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ARTICLE INFO ABSTRACT

The degree of phosphate saturation (DPS) is an indicator for P-saturation, which is of assistance to the prediction
of P losses and potential eutrophication of surface water. The scaling factor (o) estimates the adsorption capacity
of the soil and is used to calculate the DPS. In soils from temperate regions, the value of o = 0.5 is widely used.
However, using just a single value for a may fail to estimate the adsorption capacity correctly for all soils. In this
study, the aims were (i) to calculate the scaling factor a and the DPS of highly weathered tropical soils with
different chemical, physical and mineralogical properties in order to predict P losses; and (ii) to identify which
soil properties are related to P adsorption. The scaling factor a and the DPS were calculated at 1, 3, 7, 21, 42 and
84 days (d), the highest one in recognition of the long-term kinetics of sorption. The values of a increased as the
contact period increased. Lower DPS values were obtained in soils with high P adsorption capacity whereas the
highest DPS values were obtained in soils with a lower adsorption capacity. Out of ten Oxisols studied, six of
them had an o higher than 1. Contents of clay, organic carbon (C) and poorly crystalline (Al,,) and crystalline
(“free”) Al oxides were the properties that best correlated with P adsorption. For the Oxisols, the clay content,
poorly crystalline together with crystalline Fe and Al oxides represented the main components related to P
adsorption. The highest DPS (31%) was found in Typic Udorthent. The content of poorly crystalline oxides was
not suitable for the scaling factor a for most Oxisols, and only the Typic Udorthent exceeded the critical
threshold of 23%, and is thus more susceptible to loss of P.
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1. Introduction

The degree of phosphate saturation (DPS) is an indicator of the risk
of loss of P from soil. Such losses are mainly a consequence of runoff
and eventual leaching. The DPS has been used in countries such as the
Netherlands (Van Der Zee and Van Riemsdijk, 1988), Germany, (Freese
et al.,, 1992; Freese et al., 1995), Belgium (Lookman et al., 1995;
Lookman et al., 1996), Ireland (Maguire et al., 2001), the United States
(Paulter and Sims, 2000; Nair et al., 2004), and Canada (Ige et al.,
2005). A major motivation for its use has been the risk of accumulation
of P in surface waters in regions with relatively intensive animal hus-
bandry. In contrast to temperate regions, humid tropical regions have
highly weathered soils, high contents of Fe, Al and Mn hydroxides, and
1:1 aluminosilicates minerals with a strong tendency to adsorb P
(Mesquita Filho and Torrent, 1993).

Because soils have a P critical saturation level, above which too
much leaching may occur (Van Der Zee, 1988), the DPS becomes
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important as long as it is a potential indicator of contamination risk in
the case of further P additions (Paulter and Sims, 2000). When de-
termining the DPS level, the P content already present in the soil (Pox)
in relation to the maximum retention capacity has to be taken into
consideration, principally when it correlates positively with the P dis-
solved in the runoff and the leached solutions (Liu et al., 2012; Wang
et al., 2010).

The P sorption index (PSI) is a tool for assessing the potential of P to
move from agricultural fields to surface water and indicates the current
P adsorption capacity based on a single point from an adsorption iso-
therm (soil as sampled). The P sorption capacity (PSC) is a parameter
which estimates the maximum amount of P that a given soil is able to
adsorb. It is calculated by using the sum of the PSI and the content of P
extracted by ammonium oxalate (P,,). In this respect, the use of a sa-
turation index, known as a scaling factor a is convenient as it directly
relates the amount of P adequately sorbed to those soil properties that
determine sorption. This factor is calculated as the molar ratio of the
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PSC (mmolkg™ ') over the sum of the poorly crystallized content
(“amorphous”) of Fe and Al extracted by an acid solution of ammonium
oxalate (Fe,x and Aly, in mmol kg_l), which can be regarded as a
critical value of the DPS (Maguire et al., 2001). In this respect, the latter
is based on the amount of P adsorbed to a soil at the moment that the
soil is sampled, i.e., without further P adsorption in the lab. If oxalate
extractable Fe and Al control P-sorption, the DPS relates P already
adsorbed by a soil to its P adsorption capacity.

The value of a = 0.5 has been widely used for soils found in tem-
perate regions (Van Der Zee and Van Riemsdijk, 1988; Schoumans,
2009). The use of only a single a value, however, implies that all soils
have a similar molar ratio (PSC/(Feyx + Alyy)). Beauchemin and Simard
(1999) suggest that it is necessary to establish different values of a for
groups or types of soils or even a separate value for each soil. In Brazil,
DPS and saturation indexes have hardly been investigated, and it has
not been established whether different soil types would be better
characterized with different a values, in order to identify environ-
mental risk. The scope of this paper is to determine a values for highly
weathered tropical soils with different properties than those in-
vestigated so far and relate the scaling parameters with such properties.
Consequently, by relating the DPS to certain of the soil properties in
tropical humid regions, it may be possible to generalize the risk as-
sessment to locations where soil map information is available, but
where a has not been experimentally determined.

