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Phosphorus transfer at a small catchment in southeastern Brazil:
distributed modelling in different land use scenarios
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ABSTRACT

Identifying and ranking nutrient loss risk areas are important steps towards integrated catchment management. This study aimed
to apply the P index model at the Posses catchment, south of the state of Minas Gerais, Brazil. We applied the P index for the
current land use at the Posses catchment and for two hypothetical scenarios: scenario 1, in which P fertilizer was applied to all land
uses, except for native forests; and scenario 2, which considered the use of P fertilizer as in scenario 1, and that the Environmental
Protection Areas referring to the riparian forests and springs were totally restored. Considering current land use, almost the whole
catchment area (91.4%) displayed a low P loss risk. The highest P index was associated to croplands and eucalyptus plantations.
Regarding scenario 1, areas under pasture fell into the low (15.1%), medium (45.5%), high (27.1%) and very high (12.3%) P index
categories. Environmental Protection Areas on scenario 2 decreased the P loss risk from the scenario 1 in 37.6%. Hence, the model
outputs indicate that the reforestation of buffer zones can decrease P loss risk in the case increasing use of P fertilizer. The P index
model is a potential support tool to promote judicious use of fertilizers and conservation practices at the Posses catchment.

Index terms: P index; nutrient loss; water erosion; land use management; environmental services.

RESUMO

Identificar e classificar areas quanto ao risco de perda de nutrientes sdo passos importantes para o manejo integrado de bacia hidrografica.
O objetivo deste estudo foi aplicar o modelo indice P na bacia hidrografica das Posses, Extrema-MG. O indice P foi empregado sobre as
condi¢des atuais de uso da terra na bacia hidrografica das Posses e na simulacdo de dois cendrios: cenario 1, o fertilizante P foi aplicado
para todos os usos, exceto para florestas nativas e, cendrio 2, além do fertilizante P ser aplicado da mesma forma que no cendrio 1,
considerou-se que as Areas de Protecdo Ambiental referentes as matas ciliares e nascentes fossem totalmente restituidas. Considerando
o uso atual, quase toda a bacia hidrografica (91,4%) apresentou baixo risco de perda de P. O maior indice de P foi associado a lavouras e
plantacdes de eucalipto. No cendrio 1, as pastagem apresentaram indice P baixo (15,1%), médio (45,5%), alto (27,1%) e muito alto (12,3%).
No cenério 2, as Areas de Protecio Ambiental promoveram uma reducdo de 37,6% no risco de perda de P do cenério 1. Dessa forma, os
resultados do modelo indicam que o reflorestamento de matas ciliares pode reduzir o risco de perdas de P no caso do aumento do uso
de fertilizantes. O indice P ¢ uma potencial ferramenta para promocao do uso criterioso de fertilizantes e de praticas conservacionistas
na bacia hidrografica das Posses.

Termos para indexacdo: indice P; perda de nutrientes; erosdo hidrica; gestdo do uso da terra; servicos ambientais.

INTRODUCTION

Nutrient transport from agricultural areas to water
bodies has been regarded as one of the most serious
environmental problems decreasing soil and water quality.
Nutrient losses due to erosion deplete soil fertility. Also,
nutrient-enriched sediments can contaminate water
courses. This has led to several studies about nutrient
losses involving erosion, mainly from non-point sources
areas (Buchanan et al., 2013; Mardamootoo; Kwong;
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Preez, 2013; Collins; Stutter; Kronvang, 2014; Ockenden
et al., 2014; Zhou et al., 2015). Phosphorus has been
highlighted in several studies because it is often the limiting
element to eutrophication of freshwaters (Schindler, 1977,
Sharpley et al., 2013; Campbell; Jordan; Arnscheidt,
2015; Dechen et al., 2015; Gatiboni et al., 2015; Cela et
al., 2016; Lou et al., 2016; Roberts et al., 2017). Land use
may strongly influence P transfers on catchments: higher
rates of fertilizer application are expected on intensively
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cultivated croplands, as well as increased run-off and soil
losses. On the other hand, reforestation of riparian zones
may limit sediment delivery to water courses, which can
help decrease P transfer.

