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Abstract: Agricultural expansion and intensification enabled growth of food production but resulted in
serious environmental changes. In light of that, debates concerning sustainability in agriculture arises
on scientific literature. Land sharing and land sparing are two opposite models for framing agricultural
sustainability. The first aims to integrate agricultural activities with biodiversity conservation by
means of enhancing the quality of the agricultural matrix in the landscape towards a wildlife friendly
matrix. The other model aims to spare natural habitats from agriculture for conservation. This work
aimed to explore spatial evidences of land sharing/sparing and its relationship with rural population
in the Brazilian Cerrado. A Land Sharing/Sparing Index based on TerraClass Cerrado map was
proposed. Spatial analysis based on Global and Local Moran statistics and Geographically Weighted
Regression were made in order to explore the influence of local rural population on the probability
of spatial land sharing/sparing clusters occurrence. Spatial patterns of land sharing were found in
the Cerrado and a positive association with rural population was found in some regions, such as in
its northern portion. Land use policies should consider regional infrastructural and participative
governance potentialities. The results suggests possible areas where joint agricultural activities and
human presence may be favourable for biodiversity conservation.

Keywords: geographically weighted regression; LISA map; spatial analysis; agriculture; food
security; biodiversity

1. Introduction

By the year 2000, more than 55% of the Earth’s ice-free land was occupied by human activities,
such as settlements, croplands and pasturelands [1], where about half, one-tenth and one-fifth of
those areas are respectively under medium, intense or extensive human management [2]. Altogether,
agriculture covers approximately 40% of terrestrial surface, the largest land use on the planet [3].
Expansion of agriculture areas during the last three centuries, combined with increasing yields, enabled
substantial growth of food production, but resulted in serious environmental changes [4]. Habitat
loss and fragmentation lead to high rates of species extinction [5] and a quarter of anthropogenic
Greenhouse Gases (GHG) emissions are related to agricultural activities [6]. In addition, the rising use
of pesticides threats both human and non-human populations [7–9].

The rapid increase in energy consumption lead to biofuels crops as a renewable and alternative
source to fossil fuels, being about 2% of the current global cropland meant for biofuels [10].
Although [11] argues that net expansion of biofuel production is not associated with decline in
available area for food production, indirect land use changes caused by biofuel expansion can both
negate its GHG savings and lead to the conversion of more forests and savannah to agriculture [12].

In light of the impacts of agriculture to the Earth System, some proposals are made in the scientific
literature in order to achieve sustainability in agriculture and reduce its impacts. Two major models
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under development to frame this issue are the “sustainable intensification of agriculture” model
and the “high quality matrix” model or “wildlife-friendly farming”. The former is based on the
idea that increasing agricultural yields on already existing farmlands with no additional pressure
for clearing new lands will reduce adverse environmental impacts [13–15]. This model is also called
“land sparing” because large patches of unmanaged environments are separated from high-yield
agricultural areas, aiming its protection and biological conservation [16]. The other model, also known
as “land sharing”, implies in integrating agricultural activities with areas of high biodiversity, forming
complex landscapes with a variety of land uses, which may be suitable for both food production and
wildlife habitat [17–20].

Support information for both land sparing and land sharing models can be widely found in
conservation biology, land use and agronomic literature [21–29] being the suitability of each model
dependent on the landscape’s inherent biophysical properties and its historical, social, cultural and
economic context [30–32].

Scale also matters in the sharing/sparing debate [31,33]. According to [34] there is a conceptual
range of scales at which conservation of biodiversity and agriculture can be integrated, where land
sparing and land sharing are the endpoints of this range. In the land sharing strategy, spatial patterns
of land cover diversity are detected at finer scales, while in the land sparing model the patches of
both agriculture and unmanaged environments are larger and so, the scales of the processes are
coarser. Despite these models are spatially antagonistic at the landscape scale, their concomitant
analysis provide insights about the intensity and impact of regional human-environmental interactions
in a certain landscape, under specific land use trajectories and, current and future, provision of
ecosystem services.

