Moreover, it is a way to analyze potential
weakness and strengths of classification methods. However, it is not a straightforward task
and can include many uncertainties (Congalton, 1991; Olofsson et al., 2014; Powell et al.,
2004; Richards, 1996; Stehman, 1997). In traditional pixel-based classification, thematic
accuracy is assessed by estimating the proportion of correctly classified pixels for each
class. This approach assumes that pixels have the same size, and thus, one can estimate the
proportion of area correctly classified (Richards, 1996). However, it is recommended that
image objects are used as sampling units in object-based accuracy assessments, instead of
the traditional point-sampling from pixel-based classification (MacLean and Congalton,
2012). Image objects have variable areas across the landscape in GEOBIA-derived thematic

maps, leading to a greater impact on error estimates from large misclassified objects than
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small polygons. Thus, area count should be accounted for in accuracy assessments of
GEOBIA classification (Radoux and Bogaert, 2014).

The Random Forest algorithm generates an out-of-bag (OOB) error estimate using
subsampling and bootstrapping, accounting for samples not used as training in the model
(Breiman, 2001). To minimize inflated accuracies from the OOB error due to spatial
autocorrelation, we performed additional independent validation for both study sites. This
independent validation was done by comparing randomly selected polygons from our
classified images (excluding training samples) to a series of ancillary data, including
orthophotos, Google Earth imagery, and digital photographs (taken on the ground), when
available, following recommendations from Richards (1996). Given the lack of fine-scale
time series imagery available for the entire landscape, experts with local knowledge of the
sites were also consulted to validate the classes that are influenced by seasonality. For
instance, the natural seasonality of seasonally dry tropical forest and semi-deciduous forest
required local knowledge when the time series of Google Earth imagery was not available.
We performed the sampling selection using the original segments/objects derived from
eCognition, which contain information at both map levels. The number of samples for each
category was determined based on the final map (physiognomic types), but accuracy
estimates were performed for both levels using the same polygon. We used an equal
proportion of randomly selected polygons for categories that were sparsely represented
across the landscape (< 10%), which resulted in a total of 50 polygons per class. For classes
with high landscape abundance (i.e., non-natural/barren, open savanna, savanna for both
sites), we performed a stratified random selection based on a total number of samples of 225

for each site. The classes “semi-deciduous forest” and “shrub swamp” were not accounted
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for in the validation process for the Taquara site because they each represent less than 0.5%
of the landscape. In total, we selected 725 polygons for the Western Bahia site and 525
polygons for the Taquara study site.

A common issue in estimating accuracy from thematic maps is the potential error that
can be included in the reference data (Olofsson et al., 2014; Powell et al., 2004; Stehman et
al., 2009). To minimize error and bias from the interpreter in the accuracy assessment, our
validation procedures were performed by two authors trained in photointerpretation of the
regions and with previous experience working in the Cerrado. Error matrices were generated
for each map level using an area-weighted approach based on independent sampled image
objects (Radoux et al., 2017; Radoux and Bogaert, 2014). The traditional count-based
accuracy assessment was also performed for comparison (Tables A.5-A.8). They were used
to derive traditional statistical accuracy measures for both map levels, such as overall

agreement, user’s accuracy, and producer’s accuracy.

2.3 Results

2.3.1 Segmentation Results

The MRS algorithm generated a different number of image objects (Figure 2.4) for
each mosaic or image tile processed, which is expected since they have different extents.
The imagery tiles acquired in September 16" and September 13" resulted in 384,011 and
389,664 objects, respectively. The August and October mosaics have similar extent (4 image
tiles) and resulted in 1,157,419 and 979,083 objects, respectively. The June mosaic contains

6 image tiles and thus resulted in a much larger number of objects, a total of 2,804,338.
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Figure 2.4. RapidEye imagery with color composite as R: NIR (band 5), G: Red-edge (band 4), B: Blue (band
1); and segmentation result (image objects in black) derived from the multi-resolution algorithm, featuring the
major land cover types: A) wetland: marsh, riparian forest, palm grove swamp, and shrub swamp; B) open
canopy trees (cerrado woodland); C) scrub—shrub (scrub cerrado); D) dense shrub (savanna); E) open shrub
(open savanna); and F) shrub—herb (semi-natural shrubby grassland).

2.3.2  Accuracy Assessment

The OOB error for the Taquara site was 7.8%. Given that the Random Forest
classification was performed by mosaic for the Western Bahia site, the OOB error estimates
were then generated for each mosaic. The September 13" image had the lowest OOB error
(3.5%). The October mosaic had the second lowest OOB error (4.4%), followed by the
September 16" imagery (6.3%), the August mosaic (7.0%), and the June mosaic (7.3%).

These relatively small differences in the OOB error estimates could be due to a
combination of reasons such as atmospheric conditions on a particular day (e.g., active fire
was present in the June mosaic, and haze was present in the September 16" imagery),

possible rain close to the imagery date, differences in sensor angle-viewing, and particular
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characteristics of the classified image (e.g., one specific image can have more disturbed
areas and hold higher heterogeneity compared to the other).

The mean decrease in accuracy is a percent estimate of variable importance in the
random forest model (Figure 2.5). The NDVI was the most important variable in all models,
except in the June mosaic, in which NDWI had the highest importance. This is likely due to
water content available in the soil during early dry season (i.e., June), whereas later in the
dry season, some physiognomies (i.e., grass and shrublands) are more impacted by water
limitation. The other indices, NDVI (red-edge) and NDWI, also contributed significantly
(>12%) in all models. Considering only the RapidEye spectral bands, the near-infrared
(band 5) had a contribution above 13% in all models, whereas the red and red-edge bands

had high importance (>15%) in the October and June mosaic models, respectively.

0.30
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Figure 2.5. Mean decrease in accuracy showing the importance of each variable used in the random forest
model, for each processed image.

Additional accuracy estimates based on the independent randomly selected image
objects were performed for the entire map and not for individual mosaics. Error matrices
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were developed for each map level (Tables 2.4, 2.5) and were reported as area (in hectares)
count of each image object, following best practices for object-based accuracy assessment
proposed by Radoux et al. (2017). Statistical measures of overall agreement, as well as
user’s and producer’s estimates were derived from the error matrices (Tables 2.4, 2.5). For
comparison, we also generated error matrices and statistical measures based on the regular
polygon count approach (Tables A.5-A.8). Accuracy assessments for the Taquara

watershed are found in the supplementary material (Tables A.3-A.4).
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2.3.3 Landscape Composition: Area Assessments

We estimated landscape composition (Table 2.6) for the total area of the Western Bahia
site, as well as for each mosaic, based on the final (Level 2) physiognomic type map (Figure
2.6). The most abundant classes in the landscape are non-natural/barren areas, open savanna,
and savanna. The rarest physiognomic types found are seasonally dry tropical forest, shrub
swamp, and palm swamp. Considering the individual mosaics, the June mosaic and the
September 13" image have the highest amount of natural vegetation, whereas the October
mosaic has the highest concentration of non-natural/barren areas. The Level 2 classification
map and landscape composition of the Taquara watershed is found in the supplementary

material (Figure A.1, Table A.9).

Table 2.4. Estimate of landscape composition for the Western Bahia site considering the proportion of the
mapped area of each physiognomic type, reported in percentage, with respect to the total mapped area (i.e.,
entire study site extent) and for each individual image/mosaic.

Total September September June August October
(%) 13" image 16 image mosaic mosaic mosaic
Cerrado Woodland 4.9 4.2 3.2 7.0 1.7 5.9
Marsh 1.2 0.2 0.0 0.3 1.4 29
Non-Natural/Barren 26.6 145 31.6 115 33.2 43.9
Open Savanna 26.2 35.9 32.1 22.9 37.2 155
Palm Swamp 0.8 0.1 0.1 0.2 0.7 2.0
Riparian Forest 1.1 0.4 0.4 1.3 0.8 14
Savanna 26.2 394 14.6 40.0 111 20.9
Scrub Cerrado 1.9 0.0 0.0 4.4 1.2 0.0
Semi-Deciduous 15 0.5 0.1 3.4 0.4 0.2
Forest
Shade 0.1 0.0 0.0 0.3 0.1 0.0
Semi-Natural
Shrubby Grassland 8.0 4.2 17.1 6.3 10.4 6.6
Shrub Swamp 0.6 0.1 0.1 0.5 1.3 0.2
Seasonally Dry
Tropical Forest 0.6 0.2 0.4 1.5 0.1 0.0
Water 0.3 0.5 0.3 0.2 0.3 0.3
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2.4 Discussion

Land cover mapping in the Cerrado has generally used multispectral imagery with
medium to coarse spatial resolution and pixel-based approaches, such as in Muller et al.
(2015), Schwieder et al., (2016), Ferreira et al. (2007), and Reynolds et al. (2016). As
demonstrated by Sano et al. (2010) and Schwieder et al. (2016), these types of imagery do
not capture the fine-scale heterogeneity present within the savanna ecosystem gradient and
thus are not appropriate to discriminate differences in vegetation structure, often leading to
low accuracy results (such as 71% and 63%, respectively). Distinguishing the fine-scale
heterogeneity of Cerrado physiognomic types is crucial for identifying species habitats and
estimating plant diversity. For instance, the Hyacinth Macaw (Anodorhynchus hyacinthinus)
is an endangered species of small population inhabiting the Cerrado that is heavily
dependent on palm trees present in wetlands for breeding and foraging; discriminating the
different structural types present in seasonal wetlands (i.e., palm swamp, shrub swamp, and
marsh) can improve estimates related to their occurrence and habitat quality and availability.
Given the challenges of mapping Cerrado physiognomic types with traditional pixel-based
methods at medium to coarse spatial resolution, we developed a systematic GEOBIA
framework using single-date high spatial resolution imagery accounting for a novel
environmental spatial ruleset developed to identify a wide range of Cerrado vegetation
structural types. This framework was shown to be a robust method to differentiate a larger
number of physiognomic types at a higher accuracy than previously reported in several

studies regarding Cerrado land cover mapping.
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Our results show an improvement in classification accuracy compared to studies using
similar image characteristics and object-based methods to map Cerrado physiognomic types,
such as in Girolamo-Neto et al. (2018, 2017) and Orozco-Filho (2017). In the Level 1 LCCS
classification, we mapped a total of 10 land cover classes (of which 7 correspond to
vegetation types) and reached 82% overall accuracy, while others have discriminated 8
classes and reached an overall accuracy of 67.7% (Girolamo-Neto et al., 2018), or 81%
accuracy while considering 7 classes (Orozco Filho, 2017). Girolamo-Neto (2017) used the
RapidEye imagery in a method similar to ours (i.e., segmentation + RF classifier) in the
Level 1 LCCS classification, but with a different class legend, and reached an overall
accuracy of 74.3% to classify 5 land cover classes. Previous studies aiming to classify
Cerrado physiognomic types used vegetation taxonomy based on structural parameters and
species composition defined either by Coutinho (1978), IBGE (2012), Ribeiro and Walter
(2008), or a combination of them. The disparity in map accuracy and number of
discriminated classes between our LCCS results and previous studies suggest that
nomenclatures considering floristic composition (used in most previous Cerrado remote
sensing studies) might not be appropriate for multispectral imagery alone as we initially
suspected. It is important to note that standardization of land cover classes—that are
comparable across scales and appropriate to the imagery characteristics (e.g., spectral and
spatial resolutions)—is essential to produce accurate and meaningful results. As in other
studies aiming to standardize land cover classes for remote sensing applications (Jansen and
Gregorio, 2002; Kosmidou et al., 2014), we used the LCCS to define appropriate Cerrado
land cover classes for the RapidEye imagery and tested if the defined classes could be

spectrally discriminated and mapped at high accuracy.
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Given that there is no other study using LCCS classes for the Cerrado, we cannot
compare accuracy assessments for specific classes from our Level 1 classification with other
studies. However, our results demonstrate that accounting for RapidEye’s spectral
information alone accurately discriminates our defined LCCS land cover classes,
distinguishing some structural variation within savanna (i.e., open shrubland; dense
shrubland; open canopy) and grassland (i.e., herbaceous; shrub—herbaceous) ecosystems.
Despite encouraging results, single-date RapidEye spectral properties alone were not able to
discriminate variations within forest structural elements (i.e., riparian forest versus semi-
deciduous forest) given that most closed-canopy classes (e.g., seasonally dry tropical forest
and sclerophyll forest) are composed of broad-leaf semi-deciduous (or deciduous, for a
subtype of seasonally dry tropical forest) trees. It could also not differentiate some variations
between terrestrial ecosystems and seasonal wetlands. For instance, shrublands (i.e., dense
and open shrub) could not be distinguished from wetland shrubs (i.e., shrub swamp). Despite
that, grasslands (i.e., herbaceous) were distinguished from marsh (i.e., herbaceous—wet)
accounting only for its spectral properties. This result is consistent with previous studies that
demonstrated an improvement in classification accuracy of terrestrial and wetland
ecosystems when using multispectral fine spatial resolution imagery (McCarthy et al.,
2018).

Defining environmental contextual rules in addition to using spectral properties proved
an effective strategy in discriminating within-class variations across ecosystems as
confirmed by high accuracy results for those classes. Other works also accounted for such
classes but frequently merged similar physiognomic types into one class for higher accuracy

estimates. For instance, our classes “marsh”, “palm swamp”, and “shrub swamp”, if merged,
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would be equivalent to the class “floodplains with palm trees” in Girolamo-Neto (2018), and
“veredas” in Orozco-Filho (2017). The same is true for our classes “riparian forest”,
“seasonally dry tropical forest”, and “semi-deciduous forest”, which are equivalent, if
merged, to the class “forest” in Orozco-Filho (2017). It is known that map accuracy tends to
decrease as a function of the number of classes (Smith et al., 2002); however, our GEOBIA
approach showed an inverse pattern, which is a major contribution of this study. Applying
our environmental spatial ruleset to the Level 1 LCCS map resulted in a thematic map
(Level 2 classification) with a larger number of classes and a higher overall agreement
accuracy. Despite the fact that two classes of the Level 1 LCCS map were merged in the
physiognomic types map (both “soil, NPV, impervious” classes became “non-
natural/barren”), four new classes were added to the Level 2 map and the overall accuracy
improved by around 3%. Considering both user’s and producer’s estimates for the
physiognomic types classification (Table 2.5), the highest accuracies (>80%) are among the
classes non-natural/barren, marsh, seasonally dry tropical forest, riparian forest, savanna,
and open savanna. In general, all classes representing savanna and forest ecosystems
resulted in a high (>80%) producer’s accuracy.

Most studies aiming to test methodological approaches to map Cerrado physiognomic
types were developed for one study area, usually of small extent (<50,000 ha) and not
covering some major physiognomic types, such as in Ferreira et al. (2007), Teixeira et al.
(2015), and Girolamo-Neto (2018, 2017), which can be problematic for making portability
assumptions to other Cerrado areas. Exceptions include studies from Schwieder et al.
(2016), who tested methods for three study sites of similar vegetation composition, and Silva

and Sano (2016) that considered four small test sites of different composition to map three
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major vegetation classes (i.e., savanna, forest, grasslands). To bring a higher level of
confidence in testing the portability of our GEOBIA framework to other regions within the
core area of the Cerrado, our method was tested for two study sites: a control site with larger
availability of datasets (i.e., the Taquara site), and another covering a larger extent
(>900,000 ha) and supporting different composition and heterogeneity levels, covering a
total of 11 major physiognomic types that are present across the Cerrado. The high accuracy
results for both study sites indicate that this framework should be portable to other areas in
the core Cerrado region. However, further analysis is necessary to adjust it for areas of
transition to other biomes where unique local flora composes additional physiognomic types
(e.g., carrasco, capdo). In addition, we suggest future studies to explore adapting this
framework to similar ecosystems in other continents, such as the African and Australian
savannas.

Despite its robust ability to classify a wide range of physiognomic types, our method
was not able to differentiate classes of similar structure for which edaphic conditional
drivers were not available in our dataset. This is the case for classes that would be separable
from each other with detailed information about soil types and/or species composition. For
instance, seasonally dry tropical forest located in areas of flat terrain (plateaus/mesas) could
not be differentiated from sclerophyll forest, which co-occurs in the same terrain type, so
they were combined into a single semi-deciduous forest class. We could only identify
seasonally dry tropical forests within steep slopes, which could be discriminated using a
fine-scale Digital Elevation Model. Additionally, transitional enclaves of denser caatinga

vegetation (a deciduous xerophyte type) were also not possible to differentiate from
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savanna. Similarly, a rocky savanna type (cerrado rupestre), which is present in the Western
Bahia region and structurally similar to open savanna, could not be discriminated.

Recent advances in remote sensing, such as imaging spectroscopy and Light Detection
and Ranging (LiDAR), are improving vegetation studies in savannas (Baldeck et al., 2014;
Baldeck and Asner, 2013; Vaughn et al., 2015). They have great potential to overcome gaps
and uncertainties related to savanna patterns and processes, such as species discrimination
(Cho et al., 2012; Colgan et al., 2012; Naidoo et al., 2012) and plant community
composition (Baldeck et al., 2014), as well as major drivers and impacts on woody structure
(Asner et al., 2009; Vaughn et al., 2015). A potential solution for overcoming remaining
issues related to Cerrado structure and floristic composition would be the availability of a
detailed (< 1:10,000) soil types map or a combination of LIDAR and hyperspectral imagery.
Moreover, publicly available multispectral imagery, such as the Sentinel-2 MSI sensor, are
also promising to improve discrimination of Cerrado physiognomic types due to their
combination of fine spatial and spectral properties, free availability, and larger areal

coverage allowing for regional scale analysis.

