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Abstract: Intensive land-use change, the overgrazing of pastures, and the poor soil management
in the Amazon region induce significant soil chemical degradation, causing alterations in the soil
phosphorus (P) dynamics. Here, we studied the changes in P fractions and availability throughout the
soil profile along a chronosequence composed of four study areas representing the typical land-use
transition from forest to pasture for extensive cattle ranching in the Colombian Amazon region:
(i) Forest—Deforested—Pasture 4 years old and Pasture established >25 years after deforestation. Soil
samples collected at 0–10, 10–20, 20–30, and 30–40 cm depth were used for the sequential fractionation
of P, determination of acid phosphatase activity and soil organic carbon (C) content, and calculation
of C:organic P (Po) ratio and P stocks. Our results showed that the land-use change caused a decrease
of 31.1% in the fractions of labile inorganic P, with the mineralization of organic P by phosphatase
enzyme playing an essential role in the P availability. Although according to the C:Po ratio of the
deeper layer the P seems to be sufficient to satisfy the plant needs of all the land uses assessed, the
exploitation of soil nutrients in pastures reduced by 6.1% the moderately and non-labile P stock.
Given the role of cattle ranching in the economy of tropical countries, it is imperative to adopt
strategies of soil P management to improve P-use efficiency, avoiding the degradation of grazing land
resources while ensuring the long-term sustainability of rangeland livestock and decrease further
deforestation of the Amazon rainforest.

Keywords: land-use transition; chemical P fractionation; acid phosphatase activity; rainforest; soil
fertility

1. Introduction

The Amazon forest is the largest tropical forest in the world and plays a valuable role
in global carbon flow and the water cycle [1,2]. However, despite the importance of this
biome, the expansion of the agricultural frontier has been causing alarming deforestation
rates [3], with an important portion of the forest loss occurring in the Colombian territory,
where the establishment of pastures for livestock production has maintained an arc of
deforestation since 2015 [4].

The land-use change process, overgrazing of pastures, and the poor soil management
practiced by the farmers in the Colombian Amazon induce significant soil degradation,
leading to unproductive pastures over time. Alterations in the soil nutrient dynamics [5–7]
and possibly in the cycling of phosphorus (P) [8], one of the most limiting elements for
plant growth [9,10], are related to the soil chemical degradation in this region.
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Soil P is found in inorganic and organic forms, and its distribution varies according to
soil use and composition in both natural ecosystems and agroecosystems [11–14]. In tropical
soils, where the high acidity and concentration of iron (Fe) and aluminum (Al) sesquioxides
favor the absorption and chemical fixation of P in non-labile fractions, the organic P plays
an important role [15–18]. The turnover of organic P and the rapid recycling of P from
litterfall are the main processes driving the P availability to plants in natural ecosystems,
where there is no P addition [19]. Therefore, with the forest clearing, a redistribution of
different P pools in the soil could be expected [5,10,14], potentially aggravating the natural
condition of low P availability in tropical soils.

Although different techniques have been developed in order to explore the distinct P
pools in the soil and their responses to land use and soil management [20–23], comprehen-
sive studies revealing the impact of land-use change on soil P fractions are still scarce in
the Amazon region and particularly in the Colombian portion.

Investigating the alterations in this soil P bioavailability along the land-use transition
from forest to extensive pastures can provide important insights for developing manage-
ment strategies that promote sustainable land use, the restoration of degraded land, and
therefore the reduction of further deforestation of this important biome. Hedley chemical
sequential P fractionation [21] is a convenient analytical approach for assessing P bioavail-
ability. This approach allows the partitioning of soil total P into fractions of different plant
availabilities, often grouped into a labile pool, supplying the short-term P demand of plants;
a moderately labile pool involving inorganic and organic P that can be converted into labile
P forms; and a pool of stable or occluded P that contributes in negligible quantities to the
plant nutrition [19,24,25].

In this context, this study aimed to verify the changes in soil P fractions and availability
throughout the soil profile caused by the typical land-use transition from rainforest to
pasture in the northwestern Colombian Amazon. Additionally, we also assessed the
alterations in the soil P nutritional status by using the C:Po ratio indicator, as well as the
influence of acid phosphatase activity on labile P fractions. We hypothesized that the forest
clearing for cattle ranching in the Colombian Amazon region alters the soil P dynamics by
decreasing labile P fractions and the C:Po ratio in the soil profile. We further believe that
phosphatase enzymatic activity plays an important role in the short-term P supply.