Our purpose was to calculate the parameters scaling factor a, PSC
and DPS for highly weathered tropical soils with different chemical,
physical and mineralogical properties, and identify which soil proper-
ties are related to the DPS, PSC and P sorption index (PSI) by using the
principal component analysis technique (PCA). We also selected those
soils with high susceptibility to P losses and high potential for surface
water eutrophication.

2. Materials and methods

A total of 29 soil samples from the topsoil layer (0-20 cm) with
different chemical, physical and mineralogical properties were col-
lected in forest, native and riparian forests and old reforestation in the
state of Sao Paulo, Brazil, which had not been fertilized with either
organic manure or commercial fertilizers. Soil samples were classified
under the following soil types: Oxisols, Ultisols, Alfisols, Entisols,
Inceptisols, Histosols and Mollisols (Soil Survey Staff, 1999).

Soil samples were chemically characterized using air-dried soil
passed through a 2-mm sieve (10 mesh). Carbon content (C) was de-
termined by a modified Walkley-Black method (Nelson and Sommer,
1982). Organic carbon content was measured in soil samples passed
through a 100-mesh sieve after oxidation of organic matter in the soil
with 0.167 M potassium dichromate solution (K,Cr,0) in the presence
of concentrated sulfuric acid (Nelson and Sommer, 1982). Particle size
analysis to determine the clay content was based on the hydrometer
method (Gee and Or, 2002). The Fe and Al crystalline oxide contents
were obtained by reacting the soil sample with a sodium dithionite-
citrate-bicarbonate solution (Mehra and Jackson, 1960) and de-
termined by atomic absorption spectrophotometry (AAS). The poorly
crystallized forms of Fe, Al and P were extracted using 0.1 M oxalic acid
solution + 0.2 M ammonium oxalate at pH = 3.0 (Schoumans, 2009)
and determined by Inductively Coupled Plasma — Optical Emission
Spectrometry (ICP-OES). In addition, the bioavailable P content was
extracted by Mehlich 1 solution (0.0125M H,SO4 + 0.05M HCI) and
water (Kuo, 1996).

2.1. Phosphorus sorption index

The PSI was calculated in order to determine the addition of a single
amount of P (Bache and Williams, 1971). Therefore, 2.5 g of air-dried
and 2-mm sieved soil samples were given 25mL 0.01 M CaCl, (sup-
porting electrolyte) with rates of P (KH,PO,) calculated from the
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maximum P adsorption capacity (Spay), previously measured by Lang-
muir isotherm (data not shown). The samples were divided into five
groups, and the soils within each group received a concentration of P in
proportion to their adsorption capacity (de Campos et al., 2016). The
groups were divided as follows: I — Very high adsorption capacity
(Smax > 2000mgkg~1); II — High adsorption capacity (Smax between
1000 to 2000 mg kg’l); III - Medium adsorption capacity (Smax be-
tween 500 and 1000 mgkg™'); IV — Low adsorption capacity (Smax
between 200 and 500 mgkg ™ !); and V — very low adsorption capacity
(Smax < 200mgkg™"). The conversions into mmolkg™' of P and
PO,>~ are presented in the Appendix A.

The maximum contact period of samples in order to calculate the
PSI was 84 d (12 weeks). During this period, P concentrations in so-
lution were assessed at 1, 3, 7, 21, 42 and 84 d. The samples were
analyzed in triplicate for each reaction period, and stirred daily for 2h
in a horizontal shaker at 150 osc min~" after the first 24 h of stirring.
After that, the samples were centrifuged at 1844 X g for 15 min, and an
aliquot of the extract was taken to determine the P content by colori-
metry (Murphy and Riley, 1962). The adsorbed P was calculated as the
difference between the P added and the P remaining in the solution, and
the PSI calculated using Eq. (1) as follows:

PSI (mmol kg_l) = [X/(log C)/(30.97)] 1

where: X = P adsorbed (mg kgfl) = (P; — Pp) x (0.025L)/(0.0025 kg
soil); P; = Initial P concentration (mgL~"); P; = Final concentration of
P in the equilibrium solution (mgL~'); C = Concentration of P at the
reaction time when measured (mg L™ %); and 30.97 = phosphorus molar
mass.