2.5 Conclusions

The semi-automatic method proposed here combines image spectral properties (mean
reflectance, standard deviation) with standard spectral indices (e.g., NDVI, NDWI) in a
Random Forest land cover classification, and uses a novel spatial contextual ruleset to
classify land cover categories into physiognomic types in a systematic manner. Our study
demonstrates that high spatial resolution imagery is appropriate for discriminating Cerrado

land cover classes. The Random Forest algorithm was effective in mapping structural
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differences within savanna ecosystems, in addition to distinguishing wetlands from
terrestrial ecosystems. A combination of ancillary data and spatial rules, however, allowed
characterizing physiognomic types while increasing the number of classes and improving
map accuracy. Despite the demonstrated success of our method, caveats include high
computational costs for processing a large volume of data, lack of automated methods to
determine MRS initial parameters (scale, shape, and compactness), and low temporal
availability for RapidEye data available at no cost for monitoring purposes and for
improving discrimination of classes.

Detailed maps differentiating physiognomic types are essential for conservation
strategies, and a consistent classification method is currently lacking in the Cerrado. To the
best of our knowledge, our study is the first to propose a systematic method to map Cerrado
physiognomic types resulting in a high accuracy assessment and a large number of classes
for areas of different heterogeneity. Thus, we conclude that the proposed framework is
effective to accurately map physiognomic types across the Cerrado biome at fine spatial
scales. Given the availability of RapidEye data for the entire Brazilian Cerrado, application
of our framework could improve region-wide mapping in support of conservation and

ecological analysis.
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3.0 Abstract

Conservation in commodity-driven agricultural landscapes is particularly challenging
due to conflicting interests with economic growth and high costs of land acquisition.
Therefore, privately managed lands play an essential role in ensuring species habitat
protection, especially in regions with high deforestation rates. The Brazilian Forest Code
policy regulates land use and management practices in private lands throughout the country,
thus offering great opportunity to protect biodiversity in regions under commodity-driven
agricultural expansion, such as the Cerrado biome. In this study, we quantified the benefits
of the Forest Code to biodiversity conservation in Cerrado agricultural areas. We developed
a fine-scale spatially explicit gap analysis approach to estimate the potential biodiversity
conservation gaps from the Forest Code policy in a Cerrado landscape under intensive
farming activities for commodity production. We then investigated how private properties
can help address conservation gaps by analyzing their compliance status with the Forest
Code. Finally, we developed a simulated spatial planning analysis to understand how set-
asides allocation in private lands can be improved to maximize biodiversity conservation.
Our results demonstrate that the Forest Code is essential for guaranteeing protection of
Cerrado’s biodiversity in agricultural landscapes. For our study area, this policy protected >
18% of Cerrado physiognomic types, provided > 30% of habitat protection for all bird
species in our list, and protected 100% of primary habitats for 2 endangered and 1 endemic
birds. Our study indicates that large and medium farms hold the largest proportion of
unprotected vegetation as well as the largest non-compliant areas with the Forest Code.
Thus, public policies can target farm category to improve law enforcement efforts in

Cerrado commodity-driven agricultural landscapes. In addition, the simulated spatial
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planning analysis demonstrates that improvements can be made in set-asides allocation to

maximize biodiversity protection without compromising agricultural activities.
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3.1 Introduction

When effectively managed for protection of natural resources and ecosystem
services, private lands can provide essential habitat for species and can improve connectivity
between protected areas (Kamal and Grodzinska-Jurczak, 2014). As such, privately
managed lands have an essential role in climate change mitigation and biodiversity
conservation strategies, while also providing economic growth (Assunc¢édo and Chiavari,
2015; Klink, 2019; Soares-Filho et al., 2014). Planning for conservation in rural agricultural
landscapes is, however, particularly challenging due to private property rights, high costs of
land acquisition, and lack of financial incentives to landowners (Naidoo et al., 2006;
Schuster et al., 2018). Strategies such as land-use regulation, public policies, law
enforcement, and international market demands for voluntary zero-deforestation
commitments (i.e. the Amazon Soy Moratorium: Gibbs et al., 2015) provide incentives for
land use and conservation planning within agricultural landscapes (Assunc¢éo and Chiavari,
2015; Klink, 2019).

Brazil’s Forest Code, created in 1965 and last updated in 2012 (Federal law
12.727/2012), is part of the Federal environmental legislation that regulates land use and
management practices on private lands (Soares-Filho et al., 2014). This land-use policy
requires landowners to set aside part of their rural property for protection (80% in the
Amazon, 35% for non-forested areas within the rainforest-savanna transition zone, and 20%
in all other biomes); these legally protected fractions of the property are called Legal
Reserves. In addition, this legislation guarantees the protection of sensitive areas, such as
water resources, hilltops, and plateau escarpments through Areas of Permanent Preservation

(Soares-Filho et al., 2014). Thus, the Forest Code offers critical opportunities to realize the
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potential benefits of conservation efforts on private lands in Brazil. However, those benefits
depend on whether Forest Code protection is effective in both representing and contributing
to the persistence of biodiversity across the suite of environments and habitats in areas
dominated by commodity production.

The Forest Code policy is essential for protecting ecosystems, natural resources, and
ecosystem services, and for improving connectivity between protected areas (Soares-Filho et
al., 2014). Legal Reserves alone protect ~167 Mha of natural vegetation across Brazil,
covering a larger area than the total protected areas network of the country (~151 Mha:
Metzger et al., 2019). Aside from areas under Forest Code protection, more than 100 Mha of
native vegetation in Brazil are within private lands and can be legally converted to
anthropogenic activities (Metzger et al., 2019; Soares-Filho et al., 2014; Strassburg et al.,
2017). Around 50% of these areas are within the Cerrado biome (Metzger et al., 2019), a
Neotropical savanna biodiversity hotspot that originally covered more than 2 million km? in
the central Plateau of Brazil. It is estimated that if all unprotected land in the Cerrado were
completely cleared, about 385 million tons of carbon stock would be added to the
atmosphere budget (Vieira et al., 2018). This estimate represents more than double the
carbon stocks preserved by the current Cerrado protected areas network (Medeiros and
Young, 2011).

Despite restricting land-clearing on private lands, the Forest Code alone does not
guarantee full compliance by landowners or even deforestation/land-clearing reduction.
High deforestation/land-clearing rates are common practices in Brazil, mainly due to
financial agricultural incentives and lack of policy enforcement (Azevedo et al., 2017,

2015). As a consequence, the Forest Code policy traditionally shows low compliance rates,
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especially by small landholders (Michalski et al., 2010; Zimbres et al., 2018). Previous
studies have quantified illegal deforestation in areas protected by this policy and evaluated
its compliance status at the rural property level. This is well documented for southern and
eastern Amazon states, such as Mato Grosso (Michalski et al., 2010; Richards and VanWey,
2016; Stickler et al., 2013; Zimbres et al., 2018) and Para (Azevedo et al., 2017), where
monitoring programs such as PRODES (the official deforestation monitoring program from
the Brazilian National Institute for Space Research — INPE) are well established. In terms of
farm compliance status, it is estimated that about 26% of all Cerrado areas under Forest
Code protection are non-compliant with the legislation, and full compliance would require
restoration of nearly 5Mha of cleared land (Vieira et al., 2018). Deforestation estimates in
areas under Forest Code protection are less common for other biomes, such as the Atlantic
Forest (but see Rezende et al., 2018) and the Cerrado (but see de Oliveira et al., 20173;
Stefanes et al., 2018; Vieira et al., 2018). Moreover, the conservation status of biodiversity
(i.e. physiognomic types, species-specific suitable habitats) within areas protected by the
Forest Code has not been quantified.

Gap analysis is an efficient method for identifying conservation gaps in biodiversity
management areas. Conservation gap analysis can be useful for establishing new reserves or
improving land management practices by estimating the distribution and conservation status
of several components of biodiversity (Scott et al., 1993). This analysis has been used to
estimate gaps in the protected areas networks — both public and private — of many regions
(Davis and Stoms, 1996; Fearnside and Ferraz, 1995; Goettsch et al., 2019; Scott et al.,
2001) including in the Cerrado protected areas system (Carvalho et al., 2017; de Oliveira et

al., 2017a; Marini et al., 2009).
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This study quantitatively analyzes the effectiveness of Brazil’s Forest Code for
achieving a representative, well-connected network of protected sites in a commodity-driven
agricultural subset of the Cerrado biome. First, we conduct a fine scale spatially explicit gap
analysis to estimate possible protection status of physiognomic types and important habitats
for endangered and endemic avifauna. Using those data, we also: 1) estimate the potential
land conversion within Forest Code areas that might be set for restoration, 2) assess the
potential compliance status of rural properties with the Forest Code by farm size categories,
and 3) develop a simulated spatial planning analysis of set aside allocation for improving

policy guidelines.

3.2 Materials and Methods

3.2.1 Study Site

The Cerrado is a biodiversity-rich biome composed of a high diversity of
physiognomic types embedded in a vegetation mosaic of forest, savanna, and grassland
ecosystems (Oliveira-Filho and Ratter, 2002; Ribeiro and Walter, 2008). Supporting the
highest plant diversity amongst all savannas, the Cerrado has more than 12,000 plant species
of which 44% are endemic (Mendonca et al., 2008; Ratter et al., 1997). It is estimated that
~50% of its original area has been converted to other human activities
(http://terrabrasilis.dpi.inpe.br/en/publications/ last accessed in 09/15/2019) and just ~20%
remains undisturbed (Strassburg et al., 2017).

Currently, the most active agricultural frontier in the Cerrado consists of 337
municipalities in the States of Maranh&o, Tocantins, Piaui, and Bahia, a region known as
“Matopiba” (Brazilian Decree n. 8447). Agricultural expansion targeting commodity crops
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such as soybeans, cotton, and coffee, and extensive beef production, plays a central role in
land use change across the biome and especially in the Matopiba (Klink and Machado, 2005;
Spera et al., 2016). This region is responsible for around 10% of the national crop
production (IBGE, 2015; Miranda et al., 2014) and about 45% of the total forest carbon
emissions in the Cerrado between 2010 and 2013 (Noojipady et al., 2017).

Our study area is part of the Matopiba agricultural frontier, spanning an area of 9,409
km? on the western side of Bahia State (11°43'S, 45°52'W to 12°36'S, 44°59'W, Figure 3.1).
The area under analysis was delineated based on the availability of high-resolution imagery
to produce a fine-scale land cover classification distinguishing Cerrado physiognomic types.
The study region features two Key Biodiversity Areas (KBAs: Sawyer et al., 2017) that
overlap two other national conservation priority areas identified by federal institutions and
the major stakeholders involved (WWF-Brazil, 2015). In addition, with the highest
commodity grain productivity and Gross Domestic Product (GDP) within Matopiba (IBGE,
2015), the study region is economically and politically significant, as well as ecologically
relevant.

The western portion of the study area is composed mainly of plateaus at a maximum
elevation of 808 m, whereas the eastern portion contains lowlands (known as Depresséo do
Rio S&o Francisco) with a minimum elevation of 433 m (Nou and Costa, 1994). Annual
precipitation patterns in western Bahia have a positive correlation with elevation, ranging
from ~800 mm in lowlands to ~1,600 mm across the plateaus (Brannstrom et al., 2008).
Thus, rainfall declines from west to east, a gradient that is a major determinant in land price
and crop production. This region is one of the most productive areas of the Cerrado, with

soybean (71%) being the dominant crop type. It covers part of the municipalities playing a
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major role in Brazil’s agricultural production: Barreiras, Luis Eduardo Magalhaes, Sao
Desidério, and Riachdo das Neves, which together represented 3% of Brazil’s soybean
production in 2018 (https://sidra.ibge.gov.br/pesquisa/pam/tabelas last accessed in

08/21/2020).

:/"-'
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Western Bahia Municipalities Land Cover Classes 0 5 10km
__ Other _ Riachio das Study site Shrubby Grassland ~ Marsh I Tropical Dry Forest M Silviculture
municipalities " Neves boundary Scrub Cerrado Shrub Swamp W Water Farming
N 1 Barreiras Luis Eduardo Open Savanna Palm Swamp M Shade M Irrigated crops
A Bl ® Sao Desidério ~ Magalhaes M Savanna M Riparian Vegetation I Clouds M Highways
M Cerrado Woodland M Semi-deciduous Forest ~ Non-natural/Barren ll Urban Areas

Figure 3.1. Location map of the study area in the western part of Bahia State, part of the Matopiba region
(region defined by the acronym of the states of Maranhd&o, Piaui, Tocantins, and Bahia). The inset land cover
map features vegetation physiognomic types mapped at 5-meter resolution, developed by Ribeiro et al. (2020).

3.2.2 Datasets

We used a land cover product from Ribeiro et al. (2020) based on 2011 RapidEye
imagery. This product contains 11 classes of Cerrado physiognomic types, in addition to the
following classes: water, shade (mostly representing topographical and tree shadows),
clouds, non-natural/barren (representing barren agricultural areas, unpaved roads, exposed
soil, and potentially degraded areas). In order to account for updated land use information,

we used two other products to complement our land cover product: a) a land use map from
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the Brazilian Foundation for Sustainable Development (FBDS) based on 2013 RapidEye
imagery, and b) a land use map based on visual interpretation of PRISM/ALOS imagery for
2009 (updated by de Oliveira et al., 2017a for 2011). This map was developed at a scale of
1:2,000 by the Laboratory of Spatial Information Systems (LSIE) at the University of
Brasilia (UnB) in partnership with the Inter-American Institute of Commerce and
Agriculture (11ICA), and the Ministry of National Integration. We masked out active crops
and farming activities from our land cover map, in addition to urban areas and major
highways. From the FBDS LUC product, we used the classes “farming” (converted areas),
“silviculture”, and “urban areas” as a mask in our land cover map. For the LSIE LUC
product, we only considered the class “irrigated cropland” in order to distinguish planted
irrigated crops from other farming activities and “major highways”. In addition, we used a
separate geospatial dataset derived from the same LSIE project providing information on
stream networks, hydromorphic soils, springs, and the plateau border.

We calculated the Areas of Permanent Preservation buffer zones following the
definition in the 2012 legislation. The Legal Reserve boundary datasets were downloaded
from the Environmental Registry System (SICAR: www.car.gov.br last accessed on
06/08/2019), an online federal platform providing georeferenced data for all rural properties
in Brazil. SICAR has improved transparency for monitoring compliance status with the
Forest Code, providing a new pathway to understand the implications of land use regulation
on retaining biodiversity and providing solutions to increase sustainability in agricultural
landscapes (Soares-Filho et al 2014). In order to evaluate policy compliance status of rural
properties, we consolidated a geospatial dataset containing land parcel information. This

dataset contains georeferenced data provided by The Nature Conservancy (TNC) Brazil for
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two municipalities (Luis Eduardo Magalhdes and Sao Desidério). In addition, we
complemented the information provided by TNC with georeferenced data from SICAR and
from the Brazilian National Institute for Colonization and Agrarian Reform (INCRA).
However, not all rural properties were registered in these three datasets, resulting in a total
of 89% of rural properties coverage in the study site.

We categorized land parcels into four classes: micro, small, medium, and large
properties. These size categories follow the official guidelines determined by INCRA,
classified by a unit measure called fiscal module. The fiscal module for all four
municipalities present in our study site is 65 hectares, and the categories are established as
follows: a) micro: less than 65 hectares, b) small: between 65 and up to 260 hectares, c)

medium: between 260 and 975 hectares, and d) large: larger than 975 hectares (Figure B.1).

3.2.3 Gap Analysis

3.2.3.1 Habitat Suitability Index Models

Wildlife habitat suitability models are crucial in conservation planning to evaluate
biodiversity loss, habitat degradation, and conservation status at a scale compatible with
management actions (Scott et al., 1993). In terms of conservation assessment, birds are
important environmental indicators and are the best-known group of organisms (Garcia-
Moreno et al., 2007). The Cerrado contains about 48% of Brazil’s avifauna, representing
around 840 species with approximately 40 endemic to this biome (Lopes, 2009; Jose” Maria
Cardoso Da Silva, 1997). To assess the protection status of essential avian habitats, we
developed habitat suitability models for 9 bird species that were either endemic or

endangered inhabitants of the study site (Table 3.1). The birds were selected based on a
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combination of factors: a) the endangered species list used for selecting Priority Areas for
Cerrado Conservation (WWF-Brazil, 2015); b) the endemic species lists developed by Silva
(1997), Lopes (2009), and Marini et al., (2009) for Neotropical savannas; c) species
occurrence in the study site, confirmed by registry at the Wikiaves website
(www.wikiaves.com.br, last accessed on 7/2019); and d) habitat information availability. In
addition, we included Lepidocolaptes wagleri, a species recently described by Silva and
Straube (1996) and documented as occurring in our study site. The species is considered
endangered and endemic, with its distribution restricted to the left bank of the Sdo Francisco
River. Moreover, three of these species are classified as vulnerable to climate and land-use
changes (Borges et al., 2019).

