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Abstract

Deforestation of tropical rainforests is a major land use change that alters terres-
trial biogeochemical cycling at local to global scales. Deforestation and subsequent
reforestation are likely to impact soil phosphorus (P) cycling, which in P-limited eco-
systems such as the Amazon basin has implications for long-term productivity. We
used a 100-year replicated observational chronosequence of primary forest conver-
sion to pasture, as well as a 13-year-old secondary forest, to test land use change and
duration effects on soil P dynamics in the Amazon basin. By combining sequential
extraction and P K-edge X-ray absorption near edge structure (XANES) spectros-
copy with soil phosphatase activity assays, we assessed pools and process rates of
P cycling in surface soils (0-10 cm depth). Deforestation caused increases in total P
(135-398mgkg™), total organic P (P,) (19-168 mgkg ™), and total inorganic P (P)) (30-
113mgkg™) fractions in surface soils with pasture age, with concomitant increases
in P, fractions corroborated by sequential fractionation and XANES spectroscopy.
Soil non-labile P_ (10-148 mg kg_l) increased disproportionately compared to labile P
(from 4-5 to 7-13mgkg™2). Soil phosphomonoesterase and phosphodiesterase bind-
ing affinity (K.,) decreased while the specificity constant (K,) increased by 83%-159%
in 39-100y pastures. Soil P pools and process rates reverted to magnitudes similar
to primary forests within 13years of pasture abandonment. However, the relatively
short but representative pre-abandonment pasture duration of our secondary forest
may not have entailed significant deforestation effects on soil P cycling, highlighting
the need to consider both pasture duration and reforestation age in evaluations of
Amazon land use legacies. Although the space-for-time substitution design can entail
variation in the initial soil P pools due to atmospheric P deposition, soil properties,
and/or primary forest growth, the trend of P pools and process rates with pasture age

still provides valuable insights.

KEYWORDS
Amazon, chronosequence, deforestation, phosphatase, phosphorus, phosphorus fractionation,
reforestation, XANES

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction
in any medium, provided the original work is properly cited and is not used for commercial purposes.
© 2023 The Authors. Global Change Biology published by John Wiley & Sons Ltd.

Glob Change Biol. 2023;30:e17077.
https://doi.org/10.1111/gcb.17077

wileyonlinelibrary.com/journal/gcb 10f16


https://doi.org/10.1111/gcb.17077
www.wileyonlinelibrary.com/journal/gcb
https://orcid.org/0000-0002-9501-8902
mailto:
https://orcid.org/0000-0003-0185-8650
http://creativecommons.org/licenses/by-nc/4.0/
mailto:margenot@illinois.edu
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fgcb.17077&domain=pdf&date_stamp=2023-12-19

XU ET AL.

20f16
—I—Wl B2’ Global Change Biology

1 | INTRODUCTION

Phosphorus (P) limitation in highly weathered soils with low P
stocks and high P fixing capacity constrains the primary produc-
tivity of tropical forests (Malhi et al., 2008; Yao et al., 2018). This
is exemplified by the Amazon rainforest, the largest tropical rain-
forest in the world with an estimated extent of 6.2 million km?
(Durrer et al., 2021; Malhi et al., 2008). Evidence suggests that P is
predominantly a limiting nutrient in the Amazon (Cunha et al., 2022;
Dalling et al., 2016; Yao et al., 2018). Expanding agricultural fron-
tiers have driven deforestation of native Amazon forest (Chavarro-
Bermeo et al., 2022; Durrer et al., 2021), a land use change that
disrupts nutrient and water cycles, and in particular P cycling
(Asner et al., 2004; Chavarro-Bermeo et al., 2022; Garcia-Montiel
et al., 2000). As of 2013, approximately 750,000 km? of primary for-
est in the Amazon Forest region had been converted to agriculture
(i.e., pasture, row cropping) (Neill et al., 2001; Nogueira et al., 2015).
Driven in large part by declining P availability in pastures and sub-
sequently lowered productivity, nearly half of the pastures are
abandoned by farmers within 5-15years (Aguiar et al., 2016; Nagy
et al., 2017). Abandonment of pastures entails secondary forest de-
velopment, growth of which is also generally P limited (Lawrence
& Schlesinger, 2001; Wright, 2019). Impacts of deforestation and
subsequent reforestation (i.e., secondary forest succession) in the
Amazon basin on soil P cycling in these already P-limited systems
are likely to influence future agroecosystem functions, with limited
productivity and decelerated carbon (C) cycling (Durrer et al., 2021;
McGrath et al., 2001; Nagy et al., 2017).

In the Amazon rainforest, conversion of primary forest to pas-
ture has been variously reported to result in decreases (Asner
et al., 2004; Garcia-Montiel et al., 2000), increases in total P stocks
(Garcia-Montiel et al., 2000), or no changes (Chavarro-Bermeo
et al.,, 2022; McGrath et al., 2001) in soil total P concentrations
in surface depths. This can be attributed to the different vegeta-
tion species, land use management practices, different soil types
across studies, and potentially insufficiently long chronosequences
that do not span multidecadal scales at which P cycling shifts may
occur (Garcia-Montiel et al., 2000; Hamer et al., 2013; McGrath
et al., 2001). Beyond total soil P, differences in pool sizes reflect
bioavailability of this limiting element that are relevant to under-
standing deforestation and reforestation dynamics. Generally, it
is expected that the labile P pools increase immediately after the
forest conversion to pasture (Garcia-Montiel et al., 2000; McGrath
et al., 2001) since the slash-and-burn process deposits former bio-
mass P onto the soil surface and increases soil pH via ash, which can
stimulate organic P (P_) mineralization by phosphatases and reduce
P sorption (McGrath et al., 2001; Sanchez, 1977).

Contradictory responses of P pools to land use conversion in
long-term chronosequences may reflect the complex response
of soil P cycling components (e.g., soil phosphatase catalysis of P
mineralization, soil pH) to land use change. For instance, follow-
ing Amazon forest conversion to pasture, the labile inorganic P (P,)
pool either decreased with pasture age within 12-25years (Asner

et al., 2004; Chavarro-Bermeo et al., 2022) or increased in the ini-
tial 4-5years before decreasing thereafter until 50years (Garcia-
Montiel et al., 2000). Decreasing labile P with pasture age is expected
since labile P can be transformed into more recalcitrant P fractions
(i.e., iron- and/or aluminum-associated P ((Fe+Al)-P) or calcium-
bounded P (Ca-P)) via adsorption and precipitation (Lawrence &
Schlesinger, 2001). Deposition of calcium (Ca)-rich ash may initially
increase Ca-P, which is likely to dissolve over time in the acidic soils
common in the Amazon basin.

