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ABSTRACT: Land use changes profoundly impact the natural dynamics of soil phosphorus
(P), potentially leading to decreased P concentrations. This study aimed to evaluate the
different P fractions in soils from Paraguay Central Chaco under pristine and anthropogenic
conditions. A randomized complete block design was utilized with two treatments
(pristine and anthropogenic usage). Thirty-four composite soil samples were collected
from the region at the layer of 0.00-0.20 m, followed by chemical fractionation of P into
labile, moderately labile, and non-labile categories, further classified into inorganic and
organic types. Collected data were analyzed using general and mixed linear models.
Significant differences (p<0.05) were explored using Fisher’s least significant difference
test for mean comparisons. Pristine soils consistently exhibited higher P levels across
most evaluated fractions (labile, moderately labile, non-labile, and inorganic) compared
to those affected by anthropogenic activities. Organic P fraction showed no significant
differences. These findings highlight that converting pristine areas to agricultural use
reduces soil P levels, posing significant implications for environmental management and
agricultural productivity.
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INTRODUCTION

Current food production relies heavily on applying phosphate fertilizers to maintain
and enhance crop yields. These fertilizers are primarily derived from phosphate rock,
which faces significant challenges. Besides being a finite and non-renewable resource,
phosphate rock is a critical fertilizer source (Cordell et al., 2009; Yu et al., 2021). Some
of its deposits are contaminated or are situated in geopolitically unstable regions. This
presents an imminent crisis for the continued supply of phosphate fertilizers, which
are fundamental to global food production (Blackwell et al., 2019). It is projected that
phosphate resources may be exhausted within 20-100 years if the current extraction
rate persists (Wierzbowska et al., 2020).

Phosphorus (P) plays a crucial role in crop nutrition but is mainly characterized by its low
availability in soils due to its slow diffusion and high tendency to bind within soils (Smil,
2000; Pavinato et al., 2010; Shen et al., 2011). These characteristics often render this
nutrient a limiting factor in crop growth (Smil, 2000; Giannini et al., 2022).

Furthermore, P availability in soil is a complex phenomenon (Shen et al., 2011), as various
factors influence its accessibility, including soil mineralogy, acidity, the concentration
of elements in the soil solution, as well as the source and amount of applied fertilizers,
all of which can impact the biogeochemical cycle of P and its adsorption to soil colloids
(Guera and da Fonseca, 2022).

Different land use systems can induce changes in soil P (Bezerra et al., 2015), primarily
affecting the way it accumulates (Nunes et al., 2020), leading to variations in P deposits
into different degrees of lability and, consequently, its availability for crops (Assis et al.,
2022). Thus, understanding the distribution and transformation of different P fractions
in the soil is essential (Wang et al., 2023).

Research assessing soil P availability has mainly focused on indices reflecting its immediate
supply (Richter et al., 2006). Nonetheless, evaluations often overlook the other soil
P fractions, and identifying and quantifying these fractions is pivotal for enhancing
agricultural productivity and developing sustainable management practices for agricultural
soils under long-term cultivation (Tang et al., 2023).

In this regard, P fractionation using various extractors, as developed by Hedley et al.
(1982), has proven to be an invaluable method for assessing the availability and total
solubility of P in the soil. This approach is based on extracting organic and inorganic P
fractions, starting with the most labile P fraction and progressing toward the less available
forms (Pavinato et al., 2009).

The most labile fractions of P are those that constantly supply P to the soil solution for
uptake by plants and soil microorganisms. These fractions are replenished through mineral
dissolution, desorption, and organic mineralization processes (Richter et al., 2006).
Conversely, the less labile fractions act as a P reservoir in the soil, gradually releasing
this nutrient as the P in the solution is utilized (Subero et al., 2016).

In the productive systems of the Paraguayan Chaco, soils are not fertilized as they
possess high P contents (Candia-Diaz et al., 2023). Medium- and long-term research
based on sequential P extractions has shown that agricultural practices with low or no P
inputs deplete nutrient fractions, especially more labile ones (De Oliveira et al., 2015).
Therefore, comprehending how current production systems in the Paraguayan Chaco
affect P dynamics in these soils is crucial, as it could dictate the need for phosphate
fertilizer application in the medium to long term.

