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Abstract: Phosphorus (P) is the main limiting nutritional factor in the cultivation of Eucalyptus in
Brazil. Despite this, little is known about the P fractions and dynamics in Eucalyptus soils in tropical
regions. The aims of this study were (1) to evaluate the distribution of labile and non-labile fractions of
P in soil in 10 sites of Eucalyptus in the state of Sdo Paulo, Brazil and (2) to determine the interactions
among the P fractions and to identify which fractions act as sinks or sources for the available P
fraction. The P fractions were separated using the Hedley sequential extraction method, and the P
transformation processes were evaluated via structural equation modeling. The labile P (resin-Pi + Pi
and Po in NaHCO3) varied between 6% and 16%, the moderately labile P (Pi + Po in NaOH) varied
between 28% and 40%, the occluded P (Pi + Po in Sonicate + NaOH) varied between 6% and 19%,
the P associated with Ca (HCI-Pi) varied between 0.4% and 3% and the residual-P varied between
35% and 47%. The hypothetical structural model of soil P cycle was composed of four P pools (latent
variables): the organic pool, occluded pool, inorganic pool, and available pool. The structural model
was adequate to identify functional pools of P in soil, and to identify transformation processes of P
based on the source-sink relationships. The available P pool was highly dependent on inorganic and
occluded pools and the organic pool acted predominantly as a sink of P on available and inorganic
pools. The results reinforce the high level of recalcitrance of the organic pool and the fact that
Eucalyptus plants must access pools of limited-availability P to meet their nutritional demands.

Keywords: tropical forest soils; organic P pool; inorganic P pool; occluded P pool; structural
equation modeling

1. Introduction

Eucalyptus represents more than 20 million hectares grown over more than 90 countries [1] and
has played an increasingly important role in satisfying global demand for wood products. Now, it
accounts for 8% of cultivated forest worldwide, with a third of this found in the tropics [2]. Brazil has
7.6 million hectares of cultivated forests, of which 72% are in the Eucalyptus genus, and account for
17% of the harvested wood worldwide [3]. Characteristics of Eucalyptus genus such as rapid growth,
high productivity and adaptability to varying soil and climate conditions, tolerance to acidity, toxicity
to Al and low base saturation, explain such a high proportion of total cultivation in forests both in
Brazil and elsewhere.
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The initial stages of cultivation usually involve mineral fertilization, and responses to P
applications are often of a high magnitude [4]. The exploitation of low natural fertility soils, such as
those in the Brazilian Cerrado, has increased, thus exposing the soils’ nutritional limitations. These
limitations, particularly of nutrients P, K and B, are common in Eucalyptus cultivation [5]. Nowadays,
fertilization is responsible for gains of between 30% and 50% in wood production. P, besides being a
minor macronutrient in plants, has a significant impact on wood productivity [3].

Well-known for limiting the primary productivity of natural tropical forests [6], P is also the main
limiting nutritional factor in the development of forest cultivation of Eucalyptus in Brazil. This problem
occurs mainly in highly weathered soils, like most tropical and subtropical areas, and is characterized
by a low content of total P and available P, and with high P fixation capacities. Phosphorus is found
in soils in inorganic forms (Pi) and organic forms (Po) and according to the degree of stability or
solubility, these allow different bioavailability of P. Pi can be found in solution (P-solution) and
fixed through the adsorption phenomenon, with oxides of Fe and Al (of clay fraction). This process
establishes either weak adsorption (labile P) or strong adsorption (moderately labile P) with these
oxides and, precipitated with Al, Fe and Ca, establishes insoluble forms (non-labile P) [7]. Po is
formed by phosphate ions, which are bonded to C moieties and its lability is directly related to the
decomposition susceptibility of the organic moiety to which the phosphate is bonded [8]. In natural
systems or in soils with little or no P addition, the element availability is directly related to the organic
forms cycling [9-11]. Thus the soil can be a source of P, while providing stocks of available P to plants
or a P sink when part of the added fertilizer is fixed. This leads to competition between plants and
soils for the available P.

The complex dynamics of this nutrient in tropical conditions validates other studies about the
relationships between fractions, which aim to enhance knowledge of the P transformations that occur
in these soils. Hedley et al. [12] developed a method of sequential extraction or fractionation of P that
characterizes different organic and inorganic fractions of P from soil based on solubility of inorganic
and organic P. This method has been widely applied since then and has become almost standard to
characterize P forms in soils [13]. It enables us to distinguish labile from non-labile fractions and
to rank stable fractions and organic fractions by availability to plants. Based on this extraction, P
can be classified as available to plants or microorganisms (labile P), which includes the sum of Pi
and Po extracted in resin and bicarbonate. The refractory forms or non-labile P include the sum of
remaining fractions (Pi and Po in hydroxide and in sonicate + hydroxide, Pi in HCI and residual P in
sulfuric digestion) [14]. In a review on the use of the Hedley method, contrasting agroecosystems of
tropical and temperate climates, with different soil use and managements, Negassa and Leinweber [15]
reported that inorganic and organic fractions of P could act as a source or sink of available P to plants,
as a result of several factors such as climate, soil management and mineral fertilization.

