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Jean-Paul Laclau a,b,f, José Leonardo Moraes Gonçalves c, Claude Plassard a,* 

a Eco&Sols, Univ Montpellier, CIRAD, INRAE, IRD, Institut Agro, Montpellier, France 
b CIRAD, UMR Eco&Sols, F-34398 Montpellier, France 
c ESALQ, University São Paulo, 13418-900 Piracicaba SP, Brazil 
d SPO, Univ Montpellier, CIRAD, INRAE, Institut Agro, Montpellier, France 
e CRDPI, 1291 Pointe Noire, Congo 
f UNESP-São Paulo State University, School of Agricultural Sciences, Botucatu, São Paulo 18610-307, Brazil 
g Department of Microbiology, Faculty of Science, Silpakorn University, Nakhon Pathom, Thailand   

A R T I C L E  I N F O   

Keywords: 
Enzyme-reactive Po 
Bioassay 
Acacia mangium 
Eucalyptus 
Plant P accumulation 

A B S T R A C T   

Eucalyptus is the tree most widely planted in tropical countries to satisfy growing demand for wood products, but 
high yields require high fertilizer inputs. Introducing N2-fixing trees (NFT), such as Acacia mangium, has been 
proposed to improve soil fertility and aboveground tree biomass in Eucalyptus plantations. In addition to N in
puts, NFT species may increase plant P nutrition through increased rates of organic P (Po) cycling. However, the 
positive effect of acacia on soil P availability and plant P nutrition was found to vary substantially between sites. 
The ability of acacia to improve P bioavailability might mainly depend on Po sequestration in microbial biomass, 
preventing Po mineralization by phosphatases and efficient Po recycling. This hypothesis was tested at two 
tropical sites, Itatinga (Brazil) and Kissoko (Congo) by measuring inorganic phosphate (Pi), Po and enzyme-labile 
Po in bicarbonate extracts from the topsoil collected from plots with Eucalyptus, acacias, or native vegetation. We 
used bicarbonate enzyme-labile Po after soil autoclaving as an indicator of microbial Po, and a Eucalyptus 
bioassay to measure the actual P bioavailability for Eucalyptus seedlings. At Itatinga, bicarbonate-Pi was very 
low, while Po was the main P form. Enzyme-labile Po was very weak in intact soils and high in autoclaved soils, 
indicating high immobilization in microbial biomass. At Kissoko, Po was highly enzyme-labile in both intact and 
autoclaved soils, especially from acacia plots, suggesting very low Po immobilization in microbial biomass. 
Growth and P accumulations in Eucalyptus seedlings were low in all soils at Itatinga and were the highest in 
Eucalyptus plants grown in acacia soils at Kissoko. Our results highlight the potential of acacia trees for improving 
P bioavailability for other tree species if labile Po enrichment in the soil provided by this N2-fixing tree is not 
locked into the microbial biomass.   

1. Introduction 

In order to satisfy growing demand for wood products, monoculture 
plantations with fast-growing species have been encouraged, especially 
in tropical countries (Cossalter and Pye-Smith, 2003). Eucalyptus is the 
tropical tree genus most widely planted, but high yields require high 
fertilizer inputs (Gonçalves et al., 2013). Introducing nitrogen-fixing 
tree (NFT) species in monoculture plantations of non-nitrogen-fixing 

tree (non-NFT) species has been proposed to improve soil fertility and 
aboveground tree biomass (Forrester et al., 2006; Gonçalves et al., 2013; 
Laclau et al., 2008; Richards et al., 2010). Hence, to gain insight into 
how mixing NFT trees, such as Albizia or Acacia, with non-NFT trees, 
such as Eucalyptus, affects the biogeochemical cycles of nutrients, as well 
as non-NFT productivity, several mixed plantation trials were set up 
under contrasting soil and climate conditions. The trials generally 
revealed a positive impact of NFT tree introduction on soil N availability 
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and N cycling due to fixation of atmospheric N, with a possible increase 
in total Eucalyptus wood production through the establishment of 
belowground facilitation processes between the species (Binkley et al., 
2003a; Forrester et al., 2004; Koutika and Mareschal, 2017; Oliveira 
et al., 2021; Paula et al., 2018; Santos et al., 2017). The benefits of mixed 
plantations with NFT trees for Eucalyptus productivity have mainly been 
seen at N-poor sites (Bouillet et al., 2013; DeBell et al., 1997; Epron 
et al., 2013; Koutika and Mareschal, 2017; Tchichelle et al., 2017), 
because of (i) high N2 fixation favored by N-limiting conditions and (ii) 
greater enhancement of Eucalyptus N nutrition in N-poor soils than in 
N-rich soils. 

In contrast to N, changes in P availability in mixed plantations 
compared to monocultures are still poorly documented. Improving the 
understanding of P cycling is a major issue for tropical regions, where 
soils can be particularly poor in available P (Bouillet et al., 2013, Du 
et al., 2020) due to its high fixation on soil oxyhydroxides (Fujii et al., 
2018). Greater accumulation of P has been reported in the biomass of 
NFTs than in that of non-NFTs, when grown as monocultures (Le Cadre 
et al., 2018), suggesting that NFTs may be able to modify the biogeo
chemical processes leading to soil P bioavailability (Aleixo et al., 2020). 
So far, the effect of NFTs on P cycling has mainly been addressed by 
measuring inorganic and organic P concentrations in soils from either 
monospecific or mixed plots of non-NFT and NFT species. As it is 
assumed that plants are only able to take up orthophosphate ions (Pi) 
free in the solution (Hinsinger, 2001), it might be expected that easily 
extractable Pi levels will be higher in soil sampled around NFT species 
than around non-NFT species. Surprisingly, bicarbonate-Pi extractions 
(Binkley et al., 2000; Koutika et al., 2016; Cabreira et al., 2022) or 
anionic traps in the field (Binkley et al., 2000; Le Cadre et al., 2018) 
revealed lower concentrations of labile Pi in NFT soils than in non-NFT 
soils. In contrast to Pi, several studies showed that NFT species increased 
the concentrations of organic P (Po) in comparison with non-NFT species 
(Aleixo et al., 2020; Cabreira et al., 2022; Waithaisong et al., 2020). 
These results suggest that labile organic P cycling may supply free Pi, 
which is then taken up very efficiently by NFT roots, thus explaining 
their greater P uptake and the lower Pi concentrations measured in soil 
compared to non-NFT species. 