In general, studies favouring the sparing strategy are focused on biodiversity [35]. For example,
reference [36] argued that the increase rate of big cats populations in China were due to the adoption of
land sparing. Also, reference [37] argues that the abundance and species richness of birds, dung beetles
and ants in Borneo are higher under land sparing logging. Conversely, references [23,38] claim that
wildlife-friendly farming support both high yields and biodiversity. All of these studies used species and
yield data from plots or statistical agencies to draw their experiments on the benefits of one or another
strategy. The approach presented here, instead, is focused on the actual land use of an entire region with
multiple landscape management possibilities.

However, little or no attention is given to local rural populations in most of the studies concerning
land sharing and land sparing, as their focus are primarily on agriculture yields, biodiversity
conservation and ecosystem services maintenance. Some authors claim that the separation of people
from natural areas with little or no human interventions may be one cause of biodiversity loss, therefore
local people should be considered as important actors for biodiversity conservation [39,40]. In contrast,
reference [41] argues that biological conservation is achieved by rural to urban migration, which leads
to farm abandonment and vegetation recovery, as observed in some regions in Central America,
and it also represents less potential for expanding agriculture activities over unmanaged natural areas.
According to this idea, the reduction of rural population will make more land available for vegetation
recovery and conservation, at the same time mechanization over large areas of single crops replaces
human working force more efficiently [22,41–43]. Despite increased land availability, working force
replacement might cause land concentration and speculation, causing further deforestation, as well as
off-farm migration into marginal urban areas usually with higher food insecurity [44,45].

On the other hand, wildlife-friendly landscapes with agriculture may be favoured by the presence
of smallholders agroecosystems [46–48], forming a complex social-ecological system [49] where
ecological relationships between unmanaged ecosystems and agriculture is highly relevant [17,50–52].
Thus, land sharing offers possibilities and challenges for rural populations of small and family farmers
to act towards biological conservation and food production at the same time [53].

In this sense, we followed the hypothesis that at a given agricultural landscape where the rural
population density is low, that landscape shall probably have a land use pattern more oriented to the
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land sparing model [41,43]. Conversely, the higher the rural population density the higher shall be the
amount of land sharing observed. For testing this assumption, we developed a spatial explicit Land
Sharing/Sparing Index for agricultural landscapes, based on land use and land cover of a region.

Hence, the aim of this study was to develop a Land Sharing/Sparing index at landscape scale and
modelling the spatial evidences of land sharing/sparing with rural population density in the Brazilian
Cerrado. Land use and land cover in agricultural landscapes in the Cerrado and census tract data were
integrated by means of Geographic Information System (GIS) and spatial modelling tools. This study
region was chosen because of its high relevance for biodiversity, agriculture, provision of ecosystem
services and relative population concentration, which are key aspects related to food production and
water scarcity, in Brazil and other regions in South America [54]. The novelty of this approach is to
assess possibilities of both land sharing and sparing strategies at broad scales by means of existing
land use/cover maps and ancillary data of a given region.

2. Materials and Methods

2.1. Study Area

The study area encompassed the whole phytogeographic domain of the Brazilian savannah,
the Cerrado, which covers more than 2 million km2, or 24% of the country’s territory (Figure 1).
The vegetation ranges from savannah grasslands, grassy-woody savannah, woodland savannah to
dense and alluvial forests. This variety of habitat makes Cerrado the most biodiverse savannah in the
world and due to its high number of endemic species threatened by rapid habitat loss, it is considered
one of the 25 hotspots for biological conservation [55]. Natural areas corresponds to 51% of the region,
nevertheless pasturelands, temporary and permanent crops occupies 41% of the area, as shown in
Table 1 [56]. Only 8.3% of natural vegetation in the region is protected at conservation units, and less
than a half of it is under units of integral protection [57].

Table 1. Area of each land use and land cover classes in the Cerrado [56].