This study aimed to compare different P fractions in pristine and anthropogenic systems
through P chemical fractionation in soils of the Paraguayan Chaco. It is hypothesized that
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soils with anthropogenic use exhibit a decrease in P content across its various fractions,
with a more pronounced effect in the labile fraction, when compared with pristine soils.

MATERIALS AND METHODS
Soil sampling

Soil samples were collected at thirty-four locations in the Central Chaco of Western
Paraguay in June and July 2020 (Figure 1); the sampled soils were classified as Luvisols
(Wolfgang et al., 1998). Composite soil samples were taken from pristine areas (i.e., the
pristine system) and adjacent plots with human intervention for anthropogenic uses
(i.e., the anthropogenic system). Each sample consisted of five subsamples collected in
a zigzag pattern at layer of 0.00-0.20 m (Candia-Diaz et al., 2023). Coordinates of each
sampling point were recorded using a GPS, and each sampled point was identified and
georeferenced (Table 1). Collected soil samples were labeled, georeferenced, and sent
to the Soil Laboratory of the Facultad de Ciencias Agrarias at the Universidad Nacional
de Asuncién (San Lorenzo, Paraguay) for chemical analysis.

Phosphorus fractionation

After air-dried and sieved with a 2 mm sieve, the samples were analyzed in triplicate.
Phosphorus fractionation was carried out according to the method proposed by Hedley
et al. (1982), with modifications suggested by Condron et al. (1985) and Rheinheimer
et al. (2008). The fractionation process consisted of a series of sequential extractions
using different chemical agents: anion exchange resin (AR 103 QDP 434) (Pi-AER),
sodium bicarbonate 0.5 mol L™ with pH at 8.5 (NaHCO,-P), sodium hydroxide 0.1 mol L
(NaOH 0.1-P), hydrochloric acid (HCI) 1.0 mol L* (Pi-HCI), and NaOH 0.5 mol L (NaOH
0.5-P). Each extraction was conducted for 16 h in an orbital shaker at 33 rpm, followed
by centrifugation for 20 min.
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Figure 1. Locations of the sampling points in the Paraguayan Chaco, 2020.
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Table 1. Sampled points, pH and their uses in the Paraguayan Chaco, 2020