2.2. Scaling factor a and degree of phosphorus saturation

The scaling factor a was estimated by using the equation described
in Van Der Zee and Van Riemsdijk (1988):

a = (PSIS4d + Pox)/(Alcx + Fecx) (2)

where PSlg4q is the P sorption index at 84 d of reaction (mmol kg_l),
Al,x + Feyx correspond to the amount of poorly crystallized oxides of Fe
and Al, and P, is the P content linked to oxides.

In the a calculation, the PSIgsq was adopted as the index of soil
adsorption capacity in the long-term. The P, levels were deemed to
estimate the P sorption capacity (PSC = PSlg4q + Poyx), where P, is the
amount of P already adsorbed to the poorly crystalline structures. Thus,
we followed an approach that was different from McGechan and Lewis
(2002), who disregarded P already adsorbed by soil.

The DPS (%) was calculated as the ratio of the P,y content already
accumulated in the top soil (0.0-0.2 m) to the P sorption capacity given
by PSC = P,y + PSlgsq (Van Der Zee and Van Riemsdijk, 1988), i.e.,

DPS (%) = 100 * P,x/PSC 3

2.3. Statistical analysis

The correlations between soil properties and DPS, PSI and PSC were
evaluated by principal component and cluster analyses (PCA and
Cluster, respectively) in order to identify the soil properties best cor-
related with the studied variables. PCA is a multivariate statistical
method that aims to explain the major part of variations in data from a
smaller number of components, which are linear combinations of the
properties (Anderson, 2003). Multivariate analyses and multiple re-
gressions were performed using the Statistica’ software program
(Statsoft, 2005). The criteria used to determine the factors followed the
Kaiser Rule, taking into account eigenvalues =1 to explain over 85% of
the total variance (Kaiser, 1958). Correlations had to be =|0.70| to be
considered (Manly, 1994).
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Table 1
Chemical, physical and mineralogical properties of the soils.
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Soil Coordinates Clay C Puit Pu2o Fepcp Alpcs Feox/ Alyy/ Qualitative Mineralogy
Fepcp Alpcg

......... gkg ' evemgkg Tl weee.mmol kg™ L e Yol
Arenic Hapludox 22°19'S 47°10'W 181 8 5.7 1 340.9 134.9 1 11 Kt, Gt, Hm
Typic Hapludox-1 22°15'S 47°49'W 221 14 11.5 1.3 236.7 116.8 2 21 Kt, Gt, Hm
Typic Hapludox-2 22°19'S 47°10W 202 8 6.3 1 373.1 172.6 1 12 Kt, Gt, Hm
Rhodic Hapludox-1 22°01’S 47°53'W 201 10 12.5 2.8 939.8 274.2 1 8 Kt, Gb, Gt, Hm
Rhodic Hapludox-2 21°05’S 47°08'W 530 24 5.9 2.8 1529.1 405.5 1 19 Kt, Gt, Hm
Rhodic Eutrudox 22°43'S 47°38'W 684 50 19 5 3277.9 311.2 1 29 Kt, Gb, Hm
Rhodic Acrudox 21°10’S 47°48'W 716 14 3.7 0.7 3680.1 940.3 1 8 Kt, Gb, Gt, Hm
Xanthic Hapludox-1 22°15'S 47°49'W 222 24 13.6 1.8 334.4 259.6 3 13 Kt
Xanthic Hapludox-2 21°57'S 47°59'W 342 14 4.5 1 745.2 309.7 1 11 Kt, Gb, Gt
Xanthic Acrudox 20°10’S 48°02'W 470 24 5.3 3.7 2001.2 568.6 1 16 Kt, Gb, Gt, Hm
Arenic Hapludult-1 22°32'S 47°54'W 60 4 6.1 1.4 61 55.6 2 9 Kt
Arenic Hapludult-2 22°38’S 47°11'W 100 4 19.8 2.6 92.6 40.9 1 12 Kt, 11
Typic Hapludult-1 22°43'S 47°38'W 247 20 47.3 4.8 575.3 202.9 1 11 Kt, Gt, Hm
Typic Hapludult-2 22°17’S 49°33'W 202 9 9.7 1.7 142.8 72.8 5 20 Kt, Il
Typic Hapludult-3 22°06’S 46°40'W 366 19 323 6.8 792 57.6 2 32 Kt, 1I, VHE
Typic Hapludult-4 22°43'S 47°38'W 246 23 9.2 3.4 564.4 204.9 2 13 Kt, Gt, Hm
Rhodic Hapludult-1 22°12’S 49°56'W 100 4 6.6 1.2 148.3 57.8 1 13 Kt, Il
Rhodic Hapludult-2 22°59’'S 47°30'W 427 22 6.3 2.5 873.5 214.4 3 12 Kt, Gt, Hm
Typic Quartzipsamment 22°32’S 47°54'W 80 6 6.2 0.9 49.7 85.6 4 10 Kt
Typic Udorthent 22°12'S 49°39'W 142 13 22.5 2.9 113.8 49.1 9 25 11, VHE
Typic Psammaquent 22°26’S 49°45'W 101 8 12.2 2 192.4 44.6 2 18 Kt, Il
Typic Rhodudalf 22°59'S 47°30'W 345 29 5.1 3.2 1498.5 767.3 1 7 Kt, Gb
Rhodic Eutrudalf 22°06’S 47°07'W 658 29 6 6 3407.7 379.9 1 22 Kt, Gb, Hm
Typic Fluvaquent 24°43'S 47°52'W 532 33 35.3 2.6 377.4 1490.6 13 3 Kt, Gt, Hm
Mollic Fluvaquent 21°10’S 47°48'W 476 103 27.9 0.9 62.1 754.8 16 46 Kt
Typic Haplustept 22°07°S 47°39'W 243 16 7.1 0.7 335.3 257 2 16 Kt
Typic Albaqualf 22°42'S 47°38'W 204 12 8.7 1.4 303.6 56.4 5 30 Kt, 11
Typic Haploxeralf 22°22'S 46°56'W 40 4 8.7 1.8 142.6 33.4 2 14 Kt, I, VHE
Typic Argiudoll 22°08’S 47°40'W 543 28 12.3 3.1 1905.2 281.7 3 26 Kt, Gt, Hm