Many detailed models have been developed to
estimate P transfer (Beasley; Huggins; Monke, 1980;
Williams; Jones; Dyke, 1984; Arnold et al., 1998;
Gollamudi; Madramootoo; Enright, 2007), but there are
also simpler tools, such as the P index model, which
require much less input data and can be used at field
and catchment scales (Bechmann; Stalnacke; Kvaerno,
2007). The P index was first developed by Lemunyon
and Gilbert (1993) to identify and rank vulnerable
sites to P losses and to support management planning
towards reducing P loss from a watershed. Other P
index versions have subsequently been developed
for different conditions of soil, climate, land use and
management (Eghball; Gilley, 2001; Sharpley et al.,
2003; Weld et al., 2003; NRCS, 2006; Bechmann;
Stalnacke; Kvaerno, 2007; Ketterings et al., 2017). The
main differences between these versions are related to
the calculation structure (additive or multiplicative)
and the inclusion of additional factors to account for
specific local conditions.

The P index has been widely employed in many
regions of Canada, Europe (Sharpley et al., 2012), and
by 47 states of the USA to estimate the risk of P loss
from agricultural areas to surface waters (Berzina;
Sudars, 2010). However, there are still few studies on
the P index in Brazil. The P index was used by Lopes et
al. (2007) in order to model P loss risk in a 52.48 km?
catchment, while Oliveira et al. (2010) analyzed four
P index versions using erosion plot data. Both studies
were carried out in southern Brazil. However, the south-
eastern region of the country also faces serious problems
resulting from the conversion of natural ecosystems into
agricultural ones, such as nutrient losses by erosion
and the contamination of streams and water reservoirs
(Taffarello et al., 2016). Hence, a useful assessment
tool, such as the P index, still needs to be tested for
such conditions.

The Brazilian Payment for Environmental
Services (PES) program has been looking for tools to
assist in a more sustainable rural development and P
index can be a useful assessment tool in this program.
The PSE was developed by the Brazilian National
Water Agency (ANA) to foster the adoption of forest
restoration and soil conservation, in order to improve
ecosystem services related to soil and water (Richards et
al., 2015). Financial incentives are given to landowners
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who make adjustments in their farms in order to meet
environmental requirements. ANA has also created the
Water Producer Program and the Water Conservation
Program, which were developed in order to protect the
headwater catchments of the Cantareira System: a very
large set of water reservoirs and catchments that provide
water to more than 10 million people in the City of Sdo
Paulo (Pereira et al., 2010). In the Posses catchment, the
Water Producer Program is developing a protocol to be
applied elsewhere in Brazil to estimate environmental
benefits and setting financial awards for complying
landowners (Guedes; Seehusen, 2011; Jardim; Bursztyn,
2015). In such context, models can be of valuable aid in
order to understand and to simulate the effects of land use
changes and support practices on soil and water quality.

This study aimed 1) to use the P index model to rank
the risk of P loss in the Posses catchment; 2) to evaluate
the effect of land use changes on P loss risk; and 3) to
contribute to discussions on how the P index model can
be employed in the PES program.

MATERIAL AND METHODS

Study site

The study was conducted at the Posses catchment,
which covers an area of 1,200 ha within the Jaguari River
Basin, and is located at the Municipality of Extrema, State
of Minas Gerais, Brazil (Figure 1). The Jaguari River is
the longest river of the Cantareira System (Pereira et al.,
2010). Although heavily deforested, the Posses catchment
is located in a very vulnerable biome, the Brazilian Atlantic
Rainforest. Posses has a Cfb climate (humid subtropical
with temperate summer and temperatures between 18 and
22 °C), according to the Kdppen classification and the
average annual precipitation of 1,447 mm.