Sa!npllng Coordinates Characteristics pH System
point
22°14' 21" S Shrubland. Vegetation: Salta trifiora (Griseb.) Adr.
Al o At e Sanchez (commonly known as Guaimi pire) and 5.9 Pristine
60° 02" 15" W . ;
Bromelia serra Griseb. (known as karaguata).
Pastures: Megathyrsus maximus Jacq (Gatton panic or
A2 22° 14’ 27.46" S guinea grass), weeds Nicotiana glauca Graham (known 6.6 Anthropogenic
60° 02" 10.76" W as palan palan), Calotropis procera (Aiton) W.T. Aiton ‘ Pog
(known as tuja bola)
21° 34’ 34.28" S Xerophytic forest. Vegetation: cacti, Aspidosperma
B1 o A1 5g An quebracho-blanco Schitdl. (known as quebracho 6.8 Pristine
60° 44’ 28.17" W
blanco), sedges
21° 34" 40.26"” S  Chemical fallow for soybean production (Glycine max L. .
B2 60° 42’ 18.40" W Merr.). Weeds: Conyza sp. (known as Mbu'y) e ATPER R
c1 22°17'26.43" S Natural forest. Vegetation: Ceiba chodatii (Hassl.) 6.4 Pristine
59° 58’ 43.05" W Ravenna (known as samu’l) '
22°17' 24.27" S . .
C2 50° 58" 53.11" W Over 60 years of citriculture 6.7 Anthropogenic
22° 19 38.40" S Natural forest. Vegetation: Neltuma sp. (known
D1 o A1 o as algarrobo), Salta trifiora (Griseb.) Adr. Sdnchez 5.2 Pristine
60°4'17.82" W N .
(commonly known as Guaimi pire), cacti, sedges
22919 52.10" S Grape production (Vitis vinifera L.). Previous use:
D2 ® 10 (R YD Megathyrsus maximus (Jacq.) B.K. Simon & S.W.L. 6.1 Anthropogenic
60° 4’ 6.30" W . . .
Jacobs var. maximus (Gatton panic or guinea grass)
22°24'13.94" S -
El 60° 3' 39.25" W Natural forest 5.5 Pristine
22° 24’ 26.05" S Agricultural plot: sesame production (Sesamum .
E2 60° 3" 19.83" W indicum L.) and fallow 6.4 Anthropogenic
Shrubland. Vegetation: Salta trifiora (Griseb.) Adr.
22° 23 20.62" S Sanchez (commonly known as Guaimi pire), cacti,
F1 o 5 Sen Aspidosperma quebracho-blanco Schltdl. (known as 5.4 Pristine
60° 2’ 55.06" W . .
quebracho blanco), Schinopsis balansae Engl. (known
as quebracho colorado)
Chemical fallow for pasture, agricultural plot in forage
F2 22°23'22.63"S crop rotation. Weeds: grasses and broadleaf plants: 56 Anthropogenic
60° 2’ 50.32" W Portulaca sp., Ipomoea sp., Amaranthus sp., Calotropis ‘ Pog
sp.
Natural forest. Vegetation: Aspidosperma quebracho-
Gl 22°18'7.08" S blanco Schitdl. (known as quebracho blanco), 56 Pristine
59° 53" 31.24" W Schinopsis balansae (Engl.) (known as quebracho '
colorado)
22°17'55.18" S Agricultural plot: peanut production (Arachis hypogaea .
G2 50° 54’ 14.35" W L) 5.9 Anthropogenic
Natural forest. Vegetation: Aspidosperma quebracho-
22°19' 13.10" S blanco Schitdl. (known as quebracho blanco), Salta
H1 60° 13 4 04 W trifiora (Griseb.) Adr. Sdnchez (commonly known as 5.9 Pristine
) Guaimi pire), Ceiba chodatii (Hassl.) Ravenna (known
as samu’'d)
22°19'6.37"S Agricultural plot: sesame production (Sesamum .
H2 60° 13' 3.27" W indicum L.) >-8 Anthropogenic
22° 23" 20.6" S Natural forest. Vegetation: Ceiba chodatii (Hassl.)
11 o At oA A Ravenna (known as samu’u), Salta trifiora (Griseb.) Adr. 6.0 Pristine
60° 09’ 21.2" W 2 A
Sanchez (commonly known as Guaimi pire)
22°23'22.9"S Agricultural plot: peanut production (Arachis hypogaea .
12 60° 09’ 21.4" W L) 5.7 Anthropogenic
22°14'15.2" S .
J1 50° 59’ 05.1" W Forest 6.1 Pristine
Continue
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Continuation
Sampling

point Coordinates Characteristics pH System
J2 52920 ;é 02{33 VSV Pastures 7.4 Anthropogenic
K1 62§° gg 01322 VSV Forest 5.7 Pristine
22° 14’ 26.9” S Pastures: Megathyrsus maximus (Jacq.) B.K. Simon &
K2 50° 59’ 01 I6" W S.W.L. Jacobs var. maximus (Gatton panic or guinea 6.3 Anthropogenic
' grass)
L1 ggo f; sggf?vsv Forest 5.1 Pristine
22°29'49.15" S Agricultural plot: peanut production (Arachis hypogaea .
L2 59° 43 59.26" W L), fallow 6.0 Anthropogenic
M1 %%o 230 3%77753 V\? Forest 5.6 Pristine
M2 %%o %)%; 2%455 V\? Forestry use 5.5 Anthropogenic
22° 06’ 30.7" S Forest. Vegetation: Salta trifiora (Griseb.) Adr. Sdnchez
N1 60° 07' 39 4 W (commonly known as Guaimi pire), Ceiba chodatii 6.2 Pristine
' (Hassl.) Ravenna (known as samu'l)
22° 06’ 30.9" S Crop rotation between pasture and maize (Zea mays .
N2 60° 07' 44.0" W L) 6.1 Anthropogenic
01 %210 ? 1}%5 V\? Forest 6.6 Pristine
22° 27" 377" S Agricultural plot: peanut production (Arachis hypogaea .
02 61°3 177" W L) 6.1 Anthropogenic
P1 6212° j88 ;élg?\/sv Forest 6.5 Pristine
22°19'07.32" S Agricultural plot. Crop rotation consisting of soybean,
P2 61° 48’ 29.40" W cotton, wheat, and sesame. 6 years of use. Deep water 6.9 Anthropogenic
' irrigation
Q1 6213° fg ;Z%(? VSV Forest. Vegetation: Tessaria dodoneifolia (Hook. & Arn.) 6.7 Pristine
22°59'47.81" S Pastures: Megathyrsus maximus (Jacq.) B.K. Simon &
Q2 61° 47' 15 .76" W S.W.L. Jacobs var. maximus (Gatton panic or Guinea 6.8 Anthropogenic
' grass)