Kt = Kaolinite; Gt = Goethite; Hm = Hematite; Gb = Gibbsite; Il = Ilite e HIV = hydroxy-interlayered vermiculite.
Fepcs € Alpcg = Fe and Al content extracted by sodium dithionite-citrate-bicarbonate solution. Source: Adapted by Soares and Alleoni (2008). Feyy/Fepcp = ratio

between Fe,y/Fepcp; Fepcg — Feox = Crystalline Fe.

Organic Matter = Walkley-Black method; Py;; = Phosphorus extracted with Mehlich-1; Py»0 = Soluble phosphorus on water.

Clay = hydrometer method (Boyoucos).
3. Results and discussion

Basic properties that characterize the soils are given in Table 1.
More detailed information regarding the electro(chemical), physical
and mineralogical properties of the 29 soils can be found in Soares and
Alleoni (2008).

From Eq. (2), it is possible to infer an a value of 0.80, on average, a
reaction time of 84 d (Table 2), which is probably due to the increase in
PSI values caused by continued adsorption in longer contact periods. In
the Netherlands, Van Der Zee and Van Riemsdijk (1988) evaluating
acidic, and sandy soils with low organic matter content reported a mean
value of o = 0.48 at 40 h of contact and a = 0.61 after 249 d. Maguire
et al. (2001) found mean values for a that ranged from 0.31 at 18 h to
0.65 at 249 d contact time in acidic, sandy and medium textured soils in
Ireland.

The values of a obtained for the longest contact period ranged from
0.29 in Typic Udorthent to 1.77 in Xanthic Hapludox-2 (Table 2). In
Oxisols, a values ranged from 0.53 in Typic Hapludox-1 to 1.77 in
Xanthic Hapludox-2. The Oxisols had a high P adsorption capacity due
to higher levels of Fe and Al crystalline oxides (Fepcg and Alpcp)
(Table 1). Out of ten investigated Oxisols, six were characterized with
a > 1 at 84d of contact, which sets this soil type apart from the others
in terms of its P-reactivity.

The a > 1 values indicate that the poorly crystalline oxides did not
represent the main soil mineral compound that is related to adsorption.
The adsorption capacity in Oxisols also depends on crystalline oxides
and type of 1:1 silicate minerals. Diffraction X-ray (DRX) analysis in-
dicated the presence of kaolinite, a 1:1 silicate mineral commonly
found in humid tropical soils, and gibbsite, an Al hydroxide with a high
affinity for adsorbing P (Fontes and Weed, 1996) in addition to

hematite and goethite (Table 1), also with a high affinity for P ad-
sorption. In the other soils, the values of a were less than 1. Pautler and
Sims (2000) and Maguire et al. (2001) showed that values of a < 1
were found even for P-saturated soils. Unlike values of about a = 0.5
that were found in other studies (De Smet et al., 1996; Schoumans,
2009; Borda et al., 2011; De Bolle et al., 2013; Alleoni et al., 2014), the
values for humid tropical soils had a sizeable greater variation of P,
Feox and Algy.