Soil P, cycling plays a key role in P availability in weathered
soils such as the Amazon basin (Reed et al., 2011), and is likely to
be impacted by land use change. Changes in soil organic carbon
(SOC) may entail a concomitant change in P_, due to (1) the domi-
nance of soil P immobilization with a high soil C:P_ ratio (Arenberg &
Arai, 2021); and (2) a constrained C:P_ (i.e., increased total C with a
constant ratio entails increased P ). Reforestation, though less eval-
uated, is hypothesized to entail shifts in soil available P pools to the
P, fraction in tropical secondary forests due to an increase in lit-
ter deposition (Brown & Lugo, 1990). As soil phosphatases catalyze
depolymerization and mineralization of P, assaying the activities
of these hydrolytic enzymes can provide insight to shifts of labile
P and P_ pool responses to land use change. Phosphomonoesterase
(PME) and phosphodiesterase (PDE), the two major phosphatase
classes in soils, work in concert to yield bioavailable orthophos-
phate (Chavarro-Bermeo et al., 2022; Soltangheisi et al., 2019).
Contradictory results on PME activity response to forest-to-pasture
conversion range from increases (Soltangheisi et al., 2019) to de-
creases (Chavarro-Bermeo et al., 2022; Silva-Olaya et al., 2021), and
no studies have considered PDE, despite its proposed rate-limiting
influence on P mineralization (Turner & Haygarth, 2005). Enzyme ki-

netic parameters of maximum catalysis rate (V__ ) and the substrate

max)

concentration that yields half of V

‘ax (K,) provide more information

on phosphatases as process rate indicators than enzyme activity
assayed at a single substrate concentration (German et al., 2011;
Stone & Plante, 2014). Given the general stoichiometric scaling of
phosphatase activities with total P (Soltangheisi et al., 2019), to the
extent that P changes with deforestation, both vV, and K are also
expected to shift with similar directionality.

To quantitatively evaluate how deforestation and subsequent
secondary forest growth following abandonment may alter soil P cy-
cling in the Amazon basin, we evaluated changes in soil P pool sizes
(sequential chemical extraction), molecular speciation (P K-edge X-
ray absorption near edge structure [XANES] spectroscopy), and po-
tential transformation rates (phosphatase V, . and K| ). Leveraging
a well-characterized and replicated 100-year chronosequence of
primary forest-to-pasture conversion and a 13-year-old secondary
forest (Durrer et al., 2021; Paula et al., 2014; Rodrigues et al., 2013),
we aimed to quantify the effect of land use changes on soil P pool
sizes and process rates. Specifically, we hypothesized (1) soil total P
and pools of labile P, (Fe + Al)-P, and Ca-P would initially increase fol-
lowing the slash-and-burn conversion of forest to pasture, and both
total P and (Fe+Al)-P gradually increase while would labile P and
Ca-P decrease with pasture age; (2) given that SOC increases with
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pasture age (Durrer et al., 2021), soil P, would also increase with pas-
ture age, though C:P_ plasticity could entail proportionately differ-
ent changes in P ; (3) the expected increase in soil P_ and decrease in
labile P with pasture age would lead to an increase in V,__ and K of
soil phosphatases; and (4) for reforestation, soil P cycling variables
would revert to similar pool sizes or rates as those observed in pri-

mary forests within 13 years of pasture abandonment.

2 | MATERIALS AND METHODS
2.1 | Sites description, and experimental design

The study was conducted at the Amazon Rainforest Microbial
Observatory (ARMO), Fazenda Nova Vida ranch (10°10’5”S and
62°49'27" W), in the state of Rondénia, Brazil (Figure S1) to assess
ecosystem responses to land use change (Cerri et al., 2004; Durrer
et al., 2021; Neill, Cerri, et al., 1997). This state is one of the regions
in the Amazon basin most impacted by agriculture, with the highest
forest loss (28.5%) among Brazilian states. The state of Rondonia
together with the states of Mato Grosso and Para collectively ac-
counted for more than 85% of all Amazon deforestation from 1996
to 2005 (INPE, 2011). Due to development of highways that ena-
bled logging and agriculture expansion, significant deforestation
in Amazon started in 1970s (Danielson & Rodrigues, 2022; Leite
et al., 2011). Deforestation in the state of Rondénia accounted for
over 8000km? of forest loss by 1980, which rose to 28,000 km? by
1985 (Malingreau & Tucker, 1988). Deforestation rates in the state
of Rondoénia increased in the early 1990s (Pedlowski et al., 1997),
peaked in 1995 at approximately 5000km?year™, and was further
facilitated by the arrival of mechanized agriculture in 2000s (Brown
et al., 2004). As of 2011, approximately 51,766 km? or 22% of the
state of Ronddénia had been deforested (Butt et al., 2011). The cli-
mate is tropical humid with a mean annual temperature of 25.5°C
and a historical mean annual precipitation of 2200 mm distributed
over a well-defined wet season from September to May (Bastos &
Diniz, 1982). The primary forest is classified as upland humid ever-
green ombrophiles (Pires & Prance, 1985).

The sampling area has served as a model for studying forest-
to-pasture conversion due to staggered times of primary forest
conversion to pasture over the last century, which enables char-
acterizing long-term changes in soil P cycling in the present study.
Representative of practices in the region, pastures were developed
by slash-and-burn clearing followed by seeding with Brachiaria bri-
zantha (Cerri et al., 2004) as a forage for cattle, stocked at 1 cow ha™™.
Pastures were burned for weed control as needed every 4-10years
and did not receive inputs (e.g., fertilizers, lime, herbicides) (Neill,
Melillo, et al., 1997). Secondary forest was established when 7- to
10-year-old pastures were abandoned due to insufficient grass re-
generation and increasing weed invasion (Paula et al., 2014). The
secondary forest vegetation cover at our study site is comprised
of ~63% herbaceous species (including pasture grasses), 15%-18%
woody tree species, and ~12% palm species (Feigl et al., 2006).
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We carefully selected specific plot locations for primary and sec-
ondary forests as well as pastures to be situated on the same soil
type, Kandiudults (USDA Soil Taxonomy) or red-yellow podzolic
Latosols (World Reference Base for Soil Resources), with sandy clay
loam texture (Feigl et al., 2006; Neill, Melillo, et al., 1997; Rodrigues
etal., 2013) formed on parent material of pre-Cambrian granite (Neill
etal., 2011). As for any observational chronosequence study, we as-
sume that all land uses and durations differ primarily in age, which
in our case also assumes similar P pool sizes and process rates prior
to forest-to-pasture conversion (De Palma et al., 2018; Miyanishi &
Johnson, 2007). While the space-for-time substitution has short-
comings (Damgaard, 2019), this site offers a rare opportunity to un-
derstand a land use change that has expanded contemporaneously

with the chronosequence duration.