2. Materials and Methods
2.1. Description of Study Areas

The study was carried out in northwestern Colombian Amazon, in Caquetá state,
specifically in the Solano municipality (0◦42′00.9231” N, 75◦15′23.3993” W) (Figure 1a), a
region with a climate classified as a tropical rainforest (Af type in Koppen classification),
with an average annual rainfall of 3793 mm, an average annual temperature of 25.5 ◦C,
and relative humidity greater than 80%. The soil is classified as Typic Hapludult, which is
highly weathered, moderately deep, and very acidic, with high Al saturation, low cation
exchange capacity, and basic cation content (Ca2+, Mg2+, K+, and Na+) [26].

We used the chronosequence approach to study the impact of land-use transition
on soil P fractions. Four areas with the same soil type and similar climatic and topo-
graphic conditions but different land-use histories were selected (Figure 1b). The land-use
chronosequence consisted of (i) natural forest area (Forest), a relatively undisturbed dense
high ground primary forest; (ii) recently deforested area (Deforested), where the natural
primary forest was cut down, burned, and a transitory crop of maize (Zea mays L.) was
established 1 year after deforestation; (iii) Pasture4, where pasture (Brachiaria sp.) was
established 4 years after the deforestation event; and (iv) Pasture >25: pasture (Brachiaria
sp.) established more than 25 years ago after slash-and-burn of native forests. Both pasture
areas have an occupation of approximately one cattle head per hectare.
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Figure 1. (a) Location of the study sites in the northwestern region of the Colombian Amazon.
(b) Schematization of the land-use history in the studied chronosequence: (i) Forest: dense high
ground primary forest; (ii) Deforested: the existing primary forest was cut down and burned and
transitory crops corn established 1 year after deforestation; (iii) Pasture4: pasture established 4 years
after the harvest of transitory crops; and (iv) Pasture >25: pasture established more than 25 years
after the deforestation event.

2.2. Soil Sampling and Analysis

A sampling grid composed of six plots (25 m−2; spaced 120 m apart) was established
in each study area, and then ten soil cores (5 cm internal diameter × 10 cm depth) were
collected at 10 cm depth increments until reaching 40 cm depth within each sampling plot.
Soil subsamples from the same layer were mixed to form a composite sample per layer per
plot, for a total of 240 subsamples and 24 composite samples per study area.

A small trench (30 × 30 × 40 cm) was also opened in each sampling plot to collect
undisturbed soil samples from the 0–10, 10–20, 20–30, and 30–40 cm layers using a steel
cylinder (5 × 5 cm; ~98 cm−3), which were analyzed to determine soil bulk density [27,28].

Before the analysis, samples for P determination were air-dried and homogenized
(2 mm sieved). Chemical P fractionation was performed as described by Hedley et al. [21],
with modifications proposed by Condron et al. [29]. Briefly, a sequential extraction of the P
pools, either inorganic P (Pi) or organic P (Po), was performed in individual soil samples in
solution extractant as follows: first, the labile Pi was extracted using an anion exchange
resin (P_resin) saturated with 0.5 M NaHCO3. Subsequently, the same soil sample was
submitted to sequential extractions with 0.5 M NaHCO3 (Pi_bic); 0.1 M NaOH (Pi_hyd 0.1);
1.0 M HCl (Pi_HCl); and 0.5 M NaOH (Pi_hyd 0.5). After the sequential soil P extractions,
the residual P (P_residual) was determined in the dried soil by subjecting it to digestion
(H2SO4, H2O2, and saturated MgCl2). The alkaline extractants were digested with H2SO4
and (NH4)2S2O8 to obtain the total P for each extractant, where the organic P was released
as inorganic P. The organic P fractions (Po_bic; Po_hyd 0.1; and Po_hyd 0.5) were estimated
based on the difference between the P (from the digestion) and the inorganic P (from the
extractant). P concentrations were determined using the colorimetric method; for acidic
extracts using the method of Murphy and Riley [30]; and in the alkaline extracts, the method
of Dick and Tabatabai [31].