Species-specific habitat suitability maps were derived in ArcGIS 10.5 (ESRI, 2017)
from land cover and topographic data, resulting in 4 suitability levels: 1 — primary habitat
for both breeding and foraging; 0.5 — suitable habitat for either breeding or foraging; 0.2
marginal habitat required for dispersal; O — unsuitable (Table 3.1, for more details see Table
B.1). Species habitat requirements were determined by an extensive literature review and
opinions assessed through personal communications with a group of ornithologists and local
birdwatchers. Home range information was derived from the literature or through
information provided by Kennedy et al., (2016b) from The Nature Conservancy’s Dow

Project (Table B.1).

60



Table 3.1. List of species used for developing habitat suitability models and their major habitat requirements
found in the literature and through personal communications with ornithologists.

Conservation

Species Status (IUCN) Primary habitat Suitable habitat Marginal habitat
/ Endemism

Anodorhynchus Vulnerable / No Palm swamp Escarpments, riparian  Marsh, shrub
hyacinthinus forest, open savanna, swamp

shrubby grassland
Lepidocolaptes Endangered / Yes Tropical dry forest, Upland riparian Woodland
Wagleri semi-deciduous forest  forest
Euscarthmus Near Threatened / Shrubby grassland, Savanna
rufomarginatus Yes open savanna
Cypsnagra Least Concern/Yes Shrubby grassland, Savanna
hirundinacea open savanna
Melanopareia Least Concern/ Yes Shrubby grassland, Savanna Marsh
torquata open savanna
Neothraupis Least Concern/ Yes Savanna, open Shrubby grassland,
fasciata savanna cerrado woodland
Herpsilochmus Least Concern/ Yes Riparian forest Semi-deciduous Wetlands
longirostris forests, savanna,

woodland
Myiothlypis Least Concern/ Yes Wet riparian forest Upland riparian Wetlands; Semi-
leucophrys forest deciduous forests
Syndactyla Least Concern/ Yes Wet riparian forest Upland riparian Savanna,
dimidiata forest, semi- woodland, marsh

3.2.3.2 Forest Code Analysis

deciduous forests,
palm and shrub
swamps

We consolidated a Forest Code dataset containing information of Legal Reserves and

Areas of Permanent Preservation. The latter aims to conserve water resources and soil

stability through buffer zones surrounding these environmentally sensitive areas (Soares-

Filho et al 2014). Areas of Permanent Preservation present in our study area include buffer

zones along streams and rivers, springs, hydromorphic soils (used as a proxy for

wetlands/veredas), and plateau borders. We calculated buffer zones in ArcGIS 10.5 using

the LSIE product, following Forest Code guidelines (Table 3.2).
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Table 3.2. Forest Code guidelines on buffer widths regarding each category of Areas of Permanent
Preservation

Areas of Permanent Preservation Buffer width (m)
Rivers and streams
Up to 10 meters 30
10 ~ 50 meters 50
Hydromorphic soil (Veredas) 50
Along plateau borders 100
Dams 15*
Water springs 50

*15 m is the minimum buffer size for dams with an area larger than 20ha and located in rural landscapes, but size varies
with their license type and time of implementation.

All overlaps between Areas of Permanent Preservation and Legal Reserves were
assigned to Areas of Permanent Preservation. Then, we performed a spatial intersect
between our consolidated Forest Code dataset and the LULC map to estimate the following
biodiversity gaps: a) area (ha) covered by physiognomic types within Areas of Permanent
Preservation and Legal Reserves, b) protection status (i.e. fraction of a given class under
Forest Code protection relative to the total area occupied by that class in the landscape), and
c) fraction of a given class left unprotected by the Forest Code policy. A second spatial
intersect was performed between our Forest Code dataset and the bird habitat suitability
maps to estimate the same biodiversity gaps described for physiognomic types.

In order to evaluate policy compliance status by rural property size, we extracted LULC
information within Areas of Permanent Preservation and Legal Reserves for each individual
land parcel that was completely within the study area boundary, excluding boundary
properties. Rural properties were then classified into 4 categories: full compliance,
noncompliant, partial compliance, and LR not reported. The first category corresponds to
properties in compliance with both Areas of Permanent Preservation and Legal Reserves (or

only with Legal Reserves, in case the property does not have Areas of Permanent
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Preservation within their land); the second category corresponds to properties noncompliant
to both policy instruments (or properties that do not have Areas of Permanent Preservation
but hold a fraction of illegal land conversion within their Legal Reserve boundary); the third
category corresponds to properties in compliance with either policy instrument while
holding a fraction of illegal land conversion in the other category (e.g., properties compliant
to Legal Reserve but having some converted land within Areas of Permanent Preservation or
vice-versa); and the last category relates to properties that had not reported their Legal
Reserve at the outset of our study. This category may include properties that are not in
compliance with the regulation but may also include cases where the Legal Reserve is
allocated in another property (e.g. biodiversity offsetting), which is permitted by legislation.
For the noncompliant and partial compliance categories, we considered a minimum area of
0.1 ha of illegal land conversion to avoid issues regarding misregistration of property

boundaries.

3.2.3.3 Spatial planning analysis to allocate Legal Reserves

Specific guidelines on how and where to allocate Legal Reserves are not currently
provided by the Forest Code policy. The state of Bahia, however, recommends allocating
these conservation set asides near Areas of Permanent Preservation to improve landscape
connectivity in these areas. Nevertheless, Legal Reserve allocation can be arbitrary and may
not be guided by biodiversity conservation needs. We used the Zonation spatial conservation
prioritization framework and supporting software (Moilanen et al., 2005) to simulate
allocating 20% of each land property as mandatory set asides based on complementarity

principles to increase biodiversity representation across the landscape. Our specific objective
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was to evaluate the effectiveness of current conservation set asides in terms of biodiversity
representation. For this, we compared current set aside efforts to our simulated solution and
made land use policy recommendations for future guideline implementation.

Zonation uses a reverse stepwise removal heuristic and marginal loss function to
produce a spatially explicit hierarchical prioritization of a given landscape. Sites are
prioritized based on conservation value (i.e. biological value of each grid cell) and the
proportional representation of biodiversity features across the study area. Zonation also
allows for using administrative units to provide a balanced representation of biodiversity
features across the entire landscape while considering local priorities through its “weak local
administrative units” mode (Moilanen and Arponen, 2011). Given the conceptual nature of
Legal Reserves to be allocated within individual land parcels, we used a rural properties
layer as administrative units to ensure prioritization of physiognomic types within each land
parcel. This mode accounts for the abundance/rarity of physiognomic types at both
landscape and rural property levels, thus avoiding the prioritization of a specific feature that
is locally rare but globally abundant. Because our rural properties dataset does not cover the
entire study site, we filled the gaps by creating polygons as artificial properties. Areas of
Permanent Preservation were masked out of our analysis to avoid selecting sites already

protected by this policy category.

The marginal loss was calculated by the Zonation Additive Benefit Function (ABF)
algorithm, which seeks to maximize the proportional (weighted) representation of
biodiversity features (i.e. physiognomic types, in our case) while favoring sites carrying high

diversity of physiognomic types (Lehtomaki and Moilanen, 2013; Moilanen, 2007). In this
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analysis, each land cover category from our map was entered as a separate biodiversity
feature, and their weights (priorities) were set (Table B.2) as: a) 4x weight for
physiognomic types least protected by Areas of Permanent Preservation, b) 2x weight for
physiognomic types holding higher number of endemic plants, and c) 1x weight for the
remainder of physiognomic types. To avoid selecting sites in areas featuring human
activities, land-use classes were given negative weights as recommended by Moilanen and
Arponen (2011). In order to facilitate planning on a scale compatible with that used by
decision-makers in Brazil, we aggregated the original 5-meter cell of each biodiversity
feature to 30 meters by using the sum function, which retains the proportion of each class in

a given cell.

3.3 Results

3.3.1 Gap Analysis

3.3.1.1 Forest Code Analysis

Forest Code sites constitute a total area of 225,089 ha representing 24% of the study
area, of which 10% are under Areas of Permanent Preservation and 14% under Legal
Reserves. These sites under policy regulation comprise vegetation (86% of total Forest Code
area), converted areas (12%), water (1%), and “other” (i.e. shade and clouds: 0.3%). 40% of
Forest Code sites are allocated as Areas of Permanent Preservation (89,467 ha, of which
84% corresponds to natural vegetation) and 60% as Legal Reserves (135,622 ha, of which
88% corresponds to natural vegetation). The Forest Code policy protects more than 30% of
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all bird species habitats considered (Table 3.3) and of most physiognomic types (Figure
3.2) in our study area, excepting semi-deciduous forest and shrubby grassland, of which
18% and 24% are under land use policy regulation.

Our results show that Areas of Permanent Preservation and Legal Reserves differ in
terms of their protection contribution and biodiversity representation. Regarding the
protection status of physiognomic types (Figure 3.2), Areas of Permanent Preservation
protect 100% of wetlands (i.e. marsh, palm swamp, shrub swamp), 80% of riparian forests,
and 70% of tropical dry forest in our study area. Savannas, grasslands, and semi-deciduous
forest are, on the other hand, mostly protected by Legal Reserves and have less than 40% of
their area under policy protection. In terms of representation (i.e. fraction occupied by each
physiognomic type within Forest Code sites), “savanna” and “open savanna” have the
largest area (ha) under policy protection (Figure 3.2) and are the most represented

physiognomic types within Areas of Permanent Preservation (Table B.3).
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Figure 3.2. Proportion of each physiognomic type protected by the Forest Code. The numbers in bold at the
top of each bar represent the total area (in hectares) protected for each class.

We have estimated how physiognomic types and their conservation status are
distributed within different categories of Areas of Permanent Preservation (APP) and Legal
Reserves (Figure 3.3). In terms of conservation status, the hydromorphic soil APP protects
all wetland types (i.e. marsh, shrub swamp, palm swamp) and ~50% of riparian forest. The
Plateau APP was responsible for ensuring major protection of savannas and grasslands
(46%), tropical dry forest (77%), and semi-deciduous forest (48%). The category of APP
within 30m streams was also important for increasing protection status of all physiognomic
types, especially riparian forest, semi-deciduous forest, savannas, and grasslands. The APPs
within dam and perennial spring buffers contributed less than 1% to the total protection

status of physiognomic types for our study area (Figure 3.3, Table B.3).
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Figure 3.3. Graph showing estimates of the conservation status of physiognomic types and their respective
representativeness by categories of Areas of Permanent Preservation (APP).

As part of the gap analysis we estimated the fraction of physiognomic types not
protected by current policy efforts (Figure 3.4). Semi-deciduous forest has the highest
percentage of non-protected area (> 80%), followed by shrubby grassland (> 70%) and all
physiognomic types within savanna ecosystems (> 60%). In terms of areal coverage, the
savanna and open savanna physiognomic types hold the largest areas (140,040 and 127,989

hectares, respectively) left unprotected by the Forest Code policy.
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Figure 3.4. Proportion of physiognomic types that are not protected by the Forest Code policy, relative to their
distribution across the landscape (reported in percentage). The numbers in bold represent the total area (in
hectares) of each physiognomic type not within Forest Code areas.

For bird species habitats (Table 3.3), Legal Reserves protect a larger fraction of habitats
for Anodorhynchus hyacinthinus, Cypsnagra hirundinacea, Euscarthmus rufomarginatus,
Melanopareia torquata, and Neothraupis fasciata; whereas Areas of Permanent Preservation
protect a larger habitat fraction for the remaining species. All species mostly protected by
Legal Reserves have more than 60% of their habitats left unprotected by policy regulation.
Species mostly protected by Areas of Permanent Preservation have more than 75% of their
habitats under protection (< 25 % unprotected), except for Lepidocolaptes wagleri, which
has ~60% of its habitat unprotected by the Forest Code. Given that savanna ecosystems have
lower protection status (Figure 3.2), savanna-dependent species (i.e. Neothraupis fasciata,

Euscarthmus rufomarginatus, among others) have lower protection rates compared with

69



forest species. The exception is for Lepidocolaptes wagleri, which is an endemic and
endangered species of restricted distribution inhabiting tropical dry forests with non-
protected status similar to savanna species.

The Forest Code protects a minimum of 30% of all species primary habitats available in
the landscape, while 3 species have 100% of their primary habitats under Forest Code
protection. Regarding policy instrument categories (i.e. different categories of Areas of
Permanent Preservation and Legal Reserves), the Hydromorphic Soil APP category and
Legal Reserves protect the largest fraction of 8 species primary habitats, while the Plateau
APP category protects the majority of primary habitat for Lepidocolaptes wagleri (further

details provided in Table B.4).

Table 3.3. Protection status (%) of endemic/endangered bird habitats by the Forest Code (FC), the proportion
(%) of habitat within Areas of Permanent Preservation (APPs) and Legal Reserves (LRs), the total amount of
habitat (in hectares) available in the landscape for each species, the proportion (%) of habitat left unprotected
by the Forest Code, and the proportion (%) of total primary habitat protected; category in parenthesis
corresponds to the Forest Code category with the largest fraction of primary habitat.

Total protection

FC Total status of primary
APPs - % LRs- % Protection -  Total habitat Unprotected habitats - %
(ha) (ha) % (ha) amount (ha)  habitat - % (category)
Anodorhynchus 100
hyacinthinus 16.9 22.6 39:5 252,854.9 60.5 (APP — Hydromorphic

(42,687.7)  (57,2495)  (99,937.2)

Soil)
Cypsnagra 1.7 24.8 325 31.6
hirundinacea (33,269.9) (107,447.1)  (140,717.0) 433,436.7 61.7 (Legal Reserve)
Euscarthmus 7.7 24.8 325 31.7
rufomarginatus (33,269.9)  (107,447.1)  (140,717.0) 433,436.7 675 (Legal Reserve)
Herpsilochmus 85.1

. . 74.9 37 78.6 .

longirosris (19,037.5) (933.2) (19,970.7) 25,4010 214 (APP - Hsfilr)o morphic
Lepidocolaptes 26.9 1338 40.6 36.6
Wagleri (4,767.3)  (2,441.1) (7,208.4) 17,7343 >94 (APP — Plateau)
Melanopareia 9.9 24.2 34.1 31.7
torquata (44,057.1)  (107,459.5)  (151,516.6) 444,265.6 65.9 (Legal Reserve)
Myiothlypis 100
leucophrys 87.8 L5 89.3 17,690.5 10.7 (APP — Hydromorphic

(15,539.5) (256.7) (15,796.2) Soil)
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Total protection

FC Total status of primary
APPs - % LRs- % Protection -  Total habitat Unprotected habitats - %
(ha) (ha) % (ha) amount (ha)  habitat - % (category)

Neothraupis 8.3 245 32.8 33.2
fasciata (38,932.0)  (115,149.7)  (154,081.6) 469,88.0 67.2 (Legal Reserve)
Syndactyla 100

- 84.0 3.8 87.8 .
dimidiata (25.380.2) (1.145.1) (26,525.3) 30,227.3 12.2 (APP — I-IS);c:Ir)omorphlc

We identified some potentially illegal anthropogenic activities and/or degraded land

within areas under Forest Code policy. Our results show that 27,361 hectares may be

illegally converted within our study area. Separately analyzing both policy instruments in

terms of their land cover representation (Figure 3.5), Legal Reserves hold a larger

proportion (53.2%) of natural vegetation compared to Areas of Permanent Preservation

(33.5%), but they also carry a slightly larger area of converted land (7.3%) compared to the

latter (~5%).
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Figure 3.5. Maps showing converted areas, natural vegetation, and water within Legal Reserves and Areas of
Permanent Preservation. The graph reports the area (ha) covered by these classes within Areas of Permanent
Preservation and Legal Reserves and, in bold, the proportion of each class relative to the total area under Forest
Code protection.

3.3.1.2 Compliance status by property size

A total of 4,811 properties fell completely within our study area, spanning an area of
734,025 ha (78% of the total study area). Most land parcels corresponded to micro-
properties (78% of the total number of properties), followed by the medium (11%), small
(7%), and large (4%) property categories. In terms of areal coverage, large and medium
properties occupy ~90% of the area analyzed (further details on property size provided in
Table B.5). Regarding compliance status, we estimate a total of 3,163 properties (66% of all

properties analyzed) that potentially were not in compliance with the Forest Code policy.
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These fell into 3 categories: noncompliant (1,816 properties), partially compliant (884
properties), and Legal Reserves not reported (463 properties).

Figure 3.6 shows the spatial distribution of compliance categories of rural properties.
We estimate that 38% of all properties are noncompliant to both Areas of Permanent
Preservation and Legal Reserves, featuring 14,231 ha of illegal land conversion regarding
the Forest Code policy. 18% of all properties (5,578 ha illegally converted) were found to be
in partial compliance with the Forest Code. An additional 463 properties (10% of all
properties analyzed) did not report their Legal Reserves, and thus, are also not in compliance
with current policy. A total of 1,648 properties (34% of all analyzed properties) are in full
compliance with the Forest Code policy in our study area, spanning 3,376 ha of protected
natural vegetation.