2.2 | Soil sampling

Sampling sites from two primary forests and four pastures repre-
sented a chronosequence of forest-to-pasture conversion from ini-
tial deforestation in 1911 (100y), 1972 (39y), 1987 (24y), and 2004
(7y); and a secondary forest corresponding to pasture abandonment
in 1998 (Figure S1). The secondary forest was under at least 10years
of pasture production before abandonment. Soils were sampled at
the end of the 2011 austral summer. Surface litter was removed and
soils were sampled to 10cm depth with a 5cm diameter sterile PVC
tube, for a total of three samples for each land use and pasture age
(Paula et al., 2014; Rodrigues et al., 2013). Prior to analyses, soils
were air-dried at 25°C and gently hand-ground to pass a <2mm
sieve.

2.3 | Soil properties

Soil pH was measured by adding water to the soil with a ratio of
1:5 (m/v) and incubating for 1h to match soil phosphatase activity
assay parameters. Soil texture was measured using the modified pi-
pette method (Kettler et al., 2001). Total soil C and total soil nitro-
gen were determined by dry combustion using an ECS 4010 CHNSO
Analyzer (Costech, Valencia, CA). Carbonates were not detected
gravimetrically by hydrochloric acid addition, enabling total soil C
to be interpreted as SOC. Mehlich-3 P was determined on air-dried
soils according to Mehlich (2008).

Pedogenic iron (Fe) and aluminum (Al) minerals in soils are
strongly related to soil P due to the adsorption of P, and P, com-
pounds on these mineral surfaces. To evaluate potential changes in
pedogenic Fe and Al minerals, poorly crystalline and well-crystallized
Fe and Al minerals were determined by sequential extraction using
ammonium oxalate solution followed by sodium dithionite-citrate
solution, respectively (Gu et al., 2019). First, the extraction using
acidified (pH 3.0) ammonium oxalate solution was conducted using
modified procedures as described in Sparks et al. (1996). Oxalate

extractable Fe, Al and P (Fe_,, Al_, P_ ) were derived from organic

ox’ ox’
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complexes and poorly crystalline Fe (e.g., ferrihydrite) and aluminos-
ilicates (e.g., allophane and imogolite), and the dithionite-citrate ex-
tractable Fe, Al and P (Fey, Al ; and P ) represent highly crystalline
Fe and Al minerals (e.g., goethite and gibbsite). The concentrations
of Fe,,, Al
coupled plasma optical emission spectroscopy (ICP-OES). The ratio

o Fegir Alg, Py and P were measured via inductively
of Fe,, to the sum of Fe_, and Fe (Fe,/(Fe  +Fe)) was calculated
as an indicator of the degree of soil weathering. All extractions were
conducted at 24°C with 10% of soil samples extracted in triplicates
for quality control (QC). The relative standard deviations for all QC
samples were <10%, and analytical errors for ICP-OES measure-
ments were <5.8%.

2.4 | Total P and P fractionation

Total P was determined on 2 mm sieved soils digested with nitric acid
and hydrogen peroxide at 105°C for 24 h (White Jr & Douthit, 1985)
and orthophosphate quantified using phosphomolybdate colorim-
etry (Murphy & Riley, 1962).

Soil P distribution was assessed by sequential extraction of P
based on Hedley et al. (1982). Soils were sequentially extracted in
triplicate by the Hedley fractionation using an anion-exchange mem-
brane (AEM) strip in distilled water, 0.5molL™* NaHCO, (pH8.5),
0.1mL"* NaOH, and 1molL* HCI. A negative control (no soil) and
soil standard were also included. All extractions were performed by
16 h of horizontal shaking (120 revmin~Y). An AEM strip (1x4cm,
VWR International, West Chester, PA) was loaded with carbonate as
the counterion and used to extract soils in distilled water. Resin ex-
tractable inorganic P (Resin-P,) was desorbed from the membranes
by shaking for 1hin 0.25mol L™ H,SO,. All other extracts were cen-
trifuged (80004, 15 min) and an aliquot was decanted for analysis. P
in the distilled water used to extract AEM-P, was quantified as P, fol-
lowing acid-persulfate digestion (80°C, 16 h) by phosphomolybdate
colorimetry (Murphy & Riley, 1962) at 882nm. For NaOH aliquots,
OM was precipitated with 1.2molL™? H,SO, to avoid interference
with colorimetry. For NaHCO, and NaOH extractions, aliquots were
neutralized and analyzed for P, and total P (P,). P, was determined
as P, following acid-persulfate digestion. P, was estimated as the
difference between total and inorganic P (P, =P, - P)). Fractions were
quantified as mg Pkg™ soil. Total soil P, was calculated as the sum of
H,0-P_, NaHCO,-P_ and NaOH-P. Labile P, was calculated as the
sum of AEM-P,, and NaHCO,-P,.

2.5 | Phosphorus X-ray absorption structure
spectroscopic analysis

Phosphorus K-edge XANES spectra of the soils that were further
ground to <0.5mm diameter were collected in fluorescence mode
at the SXRMB station of the Canadian Light Source (Saskatoon,
Canada). A Si(111) double-crystal monochromator with a four-
element Si(Li) drift detector was used with energy calibration using

AIPO,. Samples were thinly spread across a double-sided carbon
tape using one to three scans to maximize the signal-to-noise ratio.
The energy range for all the scans was 2119.5-2210eV with the fol-
lowing regions and step sizes: 2119.5-2143¢eV: 2eV; 2143-2175¢V:
0.15eV; and 2175-2210¢eV: 0.75¢eV. The dwelling time of each step
varied from 1 to 4s, depending on total P concentrations determined
beforehand (see Section 2.4). ATHENA software was used for back-
ground removal, normalization, and linear combination fitting (LCF)
over 2140-2180eV.

Five reference spectra were used for LCF analysis, as described
by Gu et al. (2020): phytate acid (sodium salts), dicalcium phosphate
(Ca(HPO,)), poorly crystalline berlinite (AIPO,), and phosphate ad-
sorbed on amorphous Al(OH), (AAH) and ferrihydrite, which rep-
resent soil P_, Ca-P, Al-P, and Fe-P well (Figure S2a). The spectrum
of phytate was reported by Gu et al. (2019). The spectrum of P
adsorption on AAH (AAH-P) was reported previously and the ad-
sorption was conducted by reacting 0.5mM phosphate with 2gL‘1
AAH. Dicalcium phosphate (Ca(HPO,)) was purchased from Sigma-
Aldrich. The two-line ferrihydrite was synthesized using the method
described in Zhu et al. (2013) while amorphous AIPO, was synthe-
sized according to Xiaoming Wang et al. (2019). Phosphate adsorp-
tion on ferrihydrite experiments was conducted by reacting 1mM
phosphate with 2gL'1 ferrihydrite in 0.1M NaNO, background sub-
strate at pH 5.0 for 3day at room temperature (~21°C). Solids were
filtered and air-dried at ~21°C for 24h and finely ground prior to
XANES data collection.