In the Posses catchment, elevations and slopes
range from 947 to 1,456 m and from 0 to 168% (mean
of 27%) respectively (Figures 2A and 2B). The main
soil classes, according to Soil Survey Staff (1999), are
Ultisols (Red-Yellow Argisols (PVA), in the Brazilian Soil
Classification System (Santos et al., 2013)), Inceptisols
(Humic (CH) and Haplic (CX) Cambisols), Entisols
(Litholic (RL) and Fluvic (RY) Neosols). Figure 2 displays
the digital elevation model (DEM), slope, soil map and soil
sampling sites, and land use distribution in the catchment.
These maps have a spatial resolution of 30 m, and the DEM
was obtained from the Shuttle Radar Topography Mission
(SRTM), also with 30 m spatial resolution.
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Figure 1: Location of Posses catchment in the Municipality of Extrema, State of Minas Gerais, Brazil.
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Figure 2: Digital elevation model, slope, soil class and soil sampling sites, land use maps in the Posses catchment and the
simulated land use relating to the scenario 2 (see section “Simulations of land-use scenarios in the Posses catchment”). PVA
stands for Ultisols (Red-Yellow Argisols), CH for Inceptisol (Humic Cambisols), CX for Inceptisol (Haplic Cambisols), RL for
Entisol (Litholic Neosols), and RY for Entisol (Fluvic Neosols). EPA stands for Environmental Protection Areas.
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The catchment is characterized by mixed land use
and small farms, as displayed in Figure 2D, which was
produced by visual interpretation of a QuickBird satellite
image (0.60 m resolution) from 2011. The main land uses
are pastures, eucalyptus plantation, agriculture (maize),
and native forest. A great part (78%) of the catchment, at
the moment of the study was occupied by old, degraded
pastures; whereas 4% of the area was under agriculture,
3% under eucalyptus plantation, and the remaining under
native forest.

Framework for P index

The P index is determined according to Equation 1:

P index = (Source factor * Transport factor * ™
Precipitation factor) / 4

Table 1 shows the parameters and data used for the
proposed Posses P index, presented in terms of source and
transport factors.

Due to low livestock density and low amounts of
manure used in the Posses catchment, in comparison to
other areas for which the P index was applied, manure
was not included as a source factor for the Posses P index.

A flowchart showing the integration of all the major
procedures described above for estimating the P index is
presented in Figure 3.

Source factors

The spatial distribution of soil test P (P Mehlich-1)
was obtained by an interpolated map with 30 m grid cell
resolution, based on 150 soil samples (0 to 20 cm depth)
taken in the field (Figure 2B). The interpolation was
performed by inverse distance weighting (power value
equal to 1). Cross-validation results displayed values of
-0.20 mg kg and 11.35 mg kg for the mean absolute error
and the root-mean-squared error, respectively.

Information about fertilizer P rates and application
methods was gathered from local farmers. Due to typically
high P absorption on tropical soils, the amount of P applied
must be greater than that removed by plants (Lima et
al., 2014). Hence, the P balance was set to 1.2 for sites
where the fertilizer P was applied, that is, in agriculture
and eucalyptus plantation areas. No fertilizer P has been
applied on areas under pasture or native forest.

Transport factors

Erosion modelling

Soil losses were modelled using the RUSLE
(Renard etal., 1991) - the revised version of the Universal
Soil Loss Equation (Wischmeier; Smith, 1965, 1978) -
through GIS software. This approach can be summarized
by the following Equation 2:

Table 1: Factors and weightings used for calculation of P index in the Posses catchment, Minas Gerais, Brazil.
Suggested weightings refer to the Bechmann, Stalnacke and Kvaerno (2007).

Factors

Relative Weightings

Source factors
Soil P status
Fertilizer P rate

Application method
Fertilizer rating
P balance

Source factor
Transport factors
Soil erosion
Surface runoff
Contributing distance
Modified connectivity
Transport factor

0.2 x soil test P (mg kg™)
P fertilizer (kg ha'yr™)

0.4 (incorporated following application) and
1.0 (surface applied and not incorporated)

Fertilizer P rate x Application method
0.8 (P removal > P application), 1.0 (P removal = P application) and 1.2 (P

removal < P application)

(Soil P status + Fertilizer rating) x P balance

Soil loss (Mg ha'")

0 (very low), 2 (low), 4 (medium), 6 (high), 8 (very high)

0.2(>50m)and 1.0 (<50 m)

0.7 (riparian buffer > 5 m) and 1.1 (direct connection)
(soil erosion + surface runoff) x contributing distance x modified connectivity
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Figure 3: Flowchart of the P index model.

A=R*K*LS*C*P (2)
where: A is soil loss (Mg ha'!l yr'); R is erosivity factor (MJ
mm ha'! h'! yr!); K is erodibility factor (Mg h MJ! mm™);
LS is topographic factor (dimensionless) , representing
slope length and steepness, C is cover-management
factor (dimensionless), and P is support practice factor
(dimensionless).

The R-factor value used in this study is 8,213
MJ mm ha'! h'! yr!, which was obtained by Pontes et al.
(2015). These authors obtained the EI, data for the Posses
catchment through pluviographic records. The K-factor
map was taken from Avalos (2016). Other factors employed
to model soil erosion are described in more details below.