Hence, accessing the actual bioavailability of Po in soil is a key factor 
for estimating Po cycling and its contribution to plant P nutrition. In 
addition to measuring chemical P availability, other methods could be 
used to estimate Po bioavailability, such as measuring enzyme-labile P 
fractions and carrying out bioassays. Indeed, the first step of Po cycling 
is the mineralization of organic P through the activity of enzymes, 
namely phosphatases. Such enzymes are able to release free ortho
phosphate from phospho-monoesters (P-O-C bond) and condensed 
phosphate (P-O-P bond) accounting for the main forms of Po compounds 
in soil (George et al., 2018). Hence, adding phosphatases to soil extracts 
has been proposed as a way of estimating the proportion of 
enzyme-labile Po (Bünemann, 2008). So far, the enzymes commonly 
used have been acid phosphatase from Solanum tuberosum (Hallama 
et al., 2021; He et al., 2004; Jarosch et al., 2015; Jarosch et al., 2019; 
Wyngaard et al., 2016). However, in forests, tree roots are associated 
with mycorrhizal fungi capable of releasing huge amounts of acid 
phosphatases into the environment (Plassard & Dell, 2010; Plassard 
et al., 2011; Ali et al., 2009, 2014). In their work, Louche et al. (2010) 
used cation-exchange chromatography to separate four fractions dis
playing acid phosphatase activity secreted by the ectomycorrhizal fun
gus Hebeloma cylindrosporum grown in a pure culture. When measured in 
vitro, each fraction showed very broad substrate specificity, indicating 
that the enzymes secreted by this fungal species are good candidates for 
measuring the proportion of hydrolysable Po in a soil extract. Using such 
fungal enzymes to measure the production of Pi in soil extracts could be 
a good strategy for approaching the in situ recycling of P in forest soils. 

The efficiency of Po cycling depends on enzyme quantities and 
substrate availability in the soil. Jarosch et al. (2019) addressed this 
issue in ten soils with different properties, origins and land uses and 

concluded that the enzymatic hydrolysis of organic P compounds ap
pears to be limited by the substrate rather than by enzyme availability. 
This situation could be due to Po sequestration in microbial biomass, 
making the substrate unavailable to enzymes. Hence, determining the 
share of Po locked into microbial biomass is a key factor when assessing 
the potential importance of Po cycling in a given soil. To date, soil mi
crobial P has been determined by assaying inorganic P released by mi
crobial cells after fumigation (Brookes et al., 1982; Jenkinson and 
Powlson, 1976), or after adding hexanol to soil samples (McLaughlin 
et al., 1986; Solaiman, 2007). In both cases, the microbial P content is 
calculated from the difference between bicarbonate-extracted Pi con
centrations measured before and after soil treatment. However, the 
actual contribution made by Po compounds to microbial P using these 
chemical extractions has yet to be investigated. To address this issue in 
podzol soils, Louche et al. (2010) compared Pi released by the four 
fungal acid phosphatases from H. cylindrosporum into 
bicarbonate-extracted P from intact or autoclaved soils. These authors 
found that soil autoclaving greatly enhanced the levels of enzyme-labile 
P and concluded that the increase originated from microbial Po that was 
made available for enzyme hydrolysis after soil autoclaving. Hence, this 
method could help to determine the amount of microbial Po in soil, with 
results similar to those obtained by fumigation, the most frequently used 
method (Sinegani and Hosseinpur, 2010). 

Another way of measuring the possible contribution of Po cycling in 
soil is by bioassays, growing a target species in soil samples of interest. 
Recently, bioassays were used to estimate soil productivity and fertility 
following crop diversification through the introduction of legumes 
(Sauvadet et al., 2021). This method has also been used to estimate 
growth and actual P and N bioavailability for non-tropical forest species 
(Ali et al., 2014; Ali et al., 2009), or tropical tree species (Binkley, 1997; 
Binkley et al., 2003b; Graciano et al., 2006; Tng et al., 2014; Wan 
Juliana et al., 2009). In particular, it was possible to measure the effect 
of an NFT species (Albizia) on the growth and mineral nutrition of a 
non-NFT species (Eucalyptus) and vice versa (Binkley, 1997). Although 
bioassays do not replace field experiments, they enable researchers to 
access all plant compartments, especially the whole root system. They 
provide valuable insights into the ability of a given species (especially 
NFT species) to improve soil fertility by altering the bioavailability of P 
and N for itself or for another species (Binkley 1997). 