2.6 | Soil phosphatase assays

To evaluate the impacts of land use and agricultural management
on direct drivers of P_ transformations, we characterized the V,
and K, of soil PME (Enzyme Commission 3.1.3) and PDE (EC 3.1.4.1).
Measured catalysis rates (i.e., activities) in soils represent potential
maximum rates of P_ transformation (Nannipieri et al., 2017), from
phosphodiester forms (e.g., nucleic acids, phospholipids) to phos-
phomonoester forms by PDE, and from phosphomonoester forms
to bioavailable orthophosphate by PME. Soil PME catalytic activi-
ties were assayed in duplicate for each soil sample in water at final
substrate concentrations of 1, 3, 5, 10, 30, and 50mmolL? para-
nitrophenyl phosphate disodium g'1 soil. Similarly, soil PDE assays
were performed in duplicate for each soil sample in water at 1, 3,
5, 10, 30, and 50mmol L™ bis-para-nitrophenyl phosphateg™ soil.
Preliminary tests indicated para-nitrophenyl phosphate disodium
increased matrix pH whereas bis-para-nitrophenyl phosphate dras-
tically acidified the assay solution; therefore, the former substrate
aqueous solution was adjusted with 1% HCI to a pH close to the bulk
soil pH (difference within 0.3 unit), whereas the latter substrate was
adjusted with 10% NaOH to the target pH (Table S1).

To calculate the catalysis kinetic parameters of V,__ and K,
phosphatases were assayed using 0.50g of oven-dried soil equiva-
lent and 2.5 mL aqueous substrate mixture incubated for 1h at 37°C
Reactions were terminated by the addition of 2mL 0.1molL™? Tris
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(pH12.0), and 0.5mL 2molL™ CaCl,. The mixture was centrifuged
(22,00049) to obtain a clear supernatant in which the product para-
nitrophenol (pNP) was quantified with a 96-well microplate reader
(BioTek, Winooski, VT) using absorbance at 410nm. The absorbance
of negative controls (i.e., substrate with no soil) was subtracted from
the absorbance of soil assays to account for the non-enzymatic hy-
drolysis of substrate during the incubation (Neal et al., 1981; Turner
et al., 2002). Enzyme activities were corrected for soil-specific dis-
solved organic matter by subtracting absorbance at 410 nm of a soil-
only control subjected to incubation and termination. Additionally,
the potential sorption of pNP by soil components was corrected by
measuring the recovery of pNP in the same assay conditions using
a relevant pNP concentration (1 mmol Lt g'1 soil) to ensure accurate
kinetic characterization (Cervelli et al., 1973; Margenot et al., 2018).
A non-linear Michaelis-Menten kinetic model was fitted using the
Enzyme Kinetics Module add-on in SigmaPlot 14.0 to derive V.
and K. The enzyme specificity constant (K,) was calculated based
on the ratio of V__ and K values.

2.7 | Statistical analysis

All statistical analyses were performed using the RStudio Desktop
1.4. Significant differences between different land uses and dura-
tions were identified at p<.05. One-way ANOVA and Tukey's HSD
test were performed for all measured parameters since samples
were collected in a chronosequence. The effects of land use (forests
[primary and secondary forest] vs. pastures [7y, 24y, 39y, 100y]) on
the soil P variables, including total P and P fractions, were analyzed
by Student's t-test. Relationships between pasture age and previous

variables were assessed by Spearman correlation coefficients.

3 | RESULTS

3.1 | Soil physiochemical properties

Soils across land use type and duration expressed similiar sandy
clay loam texture. Soil organic C concentration was positively as-

sociated with pasture age (Spearman coefficient (p)=.85, p<.001)
(Table 1; Table S5), and was similiar in primary (7.9gkg™) and

TABLE 1 Soil physiochemical
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secondary (9.5gkg™) forests. Soil Mehlich-3 P exhibited a similar
trend as total P, with lower Mehlich-3 concentrations in forests
(primary and secondary) and higher concentrations in older pas-
tures (39 and 100y). Middle-aged (39y) pasture had the greatest
Mehlich-3 P (9.3+4.7mgkg™) and total P (549 +325mgkg™), albeit
with relatively large variances. Mehlich-3 P increased with pasture
age (ANOVA, p<.05) (Table 1; Table Sé), though less strongly than
SOC (p=.61, p<.05) (Table S5). Forests had significantly lower total
P than pastures (7, 24, 39, and 100y) (p <.05) (Table S7), and soil
total P was positively correlated with pasture age (p=.84, p<.001)
(Table S5). The C:P ratio ranged from 143 to 503 (Table 1) and were
similar among all land uses and durations. Soils were moderately
or slightly acidic, varying from 6.10 to 6.19 in pastures and slightly
higher in primary forests (6.46+0.39) but lower in the secondary
forest (5.61+0.02).

Sequential extraction of oxalate and dithionite-citrate extract-
able Fe, Al, and P showed different trends along with pasture age
(Figure 1). The concentration of Fe_, increased significantly with
pasture age from 14 to 47mgkg™, whereas Al,, remained stable
across pasture age (Figure 1A). Both Fe_ and Al_, in primary and
secondary forests were similar (Figure 1B). P increased with
pasture age from 0.3 to 2.6mgkg™* (Figure 1A), and was similar in
secondary (0.40+0.08mgkg™) and primary (0.38+0.15mgkg™)
forests (Table S7). Fe,; and Al exhibited similar trends as P, with
pasture age (Figure 1B). The 7y pasture had the highest concentra-
tions for both Fe, (214 +24mg kg™) and Al (33+5mg kg™). Fey in
the secondary forest was significantly higher than in primary forests,
whereas Al in primary and secondary forests were similar. P, was
only higher for older pastures from 39 to 100y (Figure 1B). Along
with pasture age from O to 100years, the Fe/(Fe  +Fe ) ratio de-
creased from 0.87+0.03 to 0.66+0.02 (p<.05) (Figure 1C). The
Fe,/(Fe,, +Fe,) ratio was similar within forests, but higher for for-

ests relative to pastures (p <.05) (Table S7).