Slope-length (L factor)

The L factor defines the impact of slope length
on soil losses. In this study, the factor was calculated
according the concept of the unit-contributing area
proposed by Desmet and Govers (1996). Equation 3 was
applied to a 30 m resolution DEM:

.)m+1-A;1+|:| /[Dm+z(sin %Jrcos%)m (22,13)"]} (3)

where: A, (m?) is the contributing area at the inlet of a grid
cell with coordinates (i, j); D is the grid cell size (m); ¢ is
the aspect direction for grid cell; and m is related to the
ratio B of the rill to interill erosion (Equations 4 and 5).

m=p3/(B+1) 4)

where,

B = (sin 0,/0.0896) / (0.56+3 * (sin6)** 5)

Slope-steepness (S factor) factor

The S factor measures the effect of slope steepness
on soil losses. In this study, the S-factor calculation was
performed using a 30 m DEM and by applying Equation 6,
proposed by Wischmeier and Smith (1978):

Sij =65.41 * sin Oij +4.56 * sin Gij +0.065 (6)

where: 0 is the gradient of slope in degrees.

All terrain analyses were implemented using the
System for Automated Geoscientific Analyses (SAGA).

Cover management factor (C factor) and support
practice factor (P factor)

The cover management factor was based on land
use map from Posses catchment. Each land use received a
C factor value according to literature works that were made
in regions similar to the studied area (Table 2).

Table 2: Values of cover management factor (C factor) for
land uses from Posses catchment, Minas Gerais, Brazil.

Land use C factor Source
Agriculture  0.156  D® Ma@':tzrﬁ;g%r)“bard'
Eucalyptus .
plantation 0.121 Silva et al. (2016)

Native forest 0.015 Silva et al. (2016)

Pasture 0.025 Dedecek, Resck and Freitas

(1986)
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The P factor is the ratio between soil losses with a
specific support practice and the corresponding losses with
upslope and downslope tillage. These practices mostly affect
erosion by modifying the flow pattern, grade, or direction
of surface runoff and by reducing the amount and rate of
runoff (Renard; Foster, 1983). The P factor was set to 1.0
for the entire study area, since no support practices were
identified in the catchment.

Surface runoff

Only overland flow was taken into account as
responsible for the transport of P to the water bodies for
the Posses P index because most of Posses soils are oxidic
(with high levels of Fe and Al oxides) and drainage is seldom
needed. Also, neither subsurface flow nor groundwater flow
were taken into account for Posses P index because of the
high capacity of the Posses soils to adsorb P and avoid its
leaching to the major soil depths (Xu; Christodoulatos;
Braida, 2006; Elzinga; Sparks, 2007).

The surface runoff classes were based on soil
permeability classes and field slope, according to Table 3.
Permeability classes were determined for each soil types
in the Posses catchment by Silva et al. (2013), though
saturated hydraulic conductivity analysis of undisturbed
soil samples using constant head permeameter according
to Lima et al. (1990). Slope classes were identified using
a 30 m resolution DEM, which was processed using the
Spatial Analyst tool set of ArcGIS 10.1 (ESRI).

Contributing distance and modified connectivity

Mobilisation and transport of P can be altered
by contributing distance and modified connectivity.
Contributing distance is taken as the distance from the
edge-of-field to the stream. A limit of 50 m distance from
field to stream was taken because areas greater than 50
m from the open stream were shown to be less important
for nutrient transfer than near-stream sites (Johnes;
Heathwaite, 1997).

According to Sharpley, Mcdowell and Kleinman
(2001), the risk of causing pollution in the stream can
be reduced by vegetated buffers. However, through field
description and image classification, no consistent buffer
vegetation was detected around the water-bodies at Posses
(Figure 2D). Hence, the modified connectivity factor was
taken as 1.1 for all areas within the catchment (except in
scenario 2, as discussed in section “Simulations of land-
use scenarios in the Posses catchment”).

Management interpretation

The P index can provide a base for improving
catchment management. However, the practices utilized
to reduce P loss can vary from one site to the next.
Some effective measures pointed out by NRCS (2006)
were: planting high P-use crops, reducing fertilizer
application rates, practicing different application methods
(incorporation versus broadcast), and timing (growing-
season applications and split-applications).