Despite the potential merits of NFT introduction in tropical non-NFT 
monoculture plantations, either in mixed plantations or in rotation, the 
effectiveness of NFTs in improving P bioavailability remains variable 
depending on the site. We hypothesized that this variability in the ability 
of NFTs to increase P bioavailability could be due to different Po cycling 
in soil, because Po sequestration in microbial biomass would prevent Po 
mineralization by phosphatases and therefore efficient Po recycling. To 
check this hypothesis, we addressed three research questions, namely (i) 
Is the enhancement of plant growth associated with the increase of 
enzyme-labile Po by NT? (ii) Does the size of the enzyme-labile Po pool 
depend on the immobilization of P in microbial biomass? (iii) Does this 
immobilized fraction of microbial P depend on soil P status, in particular 
on the availability of easily labile Pi? 

We carried out our investigations at two tropical sites, one in Brazil 
and one in Congo, both planted with Acacia mangium (as NFT) and 
Eucalyptus (as non-NFT). As shown recently (Waithaisong et al., 2020), 
these two sites have contrasting Pi levels, but similar Po levels. More
over, at both sites, acacia grown for one rotation after several rotations 
of Eucalyptus was able to increase soil Po concentrations measured in 
NaOH extracts compared to Eucalyptus, confirming the effect of acacia 
on the biogeochemistry of P. In this study, we extracted the labile 
fractions of Pi and Po with bicarbonate and evaluated the potential 
enzymatic lability of the Po fraction under different types of vegetation 
(monospecific acacia, monospecific Eucalyptus and native vegetation) at 
these two sites by using an acid phosphatase released by the basidio
mycete ectomycorrhizal fungus H. cylindrosporum. This enzyme was 
expected to illustrate what happens in situ, as roots of acacia and 
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Eucalyptus have been found to be highly ectomycorrhizal (Robin et al., 
2019, Pereira et al., 2020). To estimate the proportion of Po potentially 
immobilized in microbial biomass, we carried out enzyme assays in bi
carbonate solutions extracted from autoclaved soil (Louche et al., 2010). 
Lastly, we used the bioassay technique (Binkley, 1997) to grow young 
Eucalyptus seedlings in soils taken from under the three vegetation types 
at each site. By measuring plant growth, as well as P accumulation 
within plants, we were able to quantify the effect of the three types of 
vegetation (monospecific acacia, monospecific Eucalyptus and native 
vegetation) on P bioavailability of each soil for Eucalyptus. 

2. Material and Methods 

2.1. Site description 

The two sites used in this study were the same as those described in 
Waithaisong et al. (2020). Briefly, the Itatinga site was located in Brazil, 
in São Paulo state, and the Kissoko site in the Congo, on the Atlantic 
coast of Pointe-Noire. Annual rainfall figures were similar at the two 
sites (1370 mm at Itatinga and 1430 mm at Kissoko), while the mean 
annual temperature was around 5◦C lower at Itatinga (20◦C) than at 
Kissoko (25◦C). Afforestation with Eucalyptus began in 1940 at Itatinga, 
with E. grandis W. Hill ex Maiden, and in 1984 at Kissoko, with a hybrid 
between E. grandis and E. urophylla S.T. Blake (E. urophylla x grandis). A. 
mangium was introduced in May 2003 at Itatinga and in May 2004 at 
Kissoko, in order to compare wood production under different silvicul
ture practices (Bouillet et al., 2013). The native ecosystems before 
afforestation were tropical savannas dominated by trees and shrubs at 
Itatinga (Maquere, 2008) and grasses at Kissoko, such as Loudetia 
arundinacea (Hochst.) (Epron et al., 2013), Loudetia simplex and Hypar
rhenia diplandra (Versini, 2012). Some legume species, such as Eriosema 
psoraleoides, are common at Kissoko (Versini, 2012). 

The soils used were Ferralsols at Itatinga and Ferralic arenosols at 
Kissoko (FAO-UNESCO, 1989). The texture of the 0-10 cm soil layer is 
dominated by sand (84% and 93%), with a low proportion of silt (4% 
and 1% at Itatinga) and clay (11% and 6% at Kissoko). The two soils are 
acidic (pH of 5.5 at Itatinga and 3.9 at Kissoko) with low concentrations 
in exchangeable elements and a low Cation Exchange Capacity (1.76 
cmolc.kg− 1 at Itatinga and 0.82 cmolc.kg− 1 at Kissoko). Total C content 
was higher at Itatinga (13.8 g kg− 1) than at Kissoko (10.8 g kg− 1). Soils 
in planted plots exhibited large differences in P contents, as the total 
NaOH-extractable P concentrations at Itatinga (47 mg kg− 1 dry soil) 
were almost 4 times lower than at Kissoko (180 mg kg− 1 dry soil). In 
addition, at Itatinga, the soil was dominated by NaOH-Po, which 
accounted for 85% of the total NaOH-extractable P, whereas the Kissoko 
site was dominated by NaOH-Pi, which accounted for 60% of the total 
NaOH-extractable P (Waithaisong et al., 2020). The soil characteristics 
of the two sites are presented in detail in Waithaisong et al. (2020). 

The field trials used in this study were set up in May 2003 at Itatinga 
(Bouillet et al., 2008; Laclau et al., 2008) and in May 2004 at Kissoko 
(Epron et al., 2013), consisting of monospecific stands of Euucalyptus or 
acacias. Plantation densities were 1111 (Itatinga) and 800 (Kissoko) 
trees per hectare. At planting, Eucalyptus and acacias received starter 
fertilization applied within a radius of 50 cm around each tree (Bouillet 
et al., 2013). The starter fertilization varied with the site, with P (40 kg 
ha− 1 as superphosphate), K (75 kg ha− 1 as KCl) applied at Itatinga 
(Bouillet et al., 2013) and only N as ammonium nitrate (43 kg ha− 1) at 
Kissoko (Epron et al., 2013). 