3.2 | P K-edge XANES spectroscopy

The proportions of P species identified by XANES were not influ-
enced by land use type or pasture age (Figure 2; Figure S2). Soil P
fractions characterized by XANES were similar (Figure 2; Table Sé6),
and dominated by (Fe+Al)-P (39%-53%) and P, (39%-49%)

. Mehlich-3 P Total P

properties (O—1F)cm depth) from a 100- Sites pH (mgke™) SOC (gkg™) (mgke™) C:P, ratio
year deforestation chronosequence
in the Brazilian Amazon, in which PF 6.46(0.39)a 5.0 (1.0)ab 7.9 (2.3)d 134 (40)b 461 (236)a
primary forests (PFs) were converted to 7y 6.14 (0.19)ab 3.3(0.6)b 11.6 (1.2)bed 147 (15)b 321 (108)a
pastures. Also included is a 13-year-old

24 6.10 (0.04)ab 5.0(1.0)ab 17.1 (0.7)ab 220 (19)ab 253 (14
secondary forest (SF) site established Y ( )a (1.0 (07)a (9)a (14)a
by reforestation of abandoned pastures. 39y 6.19 (0.53)ab 9.3(4.7)a 16.4 (0.4)abc 549 (325)a 503 (288)a
Different letters among sites indicate 100y 6.15 (0.29)ab 7.7 (1.2)ab 23.4(5.5)a 398 (60)ab 143 (47)a
S'g“g'sc)a“t differences (Tukey's HSD, SF 5.61(0.02)b 5.0 (1.0)ab 9.5 (1.3)cd 193(50)ab 234 (105)a
p<.05).

Abbreviations: C:P ratio, carbon to organic phosphorus ratio; SOC, soil organic carbon.
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FIGURE 1 Soil concentrations (mgkg™) of Fe, Al, and P sequentially extracted by (A) ammonium oxalate and (B) sodium dithionite-
citrate, and (C) the soil weathering degree index as indicated by the concentration ratio of dithionite-citrate extractable Fe (Fe) to the
sum of oxalate extractable Fe (Fe_ ) and Fe, [Fe,/(Fe_, +Fe )] of soils (0-10cm depth) across a 100-year deforestation chronosequence in
the Brazilian Amazon, in which primary forests (Oyear) were converted to pasture. Also included is a 13-year-old secondary forest (SF) site
established by the reforestation of abandoned pastures. The standard deviations were calculated from n=3 sites, indicating the within-site
variations. Different letters among pasture age indicate significant differences (Tukey's HSD, p <.05).

(Figure 2). Soil Ca-P was approximately 13%-15% of total P across
primary forests and pastures, but lower and not detectable in the
secondary forest (~3%) due to the error of P K-edge XANES (10%).
The reduced 42 of .005 indicated an excellent fit using reference
spectra of P standards (Table S2).

3.3 | Total P, P, and P fractionation

Soil total P, P, and P, increased after deforestation (Figure 3;
Table S4). Total P varied less (fourfold) than residual P (sixfold), and
both exhibited similar post-deforestation trends (Figure 3A). Soil P

varied more (eightfold) than P, (fourfold), and the concentrations
of both P, (p=.55, p<.05) and P_ (p=.79, p<.001) increased with

pasture age (Table S5), and were similar in primary and secondary
forests (Figure 3A). Soil P composition exhibited a greater propor-
tion of P, (14%-42%) than P, (7%-29%) (Figure 3B), with the lowest
P, and Pi proportions in the 39y pasture due to the high residual
P content (79%) and the highest percentages in the 100y pasture
(Figure 3B). The proportion of total P as P, and P_ were similar be-
tween primary and secondary forests (Figure 3B).

Operationally defined P, fractions showed similar trends
along with pasture age (Figure 3C,D). Soil P fraction concentra-
tions decreased in the order of NaOH-P, (17—80mgkg'1)>labile
P, (3—17mgkg'1)>HCI—Pi (1-17mgkg™). No significant difference
was observed from primary forests to mid-age (39y) pasture, and
between primary and secondary forests for all three P, fractions
(Figure 3C). The highest concentrations for all P, fractions were in the
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FIGURE 2 The proportion (% atom contribution) of P species,
including Fe- and Al-associated P [(Fe +Al)-P], organic P (P,), and
Ca-associated P (Ca-P), quantified by P X-ray absorption near edge
structure spectroscopy in soils (0-10cm depth) from a 100-year
deforestation chronosequence in the Brazilian Amazon, in which
primary forests (Oyear) were converted to pastures varying in

age from 7 to 100years at the time of sampling. Also included is a
13-year-old secondary forest (SF) site established by reforestation
of abandoned pasture. Standard deviations was calculated from
n=3 sites, indicating the within-site variation of each P species.
Tukey's HSD tests indicated no significant difference within each P
fraction among pasture age.

100y pasture which was significantly higher than others. Increases
with pasture age occurred for NaOH-P, (p=.55, p<.05) (Table S5)
and HCI-P; (p=.70, p<.01) (Table S5), and HCI-P, was also higher in
pastures than in forests (p<.1) (Table S7). The relative percentage
of P; fractions in total P; remained relatively constant across land
uses and durations (Figure 3D), dominated by NaOH-P, (~70%-79%)
and labile P; (~11%-17%). Only the proportion in total P, as HCI-P,
in primary forests (~6%) was lower than in the 100y pasture (~15%)
(Figure 3D).

Similar to P; fractions, concentrations of P_ fractions in-
creased with pasture age (Figure 3E,F). Pool sizes of P_ fractions
were in a sequence of NaOH-P, (10-148 mgkg'1)>HC03—Po
(4-13mgkg™) > H,O-P_ (4-7mg kg™?) for all land uses and durations.
Similar to P; fractions, P fractions also remained stable from pri-
mary forests to 39y pasture and increased with pasture age there-
after to 100y. P fractions in the 100y pasture were higher than in
other pastures and forests, and similar in primary versus secondary
forests (Figure 3E). Both HCO,-P_ (p=.89, p<.001) and NaOH-
P, (p=.76, p<.001) were positively associated with pasture age
(Table S5), and NaOH-P_ was also higher in pastures than forests
(p<.05) (Table S7). Expressed as a proportion of total P, P fractions
exhibited distinct trends with pasture age and reforestation to the
secondary forest (Figure 3F): NaOH-P_ was the dominant P  pool
(47%-88%) and generally increased with pasture age, with the low-
est percentage in primary forests and the highest in 100y pastures
(Figure 3F). HCO,4-P % (8%-24%) remained stable while H,0-P_%
(49%-29%) decreased with pasture age (Figure 3F). The H,0-P_% was
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higher in primary forests (29%) than in other pastures and the sec-
ondary forest (4%-11%).

3.4 | Soil phosphatase kinetic properties

The response of phosphatase V.

max and K. was also influenced by

deforestation and reforestation (Figure 4A,B). The V__ for both
PME and PDE were similar among all land uses and durations
(Figure 4A). Maximum velocity was 10-18 pmolg’lh’1 for PME,
fivefold higher than 2-4 pmolg™h™ for PDE (Figure 4A). The V,__,
of PDE was positively correlated with pasture age (p=.52, p<.05)
(Table S5), and was higher in pastures than in primary and sec-
ondary forests (p <.01) (Table S7). The K was 7-15 mmolg™ for
PME and 7-19 mmol g™* for PDE (Figure 4B). For PME, K., generally
decreased with pasture age from O to 100vyears (p=-.65, p<.01)
(Table S5). The K, of PDE was uniquely highest in the youngest
pasture (7y) relative to other land uses and durations (Figure 4B),
and PME and PDE K| in primary and secondary forests were simi-
lar. The K, increased with pasture age for PME (p=.86, p <.001)
and PDE (p=.67, p<.01) (Table S5). The PME K, increased with
pasture age until 39 years, and then remained stable (Figure 4C),
and was 2.6-fold greater in 39y pasture relative to primary forests.
In contrast, K, of PDE (0.2-0.5 umol h™ mmol™) was similar among
land uses and durations. Although PME and PDE K, were similar
between primary and secondary forests, PME K, was higher under

pasture than in forests (p <.01) (Table S7).