Source: Adapted from Candia-Diaz et al. (2023).

Subsequently, the solid residue was dried, ground, and subjected to digestion with
H,SO, + H,0, + saturated MgCl, to extract residual P (P-residual) (Brookes and Powlson,
1981). In the alkaline extracts (NaHCO, and NaOH), inorganic P was determined by the
method of Dick and Tabatabai (1977), and the total P of this fraction was determined by
digestion with ammonium persulfate (NH,),S,0, and sulfuric acid (H,SO,) in an autoclave at
121 °C (USEPA, 1971). Organic P was calculated by the difference between total P and
the inorganic fractions in each extractor. The P of the acid extracts was determined using
the method of Murphy and Riley (1962). Total P was calculated by adding all the fractions
obtained (Cross and Schlesinger, 1995). The different P fractions were grouped into three
categories: Pi-AER + NaHCO,-P as labile P, NaOH 0.1 and 0.5-P + Pi-HCI as moderately
labile P, and P-residual as non-labile P. Figure 2 shows the step-by-step process of the P

fractionation.

Statistical analysis

General linear and mixed models were employed to evaluate the impact of land use type
(i.e., pristine or anthropogenic) on the P fractions. The distributional assumptions of the
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Labile fraction

Moderately labile fraction

Non-labile fraction

5 NaHCO. NaOH 0.1- . NaCOH 0.5 - i
Pi-AER il s Pi-HCI ; P-residual
-Pi Pi Pi
[ Tgofsoil ] ] I T ] ] I
Anion exchange resin - 10 mL sodium 10 mL sodium hydroxide 10 mL hydrochloric acid 10 mL sodium hydroxide
(RIA) +10 mL distilled bicarbonate (NaHCO,) (NaOH) 0.1 mol L, 16 h in (HCI) 1.0 mol L. (NaOH) 0.5 mol L,

water, 16 h in an orbital
shaker. Place RIA in
10 mL HCI 0.5 mol L,
20 min centrifugation.
+ 10 mL NaCl 0.5 mol L?,
5 min centrifugation.
Discard the supernatant.

—

0.5mol L*atpH 8.5;
16 h in an orbital shaker.
20 min centrifugation.

+ 10 mL NaCl 0.5 mol L%,
5 min centrifugation.
Supernatant collection

L

an orbital shaker.

20 min centrifugation.
+ 10 mL NaCl 0.5 mol L,
5 min centrifugation.
Supernatant collection.

16 h in an orbital shaker.
20 min centrifugation.
+ 10 mL NaCl 0.5 mol L,
5 min centrifugation.
Supernatant collection.

L

16 h in an orbital shaker.
20 min centrifugation.
+ 10 mL NaCl 0.5 mol L%,
5 min centrifugation.
Supernatant collection.