Also, soil and water conservation practices, such as
maintaining crop residues on soil surface, contour planting,
terraces construction, reduced tillage and no tillage (Didong,
Minella and Evrard, 2017; Le Gall et al., 2016; Rocha Junior
etal.,2017), are used in Brazil to control erosion and nutrient
transport. In this sense, a P index classification was performed
according to Table 4 (Sharpley; Mcdowell; Kleinman, 2001).
On this table are also illustrated some interpretations and
recommendations to each P loss risk class.

Simulations of land-use scenarios in the Posses
catchment

Two scenarios were designed in order to simulate
the effect of land use changes on P loss risk in the Posses
catchment. Scenario 1 was built in order to identify where
the highest P losses tend to occur if P fertilizer would
be surface applied on pastures. Also, on agriculture and
eucalyptus plantation areas were suggested the same P
fertilizer management remarked previously topics.

Table 3: Surface runoff class as a function of soil permeability class and slope (adapted from NRCS, 2006).

Slope Soil Permeability Class
(%) Veryrapid Moderately rapid and Rapid ~ Moderate and Moderately slow Slow Very slow
<1 Negligible Negligible Negligible Low Low
1-5 Negligible Very low Low Medium High
5-10  Verylow Low Medium High Very high
10-20  Very low Low Medium High Very high
>20 Low Medium High Very high  Very high
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Table 4: Phosphorus index management guidance (adapted from Sharpley; Mcdowell; Kleinman, 2001; Weld et

al., 2003; NRCS, 2006).

P index value P loss risk class

Interpretations and recommendations

Low potential for P loss. If current farming practices are maintained, there is a
low risk of adverse impacts on surface waters.

Medium potential for P loss. The chance for adverse impacts on surface waters
exists, and remediation measures should be taken to minimise the probability

of P loss. Use of the P index to identify specific field areas that could represent

long-term concerns; and conservation practices should be implemented to
lower the probability of future P losses from those areas.

High potential for P loss and adverse impact on surface waters. Soil and water

conservation as well as P management measures should be taken to reduce

the risk of P movement and water quality degradation.

Very high potential for P loss and adverse impact on surface waters. Remedial

<30 Low
30-70 Medium
70-100 High
>100 Very high

action should be taken to reduce the risk of P movement. All necessary soil
and water conservation practices and a P-based management plan must be
implemented to minimize P losses.

Scenario 2 aimed to check the effect of Environmental
Protection Areas (EPA) (“Areas de Conservagio
Ambiental”) proposed by the Water Resources Plan of
Extrema municipality (Saad; Silveira, 2013) on P loss risk
in farming areas within the Posses catchment. The Posses
EPA include buffers of 30 and 50 m along riparian areas and
springs, respectively, and around areas with slopes greater
than 100% or located above 1,100 m altitude, mandatory
under the Brazilian Forest Code. It is worth highlighting that
these EPA are set to conserve biodiversity and ecosystem
services, and cannot be used for direct economic benefit by
landowners (Rodrigues et al., 2011).

Figure 2E displays the spatial distribution of crop,
eucalyptus plantation, pasture areas, and EPA in the Posses
catchment, suggested on scenario 2. Unlike agriculture,
eucalyptus plantation, and pasture areas where the P
fertilizer was suggested according to scenario 1, no P
fertilizer were recommended for native forest and EPA.
Additionally, for the modified connectivity a value 0.7 was
set because of the buffer along all riparian areas.

Principal component analysis

Principal component analysis (PCA) was performed
to explore the relationships between variables and to
identify the principal factors that affected the P-index
values for current land use in the Posses catchment.
The correlation based PCA was applied to the following
variables: contributing distance, surface runoff, soil
test P, P balance, fertilizer P rate and soil loss. The P
index was defined as a supplementary variable. The data
was standardized to have mean 0 and deviation 1. The

supplementary variable was not used for the components
extraction, but was plotted in the biplot graphic for visual
interpretation.

RESULTS AND DISCUSSION

Erosion modelling

Figure 4 displays the maps of LS and C factor and
of soil losses for Posses catchment. The average soil loss
was 29 Mg ha'! yr' and few areas had erosion rates >50
Mg ha! yr! (Figure 4C). These highest soil loss values
are related to intensive land use, such as croplands and
cucalypt (Table 5). The lowest values were found in the
areas closest to the stream channel. In addition to (or
because of) the tendency of lowlands to receive sediments
from uplands the near stream areas are flatter, RUSLE
predicted low erosion rates (Figure 2A and 2B).