4 | DISCUSSION

4.1 | Soil total P and P, pool size change with time
since deforestation

Similar soil P pool sizes among the youngest pasture and primary for-
ests indicate that the 7 years of the youngest pasture did not capture
expected changes in soil after slash-and-burn conversion. This is con-
sistent with soil pH being similar among pastures, as increases in soil
pH following the burning of forests are hypothesized to be a major
driver of soil P change. Following the slash-and-burn conversion, soil
total P and labile P tend to transiently increase due to pyrominer-
alization and ash deposition (Lawrence & Schlesinger, 2001), with
reversion of these pool sizes to primary forests within 3-13years
(Chavarro-Bermeo et al., 2022; Garcia-Montiel et al., 2000). At our
site, soil total P at 0-10cm depth remained consistent in the first
7years of pasture following deforestation and increased in 100y
pasture, potentially a result of pasture grass uptake from subsurface
depths and deposition at the surface via litter (Friesen et al., 1997
Han et al., 2021). Similarly, occasional burning to maintain pasture
integrity could lead to surface deposition of P acquired at subsurface
depths. A similar increase in soil total P in a 41-year deforested pas-
ture with periodic burning compared to the primary forests was also
reported (Garcia-Montiel et al., 2000).
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FIGURE 3 Concentration and proportion of soil total P and P fractions. (A) Concentrations (mgkg™) and (B) proportions (%) of total P,
total inorganic P (P), total organic P (P,), and residual P; (C) pool sizes (mg kg™ interpreted from sequentially extracted fractions and (D)
relative proportions (%) of labile P,, sodium hydroxide extractable P, (NaOH-Pi), and hydrochloric acid extractable P, (HCI-P,) fractions in
total P;; (E) pool sizes (mg kg'l), and (F) relative proportions (%) of water extractable P_ (H,O-P ), bicarbonate extractable P, (HCO,-P ), and
sodium hydroxide extractable P (NaOH-PO) fractions in total P, of soils (0-10cm depth) across a 100-year deforestation chronosequence
in the Brazilian Amazon, in which primary forests (Oyear) were converted to pasture. Soil P fractions were measured by modified Hedley
sequential extraction. Also included is a 13-year-old secondary forest (SF) site established by reforestation of abandoned pasture. The
standard deviations were calculated from n =3 sites, indicating the within-site variations of each fraction. Different letters among pasture
age indicate significant differences (Tukey's HSD, p <.05).
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FIGURE 4 Fitted Michaelis-Menten kinetics model parameters (A) V.
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(pmol pNP g’1 h’l), (B)K,, (mmolg’i), and (C) K, (pmol pNP

max

h™mmol™) of phosphomonoesterase (PME) and phosphodiesterase (PDE) in soils (0-10 cm depth) across a 100-year deforestation
chronosequence in the Brazilian Amazon, in which primary forests (Oyear) were converted to pasture. Also included is a 13-year-old
secondary forest (SF) site established by reforestation of abandoned pasture. The standard deviations were calculated from n=3 sites,
indicating the within-site variations. Different letters among pasture age indicate significant differences (Tukey's HSD, p <.05).

However, we did not observe changes in labile P,, which would
be expected from pyromineralization and/or manure and urine
deposition, until the transition from medium age (39y) to old
(100y) pastures. The initial absence of change in labile P, could
be ascribed to the low transport of P during burning and subse-
quent fixation in soils. Up to 55% of the biomass P stock can be
lost to the atmosphere in smoke depending on the slash-and-burn
fire intensity (Kauffman et al., 1993; Raison et al., 1985; Romanya
et al., 1994). The subsequent fixation of biomass ash P deposited
on the soil surface with soil iron and aluminum minerals may fur-
ther transform labile P to recalcitrant forms over time. As a result,
increases in labile P in surface soils can be an order of magnitude
lower than expected based on P stock in the burned aboveground
biomass (Juo & Manu, 1996; Sanchez, 1977). The subsequent P

inputs to surface soils via pasture grass biomass burning were
likely of relatively low magnitude due to the low pasture grass abo-
veground biomass P content (~1-2kg ha™) reported for pastures
in the Amazon basin (Freitas et al., 2022). Post-burning increases
in soil total P have been reported to be 10%, corresponding to
approximately 8-11kg ha™* from the primary forests aboveground
biomass P estimated to be ~56-63kgha™, with major losses
(22-35kgha™) via ash blowing or smoke particulates (Kauffman
et al., 1995). Our finding that labile P; did not change in the first
39 years of pasture is consistent with other deforestation chrono-
sequence studies in the Amazon limited to 15-40year pastures
(Asner et al., 2004; Garcia-Montiel et al., 2000). The increase in
labile P, after 39 years could be attributed to enhanced soil P mo-
bility in the rhizosphere of Brachiaria (Merlin et al., 2015).
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The XANES speciations of soil P were broadly consistent
with pools inferred by sequential fractionation (Figures 2 and 3;
Figure S3). For example, NaOH-P, and HCI-P, fractions were com-
parable to (Fe+Al)-P and Ca-P species via XANES, as expected
(Maranguit et al., 2017), and the sum of all P_ fractions was compara-
ble to the P_ pool via XANES. Our XANES results suggested that P;in
soils along the pasture age was dominated by (Fe +Al)-P (39%-53%),
whereas Ca-P only covered a small portion (13%-15%) (Figure 2),
which was consistent with the dominance of NaOH-P, (25%-50%
of total extractable P) followed by HCI-P, (3%-6% of total extract-
able P) in P; fractions from sequential extraction (Figure S3). This
supports our interpretation of the NaOH-P; and HCI-P, fractions as
operationally defined (Fe+Al)-P and Ca-P. Discrepancies between
XANES and sequential extraction results can be ascribed to the
over- or underestimated (Fe+ Al)-P and Ca-P via extraction (Barrow
& Debnath, 2020; Gu & Margenot, 2021) and the poor resolution
of P, by XANES (Prietzel et al., 2016). The proportion of P, from
XANES (37%-49%) was lower than P in total extractable P from
Hedley fractionation (40%-69%), which can potentially lead to the
greater relative speciation for (Fe +Al)-P and Ca-P.