Class Area (km2) %

Anthropogenic land use

Permanent crops * 174,006 8.53
Temporary crops * 64,512 3.16

Mining 247 0.01
Occupation mosaic 2326 0.11

Pasture * 600,832 29.46
Silviculture * 30,525 1.50

Bare soil 3621 0.18
Urban area 8797 0.43

Other 73 0.00
Total anthropogenic 884,939 43.38

Natural
Forest 418,789 20.54

Non-forest 692,301 33.95
Non-vegetated 2609 0.13

Total natural 1,113,699 54.62

Water bodies 15,056 0.74

Not observed 25,549 1.25

Total 2,039,243 100

* Anthropogenic classes merged for LSS.
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Figure 1. Relative location and 2013 land use and land cover map of the Cerrado [56]. Acronyms for
Brazilian states stand for: Bahia (BA), Distrito Federal (DF), Goiás (GO) Maranhão (MA), Minas Gerais
(MG), Mato Grosso do Sul (MS), Mato Grosso (MT), Paraná (PR), São Paulo (SP) and Tocantins (TO).

2.2. Land Sharing Index

Based on the idea presented by [34], in which land sparing and land sharing models are the
opposite endpoints of a continuum of separation between agriculture and biodiversity, a spatial explicit
Land Sharing/Sparing Index (LSS) was proposed. While there is a strong contrast between land for
agriculture and land for biodiversity in the land sparing model, agriculture and biodiversity co-occur
in the same area in the land sharing model [34]. Thus, the main idea of the index is that, in a certain
fixed scale, an agricultural landscape showing a land sharing pattern would present higher amounts
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of natural patches and some agriculture patches, while in the land sparing the landscape is mainly
occupied by agriculture. In this sense, if the proportion of natural vegetation approaches its maximum
in an agricultural landscape, then it could be considered as the land sharing endpoint, while if the
proportion of land occupied by natural vegetation is closer to zero, then there is the opposite land
sparing endpoint.

The spatial explicit calculation of the index was implemented using a landmark land use
and land cover map for Cerrado provided by TerraClass Cerrado Project [56], which is based on
2013 Landsat-8/OLI images with 30 m of spatial resolution, covering the entire region. Further
details of land use and land cover classification can be found in the TerraClass Project’s website
(http://www.dpi.inpe.br/tccerrado/).

In a GIS environment, this map was integrated in a grid of cells with 10 × 10 km of resolution
(100 km2 on the ground), where each cell was filled with the proportion of each land use and land
cover class in the map. The index was calculated as shown in Equation (1) for every cell containing
any agricultural activities, thus representing agricultural landscapes in the Cerrado region. The classes
in the cells were reclassified into “Natural” (Nat) and “Agricultural” (Agr) types. In the Nat, “natural
savannah” and “natural non-vegetated” classes were merged; in Agr, “temporary crops”, “permanent
crops”, “pasturelands” and “silviculture” classes were merged (as in Table 1). Proportions of original
classes were summed for obtaining these two new classes. The gridded index allows to assess spatial
variations in the patterns of a more land sharing/sparing-oriented agricultural landscape.

LSS =
(pNat − pAgr)
(pNat + pAgr)

(1)

where, p is the proportion of the aggregated Natural (Nat) and Agricultural (Agr) classes. The index
ranges theoretically from −1, when the landscape is totally occupied by agriculture, to +1, when natural
class fills virtually the entire cell, except some tiny patches of agriculture. In other words, negative
values means a land sparing trend and positive values is the land sharing pattern, at that
scale of analysis.

2.3. Gridded Population Data

The Brazilian National Institute of Geography and Statistics (IBGE) performs a decadal national
census since 1940. Population data of 2010 Census was used because it is the most recent national
population survey in the country. In this survey, data is collected at the household level, but are
available for public use aggregated at the census tract levels (ftp://ftp.ibge.gov.br/Censos/Censo_
Demografico_2010/Resultados_do_Universo/Agregados_por_Setores_Censitarios/). Census tracts
are not regular shapes, as they are determined rather by number of households in areas classified either
as urban or rural areas, not necessarily coinciding to political or geographical units, which precludes
integration with other datasets [58]. One possible solution for rearranging population on space is
using regular grids. Among a myriad of techniques for disaggregating population inside each grid cell,
it is notable the use of dasymetric method with the aid of ancillary data [59]. Recent improvements in
census technologies and availability of household locations allowed bottom-up approaches by using
aggregated locations to regular grids [60].