Although some literature supports the potential of the Hedley method in studies that involve
the dynamics of P in soil [16-21], there are few studies into tropical soil in Eucalyptus plantations. In
general, the management of soil fertility for estimating the available P in Eucalyptus plantations in
Brazil has been based only on P acid extraction (Mehlich-1 P) [22] or resin-extracted [5] and has not
considered other P forms in the soil that may be P sources for plants. The aims of this study were (1)
to evaluate the distribution of labile and non-labile fractions of P in soil in 10 sites of Eucalyptus in
the state of Sao Paulo, Brazil and (2) to build a hypothetical structural model of the P cycle in soil to
determine the interactions among the P fractions and to identify which fractions act as a sink or source
of the available P fraction.

2. Material and Methods

2.1. Study Sites

In order to conduct this study, 10 sites forested with Eucalyptus grandis Hill (ex Maiden) and
Eucalyptus grandis x E. urophylla S.T. Blake clonal hybrid were selected in the state of Sdo Paulo, with
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ages varying from 1.4 to 11 years, all of which are managed with minimum cultivation. The sites belong
to forestry companies in Sdo Paulo state and to the Department of Forestry Science of ESALQ/USP
and are located in different regions (Table 1).

The sites are located at altitudes from 570 m to 889 m. According to the Képpen classification,
climates correspond to types: Aw (Agudos and Altinépolis) and Cwa (Angatuba, Botucatu, Capao
Bonito, Itatinga, Sdo Miguel Arcanjo, Paraibuna and Votorantim). In accordance with EMBRAPA
(1999) [23], the soils were classified as Dystrophic Red Yellow Latosol (Oxisol) (Itatinga, Sdo
Miguel Arcanjo and Paraibuna), Quartzarenic Neosol (Entisol) (Altinépolis, Angatuba and Botucatu),
Dystrophic Red Latosol (Oxisol) (Agudos and Capéo Bonito 2), Dystrophic Yellow Latosol (Oxisol)
(Capao Bonito 1), Dystrophic Red Yellow Argisol (Ultisol) (Votorantim) and Dystrophic Haplic
Cambisol (Inceptisol) (Capdo Bonito 3) (Table 1). These are the main soils used in afforestation
in Sdo Paulo state [4].

In all sites, the forest plantations were established using a minimum cultivation system with the
maintenance of plant residues (litter and harvest residues) on soil, followed by soil preparation in
planting rows. At each site, three fixed plots were installed. The plots consisted of different plant
densities on each site (Table 1). For the purposes of this study, sample plots were not fertilized with P
and soil sampling was conducted 1.5 m away from the row planting.

2.2. Physical-Chemical Characterization of Soil

On each site in 2010, ten single soil samples were collected in order to form a composite sample at
depths of 0-20 cm in each plot (three plots per site). The samples were collected in a diagonal transect
to a representative area of plots between the row planting. It was assumed that with this sampling
procedure, there was no influence from fertilization in planting holes conducted at the sites. The soil
samples were air-dried, homogenized, prepared and passed through 2 mm sieves. These samples were
used for physical and chemical characterizations and determination of P fractions. Table 2 displays
physical and chemical characterizations and demonstrates that the sites presented great variability in
such properties [23]. The soils were characterized as very acidic, the levels of P Mehlich-1, exchangeable
K and Ca are considered low in most of the sites, and levels of exchangeable Mg were satisfactory
in all sites, based both on an average annual increment of wood equal to 50 m3- ha=!- year~! and on
nutritional levels considered critical in Eucalyptus plantations [22]. The low level of exchangeable bases
and high potential acidity resulted in levels of base saturation (V) bellow the ideal (30%), in most of
the sites and the saturation by aluminum (m) within the maximum acceptable for Eucalyptus (45%), in
most sites [24].

2.3. Soil P Fractions

The P fractions of soil were sequentially extracted according to the Hedley method [12], which
separates P of soil into five inorganic fractions, three organic and one residual. The fractionation
was done with resin membrane (available Pi), NaHCOj5 (labile Pi and Po adsorbed on the soil
surface), NaOH (moderately labile Pi and Po held more strongly by chemisorption to surfaces of
Al and Fe oxides), Sonicate + NaOH (Pi and Po adsorbed within surfaces of Al and Fe oxides of
soil aggregates—occluded P), HCI (P associated to Ca, derived from primary mineral—apatite) and
a digestion with H,SO, + HyO; (residual P—non-labile; stable Po forms and relatively insoluble
Pi forms).
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Table 1. Sites, species, plant density, climate types, soil orders, soil texture and age in Brazilian Eucalyptus plantations.