In this study, it was assumed a single R factor and
that no erosion control practices were implemented to
mitigate soil losses. Thus, despite the K factor influencing
soil losses, the variation of the erosion process was more
associated to the LS and C factors (Figure 4A and 3B).
The greatest erosion rates were located over the agriculture
and eucalyptus plantation (Figures 4C and Table 5). The
erosion rates on pasture areas were also high, but the C
factor value used for such land use might not be able to
reflect the spatial variation of this parameter and can be a
source of uncertainty in the model. Additionally, the lowest
erosion rates for native forest highlight the protection
offered by forests against erosion process, once 75% of
this land use is on slopes steeper than 20%.
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Figure 4: Maps of L-factor, S-factor, C-factor and soil loss for Posses catchment.
Table 5: Average P index factors for each land use within the Posses catchment.
) o Land use
Site characteristics - - :
Agriculture Eucalyptus plantation Native forest Pasture
Source factors
Soil test P (mg kg™ 55+42 8.2+5.0 5.8+4.0 6.5+4.9
Fertilizer P rate (kg ha™) 42,4+ 4.7 21.5+43 0.0 0.0
Fertilizer application method’ 0.4 0.4 - -
P balance factor’ 1.2 1.2 - -
Source factor! 21615 12.3+2.1 1.2+0.8 1.3+1.0
Transport factors
Soil loss (Mg ha' yr™) 114.9 +50.9 103.8 + 59.7 17.0 £10.0 235+12.6
Surface runoff’ 46+1.7 45+ 1.7 49+1.7 5.0+1.8
Contributing distance’ 0.2 0.2 0.2 0.2
Modified connectivity' 1.1 1.1 1.1 1.1
Transport factor’ 27.8+17.1 242 £14.5 5.6+3.8 7.2+54

'Dimensionless.

Source factor

Soil test P values ranged from 1.3 to 58.5 mg kg
with mean value of 6.4 + 4.8 mg kg' over the Posses
catchment (Figure SA). Figure 4A displays the highest soil
test P concentrations near stream areas at the lower tract of
the catchment. These areas are deposition sites for upland
eroded sediments, and the enrichment of P by erosion
could explain the higher P content near the stream areas.
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Phosphorus test values ranged from 3.3 to 26.5 mg
kg over the eucalyptus plantation areas. High values could
be due to fertilizer applied, such as the mineralization of P
from eucalyptus organic matter. In pasture and native forest
areas, it was found soil test P values ranged from 1.3 to
58.5 mg kg and 1.7 to 33.6 mg kg'!, respectively. Unlike
expected, soil test P average from pasture was higher than
native forest areas (Table 5). The variability of landscape
position and soil classes within a single land use can be an
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Figure 5: Maps of soil test P and source factor for Posses catchment.

explanation for wide range of observed P test values and are
reflected in the high standard deviations around the average
for specific land uses (Table 5).

Soil P ranged from 1.6 to 27.3 mg kg over
the agricultural areas. Despite the highest amount of P
fertilizer applied on agricultural areas, they also presented
the lowest soil P (Table 5). These lowest P levels could
be due to the soil tillage practices employed by small
farmers in the agricultural areas. These practices usually
break soil aggregates, increasing particle surface area
and, consequently, P adsorption. Smaller aggregates are
preferentially transported by overland flow, which might
contribute to the depletion of soil nutrients by erosion in
such context. Moreover, plant uptake on croplands may
contribute to further decreasing soil P at the time of the
analysis, in comparison to other land uses.

The P source factor presented in Figure 5B
and Table 5 suggested that not only agriculture and
eucalyptus plantation but also the near stream areas
should be carefully monitored to prevent high P losses.
Protection practices and restoration of buffer areas along
the riparian zones and springs can be options to reduce
off-site erosion impacts at the Posses catchment. In
addition to these practices, the management of fertilizer
P also can be an option to reduce the risk of P loss to
the water courses.

Transport factor

Figure 6A illustrates that most areas (89.8%) were
classified as having medium to very high risk of surface

runoff while the remaining were classified as having low
to very low risk. The risk varied with soil class, and the
highest values were obtained for RL, RY and CX (Figures
2 and 6A). On the near-stream areas the transport factor
was strongly influenced by the surface runoff while on
fields located far away from the streams the variations in
the transport factor depended more on the erosion rates
(Figures 4C, 6A and 6B). This emphasizes the effect of
surface runoff from the near-stream areas and reinforces
the importance of adding the surface runoff factor in the P
index model. Even though soil erosion and surface runoff
have been important to the P losses, other factors such as
contributing distance and modified connectivity are also
important (Table 5).