According to [58], bottom-up approaches to estimate spatial distribution of population density
yields higher accuracy than statistical methods (e.g., dasymetric), so this approach was adopted
in this research using rural household’s GPS coordinates. Household locations are available for 2010
comprising more than 300,000 census tracts, and are provided by IBGE via the National Register
of Addresses for Statistical Purposes (CNEFE) (ftp://ftp.ibge.gov.br/Censos/Censo_Demografico_
2010/Cadastro_Nacional_de_Enderecos_Fins_Estatisticos), allowing the aggregation in grid cells.
In such data the coordinates are provided for rural locations, while only addresses are informed for
urban households.

http://www.dpi.inpe.br/tccerrado/
ftp://ftp.ibge.gov.br/Censos/Censo_Demografico_2010/Resultados_do_Universo/Agregados_por_Setores_Censitarios/
ftp://ftp.ibge.gov.br/Censos/Censo_Demografico_2010/Resultados_do_Universo/Agregados_por_Setores_Censitarios/
ftp://ftp.ibge.gov.br/Censos/Censo_Demografico_2010/Cadastro_Nacional_de_Enderecos_Fins_Estatisticos
ftp://ftp.ibge.gov.br/Censos/Censo_Demografico_2010/Cadastro_Nacional_de_Enderecos_Fins_Estatisticos


Land 2018, 7, 88 6 of 19

The average number of persons living in each household was retrieved from 17,585 census
tracts in 1386 municipalities which extents are totally or partially in the Cerrado. Locations of
879,124 rural households inside Cerrado were used to aggregate population from census tracts to grid
cells. First, each cell received the average number of persons living in the households, corresponding
to the value of that tract occupying the larger proportion in the cell. Then, this value was multiplied by
the number of households in each cell, in order to calculate the aggregated size of the population in
the cell. Figure 2 summaries the spatial disaggregation steps.

Cells without CNEFE information were excluded from the analysis because reported of data
missing about location [58], which could lead to underestimation errors when in fact it is the data and
not the population that is absent.

  

Gridded cellular 
space 
(10 km x 10 km)

Average number 
of persons in 
each household 
by Census Tract
(Xp)

Xp and 
household 
locations 
retrieved from 
CNEFE (Nh)

Rural population 
density at each 
grid cell 100 km²
(Xp * Nh)

Figure 2. Flowchart illustrating the steps for spatial disaggregation of rural population in the Cerrado,
based on Census tracts and household location. Data: 2010 Population Census and CNEFE.
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2.4. Spatial Analysis

In order to investigate the relationship between land sharing and land sparing with local
information of rural population, a simple regression model (OLS) was first applied to the data,
where the LSS was the dependent variable and the population density in each cell the independent
variable. The R2 and Adjusted R2 were 0.041497 and 0.041451, respectively, showing a model with poor
explanation of the variables. The residual sum of squares was 5870.44, and the Akaike Information
Criterion (AIC) value was 32,761.6. The Breusch-Pagan test for heteroscedasticity of residues rejected
the homoscedasticity null hypothesiswas with p = 0.02. After analysing the distribution of the residuals
with Kolmogorov-Sminorv test, no normality was found (D = 0.18), indicating the spatial dependency
of the variables.

As the distribution of land use is not regular in the cells, the spatial dependence of the data was
expected. Then, Global and Local Moran’s test were made to check spatial autocorrelation of LSS.
The Global Moran’s I is useful for detecting trends of spatial autocorrelation on the entire study site
and it is measured as shown in Equation (2) [61]. As I assumes values closer to −1, it indicates negative
or inverse spatial autocorrelation between LSS and rural population. If I assumes values closer to +1,
there is positive or direct spatial autocorrelation. If I is 0, it means a global spatial randomness pattern
of distribution of the LSS values.