Plants

Site * Species Density (m)  Plot (m?) Climate ™ T (°C) Precipitation Soil @  Soil Texture  Age (Years)
per Plot (mm)

AG Eucalyptus grandis (G-232) 3.0 x20 144 24 Aw 21.6 1170 Lvd loam 3.0
ANG E. grandis x E. urophylla 3.0 x20 216 36 Cwa 20.6 1262 RQ sandy 2.0

BOT E. grandis (G-232) 3.0 x 2.0 144 24 Cwa 20.2 1302 RQ sandy 3.0

ITA E. grandis (Suz.) 3.0x20 144 24 Cwa 19.9 1308 LVAd loam 4.0
ALT ©®) E. grandis x E. urophylla 3.0 x 25 180 24 Aw 20.7 1517 RQ sandy 7.0
CB1 ™ E. grandis x E. urophylla 3.0 x 3.0 360 40 Cwa 20.1 1210 LAd clayey 9.0
CB2©® E. grandis x E. urophylla 3.0 x 2.0 144 24 Cwa 20.1 1210 Lvd  very clayey 14
CB3 © E. grandis x E. urophylla 3.0 x 2.0 144 24 Cwa 20.1 1210 CXBd loam 1.6
PA®) E. grandis (Parb.) 3.0x25 180 24 Cwa 20.8 1249 LVAd clayey 11.0
vOT ® E.grandis x E. urophylla 3.0x20 96 16 Cwa 21.3 1287 PVAd  very clayey 1.8

* AG—Agudos, ANG—Angatuba, BOT—Botucatu, ITA—Itatinga, ALT—Altinépolis, CB1—Cap&o Bonito 1, CB2—Capao Bonito 2, CB3—Capéo Bonito 3, PA—Paraibuna,
VOT—Votorantim. 1) Aw means tropical climate with dry winter season and temperature in the coldest month of the year exceeding 18 °C and Cwa means humid temperate climate
with dry winter and hot summer. ) According to Brazilian System of Soil Classification (EMBRAPA 1999): LVd = Latossolo Vermelho distréfico (Oxisol), RQ = Neossolo Quartzarénico
(Entisol), LAd = Latossolo Amarelo distréfico (Oxisol), CXBd = Cambissolo Héplico distréfico (Inceptisol), LVAd = Latossolo Vermelho-Amarelo distréfico (Oxisol), PVAd = Argissolo
Vermelho-Amarelo distréfico (Ultisol). Six sites received NPK fertilization at planting: @ 123 kg-ha=1, @ 290 kg-ha~1, ® 183 kg-ha~!, ©® 183 kg-ha~!, ? 120 kg-ha~!, and
®) 183 kg- ha~! of the formula 04-28-06. The sites AG and BOT received fertilization applying 15 kg- ha—! of N and K,O, 18 kg: ha—! of N and K,O, respectively, besides 13% of S and
10% of B, at each site. Supplementary fertilization was also held at planting with other elements to the sites CB1 (0.3% of B), CB2 (10% of Ca, 4% of S, 0.3% of Cu and 0.7% of Zn), CB3
(10% of Ca, 4% of S, 0.3% of Cu and 0.7% of Zn), PA (2.4% of Mg) and VOT (10% of Ca, 4% of S, 0.3% of Cu and 0.7% of Zn). Still was held cover fertilization on the sites CB1 at 3 and
9 months (8 kg- ha~? of B); CB2 at 3 months (~41 kg of K,O and 1.5% of B), at 6 months (~36 kg of K,O, 0.5% of B and 1% of Zn) and at 12 months (~35 kg of K0, 0.7% of B and 1% of
Zn); CB3 at 3 months (~40 kg of K,O and 1.5% of B), at 6 months (~75 kg of K;O, 0.5% of B and 1% of Zn) and at 12 months (~60 kg of K,O, 0.7% of B and 1% of Zn); and VOT at
3 months (~41 kg of K,O and 0.3% of B and 1% of Zn) and at 9 months (~126 kg of K,O and 1.5% of B).

40f15
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Table 2. Physical and chemical attributes of soils (0—20 cm) under Brazilian Eucalyptus plantations.

Site * Clay C p! pH K Ca Mg CEC  Alsat. BS
gkg™! gdm3 mgkg ! CaCl; ———mmol¢-dm>—+ % %
AG 167 12.2 4.0 3.9 438 4.8 24 70.7 522 17
ANG 100 10.4 8.5 4.0 0.6 5.0 2.5 47.0 45 17
BOT 100 8.7 8.3 4.0 0.4 4.0 5.0 49.5 369 25
ITA 193 11.0 24 2.6 0.9 2.1 24 65.6 67.8 8
ALT 67 11.6 6.2 4.3 03 110 40 58.0 207 28
CB1 478 16.2 1.4 3.9 1.2 1.7 2.3 94.9 78.2 5
CB2 653 20.3 1.4 4.4 27 152 93 107.3 318 25
CB3 272 12.8 3.5 4.1 1.4 9.9 9.5 102.5 439 21
PA 365 12.2 2.1 4.1 1.9 6.8 42 58.0 338 22
VOT 670 29.0 22 4.0 5.0 5.0 2.1 125.6 58.4 9

* AG—Agudos, ALT—Altin6épolis, CB1—Cap&o Bonito 1, CB2—Capao Bonito 2, CB3—Capéao Bonito
3, ITA—Itatinga, PA—Paraibuna, VOT—Votorantim, ANG—Angatuba, BOT—Botucatu; 1 P Mehlich-1;
CEC—cation exchange capacity at pH 7.0; Al sat—aluminum saturation = (exchange Al/CEC)100;
BS—Dbase saturation.