P transport factor reached a maximum value of
212.0 with mean value of 8.4 over the Posses catchment
(Figure 6B). In relation to land use, the highest transport
factor values were found in agriculture and eucalyptus
plantation areas while the lowest values were found
in native forest areas (Table 5). Such values depict the
influence of land use on the P index model outputs.
According to these results, support practices on agriculture
and eucalyptus plantation areas are important in order to
secure environmental quality.

P index for current land use

Spatial distribution of the relative risk of P loss (P
index) for the Posses catchment is illustrated in Figure 7.
Almost the whole catchment area (91.4%) was classified as
having low P loss risk. The explanation for this is that most
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of the catchment area is under pasture (Figure 2D), managed
without fertilizer addition, in soils that are naturally poor in
P (Figure 5A), and with high capacity to adsorb P (mainly
the PVA and CX - Figure 2C). Several authors highlight the
low availability of P in tropical soils, as well as the high
adsorption capacity of Fe and Al oxides (Fink et al., 2014;
Pozza et al., 2007; Ribeiro et al., 2011).

Medium and high P loss risk areas were largely
concentrated in near-stream zones (Figure 7). These
sites receive and store P-enriched sediments from eroded
uplands, which contributed to increase the P source

Surface runoff
class

B Very low
8 Low
O Medium
B High
® Very high

Transport
factor

e : - 212.0
c |
!

-0

Figure 6: Maps of surface runoff and transport factor
for Posses catchment.
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factor values. Also, although near stream zones are less
susceptible to erosion processes, others factors, such as the
surface runoff and connectivity to stream, can contribute
to the transport of P stored in these sites, which also helps
to explain the highest P index value for these areas.

The very high P index values were found mainly at
agriculture and eucalyptus plantation areas due to the highest
source and transport risks (Table 5 and Figure 7). These
results may also reflect both the excessive soil tillage that is
carried out downslope and the absence of soil conservation
practices by landowners, as observed by Lopes et al. (2007).
Thus, better management practices can be focused on these
fields. Furthermore, Bechmann, Stalnacke and Kvaerno
(2007) pointed out that the P index limit above which
special targeted measures must be implemented depends
on the water quality improvements to be established. These
approaches can assist the decisions about what and where
additional measures of management or monitoring the
land use within a catchment should be performed. In such
context, further knowledge about how variables affect the
P index outputs in specific situations is desirable.

The relationships between the principal variables
associated with the P index for the Posses catchment
are illustrated by Figure 8. The first three principal
components (PC) explained up to 81.78% of the total data
variability (Table 6). Although PC, has been relevant in
discriminating the contributing distance factor, most of
percentage in accumulated variance was explained by the
first component (44.36%).

P index class

® Low (<30)

@ Medium (30 - 70)
o High (70 - 100)

® Very high (>100)

Figure 7: The P index map for Posses catchment.
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Figure 8: Spatial projection of the eigenvectors of the
variables in the first two principal components (PC)
for the Posses catchment. CD: contributing distance;
SR: surface runoff; STP: soil test P; PB: P balance; FPR:
fertilizer P rate; SL: soil loss.

The graphical translation of the high correlation
between P balance, fertilizer P rate, soil loss and P
index can be visualized in Figure 8. Such correlation
illustrates the great influence of the soil loss factor on
the P index values, especially on fields located far away
from the streams. Also, it highlights the importance of

the judicious use of fertilizers in the entire catchment,
which was expressed by the high correlation between
P balance and fertilizer P rate variables with the P
index. The amount of the applied fertilizer P was also
highlighted by Oliveira et al. (2010) as one of the most
important factors influencing the values of P index. The
other variables were more correlated with each other and
with CP,, which demonstrates that the importance of the
surface runoff on P index is higher in near stream areas,
where the values of contributing distance and soil test P
were also high. Also, these results showed that in addition
to the three factors (soil loss, distance to streams and soil
test P) used by Lopes et al. (2007) in the calculation of
P index, the additional variables used in this study are
relevant in the Posses catchment.