Regarding compliance status by property size, micro-properties (<65 ha) had 1,810
parcels within all three noncompliant categories, representing the category with the largest
number of noncompliant properties (Figure 3.6-A). In addition to compliance status by
number of properties, we also estimated the fraction of compliance status for the categories
“noncompliant” and “fully compliant” by property size (Figure 3.6-B). Our results indicate
that medium and large properties held the largest area of illegal land conversion (12,146 ha
or 85% of the total illegal converted areas analyzed). By contrast, micro-properties only held
10% (or 1,294 ha) of the total illegally converted land within areas under Forest Code policy

in our study region.
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Figure 3.6. Map showing the compliance status of the analyzed rural properties with the Forest Code. A) Bar
graph showing the number of properties compliant to the Forest Code by farm size category. Numbers in bold

represent the total number of properties within each compliance category. B) Bar graph showing the fraction of

compliance status (only for fully compliant and noncompliant categories) by property size.

3.3.1.3 Guideline proposal for allocating Legal Reserves

The Zonation analysis (Figure 3.7) resulted in 173,939 hectares of simulated Legal

Reserves across the landscape, representing the 20% required by the Forest Code to be

allocated in each land property (relative to the total area unprotected by Areas of Permanent

Preservation).
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equivalent to the most valuable areas considering 20% of the landscape, which is the proportion of the area for
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These simulated set-aside areas have a 40% overlap with the actual Legal Reserves and
resulted in a higher protection status and diversity of physiognomic types that are not
protected by Areas of Permanent Preservation (Figure 3.8). Thus, our Zonation solution
helped to maximize protection of physiognomic types while accounting for complementarity
between policy instruments. For instance, semi-deciduous forest and all physiognomic types
within savanna ecosystems, which are underrepresented in Areas of Permanent Preservation

were allocated as Legal Reserves in our solution. In addition, results show a substantial
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increase in protection status of physiognomic types that are underrepresented in actual Legal
Reserves, such as Semi-deciduous Forest (52.4%), Shrubby Grassland (50.7%), Scrub
Cerrado (76.8%), Cerrado Woodland (65.5%), and Tropical Dry Forest (98.1%). However,
our solution also featured areas under anthropogenic land-use, such as farming and urban
areas, which had their proportion increased to 8.1% and 9.8%, respectively. Following
regulation decree, these areas should be either restored or compensated through biodiversity

offsetting strategy (i.e. Environmental Reserve Quotas — CRA in Portuguese acronym).
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Figure 3.8. Graph featuring the protection status of physiognomic types by simulated Legal Reserves from
Zonation output, compared to the actual Legal Reserves.
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3.4 Discussion

Our approach to estimating biodiversity conservation gaps at fine scale demonstrates
that the Forest Code policy has a critical role in ensuring protection of Cerrado biodiversity,
being particularly important in productive landscapes that lack public protected areas.
Results from our study show that land-use regulation protects a wide diversity of
physiognomic types and essential habitats for several endemic and endangered bird species.
In our study site, at least 18% of each physiognomic type is protected by land-use
regulation, resulting in a total of 194,488 ha protected in one of the most productive regions
for commodity crops in the Cerrado. This policy protects more than 30% of primary habitats
for all bird species in our list, reaching 100% protection for Anodohynchus hyacinthinus,
Myiothlypis leucophrys, and Syndactyla dimidiata. However, it is important to note that all
protection status estimated in our study are based on the current distribution of biodiversity
features and not on their original extents.

The gap analysis showed that both policy instruments (i.e. Areas of Permanent
Preservation and Legal Reserves) are important and act as complementary efforts to protect
Cerrado biodiversity and natural resources. Our results indicate that Areas of Permanent
Preservation are critical for protecting wetlands, riparian vegetation, and tropical dry forest
(Figure 3.2). Our study region features a predominantly parallel (east-west) drainage pattern
with narrow strips of riparian vegetation following streams and rivers up to 50m, and
surrounding wetlands (e.g., veredas). Thus, the buffer zone of 30m and 50m for rivers and
hydromorphic soils determined by the Forest Code was enough to ensure protection of 100%
of wetlands and 80% of riparian forest, particularly in areas located on the plateau.

However, these protection estimates may be much lower in other Cerrado regions having
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broader riparian zones, especially in transition zones to the Amazon, Pantanal, and Atlantic
Forest. Tropical dry forest is effectively protected by Areas of Permanent Preservation
(63.5%) in our study area due to its natural occurrence on steep slopes located on
interfluves. This estimate might be similar to other tropical dry forest areas of similar
topography but may be lower for areas of different topographical characteristics (e.g., flat
terrains such as in areas along the Sao Francisco River in Northern Minas Gerais state).

In contrast, Legal Reserves are essential for protecting physiognomic types of the
savanna ecosystem, as well as shrubby grasslands, and semi-deciduous forest (Figure 3.2).
However, their relative protection status is lower (< 40% protected) compared to wetlands
and riparian forests. Possible reasons for this include: a) wide distribution of savannas and
open savannas physiognomies in the study site, which consequently results in a lower
relative proportion protected; b) several Legal Reserves in our study area are located near
Areas of Permanent Preservation due to state recommendations for increasing structural
connectivity. Areas surrounding Areas of Permanent Preservation, however, do not feature
large concentrations of semi-deciduous forest, cerrado woodland, and scrub cerrado due to
soil and geomorphological characteristics of this study site; c) landholders might be
avoiding placing Legal Reserves in areas of flat topography and nutrient-rich soils, such as
in semi-deciduous forest, which mostly conflicts with areas suitable for commodity-driven
agricultural practices. Moreover, the small percentage requirement for set asides allocation
in the Cerrado (i.e. 20% compared to its 80% requirement in the Amazon) is another main
concern. Our results indicate that, for our study area, the 20% mandatory fraction might be
inadequate for guaranteeing protection of physiognomic types mainly dependent on this

policy mechanism.
78



Considering the entire Cerrado biome extent (~203Mha), it is estimated that ~45Mha
(~22%) of land corresponds to Legal Reserves, whereas all Cerrado Protected Areas (PA)
hold 16Mha (Metzger et al., 2019). The Cerrado PA network is considerably smaller
compared to the 116Mha of PAs located in the Amazon, which makes the Forest Code an
essential policy for maintenance and protection of Cerrado ecosystems (Metzger et al.,
2019). Our results quantitatively corroborate analysis by Metzger et al. (2019) showing that
Legal Reserves have unique functions in complementing Areas of Permanent Preservation
by securing protection of upland vegetation types in these areas, such as savannas, open
savannas, grasslands, woodlands, and semi-deciduous forests. Thus, both policy instruments
play important and complementary conservation roles, contributing to conserving distinct
vegetation community types, particularly in regions under intense agricultural occupation
lacking protected areas.

Results of the Zonation analysis suggest that set-asides allocation could be improved if
the Forest Code specified allocation guidelines considering the diversity of physiognomic
types and their representativeness across the entire landscape, while ensuring
complementary protection with other policy efforts. Legal Reserves would benefit from
accounting for structural connectivity of patches between land parcels to improve
connectivity flows in the landscape. Results from our simulated analysis showed an increase
in protection for most underrepresented physiognomic types in Areas of Permanent
Preservation compared to the actual Legal Reserves in our study area. Moreover, this
analysis is in accordance with conclusions from Kennedy et al. (2016Db) that set-asides
allocation strategies accounting for representativeness of vegetation types across the whole

landscape can be more efficient as opposed to restricting the analysis to individual land
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parcels. Improving guidelines for Legal Reserve allocation in such manner would require
cooperation and coordination across landowners at a landscape-to-regional scale, which
could be implemented with the support of agricultural associations and local public
institutions.

Despite the demonstrated importance of the Forest Code policy in protecting Cerrado
biodiversity, the biome hosts the largest amount of unprotected land (~44Mha across the
entire biome) in the country, which can be legally converted to human activities (Metzger et
al., 2019). In our study area, this estimate is equal to an area of 333,359 ha (35% of the
region) that can be potentially cleared at any time. These unprotected areas support more
than 50% of the important habitats for many species, including a vulnerable bird species
(Anodorhynchus hyacinthinus), an endangered bird species (Lepidocolaptes Wagleri), and
many endemic plant and animal species. Additional conservation policies and management
actions should be considered in these agricultural landscapes. In principle, agricultural
production could benefit by ensuring persistence of pollinators and seed dispersal species
such as Cypsnagra hirundinacea, which is a potential seed disperser (Bagno and Marinho-
Filho, 2001) with ~68% of current habitat unprotected.

We identified 27,361 ha of illegal converted land within areas under Forest Code
protection, which according to the legislation, must either be prioritized for restoration or
compensated through biodiversity offsetting programs (i.e. Environmental Reserve Quota —
CRA, acronym in Portuguese). The legislation requires restoration efforts and/or
compensation strategies from farms carrying illegal land clearing, but priorities and
guidelines vary for areas converted before July 22, 2008. Given that identifying these areas

is not the focus of this work, we cannot affirm whether the estimated total area of illegal
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land conversion in this study region should be restored to natural vegetation. However, joint
efforts among monitoring programs such as TerraBrasilis and SICAR are crucial for
identifying such areas and setting restoration priorities.

The presence of human activities (i.e. settlements, roads, agriculture) within Forest
Code sites implies that some rural properties are not compliant to the legislation. However,
full compliance status with current policy often involves high restoration costs, conflicts
with agricultural production (although these areas represent less than 1% of total croplands;
see Soares-Filho et al., 2014), and compliance enforcement that is often lacking (Azevedo et
al., 2017). For our study site, micro properties are the category with the largest number of
rural properties potentially non-compliant to both Forest Code policy instruments. However,
in terms of areal coverage, large and medium properties are the categories holding the
largest portion of illegal land conversion within Forest Code sites. Studies in the state of
Mato Grosso (located in the Cerrado transition to the Amazon) show similar patterns of
small (< 150 ha) properties having the lowest compliance rates with the Forest Code in
terms of number of noncompliant properties (Michalski et al., 2010; Zimbres et al., 2018),
whereas large properties in Mato Grosso and Para States featured the highest deforestation
rates compared to the other farm size categories, especially small landholders (L’Roe et al.,
2016; Michalski et al., 2010; Richards and VanWey, 2016). Michalski et al. (2010) showed
that farms in Mato Grosso State featured higher compliance rates with streams APPs as
opposed to other categories of Areas of Permanent Preservation or Legal Reserves, which
resulted in higher protection of riparian forest compared to upland forests. In our study site,
farms have higher compliance rates with Legal Reserves (1,636 farms) compared to Areas

of Permanent Preservation (404 farms). A study in the Atlantic Forest demonstrated that
81



properties non-compliant with Areas of Permanent Preservation are located in areas with
lower socioeconomic conditions, indicating a need for improving both environmental and
social policies (Rezende et al., 2018). Compliance patterns for the Cerrado within the state
of Mato Grosso do Sul were similar to ours and to those reported for the Amazon, with a
positive relationship between Legal Reserve non-compliance rates and farm size (Stefanes et

al., 2018).

3.5 Conclusions

Fine-scale gap analysis is critical to provide quantitative information regarding Forest
Code protection and habitat conservation status. Given the Cerrado’s weak protected areas
system, the Forest Code policy acts as the main management strategy regarding conservation
of native vegetation within agricultural landscapes. Our analysis indicates that Legal
Reserves and Areas of Permanent Preservation are both essential for ensuring protection of a
wide variety of physiognomic types and important habitats for endemics and endangered
species. As verified in our results and implied by its definition, Areas of Permanent
Preservation provide greater protection of riparian vegetation, wetlands (e.g., veredas), and
tropical dry forest; whereas Legal Reserves complement Areas of Permanent Preservation
by potentially protecting a larger amount of other physiognomic types, such as savannas,
woodlands, grasslands, and semi-deciduous forests. In terms of policy implications, we
recommend additional guidelines to improve the provision of Legal Reserves by prioritizing
physiognomic types with lower protection status while considering their representativeness
across the landscape. Such strategies should include further engagement with stakeholders

and can be implemented at the municipality level to be in accordance with Forest Code
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specifications by land parcel categories. Moreover, policy enforcement efforts can be
improved by targeting property size categories that have lower Forest Code compliance

status.
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3.0 Abstract

Protected areas are the cornerstone of biodiversity conservation; however, their
effectiveness can be compromised when isolated in an inhospitable agricultural matrix. With
much of the world’s biodiversity located in private lands, privately protected areas are key to
improving biodiversity conservation and increasing landscape connectivity between large
public protected areas. Conservation strategies in private lands are particularly important in
tropical biodiversity hotspots such as the Brazilian Cerrado, where much of the remaining
unprotected vegetation is within private ownership. The Brazilian Forest Code is a
mandatory land use regulation strategy that protects at least 20% of natural vegetation within
Cerrado private lands. Yet, additional conservation efforts are needed to expand protection
beyond the Forest Code regulation. Our study examined possible alternatives for allocating
important areas for biodiversity and connectivity conservation in Cerrado private
agricultural landscapes. This analysis aimed to improve habitat protection and increase
landscape connectivity between the surrounding protected areas threatened by isolation due
to commaodity-driven agricultural expansion. Specifically, we analyzed how the number and
location of priority sites for conservation varies depending on biodiversity target levels and
attention to habitat connectivity. Our prioritization and connectivity analyses were
developed using fine-scale datasets of Cerrado physiognomic types and species-specific
habitat suitability models for nine endemic or endangered birds. Our results demonstrate that
expanding conservation efforts to include prioritized patches is essential in order to increase
habitat representation for endangered and endemic species beyond what is currently
protected by current land-use policy. Comparison of biodiversity target levels showed that

protecting 10%, 20%, or 30% of our unprotected landscape increases protection by an
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average of 10%, 23%, or 37% of all species habitats, respectively. Our results revealed that a
10% protection target combined with areas currently protected by the Forest Code policy
would be efficient for achieving high levels of biodiversity protection (i.e. 50% of the total
vegetation and 45% of all species habitat could be protected) and that a 30% protection
target is necessary for maintaining landscape connectivity while maximizing biodiversity
representation. Moreover, our study site demonstrated to be important for maintaining
structural connectivity between the surrounding protected areas at the regional scale. The
local connectivity analysis showed a 75% overlap with priority sites (using the 30% target)
or areas under Forest Code regulation, indicating that current and recommended
conservation efforts are important for maintaining structural connectivity across the study

site.
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4.1 Introduction

Protected areas are the cornerstone of biodiversity conservation, deliberately established
and managed to ensure long-term protection and persistence of biodiversity and ecosystem
services (Margules and Pressey, 2000). Conservation planning to prioritize new protected
areas is increasingly conducted over landscape-to-regional domains and generally favors
large, well-connected habitat patches to avoid fragmentation effects on species and
ecosystems (e.g., Kennedy et al., 2016a). However, in many regions large and well-
connected habitat patches are becoming scarce due to rapid agricultural expansion and
increasing global demands for food, fiber, and energy consumption (Kremen and
Merenlender, 2018; Tilman et al., 2009). The effectiveness of protected areas can be
compromised when they are isolated in an inhospitable agricultural matrix, especially given
ongoing climate change impacts (Foley et al., 2005; Haddad et al., 2015; Hansen and
DeFries, 2007, Hannah et al. 2008). In such settings, conservation and land management
efforts also need to include critical local habitats, movement corridors, and stepping stones
in designing conservation strategies (DeFries et al., 2007; Kremen and Merenlender, 2018).

With much of the world’s biodiversity located in private lands, improving conservation
actions through privately-owned protected areas is a globally important strategy to
complement current protected area networks, ensure landscape connectivity, provide
essential ecosystem services, mitigate climate change, and meet international agreements
such as the Aichi Target 11 and the post-2020 biodiversity framework from the Convention
on Biological Diversity — CBD (Bingham et al., 2017; Borrini-Feyerabend et al., 2013;
Cortés Capano et al., 2019; Kamal et al., 2015; Knight, 1999; Stolton et al., 2014). Tropical

biodiversity hotspots might greatly benefit from conservation strategies on private lands
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given their high levels of biodiversity and the on-going threat imposed by agricultural
expansion. Agricultural landscapes, in particular, are an essential component in tropical
conservation strategies and have recently gained attention in mega diverse countries such as
Brazil (Klink, 2019; Magioli et al., 2016). Here we examine possible alternative strategies
for allocating important areas for biodiversity and connectivity conservation in a
biologically rich region undergoing agricultural expansion in the Brazilian Cerrado. This
Neotropical savanna is one of the most active agricultural frontiers in the world and plays an
important role in maintaining Brazil as a global leader of commodity exports such as
soybean, cotton, and beef. At the same time, the Cerrado biome supports exceptionally high
plant (> 12,000 species, including 4,800 endemics) and vertebrate diversity (Mendonca et
al., 2008; Ratter et al., 1997). At present, less than 20% of its native vegetation is
undisturbed and only 8% is under protection (Francoso et al., 2015; Strassburg et al., 2017).
Private lands are necessarily the focus of additional conservation efforts, comprising
~44Mha of unprotected native ecosystems (Metzger et al., 2019; Klink, 2019). Cerrado
agricultural landscapes hold high biodiversity levels and support vital ecological functions,
and therefore, should be incorporated in future conservation strategies (Magioli et al., 2016).
Protected areas under private governance, also known as privately protected areas
(PPAS), represent an opportunity to implement actions targeting biodiversity and landscape
connectivity conservation outside the public domain (Bingham et al., 2017; Gallo et al.,
2009; Hilty and Merenlender, 2003). PPAs can also provide economic returns to landowners
through payments for ecosystem services (Kareiva, 2010; Swift et al., 2004), tourism
(Buckley, 2009; Pegas and Castley, 2014), and climate change mitigation (Heller and

Zavaleta, 2009; Jantz et al., 2014). The implementation of conservation strategies in Cerrado
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private lands can be either mandatory, through the Forest Code legislation, or voluntary,
through the implementation of private natural reserves (e.g. Private Reserves of Natural
Heritage, or RPPNs — Reserva Particular do Patriménio Natural).