The P fractions were grouped according to their lability as follows: labile P pool
(P_resin + Pi_bic + Po_bic), moderately labile P pool (Pi_hyd 0.1 + Po_hyd 0.1 + Pi_HCl),
and non-labile P pool (Pi_hyd 0.5 + Po_hyd 0.5 + P_residual). The total P was calculated as
the sum of all the fractions. In addition, the P fractions were grouped into biological and
geochemical P, following the methodology proposed by Cross and Schlesinger [32] which
includes all organic fractions (Po_bic + Po_hyd 0.1 + Po_hyd 0.5) and the second includes
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all inorganic fractions (P_resin + Pi_bic + Pi_hyd 0.1 + Pi_HCl + Pi_hyd 0.5 + P_residual).
The C:Po ratio was also calculated according to Equation (1):

C : Po =
C

(Po_bic + Po_hyd0.1 + Po_hyd0.5)
(1)

where C : Po: is the ratio between soil C and soil organic P; C is soil C (%); Po_bic (%); and
Po_hyd0.1 (%) and Po_hyd0.5 (%) is the soil organic P obtained by Hedley fractionation.

For soil C quantification, the samples were ground to a fine powder and sieved to
150 µm before determination by dry combustion [33] using a CN 802 carbon-nitrogen
elemental analyzer (furnace at 1000 ◦C in pure oxygen).

P stock was calculated using Equation (2) [34] and then adjusted by the fixed mass
method using the forest site as a reference [35].

S = B·P·L (2)

where S is soil P Stock (Mg ha−1); B is soil bulk density (g cm−3); P is soil P concentration
(%); and L is the soil layer thickness (cm).

P labile pools (labile, moderately labile, and non-labile) were calculated per layer. The
total P stocks were calculated as the sum of all the P stock labilities per soil layer.

For the soil phosphatase activity assessment, a sampling grid composed of four plots
(25 m−2; spaced 120 m apart) was established in each study area. Within each plot, six
soil subsamples were collected at a depth of 0–10 cm and then mixed to form a composite
sample, which was refrigerated (4 ◦C) and transported (<24 h) to the Biogeochemical
Process Laboratory at the University of the Amazon for enzymatic analysis according to
Bell et al. [36]. Briefly, a soil suspension was prepared in 0.05 M sodium acetate buffer
solution with a pH close to the soil pH. Then, 800 µL of soil slurry was pipetted into 96-well
deep plates. Separate plates were prepared to obtain 4-methylumbelliferone standard
curves for each sample. Appropriate standards and substrates (200 µL) were then added
to the soil slurries. The samples and standards were then incubated for 3 h at room
temperature. The supernatants were pipetted into black 96-well plates and the fluorescence
was measured at excitation and emission wavelengths of 365 and 450 nm, respectively, in
the VarioSkan Lux multimode microplate reader. Absolute enzyme absolute activity was
expressed in units of nmol of product per gram of oven-dry weight soil/litter per hour.

2.3. Statistical Analysis

A linear mixed effects model (lmer) was adjusted by considering land-use systems
and soil depths as fixed factors and field plots as random factors. The assumptions of nor-
mality and homogeneity of variance were checked using an exploratory residual analysis.
Variables with abnormality were sought for their best distribution, using the set of Gamma
family’s distribution or failing to look for the most significant transformation according to
the lambda values for each variable. Differences in mean values of P fractions, labilities,
C:Po ratio, and P stock between land-use systems assessed were tested for each soil layer
(0–10; 10–20; 20–30; 30–40 cm) or weighted mean profile (0–40 cm), applying the HSD
Tukey test (p < 0.05), using the “multcomp” package [37]. The correlation between acid
phosphatase activity and labile P fractions was verified using the Pearson’s correlation
coefficient (p < 0.05).