These findings present important insight into the
implications of P index approach as a watershed management
tool. Moreover, this model can substantially improve our
comprehension of how highland management contributes
with P loads to downstream areas. Also, as P index is a
semi-empirical model, further researches are still needed to
verify whether the weights for each factor used are ideal to
the Posses conditions. However, the principal component
analysis provides information about what factors (or
variables) should be better managed according to the stream
water distance to avoid the P losses in the Posses catchment.

Table 6: Principal component analysis for the first six principal components (PC) considering variables associated

to the P loss risk in the Posses catchment.

Principal components PC, PC, PC, PC, PC, PC,
Eigenvalues 2.66 1.44 0.81 0.76 0.28 0.05
Total variance (%) 44.36 23.93 13.49 12.70 4.67 0.85
Cumulative variance (%) 44.36 68.29 81.78 94.48 99.15 100.00
Factor coordinates of the variables
PC1 PC2 PC3

CcD -0.159 0.663 0.649

SR -0.103 0.687 -0.592

STP -0.086 0.708 -0.048

PB 0.962 0.113 0.080

FPR 0.952 0.091 0.094

SL 0.887 0.047 -0.145

Pindex* 0.869 0.186 0.054

*Supplementary variable. CD: contributing distance; SR: surface runoff; STP: soil test P; PB: P balance; FPR: fertilizer P rate; SL: soil loss.
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P index for simulated scenarios

Although pasture areas in the current scenario had
low risk of P loss, changes in land use may to occur. The
improvement of the nutritional status of the pastures through
fertilization may be one of these changes. Figure 9A displays
how the P index responds to pasture fertilization.

In scenario 1, the P loss risk for areas under pasture
fell into the low (15.1%), medium (45.5%), high (27.1%)
and very high (12.3%) categories (Figures 9A and 9D).
These results further clarify how pasture areas can become
potential P loss risk sites if fertilizer P is applied on these
areas without additional soil conservation practices.

Although the recovery of degraded pastures is
environmentally interesting because it avoids deforestation
for pasture formation and because pastures are suitable for
the soils in the Posses catchment (Lima et al., 2013a; Silva et
al., 2013), great care must be taken when using P fertilizers
in this process. Due to phosphorus being essential to plant
growth and highly adsorbed by Brazilian soils, forming
low solubility compounds, this element is usually applied
in an amount greater than required by plants (Lima et al.,
2014). This fact further heightens the importance of soil
conservation practices in order to avoid water contamination
due to deposition of P-enriched sediments.

P index class

® Low (<30) O High (70-100)
@ Medium (30-70) ® Very high (> 100)

In addition to P fertilization, another land use
change being encouraged is the incorporation of areas
intended for Environmental Protection Areas, referred
to in this study as scenario 2. These areas include
the vegetated buffers which are accounted for in the
Norwegian P index by adding a modified connectivity
variable in the transport factor of 0.7. This scenario
decreased the risk of P losses in 37.6% of the catchment
area in comparison to the scenario 1 (Figures 9A, 9B
and 9C). The highest decreases were predicted for high
and very high P index classes in pasture areas; and for
very high P index class in eucalyptus plantation areas
(Figure 9D). These results confirm that the EPA may
help the environmental quality and concordats with Lima
et al. (2013b) and Silva et al. (2013), who mentioned
that the maintenance of vegetation cover can reduce
surface runoff and soil erosion, which consequently will
reduce the P index in the Posses catchment. In addition,
according to Lima et al. (2013b), the use of vegetative
and mechanical practices of soil conservation should also
be carried out in this catchment. However, the effect of
different soil and water conservation techniques on P
losses is an issue that needs to be explored further in
the catchment.
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Figure 9: P index maps for scenario 1 (A) and scenario 2 (B), distribution of P index classes into each scenario (C)
and average values of P index for land uses (D) at Posses catchment.
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The P index has a great potential to be employed
by the soil and water conservation programs as a tool for
planning and monitoring land use in catchments. However,
this model can be improved through additional studies to
make it applicable also to other Brazilians catchments.

CONCLUSIONS

The P index model identified agriculture and
eucalyptus plantation areas as being very high P loss
risk sites at the Posses catchment. The model depicted
that reforestation of Environmental Protection Areas can
decrease P loss risk in the case of using of P fertilizer in
pasture areas. The P index model is a potential support tool
to promote judicious use of fertilizers and conservation
practices at the Posses catchment.
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