Digestion of the solid
residue with
saturated H,SO, +
H,0, + MgCl,.

|

NaHCO;
-Po

|

NaOH 0.1
-Po

|

NaCH 0.5
-Po

Figure 2. Diagram of phosphorus fractionation in soils of the Paraguayan Chaco under pristine and anthropogenic conditions.

errors were validated through the analysis of diagnostic plots of the model. Whenever
signs of deviation from these assumptions were observed, alternative models featuring
different error correlation structures and heterogeneous variances were considered. The
optimal model was ultimately chosen based on the Akaike and Schwartz information
criteria. For variables where significant differences (p<0.05) were identified, the Fisher’s
least significant difference test was conducted. All statistical analyses were performed
using the InfoStat software version 2017 (Di Rienzo et al., 2017).

RESULTS AND DISCUSSION

Labile phosphorus

Analyses revealed significant differences in labile P content between the systems
(F = 6.67; p = 0.0200). This was also observed in the Pi-AER (F = 5.60; p = 0.0309),
NaHCO;-Pi (F = 9.84; p = 0.0064) and -Po (F = 5.02; p = 0.0396). In all these fractions,
pristine soils showed higher P content than intervened soils (Figures 3a, 3b, 3¢, and 3d).

Labile fraction comprises the sum of the extractions of Pi-AER and NaHCO,-Po and -Pi,
constituting the fraction of P available for plants and microorganisms in the short term;
this is because they are rapidly desorbed from the soil particle surfaces (Cross and
Schlesinger, 1995). In other words, once P is depleted from the solution due to plant
uptake, it is replenished into the solution, which occurs through organic and inorganic
P (Gatiboni et al., 2005). Research has demonstrated that anthropogenic soil use in
the Paraguayan Chaco and the lack of phosphate fertilization lead to a reduction in the
initial labile P concentrations (Figure 3a). These results corroborate those of Frizano et
al. (2003), who compared variations in initial soil P concentrations in the Para region of
Brazil. The authors noted that during the transition from primary to secondary forest,
the labile P levels in the soil decreased compared to those present in the primary forest
soil. However, Motavalli and Miles (2002), in plots with 111 years of long-term cropping
in Missouri (USA), showed that cropping systems and associated practices such as long-
term fertilization significantly alter the quantities and proportions of labile P compared
to initial P content in native grasslands.
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Moreover, when examining labile P, there is inorganic P extracted by ion exchange
resin (Pi-AER) and P extracted by sodium bicarbonate, which subdivides into inorganic
(NaHCO,-Pi) and organic (NaHCO,-Po) fractions (Figures 3b, 3c and 3d). According to
Cross Schlesinger (1995), the Pi-AER and NaHCO,-Po and -Pifractions represent the soil
P that can be readily exchanged and rapidly mineralized. As a result, the plant-available
portion constitutes only a small fraction of the total P in the soil, both in absolute terms
and as a percentage of the total P. Inorganic P fraction extracted by RIA is recognized as
the short-term available form of P for plants (Cross and Schlesinger, 1995). Therefore,
it plays an important role in crop production (Zamuner et al., 2008).

Nevertheless, human intervention for agricultural purposes has led to a progressive
depletion of initial P levels in the soils studied, and we also observed that the Pi-AER
content was higher in the pristine system compared to the anthropogenic system
(Figure 3b). Despite these findings, there are contradictory results. Motavalli and Miles
(2002) observed increased Pi-AER concentrations in different cropping systems compared to
unfertilized plots or native pastures. This might occur because, in contrast to the situation
in the Chaco, phosphate fertilization was applied in those plots. Rheinheimer and Anghinoni
(2001) reported that the Pi-AER content may vary depending on soil management. When
comparing two Latossolos Vermelho distréfico (Oxisols) and an Argissolo (Ultisol) across
different soil preparation methods, they found that Pi-AER concentrations were higher
in soils under a no-till system compared to those in a conventional cropping system.

Phosphorus extracted by NaHCO, represents the fraction weakly adsorbed to soil
compounds and, similar to phosphate extracted by the RIA method, is considered
rapidly available to plants due to its buffering capacity, which is similar to that of plant-
adsorbed P (Gatiboni et al., 2007).