The sequential separation of fractions of inorganic P (Pi) followed the order: (1) resin-Pi—extracted
with 10 mL of deionized water and a resin membrane (1 x 5 cm, ANION 204UZRA, Renics, Sao Paulo,
Brazil) in a horizontal agitator (Tecnal, Sdo Paulo, Brazil)at 120 rpm per 16 h. Afterwards, the resin
was removed and placed in a falcon tube of 15 mL, 10 mL of HCl 0.5 mol- L~! was added and then,
after agitation and repose, the extract was used to determine P. (2) NaHCOj3-Pi—soil from the previous
stage was centrifuged at 6000 rpm for 20 mins and the supernatant was discharged, then 10 mL of
extractor NaHCO3 0.5 mol- L~! at pH 8.5 was added, followed by agitation for 16 h in a horizontal
agitator at 120 rpm. Shortly after, the extract was centrifuged at 6000 rpm for 20 mins, the supernatant
was put aside (extract), and later more 5 mL of NaCl 0.5 mol-: L~! was added to the extract, derived
from agitation at 6000 rpm for 5 mins, which produced the final volume. (3) NaOH-Pi was extracted
with 10 mL of NaOH 0.1 mol- L~! and followed the same subsequent stages used in extraction with
bicarbonate; (4) Sonic-Pi (Sonicate + NaOH)—extracted with 10 mL of NaOH 0.1 mol- L1 following the
same subsequent stages used in the previous extraction. However the samples in falcon tubes of 15 mL
were subjected to ultrasonification for 2 mins (model: USC-18004, frequency US: 40 KHz, power US:
153 W; Tecnal, Sao Paulo, Brazil), before agitation of 16 h. (5) Pi-HCl—extracted with addition of 10 mL
of HC1 1.0 mol- L~! following the same stages with agitation and centrifugation applied for bicarbonate;
(6) In the remaining soil, after all extractions, digestion was conducted HySO4 + H,O,, at 200 °C, to
determine the residual P fraction. In order to determine total P (Pt) in extracts of NaHCO3 0.5 mol- L1,
NaOH 0.1 mol- L~! and sonicate + NaOH 0.1 mol- L™}, an aliquot was taken out and 1 mL of H,SO4
24 mol- L~! was added and 10 mL of (NHy),S,05 at 7.5% that was autoclaved at 121 °C and 103 kPa
for 3 h. After cooling, the volume was increased to 20 mL with distilled water. In extracts derived
from different extractions, fractions of Pi and residual P were determined by the colorimetric method
of Murphy and Riley [25] after adjusting the pH, using p-nitrophenol as an indicator. Regarding Pt
fractions, the determination was carried out using the colorimetric method of Dick and Tabatabai [26].
The organic P was calculated through the difference between the concentration of Pt and Pi in each
extract (Po = Pt — Pi). The organic fractions were denominated NaHCO3-Po, NaOH-Po and Sonic-Po.

2.4. Statistical Analysis

Each Eucalyptus site was considered to be a fixed-effect treatment due to several sources of
variation, such as soil orders and management practices (Table 1). Thus, the data was subjected to
the Kolmogorov-Smirnov and Lilliefors normality test and homoscedasticity and normal distribution
residuals, which evaluates the normal distribution of analyzed variables. In sequence, the data
regarding the P fractions were then submitted to principal component analysis (PCA), which allowed
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clustering of the sites evaluated in diagrams that consider the similarity of the data set of the variables
along ordination axes, thus seeking associations of the P fractions among Eucalyptus sites [27].

The data were also analyzed using one-way analysis as well as the Scott-Knott test to group the
means among the Eucalyptus sites, at 5% probability. In each Eucalyptus site, the three plots were
treated as pseudo-replication and were separated by at least several hundred meters from each other.
Pseudo-replication is a limitation of the present study, as in many other Eucalyptus studies in paired
sites and in chronosequences [28,29]. The relationships between all of the P fractions and the physical
and chemical attributes of the soil were measured using the Pearson correlation coefficient. The
program SAEG 9.1 (SAEG Inst. Inc., Vicosa, Brazil) was employed to conduct all statistical analysis.

Structural equation modeling (SEM) was applied to build a model of the P cycle, to identify
interactions among P fractions and to identify which fractions acted as a sink or source of available P.
For general fitting, the Chi-square test (X?) was employed. Due to the high sensitivity of this test in
terms of sample size, the indexes of goodness of fit (GFI), comparative fit (CFI) and root mean squared
error of approximation (RMSEA) were also considered as measurement alternatives. The Maximum
Likelihood method was used for estimation of parameters. The analyses of SEM were conducted with
the aid of the program AMOS, version 22 (IBM—SPSS Inc., Chicago, IL, US).