I =
n

n
∑

i=1

n
∑

j=1
wij

n
∑

i=1

n
∑

j=1
wij(yi − ȳ)(yj − ȳ)

n
∑

i=1
(yi − ȳ)2

(2)

where, n is the number of attributes; yi is the attribute value in region i; yj is the attribute value in
region j; ȳ is the mean value of the attribute in the study site; and wij are weights according to the
neighbourhood of the attributes. The Moore neighbourhood strategy was adopted for the test.

Local indicator of spatial autocorrelation (LISA) of LSS was explored by means of Local Moran’s
Ii (Equation (3) [61]). The LISA map is useful to understand the spatial patters of autocorrelation of the
values of LSS, once it indicate clusters of low values with neighbours of low values (LL), high values
with neighbours of high values (HH) and local high or low values with neighbours of low and high
values (HL and LH, respectively), meaning a transition zones between LL and HH [62]. In the case
of the LSS, the LISA map shows significant regions of land sharing (HH) or sparing (LL) patterns,
which allows users to identify these patterns beyond the single cell to broader scales, as well as their
spatial variation.

Ii =

(yi − ȳ)
n
∑

j=1
(yj − ȳ)

n
∑

i=1
(yi−ȳ)2

n

(3)

where, n is the number of attributes; yi is the attribute value in region i; yj is the attribute value in
region j; ȳ is the mean value of the attribute in the study site; and wij are weights according to the
neighbourhood of the attributes.

In general, there are global and local regression models. Whereas global models seek to investigate
the average strenght and significance of statistical relationships between independent and dependent
variables with just one equation for all data [63], local models detect spatial variation of relationships
and produce maps for exploring and interpreting spatial non-stationarity [64]. So, the local model
called Geographically Weighted Regression (GWR) was used for modelling the spatial relationship
between LSS and rural population because it permits to explore the local relationships between the
variables, providing a useful tool for finding relevant spots at the landscape scale. GWR is often used
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as descriptive and exploratory tool [65] and inferences cannot be done because the non-linear term
cannot be added in the model [64,65].

The GWR model calculates an unique set of parametres for each observation, defined by
geographic coordinates and considers neighbouring values due to spatial dependence, as shown
in Equation (4) [66]. GWR estimates the parameters and errors for the cells according to their locations
based on a distance matrix and a bandwidth, adaptively calculated in this study. This approach enables
to detect the spatial variation of the regression parameters.

yi = β0(ui,vi) + ∑
k

βk(ui,vi)xk,i + εi (4)

where, yi is dependent variable LSS; xk,i is the kth independent variable (population); εi is the Gaussian
error in location i; (ui, vi) is the x, y coordinate in the ith location; β0(ui, vi) is the local intercept
coefficient; and ∑k βk(ui, vi) is the local angular coefficient.

Before running GWR, the independent variable was evaluated for normality, both in its original
and logarithmic form, a common transformation of the dependent variable to deal with possible
non-normality [67]. Normality was evaluated by means of histogram and quantile-quantile (Q-Q) plot,
following [68], where the logarithmic form was reasonably well represented by a normal distribution,
as shown Figure 3.
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Figure 3. Histograms are shown in the top and Q-Q plots with normality line in the bottom. In the left
the original data is presented and in the right the logarithmic form is presented.

All the methodological steps were conducted using open source software (R and QGIS) and open
databases (IBGE and TerraClass), thus the steps are reproducible and easy to apply to other contexts.
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3. Results

3.1. Land Sharing/Sparing Index

The gridded Land Sharing/Sparing Index (LSS) is shown in Figure 4. The global Moran’s I for
LSS was 0.751, indicating positive global spatial autocorrelation of LSS values in the Cerrado.