There was less variation in the a values of Alfisols (0.8 in Rhodic
Eutrudalf and 0.91 in Typic Rhodudalf) and Gleysols (0.55 in Mollic
Fluvaquent and 0.60 in Typic Fluvaquent) than in the other soil types.
In the Ultisols, the value of o ranged from 0.39 in Typic Hapludult-2 to
0.96 in Arenic Hapludult-2 and in the Entisols, from 0.29 in Typic
Udorthent to 0.87 in Typic Quartzipsamment. This shows significant
variation even within the same soil type, and the disputable value of
assuming that a always has the same standard value of 0.5. Because a
may differ from one soil type to another, the calculation of DPS using
one value is likely to give meaningless results. An additional error in
estimating DPS or PSC using standardized values of Fe,y and Al for
each soil type may be because the oxide contents are valid for a dif-
ferent layer thickness other than the 0.2 m thick layers as used in this
investigation, for instance.

Fig. la shows the correlation between the sum of the oxides
(Feox + Alyy) and the PSC of all soils. As discussed earlier, poorly
crystallized oxides did not completely explain the P sorption capacity,
in view of a values greater than one (o > 1) for the Oxisols. Thus,
Fig. 1b shows the correlation between the sum of the oxides
(Feox + Alyy) and the PSC excluding the Oxisols. An improved straight-
line fit was obtained when Oxisols were removed from the data set,
with a higher coefficient of determination (R% = 0.96) (Fig. 1b). This
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Fig. 3. Projection of the variables (a) and soil types (b) subjected to principal components analysis with a number of properties in all the soils studied (PC1).

emphasizes the observation that the poorly crystalline oxides were not
the only factor affecting P adsorption in the Oxisols. Perhaps the most
important one was the iron oxides considering their low percentage in
comparison to crystalline oxides (Table 1). In Fig. 1b, the factor that
determined the line intercept of the y-axis was positive and close to zero
(2.21). Therefore, the trend line from the origin and a slope of 0.56

139

were considered to represent a for the other soils. The line had an
excellent fit when calculating PSC (Fig. 2a). There was a good fit in
Fig. 2b (R* = 0.70) when regression was used to assess the correlation
between the determined and the calculated DPS using the predicted o
(o = 0.56). Two out of the 29 points, however, were poorly predicted
and had high DPS values (Typic Udorthent = 31, the highest one, and
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Table 3

Results of principal component analysis for all soils (PC1).

Cumulative%

Cumulative eigenvalues

Total Variance%

Eigenvalue

72.43
99.95

217
3.00
3.00

72.43
27.52
0.05

2.17
0.83
0.00

100.00

Correlations”
Factor 1
0.98

Eigenvectors
Factorl
0.66

Factor 2
0.21
0.85
0.25

Factor 2
0.23
0.93
0.28

PSI

-0.53
0.97

-0.36
0.66

DPS
PSC

Factor 2
0.63
0.32
0.36
0.16
0.69
0.28
0.41
-0.07
0.14

Correlations between soil properties

Factor 1
0.43
0.39
0.75
0.83
-0.10
0.04
0.70
0.67
0.70

@ Correlations =|0.70]| are significant (Manly, 1994).

Pox
Feox
Alox
Clay
P
P-m20
Fepca
Alpcs

140

Agricultural Water Management 206 (2018) 135-146

Arenic Hapludult-2 = 25) and the lowest oxide contents. A re-
presentative value of o for highly weathered soils increases the viability
of PSC and DPS assessment as an important tool for agricultural and
environmental use.

Lower DPS values (Table 2) were found in the soil groups with high
P adsorption capacity (Groups I and II). Oxisols and Alfisols were low in
susceptibility to P loss due to their high adsorption potential, while
Ultisols and Entisols were more susceptible to P loss. DPS did not ex-
ceed 7% for the Oxisols and the Alfisols. In the case of the Ultisols and
the Entisols, DPS reached 31% in Typic Udorthent (Table 2). In another
study to assess the risk of P losses using DPS, Bortolon et al. (2016)
evaluated eight of the most representative cropland soil types in
southern Brazil and found DPS values ranging from 4.6 to 79.9%, with
an average of 28%.

Oxisols and Alfisols had a high (still available adsorption capacity)
with the PSlg,q ranging from 15.5 to 160.7 mmolkg~' of P. On the
other hand, this was at most 31.1 mmol kg ' for Ultisols and Entisols
(Table 2). Since the content of phosphate present in soil is, in most
cases, not dramatically different for these soils (except the Fluva-
quents), it is evident that the DPS is a different indicator for possible P-
losses from Py.