The Forest Code is a land use regulation policy that requires all rural properties to set
aside a percentage of their lands into Legal Reserves. In the Amazon region this percentage
is 80% in forest lands and 35% in non-forest lands, while in other biomes, including the
Cerrado, it is 20%. This policy also restricts land use within Areas of Permanent
Preservation, which are designated to conserve water resources and prevent soil erosion in
environmentally important areas, such as swamps, riparian areas, hilltops, and escarpments
(Soares-Filho et al., 2014). In contrast, Private Reserves of Natural Heritage are privately
protected areas of sustainable use defined by Brazil’s National Protected Areas System
(Sistema Nacional de Unidades de Conservacao da Natureza — SNUC: MMA, 2003) aimed
at protecting biodiversity while allowing for sustainable activities such as scientific research,
education, recreation, and tourism. These areas are voluntarily established by landowners
(i.e. individuals, corporations, or institutions) in private lands and, given that land ownership
is fully maintained, the conservation status of RPPNSs is non-revocable and there is no
governmental cost for implementation (Rambaldi et al., 2005). The Cerrado holds ~300
RPPNs spanning an area of ~170,000 hectares; the number of RPPNs is projected to
increase due to recent national program incentives of payments for ecosystem services such
as the Floresta+ Program (established in July 2, 2020, ordinance n.288;
http://reservasprivadasdocerrado.com.br/cerrado last accessed in 08/29/2020).

Ensuring landscape connectivity between protected areas is a major concern in

biodiversity conservation (Heller and Zavaleta, 2009; Saura et al., 2019), and improving
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connectivity of Cerrado unprotected lands is a top priority in national (Grande et al., 2020)
and global conservation studies (Saura et al., 2018, 2017). Similarly to the Atlantic Forest,
where a dense network of small protected patches is key to increasing matrix permeability
for forest bird species (Boscolo and Metzger, 2011; Uezu and Metzger, 2011), promoting
sustainable management of Cerrado unprotected lands is needed to ensure connectivity
between protected areas and increase biodiversity conservation (Magioli et al., 2016; Saura
etal., 2017).

Most spatial planning approaches use coarse to medium (250 to 30 meters, respectively)
spatial resolution datasets to identify broad-scale conservation priorities, and such datasets
may not capture small heterogeneous habitat remnants in human-dominated landscapes
(Paese et al., 2010). Because they are not explicitly accounted for in the planning process,
these small habitat patches in agricultural landscapes may be converted to other land uses
without regulatory restrictions (Wintle et al., 2019). To help overcome this challenge,
readily available fine-scale Earth Observations (EO) offer a clear opportunity to improve
conservation priorities in heterogeneous and fragmented tropical regions (Nagendra et al.,
2013), such as the Cerrado (Ribeiro et al., 2020).

This study investigates alternative conservation priority-setting schemes for private
agricultural landscapes in the Cerrado, aiming to improve habitat protection and increase
landscape connectivity between protected areas. We analyze how the number and location of
priority sites for conservation varies depending on biodiversity target levels and attention to
habitat connectivity. Our analysis takes advantage of new fine-scale maps of vegetation
types and derived species habitat maps that allow us to account for small habitat patches that

might be important for achieving representation targets and maintaining structural
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connectivity. Specifically, we seek to answer the following research questions: a) Assuming
efficient conservation, what proportion of unprotected land is required to adequately
represent habitats in privately protected areas? b) How does a greater emphasis on
connectivity affect conservation land requirements? ¢) How could projected land conversion

impact conservation priority areas?

4.2 Material and Method

4.2.1 Study Site

The Matopiba region (Figure 4.1) is a relatively recent commodity-driven agricultural
frontier that occupies ~73Mha over the Cerrado portion of the states of Maranhdo,
Tocantins, Piaui, and Bahia. The region accounts for approximately 10% of the national
crop production (IBGE, 2015; Miranda et al., 2014) and is responsible for almost half of
forest carbon emissions in the biome (Noojipady et al., 2017). One of the regions most
modified by agricultural expansion is the western portion of Bahia State, where over 1Mha
were cleared between 2002 and 2010 (Salmona et al., 2016). The western Bahia region is
one of the most productive areas in the Cerrado, especially for soybeans, with most
production going to China, Brazil’s internal market, and Europe (https://trase.earth, last
accessed July 12, 2020)

The western Bahia region is composed of plateaus/mesas located in the west, with
maximum elevation of 808 m. In the eastern portion, the region features lowlands (known as
Depressédo do Rio Sado Francisco) with a minimum elevation of 433 m (Nou and Costa,
1994). Precipitation is positively correlated with elevation, ranging from ~800 mm in
lowlands to ~1,600 mm in the plateaus/mesas (Brannstrom et al., 2008). Declining rainfall
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from west to east is a major determinant in land price and crop production, which also
determines land conversion patterns in this region (Oliveira et al., 2014). Soils are diverse,
including deep well-drained Oxisols (Latosols) of medium texture in the highest parts of the
plateau, sandy texture (sandy quartz) on irregular terrain, rocky soils (Lithosols) of sandy to
medium texture on steep slopes and escarpments, and hydromorphic/organic soils across
floodplains (Nou and Costa, 1994). Our study area spans 9,409 km? in the western Bahia
region (11°43'S 45°52'W to 12°36'S 44°59'W; Figure 4.1), covering parts of the
municipalities of Barreiras, Luis Eduardo Magalhaes, Sdo Desidério, and Riachao das
Neves. Together, these municipalities correspond to the highest Gross Domestic Product
(IBGE, 2015) and one of the most productive areas in Matopiba for soybeans (3% of
national productivity in 2018: https://sidra.ibge.gov.br/pesquisa/pam/tabelas, last accessed in

08/21/2020).
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Figure 4.1. Map showing study site location in the western Bahia plateau region, areas identified as
conservation priorities in regional prioritization exercises (i.e. NPAs and KBAs) within study area, and the
existing surrounding protected areas.

The boundary of our study area was defined based on the availability of a fine-scale map
featuring major Cerrado physiognomic types at 5m resolution (Ribeiro et al. 2020), used as

one of the inputs in our prioritization scheme. At least 89% of the study site is privately
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owned and mostly managed for agricultural activities that presently cover ~43% of the total
study area (Ribeiro et al., Chapter 3). Despite its agribusiness focus, our study area supports
many ecosystems and species that are endangered due to habitat loss and climate change,
such as Seasonally Dry Tropical Forests (Ferrer-Paris et al., 2019), the Hyacinth Macaw
(Anodorhynchus hyacinthinus), the Brazilian merganser (Mergus octosetaceus) and the
Wagler’s Woodcreeper (Lepidocolaptes wagleri), with the latter also being an endemic
species with a restricted distribution (IUCN, 2020). Moreover, the area features a wide range
of Cerrado physiognomic types, including Semi-deciduous Forests, Riparian Forests,
Swamps, Marshes, Woodlands, Savannas, and Scrub (Ribeiro et al. 2020). The Forest Code
regulation is an important policy mechanism in the region, protecting ~24% of the total
study site area and ~37% of its remaining native vegetation (Ribeiro et al., Chapter 3).

Our study area has featured in some broad-scale conservation planning exercises; for
instance, it includes two Key Biodiversity Areas (KBAs: Sawyer et al., 2017), and overlaps
with two other high conservation priority areas (WWF-Brazil, 2015) supported by the
Brazilian Ministry of the Environment. These areas were selected as conservation priorities
for ensuring biodiversity protection, especially for endangered species, as well as serving as
potential corridors and stepping stones between some of the largest Cerrado protected areas,
which despite their protective status also have high land clearing rates (Garcia et al., 2011;
WWEF-Brazil, 2015): Serra Geral do Tocantins Ecological Station and Nascentes do Rio
Parnaiba National Park to the north of our study site; Veredas do Oeste Baiano Wildlife

Reserve and Grande Sertdo Veredas National Park in southern Bahia state.
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4.2.2 Datasets

Given the lack of biological data available for our study site, we acquired the following
datasets available at 5-meter spatial resolution: species-specific habitat suitability models for
nine endemic and/or endangered bird species (developed in Chapter 2), and a land cover
product for 2013 featuring 11 physiognomic types (Ribeiro et al. 2020, modified in Chapter
3). The datasets were used as biodiversity features in our priority-setting scheme to produce
alternatives for conservation priorities using different biodiversity targets. For this spatial
planning analysis, 5m grids of habitat suitability and land cover were aggregated to 30
meters in order to match the spatial resolution used by most decision-makers in Brazil.

We also used a 30-meter land cover dataset for 2011 developed by Oliveira et al. (2014)
for the entire Western Bahia plateau region. This dataset, featuring seven classes (natural
vegetation, converted areas, silviculture, water, urban, highways, and farming areas), was
used to create a resistance raster for our regional connectivity analysis. For our local
connectivity analysis, the 2013 5-meter land cover product was aggregated to 10 meters
using a majority function, in order to speed computation and reduce noise in the connectivity
analysis.

In addition, we obtained a land use projection dataset available for Brazil for the year
2030 at 500-meter resolution (Soares-Filho et al. 2016; available at maps.csr.ufmg.br/),
which was used in our vulnerability analysis. This dataset was developed based on
projections of agricultural expansion for 2024 (MAPA, 2014) and extrapolated to 2030 by
using historical land clearing trends between 1994 and 2013 in the OTIMIZAGRO model
(Soares-Filho et al., 2016). The model simulates the expansion of row crops and forest

plantations based on crop suitability, future industry demands, and probabilities of land
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clearing, which were estimated through spatial determinants such as distance to roads and
areas previously converted (Soares-Filho et al., 2006). Projected land clearing rates in the
Cerrado were based on averages for the years 2009 — 2014 and constrained to areas legally
permitted for land clearing (i.e., excluding areas under Forest Code protection). For further

details, see Soares-Filho et al. (2016).

4.2.3 Fine-scale conservation priorities

We used the Zonation spatial prioritization framework and supporting software
(Moilanen et al., 2005) to set conservation priorities across our study site. Zonation ranks
cells in ascending priority based on a reverse stepwise removal heuristic algorithm and a cell
marginal loss function. Spatial priorities are based on empirical conservation goals defined
for each individual biodiversity feature (e.g., species, habitats, communities) while using a
boundary length penalty that prioritizes contiguous rather scattered areas (Lehtomaki and
Moilanen, 2013; Moilanen, 2007). The prioritization scheme is based on raster cells
representing their biological value and accounts for complementarity between biodiversity
features across a given region (i.e. balanced representation of features). The resulting
priority-ranking ranges from 0 to 1: the lowest value (0) is the first cell removed from the
landscape (i.e. the least important in terms of biodiversity complementarity) and the highest
value (1) is the last cell removed (i.e. the most important for holding biodiversity
representation in the landscape). The order of cell removal is documented and used for
selecting landscape fractions (e.g., top or best 10%, lowest 10%) in a post-processing step.
The landscape fractions represent areas of highest conservation values within a given

percentage of the landscape, which in our case represents the fraction of the landscape left
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unprotected by the Forest Code (i.e. the top 10% represents the best solution within 10% of
the unprotected portion of the study site).

Our priority-setting exercise explored alternative schemes of local conservation set-
asides in private lands to examine differences in protection status and spatial distribution of
priority sites using two biodiversity organizational levels: physiognomic types and species’
habitats. Our conservation goal is to efficiently improve habitat representation and
connectivity in an area already identified as having high conservation priority at the biome
level. We evaluated changes in land requirements (i.e. by comparing the top/best 10%, 20%,
and 30% sites with the highest conservation values) to maximize habitat representation for
each landscape fraction of our Zonation-based conservation priority sites, as a measure of
conservation success. We complemented our priority sites representation estimates with
Forest Code protection estimates from Ribeiro et al. (Chapter 3) to estimate the total
protection status of each biodiversity feature in a post-processing step. Grande et al. (2020)
estimated that Cerrado landscapes must retain at least 37% of native vegetation to maintain
landscape connectivity. To meet this connectivity threshold, we selected the 30%
biodiversity target to perform further analyses (i.e. landscape connectivity, conservation
hotspots, landscape metrics).

We calculated marginal loss using the Additive Benefit Function (ABF) cell removal rule,
which sums the values across biodiversity features seeking to maximize their proportional
representation (Moilanen, 2007). We developed three conservation alternative schemes
using vegetation structural types and/or habitat suitability maps for birds as biodiversity
features (Table 4.1). In order to avoid prioritization of competing land uses, we assigned

negative weights to land use categories in two of the alternatives provided.
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Table 4.1. Biodiversity features and weights used in different alternatives of conservation priority areas.

Alternative 1 Alternative 2 Alternative 3
Biodiversity Habitat suitability models Habitat suitability models
features Land cover map for endangered/ endemic + Land cover map
avifauna
Weights Physiognomic types Endangered = 2.0; Habitat suitability model
(sum to 1): endemics are Endemics = 1.0: (sum to 1): endangered
weighted as 2x the are weighted 2x all other
weight of all other species; Physiognomic
vegetation types; Land types (sum to 1):
use (sum to -1): endemics are weighted
silviculture = -1.5; all 2x all other vegetation
other types = -12.5/5 types; Land use (sum to -
2): -216

To avoid prioritizing sites under current policy protection, areas under Forest Code
policy were masked out of our analysis using a dataset consolidated by Ribeiro et al.
(Chapter 3).

4.2.4 Conservation hotspots: potential vulnerability of conservation priorities to land
use expansion

To assess the vulnerability status of conservation priorities to projected land clearing, we
aggregated the land-use projections developed by Soares-Filho et al. (2016) from seven into
two categories - natural vegetation vs. converted areas. To match the spatial resolution
between datasets, the 500m projection raster was resampled to 30 m before overlay with the
top 30% conservation priorities. We then produced a vulnerability ranking based on the

percentage of projected land conversion inside conservation priority areas (Table 4.2).
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Table 4.2. Vulnerability ranking categories to identify conservation hotspots based on the percentage of
projected land conversion in 2030 inside conservation priority areas.

Vulnerability ranking Percentage of land conversion
Low up to 25%

Medium between 25% and 50%

High between 50% and 75%

Very high more than 75%

4.2.5 ldentifying important areas for regional and local connectivity conservation

In addition to identifying local biodiversity conservation priorities, we also aimed to
identify important areas for regional and local connectivity conservation. We developed a
regional connectivity analysis to understand the contribution of our study site to maintain
connectivity between surrounding protected areas at the regional scale. We further identified
multiple important connective elements between local conservation priorities in our study
site to understand how an emphasis on connectivity affects conservation land requirements.

We used Circuitscape 5.0 (Anantharaman et al., 2019) to explore structural connectivity
patterns in two scenarios: a) regional landscape connectivity, performed among the largest
Cerrado protected areas that surround the Western Bahia plateau, and b) local landscape
connectivity, performed between conservation priority areas in our study site. Circuitscape
uses electronic circuit theory to predict multiple pathways of landscape connectivity in
heterogeneous landscapes and thus, provide measures of connectivity and isolation of
elements (i.e. habitat patches, populations, protected areas) that can be used to identify

priority corridors for conservation planning (McRae et al., 2008). The landscape is
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represented as a conductive surface characterizing resistance to movement for each raster
grid cell, which may have values assigned as the inverse of habitat suitability (e.g., high
resistance values assigned for unsuitable habitat or barrier to movement and vice versa). The
circuit model then uses random walk functionality to calculate total landscape resistance and
derive current flows between pairs of focal points (i.e. protected areas, core habitat patches),
which are represented as sources and destinations for connectivity analysis (McRae et al.,
2016, 2008)

Because we were interested in structural connectivity patterns across the matrix, our
resistance raster for both analyses was created based on the assignment of lower values for
natural vegetation and higher values for developed areas that do not hold enough habitat and
would thus represent barriers for multiple species (i.e. highways, urban areas). All
parameters used for both connectivity scenarios are shown in Table 4.3. Our circuit models
were operated in “pairwise mode”, meaning that current maps of each focal node pair are
added, resulting in a cumulative current map that indicates the potential current density of a
given cell. Pinch points, or areas of highest current density (i.e. highest cell values), were
derived from the cumulative current maps (McRae et al. 2008) and were used to identify
areas important for connectivity between focal points. As a post-processing analysis, we
calculated the percentage of high current flow within our study site relative to the entire
Western Bahia plateau to estimate the contribution of our study site to regional connectivity.
In addition, we performed an overlay between the local connectivity priorities (i.e. areas of
highest current density) and our conservation priority areas to identify the most important
areas for biodiversity and connectivity conservation and to understand how conservation

priorities contribute to landscape structural connectivity.
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Table 4.3. Parameters used in each connectivity scenario performed: across protected areas (regional
connectivity) and across conservation priorities (local connectivity). Numbers in parenthesis on the first row
represent the resistance value attributed to each class in both scenarios.

