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ABSTRACT: Knowledge of the distribution of total phosphorus (P) content in native soils provides 
information on the management of ecosystem, land capability for agriculture, environmental 
quality, and biodiversity conservation. We mapped the spatial distribution of total P concentrations 
in topsoils (0-30 cm) of uncultivated (native) areas in Brazil. We obtained data on native total P 
of the southern, south-eastern, and north-eastern regions from reports of exploratory projects 
developed between 1960s and 1970s by EMBRAPA and by the RADAM Brazil Project. We 
estimated data from the central-western and northern regions from the relationship between 
total P and soil properties (Fe, Al, C and clay content), based on the RADAM Brazil Project. Soil 
total P varied widely (< 25 to > 500 mg kg–1) in all regions in Brazil. Higher concentrations (> 
500 mg kg–1) were observed in southern region compared to most of the rest of the country 
(< 200 mg kg–1), while the Cerrado (Central), Amazon (North) and Caatinga (Northeast) biomes 
are very poor in total P. This first national native soil total P map provides a valuable baseline 
for understanding the historical patterns of agriculture expansion in Brazil. It allows quantifying 
the effect of agriculture expansion and future cropping systems on soil available P content and 
legacy P, targeting regional soil-crop specific strategies for optimization of ecosystem services, 
and mitigating potential environmental risk due to P transference to water bodies.
Keywords: soil native P, legacy P, soil total P, agriculture expansion 
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Introduction

Phosphorus (P) is the most used nutrient in liming 
for plant growth in Brazilian tropical soils (Novais and 
Smyth, 1999; Roy et al., 2016). Overall, total P content in 
Brazilian soils range from 50 to over 1800 mg kg–1 (mean 
300-350 mg kg–1); however, only a very small amount of 
this P is readily available for plants. In most regions in 
Brazil, there is predominance of highly weathered soils 
(Santos et al., 2018), characterized as high-P fixing soils, 
due to strong P adsorption of 1:1 clay minerals (e.g., 
kaolinite) and iron (Fe) and aluminium (Al) oxides (Novais 
and Smyth, 1999). In addition, a substantial fraction of 
total P (30-65 %) is present in organic compounds, which 
can vary from readily available (labile) to non-available 
(non-labile) for plants (Turner et al., 2002; Condron et 
al., 2005; Shen et al., 2011). Therefore, total P content 
is expected to be closely related to the contents of clay, 
oxides (Fe and Al), and organic matter (OM) in soils.

Knowledge of the spatial variation and distribution 
of total P content in native soils may help increase 
agricultural productivity potential, environmental 
quality, and biodiversity conservation (Rossel and Bui, 
2016, Delmas et al., 2015; Matos-Moreira et al., 2017). 
Maps of total P in native soils can foster regional and/
global biogeochemistry models by providing initial 
estimates of the soil P that can be potentially mobilized 
for plant uptake and by microbes (Yang et al., 2013). 
For instance, Yang et al. (2014) presented a global map 
of naturally occurring soil total P at 0.5-degree spatial 
resolution. More recently, detailed maps of soil total P 
for managed land have been refined for many countries, 
namely Australia (Rossel and Bui, 2016), France (Delmas 

et al., 2015; Matos-Moreira et al., 2017), and the United 
States (Jarvie et al., 2015). Brazil currently does not 
have a map of national soil total P. Thus, we mapped 
the spatial distribution of soil total P in the topsoil (0-30 
cm) of uncultivated (native) areas of Brazil for a better 
understanding of patterns of past agricultural expansion, 
for quantifying rates of soil P build-up associated to 
intensive farming systems, and for optimizing soil-crop 
specific strategies for sustainable land management with 
minimal environmental impact.

Material and Methods

Original total P contents in the surface (0-30 cm) 
of Brazilian soils under native vegetation were obtained 
from reports of exploratory projects developed for the 
1960s to 1970s by the Brazilian Agricultural Research 
Corporation (EMBRAPA) and by the RADAM Brazil 
Project developed by the Brazilian Ministry of Mining 
and Energy (available soil profile data at https://
biblioteca.ibge.gov.br/visualizacao/livros/liv24027.pdf). 
These reports provided 1,593 soil sampling points with 
measured concentrations of total P (expressed originally 
in P2O5), iron oxide (Fe2O3), aluminium oxide (Al2O3), 
clay and carbon (C) content. However, these data were 
mainly obtained from the southern, south-eastern, and 
north-eastern regions of Brazil. There was lack of total 
P data for the central-western and northern regions 
(Figure 1). For all sampling points, total P was measured 
by concentrated sulfuric acid digestion.