Despite having PSlg4q values similar to those of the Oxisols and
Alfisols, the Gleysols and Typic Argiudolls had higher DPS values
compared to the initial adsorbed P. These soils presented high levels of
Pox, Feox and Al (Table 2). Since they are less weathered soils, Gleysols
and Typic Argiudolls had higher concentrations of poorly crystallized
oxides and P linked to oxides. The Typic Haplustept, Typic Albaqualf
and Typic Haploxeralf types had intermediate DPS values, ranging from
2 to 11%.

After calculating the DPS, the results were grouped at a critical level
of P, which were obtained by correlating the DPS with the P dissolved
or exported in a leach solution. These tend to increase rapidly with
increases in the DPS (Casson et al., 2006). The values of these critical
levels used in different countries vary within the range of 20-45%
(Breeuwsma and Silva, 1992; De Smet et al., 1996; Nair et al., 2004;
Butler and Coale, 2005; Nelson et al., 2005; Xu et al., 2014), with 25%
being the most used. Nair et al. (2004) determined the critical level for
a range of soils in Florida, USA, and concluded that above a value of
20%, the dissolved P content increased rapidly, becoming susceptible to
losses. Paulter and Sims (2000) fixed the critical level at 30% in the US.
As Van Der Zee (1988) demonstrated, redistribution of P present in
Dutch topsoils towards groundwater necessitates a safety margin, as
expressed by a critical value of 25%.

Ghosh et al. (2011) evaluated the impact of the application of bio-
solids on water quality and the DPS in Oxisols from the Brazilian sa-
vanna (“Cerrado”). The authors determined a critical level of 23% for
the DPS according to the phosphorus saturation index (DPSps)
(equivalent to DPSgy;; of 16.5%) corresponding to M1-P (P extracted
with Mehlich 1 solution) of 44.5mgkg ™" of P for this particular case,
which could be taken as the threshold for P losses in these acidic soils
(Ghosh et al., 2011). Because the DPS is an indicator in Brazil and is
very close to the 25% used in the Netherlands, this value was chosen as
the critical level for the soils used in our study. Thus, when using the
DPS index, we observed that only the Typic Udorthent revealed a level
of P content in soil that may imply a threat to water quality. Since the
majority of the highly weathered soils had high P adsorption capacities,
it can be assumed that the most important loss of P in humid tropical
soils will be a result of runoff rather than leaching.

Various properties of the soils were taken into account in a principal
component analysis (PCA) to assess which of them might best explain
variations in the DPS, PSC and PSI parameters. The properties sub-
mitted to principal component analysis were Py, Fe and Al crystalline
oxides (Fepcg and Alpcg) and poorly crystallized (Fe,, and Aly,), P
content extracted with Mehlich 1 and water (Py; and Py»0), clay and C
contents (Tables 1 and 2).

Fig. 3 shows a projection of the variables (a) and soil types (b) for all
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the soils studied (PC1) and the values are presented in Table 3. Factor 1 variables. Valladares et al. (2003) found no significant correlation be-
(the horizontal axis in Fig. 3a) had an eigenvalue = 1, that explained tween the poorly crystallized forms of Fe and P adsorption in Oxisols,
72% of the variation in results, and was influenced by PSI and PSC, Ultisols and Inceptisols in Brazil and attributed this to the low Fe,y
which both had very similar values as the level of oxalate extractable P content levels in the soils studied for that particular case.

is low in most soils. The Al clay, C and Alpcg were the properties that Factor 2 in Fig. 3a explained 27.5% of the variation in results and
showed the highest correlations with those variables (=]0.70|). The was mainly influenced by the DPS in all soils studied. This factor did not
influence of silicate minerals in clay fraction on P adsorption could be show high correlation with the soil properties. The main contributors to
related to the specific surface area of the colloids, being higher in this factor were found in two out of the P-fractions (oxalate and Meh-
gibbsite, followed by kaolinite, goethite and hematite, which could then lich extractable). Py; values express the labile P in equilibrium with the
explain the important role of Al oxides in P adsorption (Mesquita Filho soil solution and vary positively with the DPS. The Py, represents the
and Torrent, 1993). Eberhardt et al. (2008) studied the availability and P in solution. Therefore, a certain correlation between Py,o and DPS
retention of P in Oxisols from the Brazilian savanna under pasture using was expected. However, the correlation coefficient was very low and
PCA to evaluate the influence of soil properties on the P dynamics. They did not express the relationship between the variables in this study,
concluded that crystalline and poorly crystallized Fe and Al oxides, the which can be attributed to possible interference with Mehlich 1 ex-
clay amounts and total C were those that were best related to P ad- tractor or even a possible historic indication of P inputs.