3. Results

3.1. Distribution of Organic and Inorganic P Fractions

High dissimilarity was observed among the forest sites based on PCA (Figure 1). In the PCA, the
direction and length of the arrows show the degree of correlation between fractions and the principal
components (X and Y axes). The arrows that correspond to the P fractions with low angles are strongly
correlated, whereas the arrows that are perpendicular indicate absence of correlation. Three significant
components were obtained (auto values > 1; factorial loading > 0.70 in the first component). Only
the two first components were used in order to facilitate interpretation of the bi-dimensional graph
because component 3 constituted less than 7% of the total data variance. Thus, seven distinct groups
were established. The sites ALT (Altinépolis) and BOT (Botucatu), AG (Agudos) and ITA (Itatinga),
CB3 (Capéao Bonito 3) and PA (Paraibuna) constituted the different groups. The sites ANG (Angatuba),
VOT (Votorantim), CB1 (Capéao Bonito 1) and CB2 (Capéao Bonito 2) did not present similarity with
any other site. The components 1 (45%) and 2 (26%) explained 71% of total variation in the data
set. The variables most associated with component 1, in descending order of factorial loading, were
residual-P (0.90), sonic-Po (0.88), NaHCO3-Po (0.86), NaOH-Po (0.81) and sonic-Pi (0.74). The fractions
of resin-Pi and NaHCO3-Pi were closely associated to component 2, with factorial loading of 0.94 and
0.92, respectively. They contributed little to dissimilarity between sites, such as fractions of NaOH-Pi
and HCI-Pi, which had weak association (<0.70) with the two first components (Figure 1).

There was wide variation in content for all P fractions across the sites (Table 3), as well as in
the relative contribution of P fractions to total extracted P (Figure 2). The labile P (resin-Pi + Pi and
Po in NaHCO3) varied between 6% and 16% (average of 10%), the moderately labile P (Pi + Po in
NaOH), varied between 28% and 40% (average of 35%), the occluded P (Pi + Po in Sonicate+NaOH)
varied between 6% and 19% (average of 12%), the P associated to Ca (HCI-Pi)varied between 0.4%
and 3% (average of 1.4%) and the residual-P varied between 35% and 47% (average of 42%). The Po
corresponded in average to 70% of total labile P, 51% of moderately labile P and 53% of occluded P
(Table 3). Although the soil samples present variations across the organic and inorganic fractions, in
general the relative proportions of total Pi and Po, in relation to total extracted P, were similar. Values
varied between 18% and 37% for total Pi (average of 28%) and between 16% and 37% for total Po
(average of 30%) (Figure 3). Thus, the geochemical P (total Pi + residual-P) constituted around 70% of
total extracted P.
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Figure 1. Ordination diagram produced by principal component analysis of soil P fractions (0-20 cm) in
Brazilian Eucalyptus plantations. Sites: AG—Agudos, ANG—Angatuba, BOT—Botucatu, ITA—Itatinga,
ALT—Altin6polis, CB1—Capao Bonito 1, CB2—Capéao Bonito 2, CB3—Capao Bonito 3, PA—Paraibuna,
VOT—Votorantim.

Table 3. P fractions of soils (0-20 cm) under Brazilian Eucalyptus plantations.

Resin NaHCO3; NaHCO; NaOH NaOH Sonic Sonic HCl Residue
Site * Pi Pi Po Pi Po Pi Po Pi P
mg: kg_1

AG 34C 44C 19.1B 45.0B 33.8E 778B 56D 34C 819F
ANG 85 A 129 A 23.6 B 53.5B 59.1D 73B 16.0C 31C 98.3F
BOT 69 A 70B 26.7 B 522 B 59.2D 79B 176 C 3.6C 108.7 F
ITA 25C 64B 179B 472 B 62.0D 12.3B 13.3C 6.2B 1423 E
ALT 52B 82B 226 B 83.1A 199F 109B 85D 105A 1509E
CB1 28C 28C 21.0B 732 A 785 C 433 A 18.0C 37C 1699D
CB2 43B 21C 25.8 B 76.1 A 98.0 B 52.0 A 46.5B 32C 2146 B
CB3 50B 72B 35.0 A 793 A 79.3C 18.1B 17.0C 6.6 B 1659 D

PA 52B 74 B 25.8 B 845 A 38.3E 26.3B 58.4 A 40C 188.6 C
VOT 35C 44C 382 A 739 A 166.8 A 49.6 A 67.7 A 26C  3323A
Mean 4.7 6.3 25.6 66.8 69.5 23.5 26.9 4.7 165.3

Groups of means with different letters in the columns differ between itself by Scott & Knott test at 5% probability.
AG—Agudos, ANG—Angatuba, BOT—Botucatu, ITA—Itatinga, ALT—Altin6polis, CB1—Capao Bonito 1,