Cells filled solely with natural land cover classes actually occupies only 6.4% of the Cerrado area.
These areas are mainly protected by integral Conservation Units and Indigenous Lands and are the
only remaining places suitable for sparing natural vegetation on contiguous patches larger or equal to
100 km2. Cells whose proportion of natural areas accounts for less than 0.5 (50%) covers almost half of
the Cerrado (48%), mainly located in the southern portion, where the anthropogenic occupation date
back from the beginning of the 20th century [69].

There is a clear pattern of land sharing-dominated agricultural landscapes in the northern portion
of Cerrado, while the opposite is found in the southern portion. This pattern is confirmed by the
LISA map (Figure 5), where High-High clusters of LSS values (24% of the cells) predominate mainly
in the north, while Low-Low clusters (28% of the cells) prevail in the south. No significant spatial
autocorrelation of LSS (47% of the cells) was found mainly in the centre of the Cerrado. High-Low
and Low-High transition clusters accounts for less than 1% of the region, which is in accordance to the
rationale of the index’s endpoints, indicating the separation of the land sharing/sparing patterns in
the region.

Figure 4. Gridded Land Sharing/Sparing Index for the Cerrado. Negative values (red) indicates more land
sparing-oriented landscape and positive values (green) indicates more land sharing-oriented landscapes.

3.2. Rural Population Disaggregation

Rural population in the Cerrado is mainly clustered in the northern (Maranhão and Piauí states),
southeaster (Bahia, Minas Gerais, São Paulo and Paraná states) and in central portions (Goiás’s capital
Goiânia region and in the Federal District), as shown in logarithmic form in Figure 6 to facilitate
visualization of population distribution.
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Figure 5. LISA map for LSS. Red patches indicates the predominance of agricultural landscapes more
oriented to a land sharing pattern, while blue patches indicates land sparing pattern predominance in
the landscape.

Figure 6. Logarithmic map of rural population density in the Cerrado based on CENEFE and
Census tracts.

The total estimated rural population accounted for 3,439,621 inhabitants.Even though, we would
expect this result to be underestimated because of loss of household’s location data, it is still in
agreement to previous analysis of the Cerrado’s population dynamics [70]. It evidences the method for
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integrating CNEFE’s households locations and data at the census tracts into grid cells is appropriated
for the spatial disaggregation of the rural population in the Cerrado.

Cells with less than 100 people accounts for 55% of total cells, meaning a population density
of less than one person per km2. Alternatively, the most densely populated cells range from 10 to
44 inhabitants per km2, which are only 2.5% of the cells. The mean population density is 1.9 inhabitants
per km2 and standard deviation of 2.9 inh/km2.

3.3. LSS and Rural Population

Globally, rural population density explained 87% (Quasi-global R2 0.87) of Land Sharing/Sparing
Index variation with the decreased AIC corrected (AICc) of 4291.177 and residual sum of squares = 658.3349.
Moreover, the ANOVA comparison results also showed the GWR local model was significantly more
appropriate than the OLS global model (F = 11.451, p < 0.001). It means that GWR was more suitable
than the OLS.

Figure 7 shows the slopes of the local regressions (angular coefficients β1) of the Geographically
Weighted Regression model. This parameter describes the magnitude and nature of the relationship
between LSS and rural population density, meaning the rate of change in the LSS with an unit of
change in the independent variable.

Figure 7. Local angular coefficients (β1) of GWR model for rural population density.

The β1 map shows clusters of positive and negative relationship between rural population and
LSS. The spatial variation of β1 values evidences that the intensity of this relationship varies among
different landscapes, where positive values are those regions that the hypothesis of the study is
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confirmed. Most of the coefficients are positive (68%), suggesting that in the Cerrado region, the higher
the rural population density the higher is the LSS index. In these areas of positive association, the land
sharing strategy is more suitable for managing the landscape, considering the social features of
agriculture coupled with environmental conservation.

Negative significant values account for approximately 9% of Cerrado region, where an inverse
relationship between LSS and rural population is found, i.e.,: the higher the population density
the larger portions showing land sparing patterns in the landscape. A round quarter of Cerrado region
did not present statistical significant association between rural population density and the LSS index
proposed here.