sorption. The effect of total C on P adsorption may be linked to the fact Fig. 3b shows the grouping of soils as a function of the variables that
that the C content in soil increases as a function of the clay content and exerted most influence. Soils to the left of the axis are most influenced
clay would positively influence P adsorption (Eberhardt et al., 2008). by the DPS (same position as in Fig. 3a). Typic Udorthent is the soil that
However, that much iron and aluminum is also found to be associated is closest to the DPS (farthest from the origin) as long as it has the
with organic matter (Van Der Zee and Van Riemsdijk, 1988). highest DPS values. Soils with the highest DPS values have a low ca-

The Fe,, content had no significant correlation with the PSI and PSC pacity for adsorbing elements, usually typified by sandy soils. Acidic
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Table 6
Coefficients for multiple linear regressions of soil properties in relation to P
soption capacity (PSC) and P sorption index at 84 d of contact (PSIgsq).

Parameter Intercept Properties R?
() PSC +10.29 +0.60 0.76
Feox + Algy

(1) PSC +11.24 +0.52 Fex +0.62 0.76
Aloy

(II1) PSC +3.99 +0.51 Feyy +1.22 —0.63Pox 0.87
Aloy

(IV) PSC -0.17 +0.49 Al +0.01 +0.04 Alpcs 0.94
Fepen

(V) PSlgqq +1.96 +0.32 Feox +0.85 0.94
Alox

** p < 0.01.

*** p < 0.001.

sandy soils are more susceptible to P loss when subjected to intense
applications of phosphate fertilizers, which can pose risks to the en-
vironment (Nair et al., 2004; De Bolle et al., 2013). To the right of the
axis are the soils with higher PSI and PSC values.

PCA was also performed separately on the Oxisols (Fig. 4) as well as
on the other soils (Fig. 5). In the Oxisols, Factor 1 was the source for
81% of the variation in results, also influenced by the PSI and PSC
(Fig. 4a). The Feoy Aloy, clay, Fepcg and Alpcp properties represented
the main components relevant to P adsorption. Fontes and Weed (1996)
studied the relationship of P adsorption to the mineral composition of
Brazilian Oxisols and concluded that the main properties related to P
adsorption were the Fepcp, Alpcp € Alyx content, which, in general,
corroborates the results of this study.

When soils were not categorized into groups, it was noticed that
Fepcp exerted influence on P adsorption, probably due to its occurrence
in quantity in Oxisols (Table 1). The participation of crystalline oxides
in P adsorption in Oxisols is evident from the high amount adsorbed
even when low levels of poorly crystallized oxides were observed. This
feature is very important in Oxisols, which account for approximately
60% of the soil in areas of agricultural potential in Brazil (Soares and
Alleoni, 2008) and are subject to high amounts of phosphate fertilizers.
This being the case possible P saturation has increased over time and
continuous application of phosphorus has increased the amount of so-
luble P, in turn increasing its susceptibility to move along the soil
profile and cause environmental impact.

Even in relation to Factor 1, C content had no significant correlation
with the PSC and the PSI. Owing to their highly-weathered profile,
Oxisols contain naturally low levels of C (Table 1) and their
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participation in P adsorption was not efficient. Factor 2 explained only
19% of the variation in the results and was influenced by the DPS.
However, none of the properties showed significant correlation
(Table 4).

In the other soils, C appeared again as one of the major components
(Table 5), probably due to the high C levels in Gleysols, Alfisols, a
number of Ultisols and Typic Argiudoll. Factor 1 explained 68% of the
variation in the results, and the properties that showed significant
correlation with the other soils were Py, Aly, clay and C (Fig. 5).

Crystalline structures of minerals were probably no longer the major
components in the other soils, at least for the topsoil layer (0-20 cm)
studied. The Alpcp, however, was very close to showing a degree of
correlation =|0.70| (Table 5). The Al oxides stand out in P adsorption,
as their specific surface is higher than for iron oxides (Mesquita Filho
and Torrent, 1993), allowing for more interaction with the P. Factor 2
was represented by the DPS, and once again, there was no significant
correlation with soil properties (Table 5).

The P, was directly proportional to the DPS and inversely to the PSI
and PSC, as observed in the projections of the variables in which the PSI
and PSC influenced the eigenvectors in Factor 1 while the DPS exerted
an influence on Factor 2. Low levels of P, may have influenced the lack
of correlation with the DPS in our study.

As showed in the PCA, the DPS did not correlate well with the soil
properties, as it depended on the concentration of poorly crystallized
oxides and soil adsorption capacity. In order to facilitate the estimation
of the DPS value, equations derived from multiple linear regressions
were calculated from the properties determined by PCA (Table 6).