Principal component analysis (PCA) was performed by using the “FactoMineR” pack-
age [38] and the “factoextra” package [39] in association with the “ggplot2” package [40].
The Monte-Carlo test (999 permutations) was applied to evaluate the overall effect of
land use and depth on soil P fractions, and the test was performed by using the “Ade4”
package [41]. All analyses were conducted using the statistical software R version 4.0.4 [42]
and the programming language RStudio version 1.3.1 [43].
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3. Results
3.1. Effect of Land-Use Change in the Soil P Fractions

The relationship between the soil P fractions and the land-use systems and the soil
depths was investigated using PCA (Figure 2a). The first two components explained 46.3%
of the variance, with P fractions grouped into two clusters clearly defined according to land
use (Figure 2b) (p < 0.001; 25% of explained variance), indicating that the distribution of P
in the forest and deforested areas was more similar to each other, with higher values than
those observed in pastures (4 and >25 years old). The upper soil layers (0–10 cm) showed a
different trend than the other layers, being highly related to organic and inorganic labile P
fractions (P_resin; Pi_bic; Po_bic) (Figure 2c) (p < 0.001; 20% of explained variance).
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Figure 2. Principal component analysis (PCA) with the soil P fractions projected on the ordination
plane PC1/PC2 (a) and the sampling sites grouped according to the land use (b) and the soil depth (c).
The color of the vectors indicated the contribution of the variable.

Although by considering the soil 0–40 cm layer no differences in the total P neither in
the P lability were observed due to the land-use changes (Figure 3a), some particularities
for the different P fractions as well as for each lability pool were observed across the profile
(Figure 3b–d). In general, no differences were detected in the organic pools, regardless of
the lability. For Pi, Forest showed the highest labile P concentration compared to the other
systems (Figure 3b), while the opposite trend was observed for the moderately labile P
pool, where an increment in Pi_HCl was observed as a response to the establishment of
agricultural systems (Figure 3c).

Regarding the non-labile P pool, lower Pi_hyd 0.5 values were found in Forest and
Deforested areas than in Pasture areas (Figure 3d). Residual P was the most abundant
fraction along the chronosequence. Although no differences were observed among Forest,
Deforested, and Pastures 4 years old, a reduction in the concentration of this fraction was
observed under Pasture >25 area.

Analysis of the soil P fractions in the assessed soil layers showed some alterations
in response to land-use changes (Table 1). In general, there was a decreasing trend in the
levels of labile Pi from forest to pastures, with P_resin and Pi_bic showing higher values in
Forest and Deforested areas than in pastures in all the studied soil layers. In contrast, the
opposite trend was observed in the moderately labile inorganic P fraction, Pi_HCl, where
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an accumulation in P concentration due to the land-use transition to pasture was detected
in the soil profile (Table 1).
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Figure 3. Mean soil P concentration in the 0–40 cm depth under a chronosequence of land-use change
(Forest, transitory crop established 1 year after the deforestation event—Deforested, pasture 4 years
old—Pasture4 and pasture ~25 years old—Pasture >25) at northwestern Colombian Amazon. (a) Total
soil P splitted by P lability (labile, moderately labile, and non-labile pools); (b) labile P pool splitted
as P_resin; Pi_bic; and Po_bic fractions; (c) moderately labile P pool splitted as: Pi_HCl; Pi_hyd 0.1;
and Po_hyd 0.1 fractions; and (d) non-labile P pool splitted as Pi_hyd 0.5; Po_hyd 0.5; P_residual
fractions. Means followed by the same letter do not differ according to Tukey test (p < 0.05); ns: not
significant. Error bars denote the standard error.

Regarding the Po, in the upper layer (0–10 cm), the moderately labile fraction (Po-hyd
0.1) showed a similar pattern to that observed in Pi_HCl. Differences in the labile organic
P fraction were observed only in the deepest layer (30–40 cm), where Pasture >25 years
old showed the highest values of Po_bic, Pasture 4 years old and Deforested areas showed
intermediated values, and Forest showed the lowest Po_bic (Table 1).

3.2. Responses of C:Po Ratio, P Stocks, and Phosphatase Activity to Land-Use Change

In general, along the chronosequence, the C:Po ratio tended to decrease with increasing
soil depth (Figure 4). In the upper layers (0–10 and 10–20 cm), no significant differences
among land uses were observed for C:Po ratio; however, alterations were detected in
the subsoil. In 20–30 cm, Forest and Pasture 4 year areas presented the highest C:Po
ratio (average of 140 and 131, respectively), followed by Deforested area (average of
119) and Pasture >25 years old (average of 108). In the deepest layer (30–40 cm), most
areas maintained the same decreasing trend observed in the previous layer, except for the
Deforested area which showed a similar C:Po ratio to the 20–30 cm layer.