Positive statistically significant relationships indicated by GWR are mainly concentrated in the
northern portion of Minas Gerais and Goiás states, as well as in the centre-west of Mato Grosso and in
the so-called MATOPIBA region (acronym for Maranhão, Tocantins, Piauí and Bahia states). This area
with, specific strategic governance actions to support large scale agriculture, occupyies 32% of the
Cerrado region into its northern part where land sharing patches are still high according to LISA
map results. On the other hand, negative association between the variables are found in the southern
portion Cerrado, where rural areas are relatively dense, but the predominant land sparing pattern is
observed across the landscapes.

The local coefficients of determination (local R2) of GWR spatially evidences the degree which the
response variable was able to explain the local variations in the dependent variable, and the result is
shown in Figure 8. The local R2 gives a measure of significance of the model. Overall, higher significance
was found in the centre of the Cerrado region, but in general the model was well fitted, despite some
minor areas with lower R2 in the north and in Mato Grosso do Sul, Minas Gerais and São Paulo states.

Figure 8. Local coefficients of determination (local R2).

Finally, Figure 9 shows the standard error of the estimate (se(yi)), which is a measure of the spread
of the estimates around the fitted value and is helpful for investigating the precision of the spatial
variation of the estimate [71]. As can be seen in the map, most of the local regressions have relative low
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se(yi), indicating that the model is less precise in the borders of Minas Gerais state and in the centre of
Goiás state.

Figure 9. Standard error of the logarithmic form of rural population.

4. Discussion

4.1. Spatial Analysis

The current approach makes two main important contributions to the land sharing/sparing
debate. First, a high resolution spatial explicit indicator of patterns of land sharing/sparing was
developed. The positive spatial autocorrelation of LSS index was expected in some regions, due to
the fact that agricultural land use classes tend to be closer to higher accessible areas and routes of
production flows. Thus, a learning point was the land sharing-dominated patterns in northern areas
where large scale agriculture has expanded significantly in the last decade and it is expected to keep
expanding in the near future [72–74]. In this sense, the shift towards a land sparing pattern in this
specific region may have consequences on both human population and ecosystem services dynamics.

As a second contribution, the hypothesis of a positive relationship between rural population
density and land sharing at landscape scales was corroborated by means of spatial analysis tools.
The adopted method for integrating rural households locations and population data at the census tracts
into grid cells showed meaningful results correlated to LSS indexes, and therefore was considered
a successful method to spatially disaggregate rural from urban population in the Cerrado.

4.2. Land Sharing/Sparing in the Cerrado

According to [31], it is not clear whether land sparing or land sharing are conceptually tied to
a particular landscape, therefore it is often ill-defined when sharing becomes sparing and a landscape
may be considered as an example of land sparing for some and land sharing for others. In this study,
the assumptions made considered that gridded landscapes of 100 km2 were suitable for studying
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spatial patterns of land sharing in a region with more than 2 million km2, by means of an index based on
a single year land use and land cover map. Recent spatio-temporal and multiscale spatial analysis tools
currently under development and implementation, such as the Geographical and Temporal Weighted
Regression (GTWR) [75] and the Multiscale Geographically Weighted Regression (MGWR) [76], offers
future possibilities for addressing the temporal and multiscale issue of rural population densities and
the land sharing and land sparing patterns of agriculture in Cerrado region.

The positive angular coefficients, resulted from spatial analysis, indicate the landscapes that
are more likely to shape the land sharing pattern of integrating land use for agriculture and
wildlife-friendly habitats, taking into account the social aspects for the conservation of natural
environments. However, the higher β1 values are located in the main agricultural expansion frontier
for grains in Brazil, the MATOPIBA region [77]. In this sense, a spatio-temporal analysis of this territory
is needed to monitor and to develop local policies for land use, as well as to access the impact of
current land sharing on the biodiversity status of preservation.