2.2. Soil sampling 

Soils were collected at each site on two occasions. The first was for P 
measurements and the second to set up the pot experiment. At each site, 
there were three replicates for each treatment, consisting of mono
specific acacias (Ac), monospecific Eucalyptus (Euc), and nearby native 
vegetation on the same soil type (Nat). The soil samples used for P 

measurements were of the same provenance as those used in Waithai
song et al. (2020). Samples of topsoil (0-10 cm), consisting of mineral 
soil without organic layer nor leaves, were collected at the end of the 
rainy season at both sites (in February 2012 at Itatinga and May 2011 at 
Kissoko). These periods corresponded to the end of the second 8-year 
rotation (Itatinga) and the end of the first 7-year rotation (Kissoko) of 
the acacia trees. The soil samples were air dried, sieved at 2 mm and 
stored at room temperature pending analysis. 

The soils for the bioassay experiment were collected in November 
2013 at both sites. Cores were used to collect the topsoil in the same 
monospecific acacia or Eucalyptus plots or native vegetation ones as 
those used for P measurements. In planted forests plots (Euc or Ac), three 
soil cores were collected around one tree, whereas in the native vege
tation plots the soil cores were collected along a 10-m transect, a dis
tance chosen to take into account most of the spatial heterogeneity of the 
area. A composite sample was then made up from all intact soil cores 
from a given treatment before filling each pot with 300 g of wet soil. 

2.3. Bioassays 

Bioassays were carried out at the Itatinga station nursery and at the 
Kissoko experimental station. Seedlings were obtained from seeds of 
E. grandis at Itatinga (provided by the Suzano Company, Brazil, (http:// 
ri.suzano.com.br/) and from cuttings of E. urophylla x grandis (clone 18- 
147) at Kissoko. The bioassay experiment was launched by transferring 
one 1-2 cm tall seedling to a pot containing topsoil collected from Euc, 
Ac or Nat plots. There were six plants per soil origin at Itatinga and 10 at 
Kissoko. Pots were watered with tap water regularly over the growth 
period. Plants were harvested 7 (Itatinga) and 6 (Kissoko) months after 
planting. They were separated into roots, stems and leaves before drying 
(60◦C) and weighing. The dried plant material was stored in plastic bags 
at room temperature pending P measurements carried out in France. 

2.4. Soil extractions and chemical assays 

Soil labile P was extracted with 0.5 M NaHCO3, pH 8.5, according to 
Olsen et al. (1954). Briefly, the soil–bicarbonate solution mixture (1/10, 
w/v) was shaken end-over-end for 30 min at room temperature. After 
centrifugation (2683 RCF, 10 min), the supernatant was filtered through 
a 0.22 µm cellulose membrane filter. Labile P was extracted from intact 
or autoclaved soil, as autoclaving has been proposed to release the mi
crobial Po pool (Louche et al., 2010). Dry soil was rewetted with ul
trapure water to field capacity and then autoclaved twice 24 h apart 
(110◦C, 60 min) (Louche et al., 2010). Total labile P was obtained by 
adding 12N HCl to bicarbonate extracts (v/v) and digestion of the 
mixtures at 110◦C for 16 h (Ali et al., 2009). Organic labile P was esti
mated by subtracting free Pi from total P. 

To measure total P in the plants, roots, stems and leaves were finely 
ground and re-dried overnight at 50◦C prior to acid digestion following a 
slightly modified McDonald method (1978). In brief, around 10 mg of 
dry material was placed in a Pyrex glass tube (15 mm in diameter and 
160 mm in height) with 0.2 ml of 36 N H2SO4 and salicylic acid (5%, 
w/v). The tubes were placed in a heating block under a fume hood and 
the temperature was gradually increased to 330◦C. After 10 min at 
330◦C, the heating block was turned off and the tubes were allowed to 
cool outside the block before adding 0.2 ml of ultrapure H2O2 (110 
volumes, non-stabilized with phosphate) to each tube, in order to 
oxidize organic compounds. The glass tubes were heated again for 5 min 
at 330◦C and this procedure was repeated until the solution became 
transparent. The resulting H2SO4 (36 N) solution was diluted to 0.1 N 
before P measurements. The malachite green method (Ohno and 
Zibilske, 1991) was used to measure orthophosphate P in the different 
assays (0.1 N H2SO4 plant digest, labile P as free Pi and total P and soil 
enzyme-reactive P). 