For P stock, no significant changes were observed in the 0–10, 10–20, and 20–30 cm
layers regarding the P lability (Figure 5a). Differences were just observed in the sub-
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superficial soil layer (30–40 cm), where alterations in the moderately labile and non-labile
P stocks were detected, with Forest showing higher values than Pasture >25 years old
(Figure 5a).

Table 1. P fraction concentration under a chronosequence of land-use change (Forest, transitory
crop established 1 year after the deforestation event—Deforested, pasture 4 years old—Pasture4 and
pasture ~25 years old—Pasture >25) at northwestern Colombian Amazon.

P (mg kg−1)

Soil Depth
(cm)

P Lability P Fraction
Land Use

Forest Deforested Pasture4 Pasture >25

0–10

Labile

P_resin 5.6 ± 0.3 a 5.5 ± 0.2 a 4.4 ± 0.5 ab 3.7 ± 0.2 b
Pi_bic 11.6 ± 0.3 a 8.3 ± 0.6 b 11.9 ± 0.5 a 8.9 ± 0.3 b
Po_bic 19.6 ± 1.3 ns 24.7 ± 1.1 22.7 ± 1.0 21.3 ± 1.8

Total 37.1 ± 5.1 ns 38.5 ± 2.9 39.0 ± 3.4 32.3 ± 1.5

Moderately
labile

Pi_hyd 0.1 60.5 ± 2.7 ns 62.3 ± 2.7 57.3 ± 2.8 59.5 ± 1.7
Po_hyd 0.1 65.3 ± 2.6 b 85.0 ± 7.7 ab 103.8 ± 14.6 a 74.1 ± 7.3 ab

Pi_HCl 2.0 ± 0.1 b 2.1 ± 0.1 b 2.6 ± 0.1 a 2.6 ± 0.1 a

Total 133.5 ± 16.3 ns 149.8 ± 14.7 164.0 ± 35.2 139.3 ± 28.7

Non-labile

Pi_hyd 0.5 44.4 ± 2.4 c 50.8 ± 6.4 bc 82.3 ± 8.4 a 58.7 ± 4.8 b
Po_hyd 0.5 49.8 ± 3.1 ab 52.1 ± 5.4 a 31.4 ± 2.1 b 47.7 ± 7.2 ab
P_residual 285.7 ± 4.4 ns 301.7 ± 14.9 274.8 ± 13.8 271.8 ± 4.4

Total 381.0 ± 20.9 ns 379.3 ± 23.1 370.1 ± 18.1 378.2 ± 22.5

10–20

Labile

P_resin 5.1 ± 0.3 a 4.1 ± 0.1 b 3.2 ± 0.1 c 3.1 ± 0.1 c
Pi_bic 10.1 ± 0.3 a 7.1 ± 0.2 c 8.6 ± 0.2 b 6.9 ± 0.1 c
Po_bic 14.9 ± 1.2 ns 15.1 ± 1.2 18.4 ± 1.4 15.1 ± 1.2

Total 30.1 ± 3.7 ns 32.4 ± 8.0 30.2 ± 3.5 25.1 ± 2.7

Moderately
labile

Pi_hyd 0.1 56.3 ± 4.4 ns 52.5 ± 1.8 60.9 ± 2.3 59.3 ± 3.4
Po_hyd 0.1 74.6 ± 7.4 ab 98.70 ± 11.0 a 53.3 ± 4.4 b 61.2 ± 10.5 b

Pi_HCl 1.8 ± 0.1 c 1.9 ± 0.1 bc 2.4 ± 0.1 a 2.3 ± 0.1 ab

Total 132.6 ± 15.2 ns 153.5 ± 27.3 116.7 ± 11.0 122.8 ± 18.7

Non-labile

Pi_hyd 0.5 43.5 ± 2.6 bc 38.0 ± 0.6 c 70.4 ± 6.3 a 52.4 ± 3.9 b
Po_hyd 0.5 47.1 ± 4.9 ns 47.1 ± 2.0 47.9 ± 3.2 43.8 ± 5.2
P_residual 289.0 ± 11.4 ab 308.5 ± 7.7 a 285.4 ± 5.5 ab 247.5 ± 23.3 b