Other 3,724 soil sampling points identified by 
the RADAM Brazil Project and other regional surveys 
(Cooper et al., 2005) provided data on Fe2O3, Al2O3, clay 
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and C contents, but not on total P. For these additional 
sampling points, total P contents were estimated using 
the STEPWISE multiple linear regression analysis in SAS 
(Statistical Analysis System, version 9.4) considering the 
clay content, C content, Fe2O3, Al2O3 and Fe2O3+Al2O3 
contents, as explanatory variables, all expressed in 
g kg–1. After discarding the outliers (88 points), the best 
fit was obtained by Equation 1: 

Ptotal=59.25+(0.0639clay)+(14.8354C)+(25.1793Fe2O3)-
(1.1199(Fe2O3+Al2O3)),

(Pr > F of 0.0001), which gave a correlation coefficient 
(R2) between measured and estimated values of 0.68 
(Figure 2). A similar dependency of total P on soil 
retention capacity was used previously to generate maps 
of soil total P in other countries (e.g. Delmas et al., 2015). 
In total, we obtained and used 5,317 points of measured 
and estimated values of native soil total P to build a map 
of their spatial distribution (Figure 1).

Figure 1 – Location of the sampling points of topsoil (0-30 cm) total P content in Brazil. Measured P values are represented by red triangles and 
estimated P values by stepwise regression by black points. The inset details the location of individual states in Brazil.

Figure 2 – Estimated total P content by stepwise versus measured 
total P content in the topsoil (0-30 cm) all over Brazil.
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If there were more than one coincident sample, the 
average was taken. This level was matched in 48 % of the 
Brazilian territory. For P level 2, the measured values of 
native P interpolated by the Voronoi diagram method 
were matched to the boundaries of the soil classification 
polygons (SiBCS). Voronoi diagrams generate polygons 
from RADAM sampling points. For P level 1, where any 
P measured values were absent in the polygons, the 
mean value of P level 2 was considered, resulting in the 
harmonized map of total native P (Figure 3).

Results and Discussion

The Brazilian territory presents large spatial 
variability in total P content in native soils, with values 
ranging from < 25 to > 500 mg kg–1 (Figure 3). Higher 
values (> 500 mg kg–1) were observed in southern Brazil, 
especially in western Paraná (PR), Santa Catarina (SC) 

In step 1 for the establishment of spatial 
distribution of total native P content, measured P values 
were plotted onto the soil classification standard map 
established as the Brazilian Soil Classification System – 
SiBCS (Santos et al., 2018). The RADAM survey database 
was standardized by soil order level, based on current 
SiBCS. Step 2 involved the spatialization of measured 
data on native total P harmonized according to the 
Boolean expression:

If P level 1 <> null, then value = P level 1 
else value= P level 2.

P level 1 - the priority level which required the field 
survey points to be matched with the boundaries of the 
soil map polygons, in the order level. If the measured 
data on soil class P coincides with the field survey 
(RADAM), the value of the field sample is considered. 

Figure 3 – Spatial distribution of native total P content (mg P kg–1) in the surface layer (0-30 cm) of the soils across Brazil. The map was built 
based on measured P values observed in reports from the 1960s to 1970s (EMBRAPA exploratory and RADAM Brazil projects) and estimated 
P values after the stepwise regression analysis considering the contents of clay, carbon, and Fe/Al sesquioxides where measured P values 
were not available.
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and northern Rio Grande do Sul (RS) States compared 
to most of the rest of the country (typically < 200 mg 
kg–1). Higher contents of native P are predominantly 
found in Oxisols (“Latossolos” and “Nitossolos” – SiBCS, 
Santos et al., 2018) and Inceptisols (“Cambissolos” – 
SiBCS) developed over P-rich apatitic parent material 
and containing high contents of clay, Fe, and/or Al, as 
well as a large capacity to adsorb P (Rodrigues et al., 
2016). In addition, higher organic C stocks in these soils 
(Bernoux et al., 2002) contribute to the accumulation 
of organic P forms, highly important for recycling P 
in non-agricultural environments without the input of 
mineral/organic fertilizers. Brazilian grain production 
(e.g. soybean, maize, and wheat) first started in the 
P-rich areas in the southern regions of the country in 
the early 1900s, when Europeans and their descendants 
(e.g., Italians, Germans, and Polish) migrated to Brazil 
to escape war and famine.