The change of (Fe+Al)-P and Ca-P, generally considered recal-
citrant pools (Negassa & Leinweber, 2009), with deforestation was
similar to that of labile P;. With periodic burning, a large amount of Ca
can be deposited onto the soil via ash, which can increase the Ca-P
pool (Chavarro-Bermeo et al., 2022; Garcia-Montiel et al., 2000;
Juo & Manu, 1996). However, the acidic soil pH in the study area
would lead to the dissolution of Ca-P precipitates. Our finding that
(Fe+Al)-P was constant during the initial 39 years of deforestation
is similar to others (Chavarro-Bermeo et al., 2022; Garcia-Montiel
et al.,, 2000), and consistent with P_ and P pools (Figure 1A,B)
that provide an independent measure of P associated with iron and/
or aluminum minerals. The decrease in the soil weathering degree
index Fe,/(Fe_ +Fe,) ratio with pasture age would appear to sug-
gest a shift from a highly crystalline structure to poorly crystalline
or amorphous following post-burn deforestation. The mineralogy of
highly weathered soils is generally near-equilibrium and thus stable,
the observed changes in fractions may not accurately reflect ac-
tual changes in situ. The lower Fe,/(Fe_ +Fe,) ratio—indicative of
greater P adsorption capacity (Zheng et al., 2012)—is also consistent
with the increase in (Fe +Al)-P fraction (Figure 3C). Collectively, this
suggests that the distribution of soil P across inorganic pools in-
ferred by fractionation and XANES is relatively agnostic to land use
change, with P, pools changing in lockstep with net P accumulation

in surface soils with pasture age.

4.2 | Soil P, pools and deforestation

In contrast to soil P, pools, soil total P, continually increased
with pasture age across a century, consistent with shorter-term
(<50years) evaluations (Garcia-Montiel et al., 2000; Hamer
etal., 2013). Increases in total P_ with pasture age could be explained
by (1) more rapid cycling of P_ in pasture ecosystems (Garcia-Montiel

et al., 2000); (2) the decomposition of finer grassroots; and (3) a posi-
tive correlation between SOC and soil P (Hamer et al., 2013; Walker
& Adams, 1958). Increased soil P, under pasture hypothesized by
Garcia-Montiel et al. (2000) to result from pasture species accessing
residual P are supported by our results as an increase in soil P, and
a decline in residual P, especially in older (39-100y) pastures. At our
site, pasture establishment is thought to have increased the fine-
root density in surface soil, increasing SOC concentrations via di-
rect addition of root-derived C (Durrer et al., 2021). Brachiaria roots
could also directly add to the P_ fraction, which depending on the
soil P content, may entail P concentrations from 0.07 to 2.71gkg™
(Merlin et al., 2015).

The increasing trend of NaOH-P_% and the decreasing trend of
labile P % (especially H,0-P ) with pasture age indicated that the in-
creased total soil P, disproportionally increases the non-labile com-
pared to the labile P_ pool. After the forest-to-pasture conversion,
Brachiaria-derived soil organic matter and to a lesser extent cattle
excrement are the primary internal (i.e., not external or net) inputs
of P, to surface soils (0-10cm depth). Furthermore, the release
of labile P, from root-derived organic matter or cattle excrement
in forms such as phytate, one of the dominant P_ forms in highly
weathered soils (McDowell & Stewart, 2006), is readily fixed by iron
and aluminum minerals and thus would be extractable in the non-
labile P, fraction (Xu & Arai, 2022a, 2022b). The microbial biomass
P was not measured in this study as it was identified as a minor P
pool in weathered soils (~2-5mgkg™) (Moreira et al., 2011; Moreira
& Fageria, 2011).

The soil C:P_ ratio has been proposed to determine whether
soil is P limiting to microbial biomass, analogous to the mineraliza-
tion-immobilization thresholds developed for soil C:N (Arenberg &
Arai, 2019). Soils with sufficient available P were hypothesized to
have a C:P_ <100, whereas the C:P_>200 indicates relative P lim-
itation (Dieter et al., 2010; Maranguit et al., 2017). With high soil
available P concentrations, P, mineralization catalyzed by phos-
phatases is generally thought to be attenuated, which might result
in a net increase in P and a reduced C:P ratio (Dieter et al., 2010;
Zhao et al., 2008). On the other hand, under low P availability, phos-
phatase secretion and thus extracellular activity increases (Spohn
& Kuzyakov, 2013), potentially elevating the C:P_ ratio (Dieter
et al., 2010; Mcgill & Cole, 1981). We only observed a C:P, <200 in
the centennial pasture, suggesting that forests and younger pastures
may have had aggravated P limitation (Maranguit et al., 2017). The
reduced C:P in the oldest pasture was due to the magnitude of total
P, increase (from 19.3 to 168 mg kg™) exceeding SOC increase (from

79to234¢g kg'i) with long-term pasture age.

4.3 | Theresponse of phosphatase on
deforestation

Differences in V, . and K of soil PME and PDE by land use and du-
ration reflect shifts in isozymes produced by distinct microbial and
plant species that collectively constitute the total pool of activity
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(Williams, 1973), and may also reflect differences in substrate avail-
ability (P,) and product concentration (labile P)). Higher substrate
concentrations can stimulate enzyme production by plant roots and
soil microorganisms and can favor the production of enzymes with
higher V.. (Sinsabaugh & Shah, 2010, 2012; Stone & Plante, 2014).
Meanwhile, the elevated concentration of product can inhibit en-
zyme activity (i.e., feedback inhibition), potentially leading to a lower
(Sinsabaugh & Shah, 2010). The lack of changein V.

of both PME and PDE across a century of pastures is consistent with

apparentV,_
relatively stable soil P_ (i.e., substrate) and labile P, (i.e., product) dur-
ing the initial 39 years of pasture, and the proportional increase in
both fractions from 39 to 100years, which potentially lead to the
counterbalanced substrate stimulation and feedback inhibition on
apparent V..

The enzyme-substrate binding affinity K can be used to describe
relative substrate availability in soils (Sinsabaugh & Shah, 2010).
Although not inherently related, V, .. and K are often positively as-
sociated (Sinsabaugh & Shah, 2012; Williams, 1973), including soil
PME (Hui et al., 2013). We did not observe a positive correlation
between V, . and K, as K, generally decreased with pasture age
for both PME and PDE—opposite to the soil P, change. An opposite
trend between K and the substrate P, was expected since lower
K., values signify higher substrate affinities. Forest-to-pasture con-
version at our site entailed shifts in soil microbial community struc-
ture (Paula et al., 2014; Rodrigues et al., 2013), which may have
altered isoenzyme composition and thus kinetic properties of the
soil extracellular enzyme pool (Farrell et al., 1994; Khalili et al., 2011;
Tabatabai et al., 2002). The K, normalizes the V. to K as a metric
of catalytic efficiency (Esti et al., 2011; Li & Margenot, 2021; Stone
& Plante, 2014). Increases in K of both PME and PDE with pasture
age suggested that in older pastures, the microbial-plant consortium
shifted to the production of phosphates with greater catalytic effi-

ciency than in younger pastures or primary forests.