In the land sharing scope, the agriculture is seen as an essential part of the biodiversity
conservation agenda [43], so studies in other scales could enhance the understanding about the possible
benefits and trade-offs of land sharing in the Brazilian Cerrado. The results are also meaningful because
they highlighted that only about 6% of the Cerrado may still be unmanaged, considering vast areas
of contiguous natural vegetation larger than 100 km2, therefore, those are the only available lands
for sparing. Even though this sparing strategy may have contributed to the maintenance of natural
land cover in the past, the conservation benefits land sparing in the future is a matter of debate [78].
The central means to promote land sparing is by intensifying agriculture, however higher yields do not
necessarily result in lower demand for new agricultural lands [79]. In this sense, there is no evidence of
agricultural expansion slowdown in the Cerrado [80], especially in the MATOPIBA, where agricultural
expansion is observed along with any yield improvements in the last decades [81], which reduces the
amount of both natural areas and land suitable for sharing.

In such context, geopolitical strategies to promote land use systems based on the LSS model shall
not focus only on increasing yields in land sparing dominated patterns, but also on regional decisions
capable of keeping existing high indexes of land sharing associated to concentrated rural population.
Regarding production aspects, the enhancement of multimodal accessibility and infrastructure
networks capable to attend future domestic and international trading demands, represent a key
factor that might jeopardize land sharing dominated landscapes [82]. Considering Brazilian historical
autocorrelation between forest depletion and increased accessibility [83–85], smart policies based on
land sparing vs. land sharing models must take into account the local potentialities of existing roads,
railways or fluvial transportation. Thus regional conservation and agricultural production benefits can
be obtained by policies that tackle both modernization of infrastructure (especially regarding terrestrial
road routes of grain commodities from the south of Cerrado into south-eastern Brazil), and less
impacting networks as railroads and especially fluvial transportation (meat and agricultural exports
from northeast Cerrado into north and northeast Brazil). Last, but not least infrastructural planning
must include participative governance of rural population, especially traditional communities and
indigenous people, whose role in land sharing conservation patterns has been largely recognized [86].

Although it is not clear how large should natural habitats be spared for wildlife conservation
and ecosystem self-maintenance [87], according to our scale of analysis, there are more suitable areas
for a high quality matrix land sharing model of agriculture in the Cerrado than for sparing natural
lands from agriculture (24% against 6%). Policies on land sharing strategies can reduce the threats on
natural fragments, preserving important ecosystem services, and work positively on a sustainable
landscape in Cerrado region, harmonizing the increase of agriculture yield and minimizing the impact
of conservation areas.
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5. Conclusions

In this research, the spatial relationships between local rural population and land sharing/sparing
patterns were explored by means of GIS and spatial modelling. It was found that, in the scale of analysis,
spatial clusters of land sharing are more likely to occur in northern portions of the Cerrado. Although
there is a clustering trend within the rural population in eastern Cerrado, a positive association between
land sharing and rural population were identified in some areas in the centre-north of the region.

The spatial index proposed in this study derived from land use maps is easy to apply to other
contexts and environments and, associated with population data, indicates the potential areas for
agriculture intensification and/or for supporting food production in biodiversity-friendly landscapes
managed by local rural populations. So, this approach can be widely used by stakeholders to evaluate
the status of agricultural landscapes.

In practice, the approach revealed that the amount of large natural environments available in the
landscape for sparing nature from agriculture in the Cerrado is about only 6% of its total area, which
means that agriculture expansion may be limited. Also, it suggests that in the centre-northern portion
of the Cerrado there are possible areas where joint agricultural activities and social arrangements could
be of high relevance for biodiversity conservation.

Thus, policymakers should support land sharing in these areas as an opportunity for the
development of local initiatives for sustainable wildlife-friendly agriculture and maintenance of
important ecosystem services in this region. Notwithstanding, closing yeld gaps in areas of intensive
farming is needed to avoid expanssion, optimizing both strategies of land sharing and land sparing.

Finally, the major limitations of this research are on the common unavailability of high resolution
and updated data of tropical landscapes, such as high resolution land use maps and population census,
as well as the exploratory feature of GWR, which constrains its use as an inferential tool.
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