K. Waithaisong et al.                                                                                                                                                                                                                           



Environmental Advances 8 (2022) 100247

4

2.5. Production of the acid phosphatase from H. cylindrosporum and 
substrate specificity 

Soil enzyme-reactive organic P was measured using an acid phos
phatase released by the ectomycorrhizal fungus H. cylindrosporum whose 
complete cDNA sequence was retrieved from a cDNA library available 
for this species (Lambilliotte et al., 2004). The protein was named 
HcPhoA (genbank accession number FR692330, Louche et al., unpub
lished). Using antibodies raised against the protein and Dot-blot anal
ysis, HcPhoA was detected mainly in the first of the four acid 
phosphatase fractions separated from the P-depleted culture medium of 
the fungus grown in vitro (Louche et al., unpublished). The HcPhoA 
protein was produced using recombinant technology and the full pro
cedure, from obtaining the full-length gene from the H. cylindrosporum 
cDNA library to producing the recombinant enzyme by Pichia pastoris, is 
described in Supporting Information S1. The enzyme was obtained after 
7 days of methanol induction (Ragon et al., 2008) in a 3-liter fermenter. 
After centrifugation of the culture medium, the supernatant was 
concentrated by dialysis to obtain an enzyme solution (7 mg protein 
ml− 1) stored at -20◦C. The substrate specificity of the recombinant 
enzyme was determined against 12 Po compounds purchased from 
Sigma, namely pNPP (4-Nitrophenyl phosphate disodium salt hexahy
drate, product N4645), PrP (Sodium pyrophosphate dibasic, product 
P8135), TripolyP (Sodium triphosphate pentabasic, product 72061), 
glucose 1-P (α-D-Glucose 1-phosphate disodium salt hydrate (x H2O), 
product G7000), glucose 6-P (D-Glucose 6-phosphate disodium salt 
hydrate (x H2O), product G7250), glycero-P (ß-Glycerophosphate diso
dium salt hydrate, product G9422), Fructose 6-P (D-Fructose 6-phos
phate dipotassium salt, product F1502), Fructose 1,6-bis P (D-Fructose 
1,6-bisphosphate trisodium salt hydrate (x H2O), product F6803), 
AMP (Adenosine 5′-monophosphate disodium salt, product 01930), ADP 
(Adenosine 5′-diphosphate monopotassium salt dihydrate, product 
A5285), ATP (Adenosine 5′-triphosphate disodium salt hydrate (x H2O), 
product A2383) and phytate (myo-Inositol hexakis (dihydrogen phos
phate) (x Na), product 68388). The conditions for measurement were as 
follows: 50 µl of enzyme solution previously diluted 1000 times, 
equivalent to 0.35 µg of HcPhoA protein, was added to 200 µl of a 0.2 M 
acetate buffer, pH 5, containing the substrate at 10 mM. The reaction 
was incubated at 28◦C and stopped with 1 ml of 0.2 N HCl after 30 min 
for all substrates except phytate, which was stopped after 60 min. 
Substrate hydrolysis was measured by the release of Pi into the solution 
(Ohno and Zibilske, 1991) and expressed in µmole Pi sec− 1 mg 
protein− 1. 

2.6. Measurement of soil enzyme-reactive organic P 

For soils, the assay was carried out on bicarbonate extract from intact 
or autoclaved soil (110◦C for 60 min, twice 24 h apart) previously 
buffered at pH 5 following the protocol of Louche et al. (2010). Briefly, 3 
ml of the bicarbonate extract was mixed with 6 ml of acetate buffer (1 M, 
pH 5) and 0.25 ml HCl 6N. The enzyme assay consisted of 100 µl of 
buffered bicarbonate extract, 50 µl of ultrapure water and 50 µl of 
enzyme containing 0.35 µg of HcPhoA protein distributed in a 96-well 
microplate with a volume of 300 µl per well. The reaction was incu
bated at 28◦C and stopped with 40 µl of the first reagent of the malachite 
green assay. Preliminary tests were carried out to determine the linearity 
of the reaction from 0 to 2h of reaction. P release into the extracts from 
intact soil sampled at Itatinga was linear over the reaction time, so Pi 
concentrations were measured after 0, 60, 90 and 120 min of reaction. 
For the other samples (autoclaved soils from both sites and intact soil 
from Kissoko), Pi release was fast and Pi concentrations were measured 
after 0, 10, 20 and 30 min of reaction. For each sample, Pi concentra
tions as a function of incubation time were plotted to obtain the slope of 
the linear regression, its value corresponding to acid phosphatase ac
tivity. Enzyme activity was expressed as pmol Pi released per sec and per 
g of fresh soil. We also calculated the share of Po present in the sample 

that had been hydrolyzed after 30 minutes of reaction, i.e., the per
centage of enzyme-reactive Po, using the equation: 

Percentageof enzyme − reactivePo = [(a ∗ t) / (Posample)] ∗ 100 

Where “a” is the slope of Pi production per second for each sample, 
“t” is the enzyme reaction time (here 1800 sec), “Po sample” is the total 
amount of bicarbonate-Po in the sample at t0. It was calculated by 
multiplying the Po concentration of each sample by the volume of bi
carbonate extract used in the reaction (here 100 µl). 

The auto-hydrolysis of Po in soil extracts was checked using the same 
conditions as above, by replacing 50 µl of enzyme solution with 50 µl of 
ultrapure water in the mixture reaction. The effect of bicarbonate soil 
extracts on phosphatase activity was determined by replacing 50 µl of 
water with 50 µl of 10 mM glucose-6-P. 

2.7. Data analysis 

All analyses were performed using R Statistical Software (v4.1.2; R 
Core Team 2021). Values expressed as a percentage (substrate speci
ficity, percentage of Po hydrolysis) were transformed (arcsin√x) as 
described in Legendre & Legendre (1998) before statistical analysis. The 
effect of the treatments on the quantity of Po and Pi contained in the soil 
extracts (whether autoclaved or not) and Pi released after incubation 
with the acid phosphatase was analyzed with a two-way ANOVA, while 
the effect of soil origin on plant biomass and P accumulation was 
analyzed with a one-way ANOVA. The homogeneity of the variances was 
verified with the Levene test and the normality of the ANOVA residuals 
with the Shapiro-White test. If these tests were significant (p < 0.05), the 
data were log-transformed before analysis. The differences between 
means were analyzed using the Tukey HSD post-hoc test and the pre
dictmeans package (version 1.0.6) (https://CRAN.R-project. 
org/package=predictmeans). 

3. Results 

3.1. Labile P concentrations in soils 

Both labile (bicarbonate-extractable) Pi and Po concentrations were 
lower at Itatinga site) than at Kissoko, whatever the plant cover in the 
sampled plots, except in the native vegetation for Po (Table 1). At Ita
tinga, the two-way ANOVA indicated that labile Pi concentrations varied 
with the original vegetation combined with soil autoclaving, due to an 
increase in Pi concentrations extracted from autoclaved soils in native 
plots (Nat soil) compared to all other soil samples. At Kissoko, 
bicarbonate-extractable Pi concentrations did not change with the 
original vegetation or autoclaving. However, the values were 10 times 
higher at Kissoko than at Itatinga in soils from afforested plots and 3-5 
times higher in native plots, whatever the autoclaving treatment. 