Total 379.7 ± 31.7 ab 393.6 ± 16.2 ab 403.7 ± 22.5 a 343.7 ± 57.6 b

20–30

Labile

P_resin 4.3 ± 0.1 a 3.9 ± 0.1 a 3.1 ± 0.1 b 3.0 ± 0.1 b
Pi_bic 9.5 ± 0.7 a 6.8 ± 0.2 bc 7.9 ± 0.4 b 6.9 ± 0.1 c
Po_bic 11.9 ± 0.6 ns 13.4 ± 0.6 14.4 ± 1.5 15.1 ± 1.2

Total 28.4 ± 5.9 a 24.4 ± 1.9 ab 25.4 ± 3.7 ab 21.9 ± 2.5 b

Moderately
labile

Pi_hyd 0.1 55.7 ± 2.6 ns 49.5 ± 1.5 52.4 ± 1.6 59.3 ± 3.4
Po_hyd 0.1 57.8 ± 5.3 ns 78.7 ± 5.7 54.3 ± 9.1 61.2 ± 10.5

Pi_HCl 1.9 ± 0.1 c 2.0 ± 0.1 bc 2.2 ± 0.1 ab 2.3 ± 0.1 ab

Total 115.5 ± 12.1 ns 130.2 ± 13.3 112.9 ± 13.1 128.7 ± 20.9

Non-labile

Pi_hyd 0.5 43.1 ± 3.0 b 35.9 ± 1.8 b 63.8 ± 6.4 a 52.4 ± 3.9 b
Po_hyd 0.5 36.4 ± 0.5 ns 47.1 ± 4.1 40.4 ± 3.2 43.8 ± 5.2
P_residual 285.9 ± 11.0 ab 331.5 ± 16.7 a 278.7 ± 5.1 b 247.5 ± 23.3 b

Total 358.5 ± 16.4 b 428.2 ± 59.6 a 383.0 ± 15.6 b 378.9 ± 27.4 b
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Table 1. Cont.

P (mg kg−1)

Soil Depth
(cm)

P Lability P Fraction
Land Use

Forest Deforested Pasture4 Pasture >25

30–40

Labile

P_resin 4.1 ± 0.1 a 3.8 ± 0.17 a 3.1 ± 0.1 b 3.0 ± 0.1 b
Pi_bic 8.1 ± 0.5 a 6.4 ± 0.1 b 6.6 ± 0.2 b 6.1 ± 0.1 b
Po_bic 12.0 ± 1.0 b 12.4 ± 0.6 ab 13.5 ± 1.1 ab 16.7 ± 3.1 a

Total 24.2 ± 2.3 ab 22.7 ± 1.6 b 23.2 ± 2.9 b 31.1 ± 14.1 a

Moderately
labile

Pi_hyd 0.1 54.9 ± 4.6 ns 60.6 ± 5.3 52.6 ± 1.9 53.3 ± 0.7
Po_hyd 0.1 79.4 ± 7.4 ns 70.3 ± 11.8 83.8 ± 7.6 88.9 ± 11.2

Pi_HCl 1.9 ± 0.1 b 2.0 ± 0.03 b 2.2 ± 0.1 a 2.3 ± 0.1 a

Total 131.8 ± 13.5 ns 133.1 ± 18.7 153.5 ± 40.1 144.4 ± 27.5

Non-labile

Pi_hyd 0.5 37.3 ± 1.5 b 30.6 ± 3.0 b 50.1 ± 1.6 a 50.3 ± 2.7 a
Po_hyd 0.5 51.4 ± 6.0 ns 52.2 ± 6.1 39.8 ± 3.2 44.0 ± 7.6
P_residual 312.3 ± 9.8 a 304.5 ± 15.8 ab 280.8 ± 4.6 b 280.4 ± 4.0 b

Total 401.0 ± 24.4 ns 399.5 ± 57.5 384.7 ± 26.5 374.8 ± 19.2

Note: Means followed by the same letter did not differ among themselves according to Tukey (p < 0.05); LSD-); ±
denote the standard error of the mean.
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Figure 4. C:Po ratio at 0–10, 10–20, 20–30, and 30–40 cm soil layers under a chronosequence of
land-use change (Forest, transitory crop established 1 year after the deforestation event—Deforested,
pasture 4 years old—Pasture4 and pasture ~25 years old—Pasture >25) at northwestern Colombian
Amazon. Means followed by the same letter do not differ according to Tukey test (p < 0.05); ns: not
significant. Horizontal error bars denote the standard error.