Previously, we had used linear regression to calculate the PSC of the
soils (Figs. 1 and 2). However, the correlation coefficient was not a
satisfactory fit (R% = 0.76 ***, Eq. (1)) when using the sum of the
content of the oxides (Feox + Alyy). Starting from this point, we tested
for multiple correlation between oxides separately (Fe,, and Al,,) in
order to improve the fit, but the coefficient remained unchanged
(R? = 0.76 *** Eq. (2)). However, Maguire et al. (2001) also reviewed
the Fe and Al variables separately and observed that the correlation
coefficient with the PSC increased from 0.89 to 0.91, showing a sig-
nificant change from the sum of the oxides.

Definitely, the P,y content improved the fit (R? = 0.87***, Eq. (3)).
In Eq. (4), as well as the poorly crystalline oxide content, the crystalline
content was also used to better represent the Oxisols, leading to a rather
high correlation (R2 = 0.94***, Eq. (4)), which yielded a more accurate
PSC prediction. Again, we observed the influence of crystalline oxides
on the Oxisols and the low representation of the poorly crystallized
oxides. Another variable tested was the PSlg4q (Table 4, Eq. (5)), which
produced an excellent adjustment using only Fe,, and Al

DPS=1.81x - 0.33
0l R2=0.82 .

DPS (%) observed

0 2 4 6 8 10 12 14

DPS (%) estimated

Fig. 6. Relationship between the DPS observed and estimated by Eq. (4) (a) and V (b) for all soils.
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Table Al

Phosphorus adsorption capacity and its respective conversions into mmol kg

anion (PO,>7).

-1

of P and phosphate

...... mgkg ™ ...... ceveeeneeenemmol kg T L

Smax P PO~
2000 64.57 21.06
1000 32.29 10.53
500 16.14 5.26
200 6.46 2.11

Smax: P adsorption capacity.

P (Phosphorus), mass molar = 30.973762 mg mmol 1.

O (Oxygen), mass molar = 15.9994 mg mol ~*.
PO,>~, mass molar = 94.971362 mg mmol .

(R* = 0.94%*%),

The correlation between the observed DPS and the calculated DPS
from the properties mentioned above was made possible by using Egs.
(4) and (5), (Fig. 6a and b), being Al,x, Fepcg and Alpcg from Eq. (4) and
Feox € Aly, from Eq. (5). The coefficient of determination was high
(R? = 0.98) when Eq. (4) was used to calculate the DPS (Fig. 6a),
suggesting strong influence of the crystalline structures on P adsorption
in humid tropical soils as well as the influence of poorly crystallized Al
oxides. In Fig. 6b the DPS calculated by Eq. (5) had a coefficient of
determination lower than that in Fig. 6a, and shows that the adjustment
was not efficient at a number of points. The use of Eq. (4), in addition to
presenting the best fit, directly provided the PSC, which enables the use
of the DPS.

A soil dendrogram was drawn considering the DPS and the PSC
parameters, in a Pearson correlation, including all the soils studied in
order to illustrate the distribution of the soils studied as a function of
susceptibility to P loss (Fig. 7). The fenon line (midline) is the dividing
line at half the maximum Euclidean distance. This line separates the soil
types studied and determines the number of groups to be formed. In this
case, the dendrogram was separated into the formation of two groups (I
and II). Group I separated the soils that do not appear to have a high

144

degree of susceptibility to P loss as per the PSC and the DPS. In contrast,

Group II brought together the most susceptible soils. The soils com-

prising Group I had low DPS and high PSC values, implying that the

adsorption capacity was still very large. On the other hand, Group II

soils had a higher DPS, a lower PSC and, thus, presented greater sus-

ceptibility to P loss.

4. Conclusions

1. The poorly crystalline fractions of Fe and Al oxides for most Oxisols
do not lead to one scaling factor (a), and, therefore, may be poor
predictors of the PSC.

. In the other soils, the value of a = 0.56 was found to be reasonable
for estimating the PSC, and the DPS calculated based on such an
index showed high correlation with the DPS determined.

. In Oxisols, the high P adsorption potential was due to the high
concentrations of crystalline oxides. In the other soils, especially in
sandy soils, the DPS can be used as an estimate of agri-environ-
mental P loss risk in Brazil.

. The properties related to the adsorption of P varied depending on
the soil types, particularly in Oxisols, and the DPS had no significant
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correlation with any of these properties.

5. Only the Typic Udorthent exceeded the critical threshold of 23%,
and 7 out of 29 soils had a medium susceptibility to P loss risk and
potential eutrophication of surface waters.

Appendix A

See Tables Al and A2.
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