For bicarbonate-extractable Po, only the concentrations measured in 
soils sampled at Itatinga varied significantly depending on the original 
vegetation and soil autoclaving, without any significant interaction 
between these two factors. Whatever the autoclaving treatment, the 
highest Po concentrations were twice as high in soil from native vege
tation as in soil from afforested plots (Table 1). Po concentrations were 
lower at Itatinga than at Kissoko, but only in soils from afforested plots, 
and differences between the two sites were much lower for Po than for 
Pi, with a factor ranging between only 1.85 and 1.38 (Table 1). 

3.2. Enzyme-reactive Po in soils 

Enzyme-reactive Po was measured by using a recombinant purified 
acid phosphatase produced from H. cylindrosporum. First, we tested the 
substrate specificity of this recombinant phosphatase under controlled 
conditions (Fig. 1). We used Po compounds that were phospho- 
monoesters (P-O-C bond) and condensed phosphate (P-O-P bond), 
which are the main P-molecules detected in soil extracts. Among the P- 
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esters, para-nitrophenylphosphate (pNPP) is widely used as an artificial 
substrate to measure phosphatase activities (Tabatabai and Bremner, 
1969). HcPhoA activity with pNPP was equal to 0.21 μmoles of Pi 
released sec− 1 mg− 1 of protein and was used as a control and set at 100% 
(Fig. 1). At first glance, Pi was released from all the compounds tested, 
except phytate. Phosphate esters (P-O-C bond) were hydrolyzed at rates 
significantly lower (≈ 80%) than those measured on pNPP, except AMP 
(≈ 100%). In contrast, the ability to hydrolyze condensed phosphate 
(P-O-P) was much greater than the other P-esters, suggesting that the 
enzyme was able to hydrolyze all the P bonds of the molecules. How
ever, this observation did not apply for ATP, whose degradation rate was 
only around 80% of pNPP (Fig. 1). We also compared Pi release from 

glucose-6-P in enzyme assays carried out with or without each soil 
extract from Itatinga and Kissoko, and the values did not differ (data not 
shown), indicating that the bicarbonate soil extracts did not inhibit the 
enzyme, allowing us to use it to measure enzyme-reactive Po in our soil 
samples. The absence of Pi release in each soil extract in the absence of 
enzyme confirmed that no auto-hydrolysis was occurring in our samples 
(data not shown). 

Pi release rates from bicarbonate-extracted Po following enzyme 
addition differed considerably between sites, especially in intact soils 
(Fig. 2). At Itatinga, enzyme-reactive Po was significantly affected by the 
original vegetation and soil autoclaving. The values measured in intact 
soil samples were very low, whatever the original vegetation. In 

Table 1 
Concentrations of bicarbonate-extractable P forms (mg P kg− 1 dry soil) as free phosphate (Pi) and organic P (Po) from the topsoil (0-10 cm) sampled at Itatinga or 
Kissoko in plots with acacia (Ac), Eucalyptus (Euc) and native vegetation (Nat), used either intact or autoclaved. Each value is the mean (n = 6) with standard deviation 
between brackets. For each P form at a site, the effects of the original vegetation (Veg) and soil autoclaving (Autoclav), and their interaction (Veg x Autoclav), were 
analyzed with a two-way ANOVA followed by a pairwise comparison of means (Tukey-HSD post-hoc test), with means with different letters being significantly different 
(p < 0.05). For a given original vegetation, the effect of the site on a given form of P (Pi or Po) was analyzed using a Student-t test. The significance of the associated p- 
value of the two statistics is reported as follows: NS (p>0.05), * (p<0.05), ** (p<0.01), *** (p<0.001).   

Soil autoclavinga and original vegetationb   

Intact soil (mg P kg− 1 dry soil) Autoclaved soil (mg P kg− 1 dry soil) Two-way ANOVA 
Site P form Ac Euc Nat Ac Euc Nat Veg Autoclav Veg x Autoclav 

Itatinga Pi 2.88b (0.39) 2.53b (0.9) 3.02b (0.59) 2.42b (0.24) 2.65b (0.44) 4.27a (1.06) *** NS * 
Kissoko Pi 22.76 (7.57) 22.55 (3.8) 17.87 (9.98) 18.74 (4.17) 19.58 (4.05) 13.40 (8.07) NS NS NS 
Between-site p *** *** ** *** *** *    
Itatinga Po 4.31c (0.96) 4.88c (0.46) 10.39ab (4.03) 6.46bc (0.91) 6.85bc (1.67) 14.6a (5.31) *** *** NS 
Kissoko Po 7.99 (0.53) 7.23 (1.13) 6.35 (2.89) 10.02 (2.58) 9.48 (1.87) 9.65 (4.39) NS NS NS 
Between-site p *** ** NS * * NS     

a Soil autoclaving (Autoclav: intact or autoclaved) 
b Original vegetation (Veg: Ac, Euc, Nat) 