Parameters

Regional connectivity

Local connectivity

Resistance raster

Natural vegetation (1)
Silviculture (25)
Farming and Converted areas (50)
Urban and Highways (100)

Natural vegetation (1)
Silviculture (25)
Farming (50)

Urban and Highways (100)

Cell size

30m

10m

Circuitscape mode

Pairwise

Pairwise

Focal points

Southernmost point in the Protected
Areas to the North of the study region
(Serra Geral do Tocantins Ecological
Station, Nascentes do Rio Parnaiba
National Park); Northernmost point in
the Protected Area to the South of the
study region (Grande Sertdo Veredas
National Park); Centroid point in the
Veredas do Oeste Baiano Wildlife
Refuge

Centroid points within the five most
contiguous (> 1,000 ha)
conservation priority areas that were
at least 50 km apart to ensure areas

in each border of the site extent

4.2.6 Analysis of alternative conservation designs

We quantified the landscape patterns of all resulting conservation designs (i.e. Zonation

priority sites, Forest Code areas, and landscape connectivity) using FRAGSTATS

(McGarigal and Marks, 1994) to calculate the following metrics: percentage of landscape,

core area, edge density, core area percentage of landscape, and mean core area size. These

metrics were calculated separately for the western (i.e. plateau) and eastern (i.e. valley)

landscapes, and divided into: 1) portion of Forest Code sites that do not contribute to

connectivity, 2) total area of Forest Code sites, 3) portion of Forest Code and Zonation

priority sites that do not contribute to connectivity, and 4) total areas covered by Forest
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Code policy, Zonation priority sites, and areas of high current flow. We used an edge depth
of 100 meters to calculate core area metrics. Patches smaller than 10 ha were excluded from
conservation priorities and areas of high current flow in our analysis under the assumption
that small isolated habitat patches would have lower conservation value. We opted for not
excluding small patches from Forest Code sites given that these areas are already under

protection.

4.3 Results

4.3.1 Fine-scale conservation priorities

In alternative 1 (Figure 4.2), conservation priority sites (within 30% of the unprotected
portion of our study area) were mostly concentrated towards the eastern side of the study
site, scattered between north-south, with the largest concentration of contiguous patches in
the northeastern portion. In contrast, priority sites in alternatives 2 and 3 (Figure 4.2) were
mostly concentrated in the northwest and southeast portions of the landscape. In all
conservation alternatives provided, the largest blocks are located in the northern and

southern parts of the study site.
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Figure 4.2. Alternative schemes of local conservation set-asides in private lands featuring the spatial
distribution and performance curves of Zonation conservation priority outputs featuring conservation priority
sites for up to the top 30% unprotected landscape. The alternatives differ in terms of their biodiversity features
used as inputs in the zonation model: alternative 1 uses physiognomic types, alternative 2 uses habitat
suitability models for nine endemic or endangered birds, and alternative 3 accounts for both previous
biodiversity features. The performance curves from each respective zonation output (alternative schemes 1, 2,
and 3) are at the bottom, showing the average of biodiversity features (i.e. habitat suitability models for 9 bird
species, 11 physiognomic types, and 6 land use types) for the top 30% solution.

To understand differences between biodiversity features, we compared the Zonation
model performance curves (i.e. average representation of biodiversity features) for the top
30% of our prioritization solutions for alternative schemes 1, 2, and 3 (Figure 4.2).
Alternative 3 features the best solution for maximizing biodiversity, retaining 86% of both
biodiversity features while featuring a low proportion of alternative land use (~2% retained).
Alternatives 1 and 2 represent trade-offs in terms of feature protection given that both
alternatives protected a similar proportion (~70%) of each preferred biodiversity feature

within the top 30% solution (i.e. alternative 1 protected a larger fraction of physiognomic
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types and alternative 2 protected a larger fraction of species habitat). Alternative 3 is the
most efficient for equally retaining 86% of both biodiversity features, and thus representing
the best alternative for protecting two different organizational levels. For the same landscape
fraction, intensive land uses (i.e. agriculture, silviculture, urban areas, major highways,
barren) were avoided in all alternatives provided (< 6% retained). Despite being more
efficient, alternative scheme 3 requires spatially explicit information for multiple species.
Given that biological knowledge is still very limited for the Cerrado regarding species-
habitat relationships (Colli et al. 2020), this alternative is not easily reproducible in other
Cerrado regions and for different biological groups. At the same time, the other two
alternatives provide similar protection status to alternative 3. Because alternative scheme 1
retained the lowest proportion of land use in the top 30% solution while prioritizing more
than 70% of both biodiversity features, we chose this result to perform the next analyses:
identifying conservation hotspots and evaluating local structural connectivity.

We used alternative scheme 1 to compare the protection status of both biodiversity
features considering different landscape fractions as biodiversity targets (i.e. top 10%, 20%,
and 30% of the landscape portion left unprotected by the Forest Code policy). Areas under
Forest Code policy, combined with our priority sites considering the top 10%, 20%, and
30% fractions of the unprotected landscape, collectively protect 27.9%, 35.1%, and 42.2%
of our study area. Regarding the protection status of individual physiognomic types (Table
C.1), the top 10% solution alone increased protection by at least 6%, with a significant
increase for Cerrado Woodland (40%), Shrubby Grassland (45%), Scrub Cerrado (59%),
and Semi-deciduous Forest (80%). Together with Forest Code sites, the top 10% solution

increased the protection status to more than 90% for 4 physiognomic types: Riparian Forest
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(96%), Tropical Dry Forest (92%), Semi-deciduous Forest (99%), and Scrub Cerrado (93%).
Priority sites within the top 20% solution contribute to adding complementary habitat,
increasing protection status by at least 20% for Savanna and Open Savanna physiognomies
while also increasing representation for Cerrado Woodland and Shrubby Grassland. The top
30% solution increases protection of physiognomic types by at least 32%. For this target,
our priority sites and areas under Forest Code policy collectively increase the protection
status of all individual physiognomic types to > 90%, except for Open Savanna and Shrubby
Grassland, which achieved a total protection of 65% and 84%, respectively.

Regarding the conservation status of species habitats (Table C.2), comparing the top
10%, 20%, or 30% of the unprotected landscape results in protecting an average of 10%,
23%, or 37% of all species habitats, respectively. The top 10% solution alone increases
protection by at least 10% for 4 species: Anodorhynchus hyacinthinus (~10%), Neothraupis
fasciata (~11%), Herpsilochmus longirostris (~13%), and Lepidocolaptes wagleri (~55%).
For these same species, the top 10% solution and Forest Code sites would protect a total of:
~50%, ~44%, 91.8%, and ~95.3% of their potential habitats, respectively. Moreover, when
accounting for sites under Forest Code policy, the top 10% solution provides at least 90%
habitat protection for the following species: Herpsilochmus longirostris (91.8%),
Lepidocolaptes wagleri (95.3%), Myiothlypis leucophrys (97.5%), and Syndactila dimidiata
(94.3%). The top 20% solution is complementary to the Forest Code for increasing
representation of species habitats underrepresented in policy. The species for which habitat
protection increased by at least 20% include Euscarthmus rufomarginatus (23%),
Melanopareia torquata (23%), Cypsnagra hyrundinacea (24%), and Neothraupis fasciata

(25%). The top 30% increases habitat protection for these same species by at least 32%. For
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this target, our priority sites and areas under Forest Code policy all together result in a total
protection status of at least 70% of all species potential habitats, reaching more than 90%
protection for Syndactyla dimidiata (96%), Myiothlypis leucophrys (98%), Lepidocolaptes

wagleri (96%), and Herpsilochmus longirostris (94%).

4.3.2 Conservation hotspots

The conservation hotspot analysis (Figure 4.3) revealed that, in total, an area of 65,884
ha is projected to be cleared by 2030 in our site, of which 31% (~20,703 ha) is within our
priority sites. 55% of the area covered by our priority sites is vulnerable to land conversion
by 2030. The majority of the hotspots (~55%) carry low vulnerability to land-use expansion,
with remaining hotspots having medium (~17%), high (~9%), and very high (~19%)

vulnerabilities.
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Figure 4.3. Map showing conservation hotspots based on vulnerabilities of conservation priorities to projected
land clearing in 2030.

Despite carrying low vulnerability due to smaller proportion of land clearing relative to
total size, these sites concentrate the largest area coverage of projected cleared lands (i.e.
~8,059 ha projected to be cleared by 2030 in areas of low vulnerability). The remainder of
land clearing is projected to happen in areas of very high (~5,481 ha converted), medium
(~4,379 ha converted), and high (~2,784 ha converted) vulnerabilities. Large conservation
hotspots (> 1,000 ha) represent 39 areas spanning 6,600 ha under threat of being cleared.

Most of these areas (30 hotspots) are ranked as low vulnerability representing a total of
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~4,402 ha projected to be cleared, whereas two hotspots are ranked as medium (~1,103ha

cleared) and high (~1,094ha cleared) vulnerabilities.

4.3.3 Landscape connectivity
The regional landscape connectivity analysis (Figure 4.4) revealed that the eastern
portion of the western Bahia plateau plays a key role in maintaining North-South structural

connectivity between major protected areas in the Cerrado.

Protected Areas
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Parnaiba National Park
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Baiano Wildlife Refuge
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National Park
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Current Flow
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0 25 50km

Figure 4.4. Map showing Circuitscape cumulative current flow for the Western Bahia plateau region.
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Our study site alone holds ~17% of high current flow areas of the total western Bahia
plateau, indicating that the site is important for connectivity conservation between protected
areas. The local connectivity analysis (Figure 4.5) shows that areas of high current flow
correspond to ~10% of our study site. Moreover, ~75% of all areas important for local
connectivity overlap with areas under Forest Code policy or with our Zonation priority sites.
In terms of connectivity, Forest Code sites overlap by ~19% with areas of high current flow,
while our priority sites have ~15% overlap with areas of high current flow. In terms of
spatial distribution, East-West connectivity is mostly maintained through the Forest Code

policy while our priority sites are responsible for increasing North-South connectivity.

Current Flow

[ Low Priority sites selected "
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M High ——
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Figure 4.5. Circuitscape map showing cumulative current flow, which indicates areas of structural
connectivity.

4.3.4 Alternative conservation designs

Based on the landscape metrics calculated (Table 4.4, Figure 4.6), the plateau in our
study site holds a larger portion (i.e. class area, ha) of the different conservation designs,
larger core areas, and lower edge density for all scenarios evaluated. The valley has a
smaller extent, and thus retains a larger proportion of the conservation scenarios (i.e.
percentage of landscape) and core areas. Considering only the plateau landscape, the core
area size substantially increases when accounting for connectivity. For instance, the portion
of Forest Code sites that do not contribute to connectivity have a mean core area size of 26.8
ha, increasing to 217.7 ha in the scenario considering connectivity. Edge density also

decreases, but less dramatically, in conservation designs considering connectivity.

Table 4.4. Landscape metrics (in bold) calculated for the West (plateau) and East (valley) landscapes.

Core area Mean
Landscape  Scenario Type Class Area % of Edge_ % of core area
(ha) landscape  Density | :
andscape size (ha)
ForestCode  1atrix 618,132.15  83% 126  76% 148.9
only
West Forest Code
only Conservation 127,363.23 17% 61.2 10% 26.8
Forest Code  \tarix 138,150.18  72% 518 48% 277
only
East q
Eﬁ:;St Code  Conservation 52,623.54 28% 1361 11% 6.7
Forest Code + 1, 1rix 54488358  73% 161  66% 86.8
West Connectivity
Forest Code + ¢\ ervation 200,611.80 27% 43.7 19% 217.7
Connectivity
Forest Code + yatrix 113,155.65  59% 704 36% 12.1
Connectivity
East F Code +
orestCode +  ooncervation  77,618.07 41% 1027 19% 22.9
Connectivity
Forest Code +
West Conservation ~ Matrix 486,680.67 65% 23.6 55% 66.4

Priorities
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Landscape

Scenario

Type

Class Area
(ha)

% of
landscape

Edge
Density

Core area
% of
landscape

Mean
core area
size (ha)

Forest Code +
Conservation
Priorities

Conservation

258,814.71

35%

44.4

24%

52.5

East

Forest Code +
Conservation
Priorities
Forest Code +
Conservation
Priorities

Matrix

Conservation

94,183.47

96,590.25

49%

51%

83.5

81.4

27%

27%

9.1

22.3

West

Forest Code +
Conservation
Priorities +
Connectivity
Forest Code +
Conservation
Priorities +
Connectivity

Matrix

Conservation

413,432.10

332,063.28

55%

45%

27.7

34.5

46%

33%

42.9

413.1

East

Forest Code +
Conservation
Priorities +
Connectivity

Forest Code +
Conservation
Priorities +
Connectivity

Matrix

Conservation

69,188.94

121,584.78

36%

64%

117.0

66.6

17%

36%

4.3

96.2
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Figure 4.6. Inset maps showing areas under current conservation policy (i.e. Forest Code) and/or priorities for
connectivity and biodiversity conservation for Western (plateau) and Eastern (valley) landscapes in study site.

4.4 Discussion

Our conservation priority-setting scheme demonstrates that expanding conservation

efforts in Cerrado private agricultural lands is necessary in order to increase representation

of essential habitats for endangered and endemic bird species and vegetation communities

while providing complementarity to areas under Forest Code policy. Differences in
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biodiversity targets revealed that our Zonation priority sites combined with areas under land-
use regulation would increase the total area protected in the study site to 27.9%, 35.1%, and
42.2%, regarding sites within the top 10%, 20%, 30% solutions, respectively. Sites within
the top 10% of the landscape are effective for increasing protection by at least 10% for four
species: Anodorhynchus hyacinthinus (~10%), Neothraupis fasciata (~11%), Herpsilochmus
longirostris (~13%), and Lepidocolaptes wagleri (~55%). Accounting for Forest Code sites,
these same species would have their habitat protection increased to ~50%, ~44%, ~91.8%,
and ~95.3%, respectively. When additional landscape fractions are added for protection,
habitat representation is substantially increased for other species not well-represented in
areas under Forest Code policy, such as Cypsnagra hyrundinacea and Melanopareia
torquata. Our results revealed that sites within the top 30% combined with Forest Code sites
would collectively protect at least 70% of all species potential habitats. Private conservation
areas also showed opportunities for complementing and maximizing habitat representation
in other countries relative to existing public lands and protected areas. In the U.S., for
instance, conservation easements contribute to added protection for 10% of the ecosystems
in the Rocky Mountains (Graves et al., 2019), and in South Africa, these areas were
especially important for protecting endangered habitat types (Gallo et al., 2009).

Our priority-setting results were similar to findings reported by Harris et al. (2005) for
the Atlantic Forest, a neighboring and highly fragmented biome in Brazil, demonstrating
that not all remaining habitat in fragmented landscapes is equally important and sites must
be prioritized to complement current conservation efforts. In contrast to policy-driven
targets (i.e. CBD’s Aichi Target 11), science-based estimates recommend a range of 25 —

75% of a given landscape to be managed for biodiversity conservation as the primary goal in
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order to maintain biodiversity and ecological processes (Butchart et al., 2015; Noss et al.,
2012). Specifically for highly modified agricultural regions, Belote et al. (2020) recommend
conserving 90% of the remaining natural vegetation. The Forest Code policy alone covers
~24% of our study site and protect ~36% of the remaining natural vegetation (Ribeiro et al.,
Chapter 3). Compared to current efforts, we found that setting aside ~40% of the study site
for protection (i.e. top 30% target + Forest Code sites) would increase the total protected
vegetation by 38.5%. These combined efforts would protect 397,391 ha (~75% of the total
remaining vegetation), which corresponds to >90% habitat protection for 10 biodiversity
features (6 physiognomic types and habitats of 4 species). These protection estimates,
however, are not based on the original extent of biodiversity features given such information
is unavailable for our study area.

Current discussions for the CBD post-2020 biodiversity framework
(https://www.cbd.int/sbstta/sbstta-24/post2020-monitoring-en.pdf last accessed on
07/30/2020) suggest that the biodiversity target will be increased to 30% landscape
protection; this new policy target corresponds to the area covered by Forest Code sites and
the top 10% solution of our priority sites. In our analysis, a total of 30% landscape
protection leads to protecting at least 40% of biodiversity features underrepresented in areas
under Forest Code policy and reaches >90% protection for 8 biodiversity features (i.e. 4
physiognomic types and habitats of 4 species). This result suggests that increasing policy
targets to 30% is effective for increasing habitat representation and their protection status.
However, previous findings from Grande et al. (2020) revealed that Cerrado landscapes

must have a minimum of 37% of protected native habitat to maintain landscape
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connectivity. Sites within our top 30% solution combined with Forest Code sites represent
~40% of the landscape, which would be effective for meeting this connectivity threshold.

Land conversion comes at the expense of Cerrado biodiversity, with high land clearing
rates occurring both in and outside protected areas (Matricardi et al., 2019). Given the fast
rate of commodity-driven land conversion undertaken in the Western Bahia plateau,
protected areas nearby this region are at risk of becoming isolated (de Oliveira et al., 2017b;
Salmona et al., 2016). Our regional connectivity analysis demonstrated that the study area
makes an important contribution in maintaining structural connectivity between the
surrounding protected areas in the western Bahia. Moreover, our local connectivity analysis
supports findings from Oliveira et al. (2017a) for demonstrating that Forest Code sites have
an important role in maintaining structural connectivity within our study area, especially in
an East-West direction. These results complement findings from Grande et al. (2020),
Magioli et al. (2016), Metzger et al. (2019), Oliveira et al. (2014), Ribeiro et al. (Chapter 3),
and Soares-Filho et al. (2014), in which enforcing protection of Forest Code areas is crucial
to guaranteeing biodiversity and connectivity conservation in agricultural landscapes.