CB2—Capao Bonito 2, CB3—Capao Bonito 3, PA—Paraibuna, VOT—Votorantim.
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Figure 2. Relative distribution of total organic P, total inorganic P and residue P fractions of total P in
soils under Brazilian Eucalyptus plantations. Sites: AG—Agudos, ANG—Angatuba, BOT—Botucatu,
ITA—Itatinga, ALT—Altin6polis, CB1—Capao Bonito 1, CB2—Capao Bonito 2, CB3—Capao Bonito 3,
PA—Paraibuna, VOT—Votorantim.
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Figure 3. Soil P fractions for each Eucalyptus site as a percentage of total P. Sites: AG—Agudos,
ANG—Angatuba, BOT—Botucatu, ITA—Itatinga, ALT—Altinépolis, CB1—Capédo Bonito 1,
CB2—Capao Bonito 2, CB3—Capao Bonito 3, PA—Paraibuna, VOT—Votorantim. Labile P (Resin-Pi + Pi
and Po in NaHCOj3;), moderately labile P (Pi and Po in NaOH), occluded P (Pi and Po in
Sonicate+NaOH), Ca-P (HCI-Pi) and residue-P.

3.2. Relations between P Fractions and Soil Attributes

Significant correlations were observed across all P fractions, except for NaOH-Pi and HCI-Pi
(Table 4), which corroborates the results of PCA (Figure 1). The resin-Pi demonstrated a positive
relationship with only NaHCOj3-Pi, which correlated negatively to sonic-Pi. All organic fractions and
the sonic-Pi showed positive correlation with residual-P. Regarding soil attributes, there were negative
correlations between NaHCO3-Pi and clay content and cation exchange capacity (CEC at pH 7.0). The
fractions of NaOH-Po, sonic-Pi and residual-P demonstrated a positive correlation with the contents of
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clay and organic C and with CEC, and Sonic-Po fraction with both clay and organic C. No significant
correlations between the other P fractions and soil attributes were found (Table 5).

Table 4. Pearson correlation coefficients for soil P fractions (0-20 cm) in Brazilian Eucalyptus plantations.

Resin NaHCO3; NaHCO; NaOH NaOH Sonic Sonic HCl Residue

Fractions Pi Pi Po Pi Po Pi Po Pi P
Resin Pi 1 0.78 ** 0.13 ~0.05 027  —045 ~011  —005  —037
NaHCO; Pi . 1 ~0.04 ~0.16 040  —0.69* —028 023 —0.43
NaHCO; Po - . 1 0.48 0.71* 0.41 0.60 017  070*

NaOH Pi - - - 1 0.17 0.54 0.50 0.31 0.58

NaOH Po - - - - 1 0.74* 065*  —049  0.83*
Sonic Pi - - - - - 1 073*  —039 0.82*
Sonic Po - - - - - - 1 ~045  0.85*
HCl Pi - . . - . . - 1 ~0.18

Residue P - - - - - - - - 1

Significant at ** p < 0.01; * p < 0.05.

Table 5. Pearson correlation coefficients between P fractions and soil attributes (0-20 cm) in Brazilian
Eucalyptus plantations.

Fractions Clay C pH SB Al sat. CEC
Resin Pi —0.47 —0.43 0.42 0.04 —0.58 —0.56
NaHCO3Pi  —0.69 * —0.55 —0.03 —0.27 —0.34 —0.68 *
NaHCO; Po 0.47 0.59 0.41 0.41 -0.15 0.61
NaOH Pi 0.46 0.37 0.59 0.52 -0.37 0.41
NaOH Po 0.79 ** 0.88 *** 0.04 0.15 0.37 0.82 **
Sonic Pi 0.98 *** 0.86 ** 0.28 0.35 0.23 0.82 **
Sonic Po 0.78** 0.73* 0.27 0.29 —0.08 0.51
HCIPi —0.48 —0.37 —0.06 0.12 —-0.37 —0.24
Residue P 0.84 ** 0.91 **= 0.18 0.29 0.10 0.78 **

Significant at *** p < 0.001; ** p < 0.01; * p < 0.05; SB—sum of bases; Al sat.—aluminum saturation; CEC—cation
exchange capacity.