Figure 1. Substrate specificity of the recombinant acid phosphatase from H. cylindrosporum against 12 organic P compounds with two types of phosphorus bond, 
either monoester (P-O-C bond, gray bar) or phosphoric acid anhydride (P-O-P bond, white bar). Release of free phosphate (Pi) from para-nitrophenylphosphate 
(pNPP) was used as a control and set at 100%. 100% of activity for pNPP was equal to 74.3 pmoles of Pi released sec− 1 sample− 1, corresponding to 0.21 μmoles 
of Pi released sec− 1 mg− 1 of protein. Bars are means ± standard deviation (n=4) and different letters indicate significantly different means (one way-ANOVA on 
arcsin√x transformed values and Tukey HSD post hoc test). 
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contrast, bicarbonate-extracted Po from autoclaved soils was much more 
reactive to the phosphatase, by a factor of around 10 in Ac and Euc soils, 
and 20 in Nat soils. In addition, Po extracted from autoclaved soil under 
native vegetation was around twice as enzyme-labile as when extracted 
from afforested plots. At Kissoko, intact soil samples displayed much 
higher values of enzyme-reactive Po than at Itatinga, with factors 
ranging from 17 in Ac soils, 11 in Euc soils to 8 in Nat soils (Fig. 2). 
Despite a significant effect of autoclaving given by the two-way ANOVA, 
only soil collected under native vegetation displayed significant differ
ences after autoclaving, with values of Pi released in autoclaved soils 
multiplied by 3 compared to intact soils. However, this effect was much 
lower for soils collected at Kissoko than at Itatinga. 

The percentage of enzyme-reactive Po after 30 minutes with the 
enzyme confirmed the extremely low reactivity of bicarbonate- 
extractable Po from intact soils at Itatinga, with values under 5% in 
all soils (Table 2). In addition, the values calculated in soils from native 
vegetation were significantly lower than those in Ac soils. Autoclaving 
greatly increased enzyme-reactive Po in soils from Itatinga, by a factor 
ranging from 7.5 to 11, whereas it had no effect on soils from Kissoko. 

3.3. Growth of Eucalyptus seedlings and P accumulation 

Bioassays carried out by growing eucalypt seedlings in intact soil 
samples showed that the original vegetation induced contrasting effects 
on plant growth depending on the site (Fig. 3). At Itatinga (Fig. 3A), 
seedling total dry weight was the highest in Nat soil and the lowest in 
Euc soil, whereas the biomass of seedlings grown in Ac soil was inter
mediate. The decrease in seedling biomass in Euc soil was mainly due to 
lower root growth than in the other two soils. Seedlings grown in Nat 
soil displayed greater stem and leaf biomass than in the other two soils. 

At Kissoko (Fig. 3B), the total biomass of Eucalyptus plants was 
significantly lower in the soil collected in the native vegetation than in 
the soil sampled in Ac and Euc planted plots.. For each plant organ 
(roots, stems, or leaves), the dry weight values varied in the same order 
Ac > Euc >Nat. The total amounts of biomass were 3.5 (Ac soils) and 1.7 
(Euc soils) times higher than in Nat soil. The same trends were found in 
individual organs, but stem biomass was the most affected by the soil 
origin, being increased by a factor of 3.9 in Ac compared to Nat soil. 

In contrast to total biomass, total P accumulation in plants grown in 

Figure 2. Enzyme-reactive Po measured by the release of free Pi following addition of the recombinant acid phosphatase from H. cylindrosporum to bicarbonate 
extracts of soils from Itatinga and Kissoko. Topsoils were collected under different original vegetations (Veg), namely acacia (Ac), eucalyptus (Euc) and native 
vegetation (Nat), and were used either intact (gray bars) or after autoclaving (white bars). Each bar is the mean (n=6) with standard deviation. The effects of the 
original vegetation (Veg), soil autoclaving (Autocl) and their interaction (Veg x Autoclav) were analyzed with a two-way ANOVA followed by a pairwise comparison 
of means (Tukey-HSD post-hoc test), with means with different letters being significantly different (p < 0.05). The significance of the associated p-value of the two- 
way ANOVA is reported as follows: NS (p>0.05), *** (p<0.001). 

Table 2 
Percentage of bicarbonate-extractable enzyme-reactive Poa accessible to the recombinant acid phosphatase from H. cylindrosporum. Po was extracted with sodium 
bicarbonate from soils used either intact or after autoclaving. Topsoils were collected under different original vegetation, namely acacia (Ac), Eucalyptus (Euc) trees 
and native vegetation (Nat) at Itatinga or at Kissoko. Each value is the mean (n = 6) with standard deviation between brackets. For a given site, the effects of the 
original vegetation (Veg: Ac, Euc, Nat), soil autoclaving (Autoclav: intact, autoclaved), and their interaction (Veg x Autoclav), were analyzed with a two-way ANOVA 
followed by a pairwise comparison of means (Tukey-HSD post-hoc test), with means with different letters being significantly different (p < 0.05). For a given original 
vegetation and soil autoclaving, the effect of the site was analyzed using a Student-t test. The significance of the associated p-value of the two statistics is reported as 
follows: NS (p>0.05), *** (p<0.001).   