150 (@) 90 ,(P)
_ 113 4
(=2} (=]
£ 5] E
o
@ &
] <
] a
38 -
0 - i
Pristine Anthropogenic Pristine Anthropogenic
10 (€) o0 (@)

NaHCO5-Pi (mg kg!)
NaHCOs-Po (mg kg1)

Pristine Anthropogenic Pristine Anthropogenic

Figure 3. Contents of labile P (a), Pi-AER (b), NaHCO,-Pi (c), and NaHCO,-Po (d) in pristine and
anthropogenic soils. Different letters indicate the means of the treatments differ significantly at
a 5 % significance level according to Fisher’s least significant difference test.
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In our study, a reduction in NaHCO;-Pi levels in soils from the anthropogenic system
was observed (Figure 3c). Fertilization is proposed as an alternative to counteract this
decrease. In productive systems such as integrated crop-livestock, after six years of
application of organic and mineral fertilizers, Rigo et al. (2019) found that the successive
use of these fertilizers caused an increase in this fraction in soils.

The NaHCO,-Po extracts P associated with organic surfaces and humic and fulvic acids
(Blake et al., 2003), and this fraction constitutes a readily available P reserve for plants.
Redel et al. (2011) suggest the importance of microbial biomass in soil P availability. As
with the other labile P extractions (Pi-AER and NaHCO,-Pi), this fraction decreased due
to land use change (Figure 3d).

This result aligns with the study of Frizano et al. (2003), who observed that the labile
organic fraction experienced the greatest decrease compared to other fractions during
land use change from primary to secondary forests, indicating the importance of this
fraction as a source of P for forest regeneration, either directly or indirectly. Similarly,
Zamuner et al. (2008), in their comparative study between no-tillage and conventional
systems, underline the relationship between these labile inorganic P fractions and the
potential contribution of labile organic P to the labile inorganic P fraction. While the
inorganic labile fractions increased, the organic fraction simultaneously decreased,
suggesting a change in soil P availability and dynamics.

In southern Brazil, a study was conducted on the effect of continuous pine cultivation
without fertilization. The findings indicate that, in these soils, the labile organic P likely
acted as a buffer for the inorganic forms of phosphate. From the first to the third crop
cycle, the concentration of organic P decreased significantly from 70.6 to 39.8 mg kg. In
contrast, the labile inorganic fractions remained unchanged after different crop periods
(Gatiboni et al., 2017).

This P fraction is also influenced by the management system employed during the crop
cycle, showing significant interactions between winter crops, soil management systems,
and soil depth. In fact, an increase in the concentrations of this fraction was observed
in fields with minimum tillage management compared to those subjects to conventional
tillage. This phenomenon could be attributed to the replenishment of crop residues and
increased microbial activity in the topsoil, including transforming inorganic fertilizers
into organic forms (Tiecher et al., 2012a).

210

158

105

53

Moderately labile P (mg kg!)

Pristine Anthropogenic

Figure 4. Phosphorus contents of the moderately labile fraction in pristine and anthropogenic
soils. Different letters indicate the means of the treatments differ significantly at a 5 % significance
level according to Fisher’s least significant difference test.

Rev Bras Cienc Solo 2025;49nspel:e0240119 8



Candia-Diaz et al. Phosphorus fractionation in soils of the Paraguayan Chaco under pristine...

’r-
‘
Y\

Moderately labile phosphorus

A significant difference was identified in the content of this P fraction (F = 6.90;
p = 0.0157), with lower P content in anthropic systems, showing a variation of approximately
80 mg kg (Figure 4).

Moderately labile P is composed of the sum of the extractions with NaOH 0.1-P and HCI-Pi.
Both Pi and Po from this fraction can act as possible replenishment sources for the more
labile fraction. This process takes place after the desorption of the mineral phases of
inorganic P and mineralization of organic P (De Oliveira et al., 2015).

Our findings showed that continuous anthropogenic use depletes the P in this fraction.
This depletion can be attributed to the lack of replenishment of P extracted by crops in
the soil, given that in the productive systems of the Paraguayan Chaco, no phosphate
fertilization is carried out since these soils naturally have P levels above the critical
level (Peroni Mayans and Rasche Alvarez, 2013). This situation turns this P fraction into
a source of P for the labile fraction of the soil.