3.3. Soil P Transformations

The hypothetical structural model of soil P cycle was composed of four P pools (latent variables):
(i) the organic fractions in NaHCO3; and NaOH were grouped in the organic pool; (ii) the recalcitrant
fraction residual-P and sonic-P (Pi and Po), in the occluded pool; (iii) the NaHCO3-P4i fraction, in the
inorganic pool, and (iv) the resin-Pi only in the available pool (Figure 4). The general fitting of the
model was highly satisfactory (X? = 14.03, df =9, P =0.121; GFI = 0.891; CFI = 0.957; RMSEA = 0.139).
The available P pool (endogenous latent variable) was directly dependent on pools of inorganic P (Pi),
organic P (Po) (endogenous latent variables) and occluded P (exogenous latent variable). However,
only the Pi pool had significant direct effects on the available P pool. In turn, the exclusion of direct
relationships between the pools of Po and occluded P with the available P pool decreases the model’s
fit, thereby justifying the relevance of these two pools in the model. Thus, these three pools together
explained 50% of total variance in the available P pool. The Po pool had also an indirect negative effect
via Pi pool on the available P pool, causing a general negative effect (8 = —0.27 + {(—0.22) x 0.66} =
—0.415). The occluded P pool had an indirect negative effect on the pools of Po + Pi and positive effect
via Pi pool, but its general effect was positive (8 = 0.30 + {(0.90 x (—0.27)) + (0.63 x 0.66) + (0.90 x
(—0.22) x 0.66)} = 0.342). Therefore, the overall effect of these three pools on the available P pool was
positive (B = (—0, 415) + 0.342 + 0.66 = 0.587).
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Figure 4. Structural equation modeling for the soil P cycle in Brazilian plantations. All measured
variables (in boxes) are represented as effect indicators associated with latent variables (in circles). The
numbers correspond to the standardized parameters estimated (p < 0.001) and the R-squared values
(numbers in bold). Significant at p < 0.10, * at p < 0.05, ** at p < 0.01. Error variables (¢1—¢5, 51—03) are
standardized values. Model X? = 14.03, df =9,p=0.121.

4. Discussion

4.1. Distribution of Organic and Inorganic P Fractions

The high level of dissimilarity among P fractions suggests that each Eucalyptus site consisted of a
specific environment and any change in production system, management practices and soil conditions
could therefore affect the dynamics of P. The sites presenting the greatest clay content also showed the
greatest organic C content and CEC (at pH 7) (Table 2). Variables highly correlated with each other
(r = 0.87, p < 0.001 between clay and C; r = 0.85, p < 0.01 between clay and CEC; r = 0.87, p < 0.01
between C and CEC). In these sites, the greatest contents of total Po were found, evidencing the strong
correlation between Po and soil organic matter [6,9]. Thus, forest management practices that increase
soil organic matter tend to lead to an increase of P stocks in organic forms.

An average content of 6.6 mg- kg ! of resin-Pi is common in tropical soils of low natural fertility
and unfertilized soils [18,21,30,31]. The predominance of Po in NaHCOj3; and NaOH fractions, in most
of the sites, had significant linkages to the availability of P to plants. In tropical soils of low fertility,
the organic forms of P are considered the main sources of P to plants [32-34], if the maintenance of Po
stocks occurs through the process of organic matter recycling.

The organic fractions remained similar to the inorganic fractions, with approximately 30% of total
P in each (excluding the residual-P). This proportion of Po is within the range found in tropical regions
for several soil orders (from low to medium content of organic C) and land-use systems, with average
values of total Po from 26% [9,35,36] to 31% [11,19,37]. Oliveira et al. [38] found proportions of total Po
ranging from 36% to 46% for soils with high contents of organic matter, a conclusion that supports
these findings. The results of the current study suggest that the minimum cultivation system could be
a management strategy in the maintenance of high soil Po contents in Eucalyptus plantations in Brazil.
Residue retention on the soil surface increased organic matter and nutrient status in Eucalyptus sites [4].

The content of fractions that compose labile P (resin-Pi + Pi and Po in NaHCQO3) are within the
range found by other authors in several soil orders and land-use systems [14,35,39]. The average
content of 37 mg- kg ! of labile P, which corresponds to an average quantity of 73 kg-ha~! of labile
P (bulk density = 1 g-dm~3), could satisfy demand for immobilized P in the aboveground biomass
of Eucalyptus (leaves, branches, wood and bark), in a cultivation cycle of seven years, assuming
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the predominance of the P mineralization process of immobilization. Eucalyptus production with a
cultivation cycle of 7 years accumulates between 23 and 38 kg-ha~! of P [40-43]. Thus, in all sites
there is potential supply for a high demand of P (50 kg-ha™') in Eucalyptus plantations [44,45]. This
indicates the need to improve routine analysis methods for the quantification of available P in soil.

The maintenance of forest residues, such as bark and canopy, has a great effect on P availability
in forest sites; together they represent between 57% and 70% of P accumulated in the aboveground
biomass of Eucalyptus [3,42,43,46]. These sources partially replace the element quantity in the labile
fraction, decreasing demand for phosphorus fertilization.

The contents of moderately labile P and occluded P were higher than the average values reported
by Gama-Rodrigues et al. [21] for different tropical soil orders. The HCI-Pi contents were within the
range expected for highly weathered tropical soils [14], which were found in relative proportions
of less than 1%. The residual-P contents were also within the expected range for most tropical
soils [14,21,31,39], although in reality this P fraction is only used in the long term by the Eucalyptus, as
it is not affected in the short term by soil management systems and fertilizer application [47].

4.2. Structural Model

In spite of demonstrating association between most P fractions, the simple correlation analysis
did not provide enough information to distinguish the direct and indirect effects of all P fractions on
resin-Pi. Thus, by applying the SEM method, it was possible to quantify levels of interdependence
among P pools and consequently the cause—effect relationship in the transformation of P in soil could
be established.