Our priority sites provide an important complement to the Forest Code policy in
maintaining North-South structural connectivity and thus, providing connectivity between
surrounding protected areas at the regional scale. However, only ~15% of our priority sites
and ~19% of the Forest Code areas are important for connectivity conservation. This result
indicates that the remaining vegetation available in our study area, regardless of protection
status, might not be well connected throughout the landscape. Given that our study area

contributes significantly to regional connectivity, immediate protection of its remaining
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prioritized sites is recommended for maintaining structural landscape connectivity between
large Cerrado protected areas surrounding the Western Bahia plateau.

In-situ datasets of biological observations and measurements are mostly unavailable and
difficult to be collected in Cerrado private lands due to accessibility restrictions and funding
availability (Rosa, 2020). In this context, maps featuring detailed vegetation physiognomic
types may serve as biodiversity surrogates for Cerrado conservation priority-setting
exercises (Monteiro et al., 2020). Medium to coarse spatial resolution (> 30 m) imagery has
traditionally failed to differentiate a wide range of heterogeneous Cerrado physiognomic
types, and high spatial resolution imagery proved necessary to map these detailed vegetation
categories (Ribeiro et al., 2020). Such fine-scale maps might be particularly useful to
priority-setting exercises in Cerrado agricultural landscapes. Vegetation remnants in
agricultural lands are often constrained to small habitat patches, which are usually not
featured in broad-scale prioritization exercises (Paese et al., 2010). This hypothesis can
guide future studies to test the feasibility of using fine-scale vegetation maps as reliable
biodiversity surrogates in Cerrado conservation priority exercises.

Accounting for land use projections to identify conservation hotspots is an effective
strategy to inform decision-makers in prioritizing areas when resources are limited
(Monteiro et al., 2020; Munang et al., 2013). Recent land-use projections show that up to
34% of Cerrado natural lands may be cleared by 2050, which could potentially drive ~480
endemic plants to extinction and alter ecosystem functioning (Strassburg et al., 2017). The
Western Bahia region in particular contributes to increasing the isolation of some of the
largest protected areas in the Cerrado. The plateau region alone increased its converted areas

from 795,503 ha to over 2.8 Mha from 1988 to 2011. Moreover, between 2002 and 2010, the
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average land clearing rate in the Western Bahia region 1.2% per year - twice as much as the
average observed for the entire Cerrado (de Oliveira et al., 2017a). Projections specifically
developed for this region show that land clearing rates may continue around 1% per year
until 2050 (Salmona et al. 2016). In this context, we estimated the vulnerability of our
conservation priorities to land use change and found that most of them are not under a high
level of vulnerability, according to land use projections from Soares-Filho et al. (2016).

Given that areas of low vulnerability to land use are more prone to be included by
decision-makers involving the agricultural sector (Brum et al., 2019; Lemes et al., 2019),
our hotspot results indicate that the western Bahia landscape has great potential to reconcile
conservation and agriculture. Despite the positive overall result, we have identified that over
20,000 ha (~10%) of priority sites are under some threat of potential land use expansion by
2030. These areas hold primary habitats of many endemic birds, such as the White-rumped
Tanager (Cypsnagra hirundinacea), a seed disperser (Bagno and Marinho-Filho, 2001), as
well as the Wagler’s Woodcreeper (Lepidocolaptes wagleri) and the Hyacinth Macaw
(Anodorhynchus hyacinthinus:), which are both endangered and have small populations
inhabiting the Cerrado (Dornas et al., 2013; ICMBIo, 2018).

Although conservation and agricultural conflicts remain a serious issue, agricultural
activities in the Cerrado do not entirely depend on land clearing given its potential to
increase commodity productivity without opening new lands (Soterroni et al., 2019;
Strassburg et al., 2014). Establishing zero-deforestation commitments from Cerrado
commaodity supply chains (such as the Cerrado Manifesto: Gibbs et al., 2015; Soterroni et
al., 2019) provides an opportunity to improve landscape sustainability and reduce land

clearing rates. For instance, by restricting soybean expansion, the Cerrado Manifesto could
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prevent ~3.6 Mha of land clearing by 2050 (Soterroni et al., 2019). Additional set-asides in
private lands are important for maximizing biodiversity protection and maintaining
connectivity beyond the Forest Code policy, which in many instances is the only
conservation strategy implemented to date within Cerrado agricultural landscapes. As a
result of a large extent of natural vegetation remaining in private lands, the Cerrado offers
new opportunities to improve conservation efforts within its agricultural areas (Klink, 2019;
Strassburg et al., 2017). We identified important areas for biodiversity and connectivity that
can be implemented through well-established policy mechanisms in Brazil, such as RPPNs,
which are recognized by IUCN as privately protected areas and can be counted towards
international agreements, such as the CBD and REDD+ (Stolton et al., 2014). Incentives to
implement RPPNs include tax exemption over the area protected, priority on bank loans and
agricultural credits, and transferable property rights (Rambaldi et al., 2005; Wiedmann and
Guagliardi, 2018). Given that there are no limits on their size, RPPNs generally protect
small patches that are important for biodiversity and connectivity conservation, whereas
large areas are favored by natural reserves of strict protection (Mittermeier et al., 2005). For
this reason, these privately-owned natural reserves have great potential to serve as one of the
implementation mechanisms for conservation set asides in Cerrado agricultural landscapes.
These strategies might be financed by the private sector through payments for carbon
sequestration, ecosystem services, and incentives to zero-deforestation commitments.
However, innovative arrangements of policy-setting involving the private sector and a
greater engagement of producers, industry, and consumers are necessary for an effective

implementation of conservation strategies in Cerrado private lands (Klink, 2019).
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Caveats and recommendations for future studies

Our approach considered fine-scale EO data consolidated by Ribeiro et al. (Chapter 3),
such as a land cover map discriminating detailed vegetation physiognomic types (Ribeiro et
al. 2020) updated to 2013 and species-specific habitat suitability maps based on land cover
information available from the literature. Biological observations and measurements were
not available to our study site, and we were unable to collect new data to validate our
species habitat models. Future studies should incorporate in-situ data to assess habitat
quality and actual patterns of species distribution and persistence in this landscape. It is also
important to evaluate functional connectivity across different taxa at fine scales in order to
advance our understanding of whether structural connectivity in the Cerrado can be used as
a proxy for species movement across the landscape.

Protection status estimated in this study are based on the remaining habitat extent and
should thus be interpreted with caution. Information regarding the original extent of each
habitat and physiognomic type is unavailable for our study site and not possible to be
estimated at the time this study was conducted. Additional studies focusing on estimating
the conservation value of priority sites and their habitat quality are important ways to
complement our protection estimates.

The large difference in spatial resolution between our priority sites and land-use
projections acquired for this study (i.e. 30m and 500m, respectively) represent a source of
uncertainty in our analysis. In the absence of finer resolution projections, our results
represent the best available estimates for conservation hotspots in the region. Fine-scale land

use projections are urgently needed in the Cerrado for improving local vulnerability and land
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use planning estimates. We suggest that future studies should refine this analysis using finer
resolution land use projections when available.

The Western Bahia region features one of the largest savanna coverage extents in the
Cerrado (Alencar et al., 2020) and, at the same time, is under high threat of agricultural
expansion (Salmona et al. 2016). Future studies examining the entire Matopiba region are
crucial to investigate and improve opportunity assessments for conservation strategies in
Cerrado agricultural landscapes. Understanding how conservation priorities are related to

land tenure is also a top concern to prioritize land management and implementation actions.

4.5 Conclusion

This study demonstrates that additional conservation efforts within Cerrado private
agricultural lands are important for complementing habitat representation and increasing
landscape connectivity beyond efforts implemented by current policies (i.e. Forest Code
sites). Our approach of combining a formal conservation priority-setting scheme with
landscape connectivity conservation yielded new insights regarding conservation in
agricultural lands. Agricultural landscapes tend to be neglected in most conservation
prioritization exercises given their profitable nature and also because they lack large and
well-connected blocks of natural vegetation. However, their remaining vegetation patches
provide important habitat for several endangered and endemic species and have a key role in
maintaining regional structural connectivity between large protected areas.

In commaodity-driven landscapes such as the western Bahia region, a combination of
strategies such as zero-deforestation commitments in soybean production, adopting

sustainable land use practices (i.e. direct seeding), and implementing additional conservation
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measures are crucial for maintaining biodiversity and landscape connectivity beyond the
Forest Code policy. Landowners can benefit from conservation strategies in private
agricultural landscapes through the provision of key ecosystem services, which can increase
their agricultural production. They may also receive explicit economic returns for meeting
international market demands for sustainable production, especially for commodity crops.
With most of the remaining Cerrado vegetation located in private lands, Cerrado landowners
have an opportunity to lead such an effort and become a global example of reconciling

conservation and agricultural production.
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Chapter 5. Conclusions

The goal of this study is to contribute to the understanding of strategies to improve
conservation and sustainability efforts in the Neotropical savannas of Brazil through fine-
scale geospatial analysis. In Chapter 2, | developed a systematic GEOBIA framework to
map Cerrado physiognomic types at fine spatial scale. | found that GEOBIA is a robust
method to differentiate a wide range of heterogeneous Cerrado physiognomic types. The
GEOBIA framework proposed using spectral and spatial features was effective to map 13
land cover categories with an 87.6% overall accuracy. Results demonstrated that 5-meter
spatial resolution imagery is adequate for mapping land cover types of savanna structural
elements. The GEOBIA framework is essential for refining land cover categories to
ecological classes (physiognomic types), leading to a higher number of vegetation classes
while improving overall accuracy. To the best of our knowledge, this is the first map to
feature a wide range of detailed physiognomic types with high map accuracy at high spatial
resolution.

In Chapter 3, | found that Legal Reserves and Areas of Permanent Preservation are both
essential for ensuring protection of a wide diversity of physiognomic types, including the
endangered Tropical Dry Forests, and essential habitats for endemic and endangered species.
| demonstrated that Legal Reserves can be allocated to maximize biodiversity by
considering the representativeness of unprotected physiognomic types from Areas of
Permanent Preservation. This result can be used to improve the Forest Code policy
guidelines for allocation of mandatory set asides, which should include further engagement

with stakeholders at the municipality level following policy specifications for land parcel
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categories. Moreover, the results suggest that land property size might be a reliable indicator
to target illegal land clearing within areas under Forest Code regulation. Thus, efforts to
enforce compliance with the Forest Code can be improved by targeting land property size.

In Chapter 4, | demonstrated that combining a formal conservation priority-setting
scheme with landscape connectivity conservation yielded to new insights regarding
conservation in Cerrado private agricultural lands. The results suggest that unprotected
vegetation in Cerrado private lands is critical to maintaining regional structural connectivity
between large protected areas (i.e. national parks, ecological stations). | found that
additional conservation set asides are important for complementing habitat representation
and increasing habitat protection and landscape connectivity beyond efforts implemented by
current policies (i.e. Forest Code sites). Landowners can benefit from conservation strategies
in private lands through the provision of key ecosystem services, by obtaining payment
incentives for zero-deforestation agriculture, and receiving expressive economic returns for
meeting international market demands for sustainable production. Thus, conservation in
private lands represents an opportunity to reconcile conservation and agricultural

production.

5.1 Future Research

The results of my dissertation research present an opportunity to improve our
understanding of several topics in Cerrado ecology and conservation. In Chapter 2, |
proposed a systematic GEOBIA framework for mapping Cerrado physiognomic types at
high spatial resolution. Fine-scale maps of Cerrado physiognomic types are necessary to

improve the understanding of species habitat requirements and conditions, as well as our
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ability to assess ecosystem services and biodiversity. They also provide improved inputs for
species suitability modeling, fire risk modeling, carbon accounting, landscape restoration,
land-use management, and conservation planning.

This GEOBIA framework can be immediately tested using other publicly available
multispectral imagery such as the Sentinel-2 Multispectral Imager (MSI) data, which is
promising to improve discrimination of Cerrado physiognomic types due to its combination
of fine spatial and spectral properties and larger areal coverage allowing for regional scale
analysis. Although our framework was able to map 15 land cover categories, additional
work is necessary to differentiate classes of similar structure for which edaphic conditional
drivers were not available in our dataset. For instance, Tropical Dry Forests were not
differentiated from Sclerophyll Forests located on flat terrain; Open Savannas were not
differentiated from Rocky Savannas; and Savannas were not differentiated from denser
Caatinga (a deciduous xerophyte type) enclaves. A potential solution for overcoming these
remaining class issues would be the availability of a detailed (<1:10,000) soil types map or a
combination of LIDAR and hyperspectral imagery. Future research needs to be directed
towards expanding the proposed GEOBIA framework to other Cerrado ecoregions featuring
additional physiognomic types not present in the test sites used in this study. The framework
also has great potential to be adapted to other tropical savannas, depending on ancillary data
availability. Moreover, we believe there is a need for adapting this framework using open
source software to improve its accessibility. Future studies should investigate other open
source segmentation algorithms and create geospatial rules in open source platforms such as

a consolidated script in Python, Google Earth Engine, or RStudio.
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Regional maps of vegetation physiognomic types can be used as biodiversity surrogates
and are necessary for monitoring land use policy compliance, effectiveness, and planning. In
Chapter 3, | developed a fine-scale spatially explicit biodiversity gap analysis, assessed the
potential compliance status of rural properties with the Forest Code policy by land property
size, and proposed a quantitative approach to support the Forest Code implementation at the
landscape scale. The results from this chapter can be used to improve policy guidelines for
an optimized Legal Reserve allocation considering representativeness of biodiversity. To
advance our understanding of the contribution of the Forest Code policy to biodiversity and
how to improve landowner compliance, future research should employ the methods used in
this chapter to the entire Matopiba region and link results to information on supply chains,
exporters, and consumers. Moreover, significant information regarding biodiversity within
and outside Cerrado protected areas is still unknown. A combination of fine-scale
physiognomic type maps, species occurrences and richness, and habitat suitability maps can
be used in a gap analysis to estimate species and habitat protection status for individual
protected areas. Species-specific habitat suitability maps should also be improved in future
studies by validating with species occurrence data, where possible. Additional habitat
suitability maps are also needed for other vertebrates, such as mammals, of which there are
several endangered species in the Cerrado.

The results of this dissertation can assist in the creation of new public policies
supporting conservation and sustainability in the Cerrado. In Chapter 4, | demonstrated that
additional conservation efforts within Cerrado private agricultural lands are critical for
guaranteeing biodiversity and connectivity conservation and are essential to complement

efforts implemented by current policies. Future research should expand methods used in this
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chapter to the entire Matopiba region accounting for information on individual land parcels
to estimate the conservation potential of unprotected lands at the regional scale. Results
from this chapter reveal the benefits of alternative targets for biodiversity and connectivity
conservation. Upcoming studies should test the feasibility of setting targets varying
accordingly to each municipality and their compliance with the Forest Code policy.
Moreover, such studies should incorporate datasets on species occurrence and richness,

when possible, to calibrate and validate models.
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A. Appendix: Supplementary materials for Chapter 2: Geographic Object-Based

Image Analysis framework for mapping vegetation physiognomic types at fine scales in

Neotropical savannas

Table A.1. RapidEye tiles, acquisition dates, and sensor viewing angles, for each study site.

Taquara watershed site

RapidEye tile Date (mm/dd/yyyy) sensor viewing angle
2331702 08/11/2013 +3.4°

Western Bahia site

RapidEye tile Date (mm/dd/yyyy) sensor viewing angle
2333511, 2333512, 2333611, 2333612 08/11/2011 -3.2°

2333311, 2333312, 2333411, 23333412 10/07/2011 +6.6°

2333313, 2333413, 2333513, 2333514, 06/25/2011 +6.5°

2333613, 2333614

2333414 09/13/2011 +6.7°

2333314 09/16/2011 +0.3°

Table A.2. Number of training data (polygons) collected for each image and study site.

Number of training data collected

Classes Tile Tile June August October Taquara
2333314 2333414 mosaic mosaic mosaic Watershed
Closed-canopy 84 76 250 72 94 97
Dense shrub 90 91 232 110 86 97
Herbaceous (wet) 11 - 96 69 74 11
Herbaceous (dry) - - - - - 35
Herbaceous - - - - - 26
Open Canopy 43 57 123 60 78 33
Open shrub 80 82 232 100 52 95
Scrub-herb - - 88 41 - -
Shrub-herb 24 66 100 49 41 -
Soil, NPV,
impervious (bright) 87 72 128 57 8 118
Soil, NPV,
impervious (dark) 111 110 205 9 126 88
Water 70 46 88 49 34 -
Total 600 600 1,542 700 675 600
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Table A.3. Estimate of landscape composition for the Taquara site considering the proportion of the mapped
area of each physiognomic type, reported in percentage, with respect to the total mapped area (i.e. entire study
site extent).

Total (%)

Cerrado
Woodland 4.9
Clouds 3.4
Grassland 3.4
Invasive forbs 0.9
Marsh 0.7
Non-natural / 23.9

Barren
Open savanna 20.6
Palm swamp 0.6
Riparian forest 4.2
Savanna 33.2
Semi-deciduous 0.3

forest
Shade 1.8
Shrub swamp 0.3

Crop, orchard, and

silviculture mask 1.7
Water 0.03
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Figure A.1. Map of vegetation physiognomic types (Level 2) for the Taquara watershed study site
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B. Appendix: Supplementary materials for Chapter 3: Is the Brazilian Forest Code
protecting Neotropical savanna habitats? A fine-scale gap analysis of a Brazilian

Cerrado agricultural landscape

N

A

_—km
0 65 13

D Study site boundary
Farm category

Medium

[ small
- Micro

Figure B.1. Map showing the spatial distribution of farm size categories in the study region.