Alterations in the total P stock in response to land-use change were found in the
upper layer (0–10 cm) and 30–40 cm soil depth. The establishment of long-term pastures
(Pasture >25) resulted in higher total P stocks than those observed in the Forest area in the
0–10 cm layer. Meanwhile, the opposite trend was detected as the soil depth increased to
30–40 cm, with Forest showing higher values than Pasture >25 (Figure 5b).

Finally, since PCA analysis indicated that organic and inorganic labile P fractions are
related to the 0–10 soil layer (Figure 2c), we sought to investigate the potential relationship
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between the labile P and acid phosphatase activity in this layer in order to assess the effect
of that soil enzyme on labile P across the chronosequence.
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Figure 5. Soil P stock at 0–10, 10–20, 20–30, and 30–40 cm soil layers under a chronosequence of
land-use change (Forest, transitory crop established 1 year after the deforestation event—Deforested,
pasture 4 years old—Pasture4 and pasture ~25 years old—Pasture >25) at northwestern Colombian
Amazon. (a) P stock splitted by P lability (labile, moderately labile, and non-labile pools); (b) Total
P stock. Means followed by the same letter do not differ according to Tukey test (p < 0.05); ns: not
significant. Error bars denote the standard error.

Pearson’s correlation analysis between labile P fractions (P_resin; Pi_bic; and Po_bic)
and acid phosphatase activity (Figure 6) indicated no correlation between the enzyme
activity and P_resin or Po_bic. However, a significant and positive correlation (r = 0.67) was
observed between acid phosphatase activity and Pi_bic, where Forest showed higher values
of both variables, followed by Pasture4 with intermediate values and Deforested area and
Pasture >25, which exhibited low values of both acid phosphatase activity and Pi_bic.
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lished 1 year after the deforestation event—Deforested, pasture 4 years old—Pasture4 and pasture
~25 years old—Pasture >25) at northwestern Colombian Amazon. Green, red, and blue regression
lines represent Po_bic, Pi_bic, and P_resin, respectively. r(P) Pearson correlation (p < 0.01 **).
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4. Discussion

The results evidenced the low soil P availability typically found in tropical soils of
low natural fertility, with a considerable proportion of P in the less labile pools. The
moderately labile and non-labile fractions jointly represented 95% of the total P found in
the soil, which was in the range of the proportion reported in tropical soils by Soltangheisi
et al. [44] and Rodrigues et al. [45] in highly weathered soils from the Brazilian Amazon
and Cerrado, respectively.

Despite the small proportion (~5%) of P in the labile pool, the land-use change affected
the soil P fractions in the 0–40 cm depth. The higher availability of Pi detected in Forest
compared to Pasture areas is likely influenced by the organic matter and nutrient cycling
from the native vegetation, which are responsible for enhancing P availability to the plants,
maintaining this system in equilibrium because no losses by harvest occur [19]. A higher
turnover rate and annual release of P via microbial biomass in forests than in pastures
have also been reported and indicated as a cause of the higher inorganic labile P in forest
ecosystems [44,46].

The soil organic matter can directly enrich the P pool in soil, affecting the adsorption
and desorption of this element [47]. It has been found that organic substances can increase
the availability of P in P-fixing soils and that humic substances interacting with P in soils
may reduce P fixation [48,49], making P more available to plants.

In the northwestern Colombian Amazon, once the native vegetation is slashed and
burned, the ashes become the only source of available nutrients to the transitory and
subsistence crops, such as maize (Zea mays L.), plantain (Musa paradisiaca), or cassava
(Manihot esculenta Crantz), which are usually planted to uptake the high availability
of nutrients resulting from that event. After the first harvest of these crops, the area is
converted to pasture for livestock production [50,51]; however, once soil nutrients are
depleted by poor soil management and no or low inflow of P, via fertilizer application,
the outflow leads to reduce labile P [52], as observed mainly in this study. This reduction
in P availability under forest clearing and pasture establishment in the Amazon region
is corroborated by results found by other authors [5,10,44], highlighting the need for
P fertilization management to fulfill plant nutritional P needs appropriately and avoid
pasture degradation.