These findings corroborate the results of Richter et al. (2006), who scrutinized the
changes in P due to the growth of a pine forest for 48 years in an Ultisol and observed
a significant decrease in slow-release P concentrations. Nonetheless, the authors noted
that the labile P fractions (e.g., NaHCO,-Po and -Pi) remained relatively stable, labile P
fractions (e.g., Pi-AER and NaHCO,-Po) remained relatively stable, and even the NaHCO,-Pi
fraction increased. These results suggest that P removal over decades was compensated
for or overcome by P input from slow-release P fractions.

Conversely, some researchers have suggested that the successive use of organic and
mineral fertilizers can positively affect soil P availability. For instance, Rigo et al. (2019)
observed that, after six years of applying these fertilizers in an integrated crop-livestock
system, moderately labile P fractions increased significantly by up to 0.20 m depth.

Phosphate fertilization increases the labile inorganic fractions, especially in the surface
layers, contributing to maintaining available P even after the crop cycle. This ability of
the soil to desorb a depleted fraction and replace it with another can maintain a constant
supply of P for plants in future crop cycles (Pavinato et al., 2009).

250 H

=
co
oo

125

Non-labile P (mg kg1)

(@]
w

Pristine Anthropogenic

Figure 5. Phosphorus content of the non-labile fraction in pristine and anthropogenic soils.
Different letters indicate the means of the treatments differ significantly at a 5 % significance
level according to Fisher’s least significant difference test.

Rev Bras Cienc Solo 2025;49nspel:e0240119 9



’r-
‘
Y\

Candia-Diaz et al. Phosphorus fractionation in soils of the Paraguayan Chaco under pristine...

Non-labile phosphorus

Non-labile P content was also significantly higher in pristine soils compared to anthropically
intervened soils (F = 6.95; p = 0.0154) (Figure 5). This P fraction includes the most stable
and insoluble forms that undergo long-term changes (Cross and Schlesinger, 1995).
Generally, the release of P from this fraction occurs in quantities and rates insufficient
for plant to absorb (Gatiboni et al., 2007). Therefore, this fraction contributes to plant
nutrition only in situations of extreme nutrient deficiency in the soil (Gatiboni et al., 2005).

However, it is foreseeable that the soils under study might show a reduction in P content
in this fraction. This is because the more labile P fractions have been depleted, and the
non-labile fraction has served as a replenishment source of P in anthropically used soils.
Guo et al. (2000) indicate that the lability of P progresses over time for all fractions,
suggesting that, in the long term, all soil P may become labile.

In this regard, fertilization emerges as a strategy to counteract P losses due to various
anthropic uses. In a study on the impact of organic and inorganic fertilizers on P fractions
after 6 years of application in an integrated crop-livestock system, Rigo et al. (2019) found
that organic fertilization, whether with poultry litter or compost, leads to an increase in
all P fractions, including the non-labile fraction. In contrast, chemical fertilization only
results in higher levels in the moderately labile fraction. On the other hand, the study of
Ciampitti (2009) showed that continuous inorganic fertilization increases the content of
this P fraction. Additionally, liming promotes the increase of P in the non-labile fraction;
Amarilla et al. (2019) demonstrated that this fraction increased significantly with the
increased application doses of CaCO,.

Inorganic and organic phosphorus

Like other fractions, inorganic P (Pi) showed significant differences between the two
systems (F = 9.57; p = 0.0070), with higher content in pristine soils (Figure 6). This
decrease in Pi is related to the lack of replenishment of the P extracted by crops due to
the absence of fertilization in the soils of Central Chaco. Amorim et al. (2024) argue that,
without the application of phosphoric fertilizers, a reduction in the inorganic P fraction is
observed, as Pi fractions are the ones that directly contribute to the P available absorbed
by plants (PAbs). Their path analysis reveals that all the inorganic fractions evaluated
contribute directly to PAbs (p>0.10), with the labile and moderately labile fractions being
the most relevant for plant absorption.