Table B.1. Detailed description of species-specific habitat suitability models.

Species (Family) Home Range Habitat Life Habits Description
Myiothlypis 2 ha (Marini and Riparian forest Primary habitat Area equal or larger
leucophrys Cavalcanti, 1993)  (seasonally or than home range
(Parulidae) permanently wet)
Riparian forest Suitable habitat Area equal or larger
(upland) than home range
Riparian forest Marginal habitat Area lower than
(wet and upland) home range
Wetlands, Marginal habitat Located within
Tropical Dry 100m buffer from
Forest, and Semi- primary and
deciduous Forest suitable habitats
Neothraupis 3.7 ha (Duca and Open Savanna, Primary habitat Area equal or larger
fasciata Marini, 2014) Savanna than home range
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Species (Family) Home Range Habitat Life Habits Description
(Thraupidae) Woodland, Suitable habitat Area equal or larger

Shrubby than home range

Grassland

Open Savanna, Marginal habitat Area lower than

Savanna, home range

Woodland,

Shrubby

Grassland

Melanopareia 0.78 ha (Kanegae  Shrubby Primary habitat Area equal or larger
torquata etal., 2012) Grassland, Open than home range
(Melanopareiidae) Savanna

Savanna Suitable habitat Area equal or larger
than home range

Shrubby Marginal habitat Area lower than

Grassland, Open home range

Savanna, Savanna

Marsh Marginal habitat

Herpsilochmus 0.91 ha (Kennedy  Riparian Forest Primary habitat Area equal or larger
longirostris et al., 2016b) than home range
(Thamnophilidae) Tropical Dry Suitable habitat Area within 60m to

Forest, Semi- riparian forest, not

deciduous Forest accounting for
home range. This is
to increase home
range foraging area
(Tubelis et al.,
2014)

Riparian Forest Marginal habitat Area lower than
home range

Tropical Dry Marginal habitat Adjacent (100m) to

Forest, Semi- primary riparian

deciduous Forest habitat (40m from
the areas classified
as suitable)

Marsh Marginal habitat Adjacent (100m) to
primary riparian
habitat

Syndactyla 2.73 ha (Kennedy  Riparian forest Primary habitat Area equal or larger
dimidiata et al., 2016b) (seasonally or than home range

(Furnariidae)

permanently wet)

Riparian forest

Suitable habitat

Area equal or larger

(upland) than home range
Tropical Dry Suitable habitat Area within 60m to
Forest, Semi-

deciduous Forest

riparian forest, not
accounting for
home range. This is
to increase home
range foraging area
(Tubelis et al.,
2014)

Palm Swamp,
Shrub Swamp

Suitable habitat

Area equal or larger
than home range

Riparian forest
(wet and upland),
Palm Swamp,
Shrub Swamp
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Species (Family) Home Range Habitat Life Habits Description
Syndactyla 2.73 ha (Kennedy  Tropical Dry Marginal habitat Adjacent (100m) to
dimidiata et al., 2016b) Forest, Semi- primary riparian
(Furnariidae) deciduous Forest, habitat
Savanna,
Woodland
Euscarthmus 0.34 ha (Kennedy  Shrubby Primary habitat Area equal or larger
rufomarginatus et al., 2016b) Grassland, Open than home range
(Tyrannidae) Savanna
Savanna Suitable habitat Area equal or larger
than home range
Shrubby Marginal habitat Area lower than
Grassland, Open home range
Savanna, Savanna
Cypsnagra 0.20 ha (Kennedy  Shrubby Primary habitat Area equal or larger
hirundinacea et al., 2016b) Grassland, Open than home range
(Thraupidae) Savanna
Savanna Suitable habitat Area equal or larger
than home range
Shrubby Marginal habitat Area lower than
Grassland, Open home range
Savanna, Savanna
Anodorhynchus 3.45 ha (Kennedy  Palm Swamp Primary habitat Area equal or larger
hyacinthinus et al., 2016b) than home range
(Psittacidae) Riparian Forest Suitable habitat Did not account for
home range
Escarpments Suitable habitat Areas classified as
“shade” with slope
> 45%
(mountainous
terrain) could be
escarpment cavities
used for breeding
Open Savanna Suitable habitat Area equal or larger
than home range
Shrubby Suitable habitat Area equal or larger
Grassland than home range
Shrubby Swamp, Marginal habitat Did not account for
Marsh home range
Palm Swamp, Marginal habitat Area lower than
Shrubby home range
Grassland, Open
Savanna
Lepidocolaptes 2.65 ha (Kennedy  Tropical Dry Primary habitat Area equal or larger
wagleri et al., 2016b) Forest, Semi- than home range

(Dendrocolaptidae)

deciduous Forest

Riparian Forest

Suitable habitat

Area equal or larger
than home range;
Adjacent 60m to
primary habitats

Tropical Dry Marginal habitat Area lower than
Forest, Semi- home range
deciduous Forest,

Riparian Forest

Cerrado Marginal habitat Adjacent 100m to
Woodland primary habitats
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Table B.2. Weight given to biodiversity features (land cover classes) used in the Zonation analysis

Biodiversity features Weights

Semi-deciduous forest, Open savanna,

Savanna, Cerrado Woodland, Scrub Cerrado 4.0

Riparian Forest, Tropical Dry Forest, Marsh,

Palm Swamp, Shrub Swamp, Water 2.0
Shrubby grassland 1.0
Non-natural/barren, Silviculture -1.0

Paved roads, Farming, Crop pivots, Urban

areas -2.0

Table B.3. Proportion of physiognomic types protected by Legal Reserves (LRs) and Areas of Permanent
Preservation (APPs).

Classes LRs - APPs — LRs - APPs —
Area (ha) Area (ha) Representation (%)  Representation (%)
Barren 5,977 3,432 4.4% 3.8%
Cerrado Woodland 7,703 5,662 5.7% 6.3%
Farming 10,165 7,482 7.5% 8.4%
Marsh 12.40 10,787 0.0% 12.1%
Open Savanna 50,766 12,100 37.5% 13.5%
Palm Swamp - 7,059 - 7.9%
Irrigated Crops 57 68 0.0% 0.1%
Riparian Forest 228 7,857 0.2% 8.8%
Savanna 50,259 19,880 37.1% 22.2%
Scrub Cerrado 2,004 1,810 1.5% 2.0%
Semi-deciduous
Forest 1,325 240 1.0% 0.3%
Shade 57 646 0.0% 0.7%
Shrub Swamp - 4,900 - 5.5%
Shrubby Grassland 6,422 1,290 4.7% 1.4%
Silviculture 84 8 0.1% 0.0%
Tropical Dry Forest 449 3,592 0.3% 4.0%
Urban Areas - 59 0.0% 0.1%
Water 3 2,515 0.0% 2.8%
Total 135,523 89,401
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Table B.4. Protection status considering only the species primary habitat and its proportion within categories
of Areas of Permanent Preservation (APPs) and Legal Reserves (LRs). The largest amount of primary habitat
protection is highlighted in bold.

Total
50m protection of
Hydromorphic  Plateau  10m Stream  Stream LRs primary
SOil APP (%) APP (%) APP(%) APP (%) (%) habitats (%)
Anodorhynch
nodorhynchus 78.8% 0.0% 15.1% 61%  0.0% 100.0%
hyacinthinus
Cypsnagra 1.3% 2.4% 1.8% 01%  26.0% 31.7%
hirundinacea
Euscarthmus 1.3% 2.4% 1.7% 01%  26.2% 31.7%
rufomarginatus
Herpsilochmus 43.5% 1.9% 28.1% 9.9%  1.7% 85.1%
longirostris
Lepidocol
epidocolaptes 0.2% 19.2% 4.8% 00%  12.4% 36.6%
Wagleri
Mel i
elanopareia 1.2% 2.4% 1.7% 01%  26.4% 31.7%
torquata
Myiothlypis
65.1% 0.0% 22.0% 129%  0.0% 100.0%
leucophrys
Neothraupi
eothraupis 1.0% 41% 2.2% 01%  25.9% 33.2%
fasciata
|
Syndactyla 65.4% 0.0% 21.9% 12.7%  0.0% 100.0%
dimidiata

Table B.5. Number of rural properties in the study area separated into size categories (large, medium, small,
and micro), the total area (in hectares) by property size category, as well as average and standard deviation of

area (in hectares) occupied by rural properties according to their size category.

Average of  Standard

Property size  Number of  Total property Deviation of
category properties area (ha) area (ha) property area (ha)
Large 212 385,504 1,818 1,182.8
Medium 504 268,413 533 193.3

Small 333 52,294 157 56.1

Micro 3,762 21,814 6 11.1

Total 4,811 728,025 153 475.4
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C. Appendix: Supplementary materials for Chapter 4: Private lands as opportunities
for improving biodiversity and connectivity conservation across Cerrado protected
areas

Table C.1. Conservation status of physiognomic types estimated for Alternative scheme 1, for each landscape

fraction. Fractions top 20% and top 30% represents the cumulative percentages for all landscape fractions (e.g.
top 30% includes both top 20% and top 10% fractions of the landscape).

Total Conservation

(e T e A S st ot
+ Forest Code sites)

Top 10% Barren 367 1% -
Top 10% Cerrado Woodl: 14,398 40% 76%
Top 10% Farming 128 0% -
Top 10% Open Savanna 10,911 6% 39%
Top 10% Riparian Vegete 1,324 14% 96%
Top 10% Savanna 12,287 6% 39%
Top 10% Scrub Cerrado 6,515 59% 93%
Top 10% Semi-deciduous 6,842

Forest 80% 99%
Top 10% Shrubby Grassl: 14,590 45% 69%
Top 10% Tropical Dry 1,165

Forest 21% 92%
Top 20% Barren 1,130 3% -
Top 20% Cerrado Woodl: 19,207 53% 89%
Top 20% Farming 252 0% -
Top 20% Open Savanna 37,955 20% 53%
Top 20% Riparian Veget: 1,333 14% 96%
Top 20% Savanna 43,255 21% 54%
Top 20% Scrub Cerrado 6,632 60% 94%
Top 20% Semi-deciduous 6,850

Forest 80% 99%
Top 20% Shrubby Grassl: 19,085 59% 83%
Top 20% Tropical Dry 1,168

Forest 21% 92%
Top 30% Barren 2,230 6% -
Top 30% Cerrado Woodl: 19,704 54% 91%
Top 30% Farming 404 0% -
Top 30% Open Savanna 60,461 320 65%
Top 30% Riparian Vegete 1,338 14% 96%
Top 30% Savanna 87,221 41% 93%
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Total Conservation

(e e avn G Sias onst
+ Forest Code sites)

Top 30% Scrub Cerrado 6,655 60% 94%
Top 30% Semi-deciduous 6,855

Forest 81% 99%
Top 30% Shrubby Grassl: 19,645 61% 84%
Top 30% Tropical Dry 1,169

Forest 21% 92%

Table C.2. Conservation status of potential habitats for endemic and endangered avifauna estimated for
Scenario 1, for each landscape fraction. Fractions top 20% and top 30% represents the cumulative percentages
for all landscape fractions (e.g. top 30% includes both top 20% and top 10% fractions of the landscape). Total
efforts in the last column represent the sum of conservation status (%) of the current conservation efforts in the
landscape (areas protected by land use regulation) and areas protected by our conservation strategy.

Conservation status

I(_C?Jrrm](quf:tpi)\e/;‘)raction Species Hg/t;)ietst Pro(tﬁacl;ion (%) - zonation; total
efforts

Top 10% Anodorhynchus 7.0, 25,600 10.1; 49.6

hyacinthinus

Top 10% Primary -

Top 10% Suitable 22,277

Top 10% Marginal 3,322

Top 10% Cypsnagra Total 37,789 9.2;41.4

hyrundinacea

Top 10% Primary 24,387

Top 10% Suitable 11,658

Top 10% Marginal 1,744

Top 10% Euscarthmus Total 37,789 8.7;41.2

rufomarginatus

Top 10% Primary 23,930

Top 10% Suitable 11,318

Top 10% Marginal 2,540

Top 10% Herpsilochmus Total 3,336 13.1;91.8

longirostris

Top 10% Primary 943

Top 10% Suitable 89

Top 10% Marginal 2,305

142



Conservation status

(Lcatljr:glsjtlzzgsg)ractlon Species Htabg:‘t Pro(tﬁg lon (%0) - zonation; total
yp efforts
Top 10% Lepidocolaptes Total 9,734 54.9; 95.3
wagleri

Top 10% Primary 7,025

Top 10% Suitable 33

Top 10% Marginal 2,676

Top 10% Melanopareia Total 37,814 8.5;42.6
torquata

Top 10% Primary 23,274

Top 10% Suitable 10,774

Top 10% Marginal 3,767

Top 10% Myiothlypis Total 1,444 8.2;975
leucophrys

Top 10% Primary -

Top 10% Suitable 834

Top 10% Marginal 610

Top 10% Neothraupis Total 52,187 11.1; 43.9
fasciata

Top 10% Primary 18,251

Top 10% Suitable 24,120

Top 10% Marginal 9,816

Top 10% Syndactyla Total 1,977 6.5;94.3
dimidiata

Top 10% Primary -

Top 10% Suitable 63

Top 10% Marginal 1,913

0, .
Top 20% Anodo_rhyr)chus Total 57.145 22.6;62.1
hyacinthinus

Top 20% Primary -

Top 20% Suitable 48,333

Top 20% Marginal 8,812

0, .
Top 20% Cypsn_agra Total 100,295 24.3; 56.6
hyrundinacea
Top 20% Primary 54,160

143



Conservation status

(Lcirsgztlz:tpisegraction Species Ht?/gi::‘t Pro(tﬁ;; fon (%) - zonation; total
efforts

Top 20% Suitable 41,958

Top 20% Marginal 4,178

Top 20% Euscarthmus Total 100,295 23.1;55.6

rufomarginatus

Top 20% Primary 52,952

Top 20% Suitable 41,262

Top 20% Marginal 6,081

Top 20% Herpsilochmus Total 3,808 15.0; 93.6

longirostris

Top 20% Primary 947

Top 20% Suitable 89

Top 20% Marginal 2,772

Top 20% Lepidocolaptes Total 9,836 55.5; 95.8
wagleri

Top 20% Primary 7,027

Top 20% Suitable -

Top 20% Marginal 2,776

Top 20% Melanopareia Total 100,320 22.6;56.7
torquata

Top 20% Primary 51,168

Top 20% Suitable 40,150

Top 20% Marginal 9,003

Top 20% Myiothlypis Total 1,454 8.2;975
leucophrys

Top 20% Primary -

Top 20% Suitable 837

Top 20% Marginal 617

Top 20% Neothraupis Total 119,502 25.4;58.2
fasciata

Top 20% Primary 70,494

Top 20% Suitable 27,103

Top 20% Marginal 21,905
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Conservation status

(Lcatljr:glsjtlzzgsg)ractlon Species Htabg:‘t Pro(tﬁg lon (%0) - zonation; total
yp efforts
Top 20% Syndactyla Total 2,332 7.7;955
dimidiata
Top 20% Primary -
Top 20% Suitable 64
Top 20% Marginal 2,268
0 .
Top 30% Anodo.rhyr)chus Total 80,215 31.7;71.2
hyacinthinus
Top 30% Primary -
Top 30% Suitable 68,366
Top 30% Marginal 11,849
0 .
Top 30% Cypsn_agra Total 167,327 40.6; 72.9
hyrundinacea
Top 30% Primary 76,317
Top 30% Suitable 85,574
Top 30% Marginal 5,436
0, .
Top 30% Euscartr_\mus Total 167,327 38.6; 71.1
rufomarginatus
Top 30% Primary 74,720
Top 30% Suitable 84,667
Top 30% Marginal 7,940
Top 30% Herpsilochmus Total 3,962 15.6; 94.2
longirostris
Top 30% Primary 948
Top 30% Suitable 89
Top 30% Marginal 2,924
Top 30% Lepidocolaptes Total 9,849 55.5; 95.9
wagleri
Top 30% Primary 7,029
Top 30% Suitable -
Top 30% Marginal 2,787
Top 30% Melanopareia Total 167,353 37.7,71.8
torquata
Top 30% Primary 72,308
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Conservation status

(Lcirsgztlz:tpisegractlon Species Htab'::‘t Pro(tﬁ;; 1on (%) - zonation; total
yp efforts

Top 30% Suitable 83,187

Top 30% Marginal 11,858

Top 30% Myiothlypis Total 1,459 8.2;97.5
leucophrys

Top 30% Primary -

Top 30% Suitable 838

Top 30% Marginal 620

Top 30% Neothraupis Total 187,031 39.8;72.6
fasciata

Top 30% Primary 132,617

Top 30% Suitable 27,332

Top 30% Marginal 27,082

Top 30% Syndactyla Total 2,445 8.1;95.8
dimidiata

Top 30% Primary -

Top 30% Suitable 64

Top 30% Marginal 2,382
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