The need for P inputs to maintain pasture productivity is supported by the increase in
pastures of P fractions with moderate lability such as Pi_HCl and Po_ hyd 0.1, which are
considered unavailable for plant uptake in the short term [32], replenishing labile P just over
longer periods. Although the concentration of Pi_HCl corresponded to a very negligible
proportion of total P (0.4%), significant differences (p < 0.05) between the study areas
suggest a slight accumulation of calcium phosphates in pastures (Table 1), which could be
a response to both the lime added during its establishment as well as the ashes resulting
from the forest burning, components that supply a considerable amount of calcium to the
soil [53–56].

Changes in the structure and quality of soil organic matter have been related to the
higher content of Po_hyd 0.1 in pastures than in forest [5,57]. As reported in previous
studies, the native and perennial grasses have the capacity to maintain a greater propor-
tion of native or fertilizer-P in relatively available organic forms over time [13,58], thus
demonstrating the important role of the mineralization of Po in P availability to the grasses.

Because phosphatase enzymes carry out Po mineralization in response to P defi-
ciency [59], we assessed the C:Po ratio to verify the P nutritional status. According to our
results, in the upper layer (0–10 cm), Po mineralization was higher than soil C mineral-
ization, revealing a high demand for Pi and suggesting that the available P may not be
sufficient to satisfy the plant needs in all the systems evaluated here [59]. In the upper
layers, the root systems are more active and constantly absorb nutrients, such as P, which
may reduce the nutrient availability in that soil layer compared to the deeper soil layers,
where the root activity decreased [60].
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However, according to our data, the mineralization of the Po_bic fraction by the acid
phosphatase enzyme did not contribute to the content of the freely exchangeable and most
plant-available Pi (P_resin) because no correlation between this enzyme and P_resin or
Po_bic was observed. Instead, the enzymatic activity of acid phosphatase seems to influence
the availability of Pi_bic, a fraction that is also considered as readily plant available [61].
The results indicated that when the enzymatic activity is high, the concentration of Pi_bic
increases; thus, this fraction is likely the result of the mineralization of the Po [32].

Across the chronosequence, Forest showed higher values of enzymatic activity and
Pi-bic. When the forest is subjected to deforestation and then converted to agricultural
purposes, there is a reduction in the biodiversity and thus in acid phosphatase sources,
which decreases the mineralization and causes alterations in P dynamics [5,62]. Some
authors have found that anthropogenic actions affect the soil organic matter dynamics, its
mineralization, and the availability of P to the plants [63–65].

On the other hand, endorsed by a C:Po ratio < 100, the P seems to be sufficient to satisfy
the plant needs in more profound layers of all the land uses assessed. However, the P stock
reduces as the soil nutrients are exploited in intensive systems, such as pastures. Forest and
Deforested areas were able to maintain higher moderately and non-labile P stocks, which,
although are considered not readily available pools, may constitute a reservoir of this
nutrient [45]. By studying the contribution of the different P fractions, Gatiboni et al. [66]
concluded that, depending on the P management, all soil P fractions can become a source
of P to the plants.

The land-use change associated with the expansion of extensive pastures for cattle
ranching in the Colombian Amazon region affects the soil organic matter dynamics [67,68]
and consequently alters the bioavailability of P throughout the soil profile, aggravating
the P limitation problem of those highly weathered soils and leading to a soil chemical
degradation process. Given the role of cattle ranching in Colombia’s economy and other
tropical countries, it is imperative to adopt adequate strategies for soil P management
that can contribute to decreasing further deforestation processes associated with the ex-
pansion of the agricultural frontier by improving degraded grazing land resources while
ensuring the long-term sustainability of rangeland livestock and the provision of multiple
ecosystem services.

5. Conclusions

The expansion of the agricultural frontier for cattle ranching in the Amazon region
altered the P dynamics in soil, decreasing by 31% the labile inorganic P, a fraction readily
available for plants, making the typical condition of low P availability in those tropical soils
even worse.

Alterations in the enzymatic activity of acid phosphatase were also detected due to the
land-use transition from forest to pasture. This enzyme appears to play an important role
in the P levels of the Pi_bic fraction, confirming that the turnover of Po is a fundamental
source of available P in these soils.

In a soil bulk base, our results showed that the exploitation of soil nutrients in pastures
reduced by 6.1% the moderately and non-labile P stock, pools which may constitute an
important reservoir of this nutrient in the soil of forests and recently deforested areas.
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