The structural model of P transformations in soil showed that pools of Pi and occluded P act
as sources and Po pools act as a sink of P for the available P pool. The main source of P was the Pi
pool (B = 0.66) once the source function of the occluded P pool (8 = 0.342) was counterbalanced by the
sink function of the Po pool (8 = —0.415). The adjusted model demonstrated the complexity of the
inter-relation of geochemical and biological processes on the available P pool, validating the theoretical
concept that indicators of P pools are fractions of P determined by the sequential extraction method, as
reported by Sales ef al. [34]. In addition, the HCI-Pi fraction, as an indicator of the primary mineral P
pool, was not part of the adjusted model likely because all soil orders used for modeling are strongly
weathered (Table 1). This fraction represented on average only 1.4% of the total P extracted (Figure 3).

The direct and indirect effects (via Pi pool) of the occluded pool as a source of P on the available P
pool can be attributed to the dissolution of stable forms of Pi and/or to the mineralization of stable
forms of Po found in residual-P fraction, besides the Sonic-Po fraction itself, as indicator variables of
this pool. The presence of stable forms of Po in the occluded pool would partially explain its positive
relationship with the Po pool [34].

However, the transformations of recalcitrant forms of Po from the occluded pool to labile and
moderately labile forms of the Po pool did not result in indirect positive effects of occluded pool on
the available P pool. These results suggest that in the Po pool there is a deficit of several forms of
Po, which are characteristic of cultivation conditions with no or low phosphorus fertilizer supply in
several Eucalyptus sites that have soils lacking in P (Table 1).

This deficit reveals the sink function of the Po pool, evidencing the predominance of the
immobilization process in relation to mineralization, once the enrichment of available P and Pi pools
has caused a reduction of P in the organic pool. Under these conditions, the input of Pi and Po in soil
solution via mineralization/decomposition of plant litter /roots can increase the Po pool. Pi can be
immobilized by several species of organic anions through complexion reactions and chelation [48,49].
Several forms of labile and moderately labile Po can be adsorbed on soil minerals in varying levels
of stability [50], thus decreasing the concentration of these organic compounds in soil solution and,
consequently, their availability for mineralization.

The adjusted model therefore shows that P bioavailability is regulated by the interaction between
pools of Po, Pi and occluded P (Figure 4). The lability of P progresses over time for all fractions in
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such a way that, in the long term, all soil P can become labile [17]. Thus in soils poor in P, plants
can acquire P in more recalcitrant forms through several acquisition strategies—for instance, through
root exudation of organic anions and phosphatases that increases the desorption, solubilization or
mineralization of P from sparingly-availability sources in soil [51]. The organic anions can also reduce
the soil’s capacity for P-fixation as they occupy adsorption sites on mineral phase [52]. Additionally,
the extension of root systems and association with mycorrhizal fungi are other strategies to improve P
acquisition [53,54].

In this context, Eucalyptus trees, which require relatively long cultivation cycles and present
high fine roots and root hairs production [4], elevated root activity of acid phosphatase [55] and
intense mycorrhizal associations [56], have access to all P pools to satisfy their demand for P. All these
strategies for nutrient acquisition can increase the capacity of plants of acquiring soil P and accelerating
the recycling rate, although not the quantity, of P within the ecosystems [57]. Nevertheless, in the
evaluated Eucalyptus sites, the reversion of Po pool from sink function to source on the available pool P
was not warranted (Figure 4) creating a need to enhance management practices to ensure this outcome.
Mixed-species plantations of Eucalyptus with nitrogen-fixing trees have the potential to increase both
levels of soil labile Po and soil phosphatase activity [58]. Therefore, hypothetically, leguminous trees
can increase the quality of soil organic matter, which could lead to reversion of the sink function of
the Po pool (Figure 4), thus increasing P bioavailability for Eucalyptus trees. To verify this model, the
improvement of regression coefficient adjustments to structural relations is still required, as well as
verification using independent data from Eucalyptus sites. This is because the sink function of Po pool
on the available P pool differed from the structural models proposed by Gama-Rodrigues et al. [21]
and Sales et al. [34], in which the Po pool acted as a source of P in unfertilized tropical soils in different
land uses. Additionally, 50% of unexplained variance in available P pool in our model suggesting that
there are additional unmeasured factors that could also influence P availability (Figure 4). Thus, the
SEM method cannot be used to rule out the possibility that other untested models could provide an
even better fit [59].

5. Conclusions

1. There is great dissimilarity across forestry sites regarding P fractions in soil, caused by differences
in the physical and chemical attributes of soil and in forest management practices.

2. The fractionation procedure of P establishes the potential for labile fractions to supply Eucalyptus
trees, which is not possible in routine methods for analysis of soil fertility.

3. The structural model is adequate to identify functional pools of P in soil and to identify
transformation processes of P in soil, based on the source-sink relationships.

4. The available P pool is highly dependent on inorganic and occluded pool and the organic pool
acts predominantly as a sink of P on available and inorganic pools. This demonstrates the high
level of recalcitrance of the organic pool and the fact that Eucalyptus plants must access pools of
limited-availability P in order to meet their nutritional demands.
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