440 -
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220
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Figure 6. Inorganic P contents in pristine and anthropogenic soils. Different letters indicate the
means of the treatments differ significantly at a 5 % significance level according to Fisher’s least
significant difference test.
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In line with this, Tiecher et al. (2018) found that available P is buffered by inorganic
fractions of low and moderate lability in no-till systems. This context reinforces the idea
that fertilization is an effective strategy to maintain or increase the inorganic P content
in the soil. In their study on fertilization with pig slurry, Tiecher et al. (2017) reported
increases of up to 251 % in inorganic P, with the highest accumulation observed in
inorganic fractions, especially in the surface layers.

Unlike Pi, the organic P fraction (Po) did not show significant differences between the
analyzed systems (F = 2.72; p = 0.1184). Although the P absorbed by plants is replenished
through Pi and Po, in soils where there is an accumulation of inorganic orthophosphate,
plants predominantly use this inorganic form. Mineralization of Po occurs only when
P availability is critical (Gatiboni et al., 2005), suggesting that, in soils with high Pi
availability, organic compound mineralization is unnecessary (Rubaek et al., 1999). This
is reflected in our findings, indicating the high availability of Pi is related to the lack of
differences in the Po fraction.

These results align with those of De Oliveira et al. (2015), who indicated that converting
native grasslands to apple orchards resulted in a depletion of Po. Bayuelo Jiménez et
al. (2019) corroborated that Po decreased with land use change and reduced organic
matter content.

However, some studies contradict these findings. Negassa and Leinweber (2009) reported
higher concentrations of Po in agricultural soils compared to forests, attributable to the
accumulation of organic matter by pasture roots. Henriquez (2015) also found that,
despite contrary expectations, sugarcane and coffee crops presented higher values of
biological P compared to forest areas.

Nevertheless, it is crucial to emphasize that organic P plays a fundamental role as a
phosphate source for plants, both in natural environments and cultivated soils (Tiecher
et al., 2012a). Organic matter acts as a significant reservoir of P that, when decomposed
by microbial activity, releases significant amounts of available P in short and prolonged
periods (Frizano et al., 2003). Therefore, this P fraction represents a potential P source,
especially under deficiency conditions (Chimdi et al., 2014).

Total phosphorus

A significant decrease in total P content was observed in intervened systems compared
to pristine systems (F = 7.52; p = 0.0145) (Figure 7). Total P comprises the sum of all
the sequential extractions mentioned above. A reduction in P content was observed in
this fraction due to the various anthropogenic land uses. These results corroborate the

620 -
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Total P (mg kg1)

155

Pristine Anthropogenic

Figure 7. Total P conten in pristine and anthropogenic soils. Different letters indicate the means of
the treatments differ significantly at a 5 % significance level according to Fisher’s least significant
difference test.
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findings of Giannini et al. (2022), who evaluated a 35-year-old soybean monoculture
system with conventional tillage and a 105-year-old system of continuous agriculture. In
both cases, the total P content decreased, reaching 20 and 42 %, respectively, compared
to the pristine systems at the depths analyzed.

In another study, Frizano et al. (2003) showed that total P in soils decreased after
agricultural use compared to that in primary forest soils. In addition, Tiecher et al. (2012b),
in their research on the effect of long-term cultivation of different winter species under
tillage systems on the distribution of inorganic P in the soil, found that in cultivated soils,
the concentration was higher compared to native vegetation at the different depths
evaluated, due to the annual application of phosphate fertilizers.

CONCLUSION

Soils of the Paraguayan Chaco under anthropogenic use exhibit a decrease in phosphorus
content across its various fractions, with a more pronounced reduction in the labile fraction
compared to pristine soils. A significant decrease was observed in the labile, moderately
labile, non-labile, and inorganic phosphorus fractions following land use conversion to
agricultural activities, while the organic fraction remained unchanged. These results
highlight the impact of management practices on soil phosphorus availability, which
could affect long-term fertility and necessitate appropriate phosphorus replenishment
strategies to sustain agricultural productivity.
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