4.4 | Soil P cycling in the secondary forests

Soil P pool sizes and enzyme-proxied cycling rates were similar be-
tween primary and secondary forests, supporting our hypothesis
that soil P cycling variables after reforestation would revert to similar
pool sizes or rates as in primary forests within 13 years. In our study
site, the secondary forest was developed by natural recolonization
on pastures abandoned after 7-10years of grazing, which is typical
of the region (Aguiar et al., 2016; Durrer et al., 2021). It is possible
that the duration of pasture before abandonment and secondary
forest establishment at our site may have been insufficiently long
to detect initial deforestation effects on soil P cycling: P pool sizes
in the youngest pasture (7y) were also similar to both primary and
secondary forests. When comparing secondary forests to medium-
age pastures (17-50years), similar to our results, decreases in P frac-
tions were reported in secondary forests abandoned for 10years
with the only exception for labile P, which showed no change (Hamer
et al., 2013). Similarly, no difference in P pools between primary and

110f16
% Global Change Biology ga%YA § B =A%

secondary forests abandoned for 10years was found by Hamer
et al. (2013), though the pre-abandonment pasture duration was not
reported. Without knowing pre-abandonment pasture duration, it
is difficult to compare secondary forests with pastures. However,
since soil P pools in secondary forests are not usually evaluated, our
comparison provides an initial benchmark evaluation of how soil P
may differ between the secondary forest and pastures. General de-
creases in total soil P in early reforestation (~20years) after pasture
abandonment likely reflect immobilization in forest vegetation bio-
mass (Hamer et al., 2013; McGrath et al., 2001).

Despite the reversion of soil P cycling indicators, the growth of
secondary forests after pasture abandonment is also generally P lim-
ited as the remaining soil P supply may constrain forest regrowth
(Lawrence & Schlesinger, 2001), especially with zero fertilizer inputs
of P during pasture management. However, the P limitation status
should not be exaggerated by pasture use after deforestation, as soil P
output by cattle removal was relatively minimal (Buschbacher, 1987),
and we observed increases in soil P pools at 0-10cm depth with pas-
ture age, including labile P. Reversion of P pool sizes and process
rates in 13-year-old secondary forest also suggests the potential of
reforestation without the need for P fertilization, which has been
proposed by some (Ganade & Brown, 2002; Markewitz et al., 2012).
Furthermore, we acknowledge that our study was limited to evalu-
ating only surface soils, whereas other studies have found a similar
or even higher subsoil P content compared to surface soils in both
primary forests and pastures in the Amazon basin (Chavarro-Bermeo
et al., 2022; Garcia-Montiel et al., 2000). Increases in surface soil P
pools and total P with pasture age is likely due to biological pumping
of P (i.e., deep-rooted grass acquires P from subsoil and then grass
residue deposit on surface soil), which could lead to lower subsoil P
in the long term. Subsoil P should also be addressed in future eval-
uations of P cycling in converted pastures and secondary forests to
provide insights to pasture sustainability and forest restoration in
this region of the Amazon.

The use of observational chronosequence might overlook the
potential differences in the initial soil P reservoir across our study
site. The atmospheric P deposition input to the Amazon basin
from Saharan dust (e.g., up to ~0.005-0.16kg P ha lyear™) (Kok
et al., 2021; Mahowald et al., 2005; Wang et al., 2023), which is rep-
resentative of the Amazon basin, can potentially shift the initial total
P content of surface soil with different years of P deposition before
pasture establishment. However, with relatively small input (cumu-
latively ~0.5-16kg Pha™ for 100years) and the potentially similar
P composition as soil P, which can be dominated by Fe/Al-P (44%-
73%) due to atmospheric acidification during dust transport (Dam
et al., 2021), atmospheric P input is expected to cause only minor
differences in soil P content and forms, and should not change the
overall trend of soil P cycling with deforestation and reforestation.
Another possible source of difference is the growth of primary for-
est with time, which can cause differences in soil P and aboveground
biomass P contents in primary forests before conversion. However,
changes in vegetation stored P in primary forests over 100years
might not be evident, as the increase in total aboveground biomass C
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within 10years in Brazil was found to be minor (Fawcett et al., 2022),
and thus, the impacts on changes in soil P with pasture age are also
expected to be minor. With the potential sources of differences, it
is worth noting that differences in the initial P pool sizes and rates
might also account for the observed variability (i.e., total P in 39y
pasture) and lack of change in soil P pools. Moreover, the compar-
isons of the proportion of P pools would alleviate the impacts of
difference in initial total P concentrations and provide us with the
trends of the P pools with deforestation.

More broadly, our results underscore the need for experimental
evaluations of deforestation and reforestation effects on soil P cy-
cling at temporal scales of multiple decades. Empirical assessments
of soil P and thus secondary forests P limitation are rarely evalu-
ated at the appropriate timescales: modeling indicates that changes
in soil P with deforestation and reforestation can require decades
to a century to equilibrate (Nagy et al., 2017). Future meta-analysis
on soil P response to deforestation and reforestation would also
be needed once additional research studies (such as ours) are per-
formed. Finally, both the pasture duration history and the secondary
forest age should be considered when investigating reforestation
chronosequences. Missing information on pasture age prior to aban-
donment and the lack of long-term reforestation (e.g., >20years)
complicate interpretation of soil P cycling under secondary forests,
as in our and many other studies utilizing observational chronose-
qguences. Evaluating P pool dynamics throughout the soil profile
under both deforestation and reforestation at a long-term (centen-
nial) scale would enable model calibration to predict P cycling and
potential P limitations to agricultural and non-managed agroecosys-
tems in the Amazon basin.

5 | CONCLUSION

This study revealed that the conversion of Amazon primary forests
to pastures entails increases in surface soil P pool sizes over a cen-
tury, but that soil P cycling can revert to values similar to those of
primary forests within two decades with forest regrowth by natu-
ral succession from nearby intact primary forests. In surface soils, P
pool sizes increased in centennial pastures relative to primary forest,
suggesting that the increase in total soil P concomitantly increased
P pools. This likely reflected surface deposition of aboveground bio-
mass P by pasture grasses, enhanced by periodic burning and with
negligible P export by low-density grazing. Soil phosphatase V,_ did
not respond to deforestation, but K decreased and K, increased
with pasture age. Soil P variables and phosphatase catalysis param-
eters were similar between primary and secondary forests (13 years),
indicating that soil P cycling with natural succession forest regrowth
might be able to revert to similar pool sizes or rates observed in pri-

mary forests within less than two decades.
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