Moving north, part of states of São Paulo (SP), 
Minas Gerais (MG), Goiás (GO), and Tocantins (TO) 
have mostly intermediate total P contents (200-400 mg 
kg–1); however, with some specific hotspots containing 
more than 800 mg kg–1 (Figure 3). Soils in these 
states are also characterized by intermediate C stocks 
(Bernoux et al., 2002) and have expanded more rapidly 
to sugarcane and coffee production and livestock, from 
the early to the middle of 1900s, with a the general 
expansion of grain production in the last two decades 
(Dias et al., 2016). 

More recently, between the 1970s and 1990s, the 
agriculture frontier expanded toward the Cerrado biome 
(Brazilian Savanna), in the central-western region (e.g., 
states of Mato Grosso do Sul (MS), Mato Grosso (MT) 
and Goiás (GO)) and their borders with north-eastern 
and northern regions (e.g. states of Tocantins (TO), Pará 
(PA), Bahia (BA), Piauí (PI) and Maranhão (MA)). At this 
time, agriculture was established on chemically poor 
soils with high acidity levels, very low contents of total 
P (< 200 mg kg–1), and negligible available P levels (< 1 
mg kg–1 Mehlich-1), besides other nutrient limitations. 
These areas require high inputs of lime, gypsum, and 
fertilizers to develop initial crop production (Roy et 
al., 2017). Moreover, the Cerrado biome currently 
remains the main frontier region for Brazilian cropland 
expansion (Dias et al., 2016). 

The lowest contents of soil total P (between 50 
and 200 mg kg–1) are observed in MT, MS (excluding 
Pantanal region) and other states of the northern 
and north-eastern regions of Brazil (Figure 3). Soils 
in these regions are predominantly Ultisols, Alfisols 
(Argissolos – SiBCS) and Psamment/Entisols (Neossolos 
Quartzarênicos – SiBCS) developed from base-poor 
arenitic parent materials (e.g in the Amazon basin; 
Bigarella, 1973), with low clay contents and C stocks 
(Bernoux et al., 2002), and are more susceptible to P 
removal (erosion/runoff). Agricultural intensification in 
these areas in recent decades, and further expansion 
predicted for the next one (MAPA, 2016), has 

required efficient and sustainable fertilizer/soil/crop 
management practices. For example, application of 
fertilizer in the seed furrow, use of more controlled 
released P fertilizers, no-tillage management, and 
intercropping with cover crops, to minimize both P 
loss by runoff/erosion and/or soil P adsorption. A 
challenge for future agriculture is sustaining high crop 
yields without heavy applications of fertilizers in these 
regions.

Our mapping of native soil P across Brazil 
indicated that large-scale grain production started in 
the early 1900s on more naturally fertile clayey soils 
in southern/south-eastern regions with higher OM 
levels and total P content. Increasing demand for 
food, fiber, and energy then led to further expansion 
on the P-depleted poorer soils of the central-
western, northern, and north-eastern Brazil in the 
late 1980s, demanding high inputs of fertilizers and 
other amendments to improve the soil capacity for 
crop production. The remaining areas of potential 
agricultural expansion are also on these poorer soils 
and require a rigorous soil management, especially 
to control soil erosion, reduce soil acidification, and 
increase nutrient availability in order to avoid adverse 
environmental impacts. 

 Moreover, this first national map of topsoil 
total P provides pioneering information that can used 
as a baseline for quantifying the accumulation of legacy 
soil P arising from agricultural expansion. In addition, it 
can help to guide land suitability mapping, sustainable 
land use, and soil P management that ensure profitable 
agricultural productivity, mitigating environmental 
risks that have affected other countries. For soil 
scientists, this dataset may be useful for modelling soil 
P dynamics, as well as potential soil P losses by runoff/
erosion, particularly in native vegetation areas where 
fertilizer is not applied. Finally, as a base resource, 
the total P map also provides material for soil fertility 
studies and knowledge dissemination on P management 
in Brazilian soils. 
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