Soil autoclaving and original vegetation   
Enzyme-reactive Po (%) intact soil Enzyme-reactive Po (%) autoclaved soilb Two-way ANOVA 

Site Ac Euc Nat Ac Euc Nat Veg Autoclav Veg x Autoclav 

Itatinga 4.33b (1.20) 2.71bc (0.78) 2.46c (1.64) 36.94a (15.12) 20.33a (14.96) 28.51a (17.78) NS *** NS 
Kissoko 30.95 (5.35) 33.24 (12.59) 30.40 (2.76) 43.77 (28.40) 41.49 (15.36) 43.22 (23.59) NS NS NS 
Between-site p *** *** *** NS NS NS     

a The percentage of enzyme-reactive Po in 100 µl of bicarbonate extract was calculated after 30 minutes of reaction (pH 5.0, 28◦C) using the equation: [Percentage of 
enzyme-reactive Po = [(a * t) / (Po sample)] * 100], where “a” is the slope of Pi production per sec in the sample, “t” is the enzyme reaction time (here 30 min), “Po 
sample” is the total amount of bicarbonate-Po in the sample at t0. 

b Autoclaving was carried out twice (110◦C, 60 min). 
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soil collected at Itatinga did not vary significantly with soil provenance 
(Fig. 3A and 3C). While this was also true for P accumulation in stems 
and leaves, the roots of Eucalyptus grown in Nat soil accumulated 
approximately 50% more P compared to Ac or Euc soils. The concen
trations of P (Table S1) ranged from 0.04 to 0.06% in roots, from 0.17 to 
0.3% in stems, and averaged 0.12% in leaves. Here, only P concentra
tions in leaves were not affected by the soil origin, whereas those of roots 
varied in the order Ac < Euc = Nat and those in stems in the order Ac =
Nat < Euc. 

Total P accumulation in Eucalyptus seedlings grown in soil collected 
at Kissoko followed the same trend (Ac > Euc > Nat) as biomass (Fig. 3B 
and Fig. 3D). Significant differences were found between soils in 
aboveground biomass. Leaves accumulated ≈ 3 and ≈ 2.3 times more P 
in Ac and Euc soils than in Nat soil. Also stems accumulated ≈ 4.2 and ≈
2.6 times more P in Ac and Euc soils than in Nat soil. Roots accumulated 
the same amounts of P in Ac and Euc soils, being ≈ 1.6 times higher than 
in Nat soil (Fig. 3D). P concentrations (Table S1) ranged from 0.08 to 
0.12% in roots, from 0.19 to 0.29% in stems and from 0.12 to 0.14% in 

leaves. P concentrations in each organ were significantly affected by soil 
origin, with the concentrations observed in Euc soil generally being 
higher than in Ac and Nat soils. 

4. Discussion 

Nitrogen-fixing tree species (NFT) generally increase the concen
trations of soil Po in comparison to non-nitrogen fixing tree species 
(Aleixo et al., 2020; Cabreira et al., 2022; Waithaisong et al., 2020), 
leading often, but not always, to enhanced P bioavailability for plants in 
mixed plantations of NFT and non-NFT species relative to monospecific 
non-NFT stands (Richards et al., 2010; Le Cadre et al., 2018). In this 
study, we put forward the hypothesis that Po immobilization in micro
bial biomass might explain variable effects of NFT species on P cycling 
from soil Po fractions. We used chemical, biochemical and bioassay 
methods to elucidate whether an increase in easily-extractable Po con
centrations in soil is sufficient to enhance growth and soil P bioavail
ability for Eucalyptus, a non-NFT species, as influenced by the level of 

Figure 3. Growth and P accumulation of eucalypt seedlings in bioassay on intact topsoils collected under different original vegetation (Veg), namely acacia (Ac), 
Eucalyptus (Euc) and native vegetation (Nat) at Itatinga) and at Kissoko). Each bar is the mean (n= 6 at Itatinga, n=10 at Kissoko) with standard deviation. A, B: 
biomass (g dry weight/plant) in roots, stem and leaves; C, D: total P accumulation (mg P/plant) in roots, stem and leaves. Within each site, different lowercase letters 
inside the bars denote significant differences between original vegetation for individual organs and uppercase letters above the bars indicate different total dry weight 
and total P amount according to the original vegetation. For each variable within a site, the effects of the original vegetation were analyzed with a one-way ANOVA 
followed by a TukeyHSD post-hoc test. 
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available Pi concentrations in soil. 

4.1. Relationship between enzyme-labile Po, Po immobilization in 
microbial biomass and labile Pi content in soil 

First, we used chemical methods to estimate easily available Pi and 
Po in our intact soil samples. As reported previously (Bouillet et al., 
2013; Waithaisong et al., 2020), our data indicated that soils at Itatinga 
had low Pi availability and those at Kissoko had high Pi availability with 
no influence of the different vegetations. Bicarbonate-extracted Po 
concentrations were of the same order of magnitude at both sites and 
were more variable at Itatinga, with the highest values measured in soils 
under native vegetation. We then used a biochemical method to estimate 
potential mineralization of bicarbonate-Po in the soil following Pi 
release by the acid phosphatase secreted by the ectomycorrhizal species 
H. cylindrosporum (enzyme-labile Po). This methodology has the 
advantage of being more representative of bioavailable P as the Po 
measured is the Po accessible by enzymes in soil (Louche et al., 2010). It 
is worth noting that the enzymatic degradability of the 
bicarbonate-extractable Po pools from intact soils was very different 
between sites, being very low at Itatinga (< 5%), even in Nat soil, and 
high at Kissoko (> 30%). These differences in enzyme-labile Po might be 
explained by greater Po immobilization in microbial biomass at Itatinga 
than at Kissoko. We used soil autoclaving to check this hypothesis as this 
method is able to release microbial P (Sinegani and Hosseinpur, 2010) 
and a new pool of bicarbonate-extractable Po (Anderson & Magdoff, 
2005). This new pool of Po becomes available to phosphatase activity 
and was attributed to microbial Po (Louche et al., 2010). However, 
although Sinegani and Hosseinpur (2010) showed that autoclaving led 
to results similar to those obtained with the reference method for 
measuring microbial biomass (chloroform fumigation), autoclaving has 
potential biases. It will destroy organic material (litter, plants, roots, soil 
animals etc.), potentially increasing the release of Po not originating 
from microbial populations. In our study, we used soil previously sieved 
at 2 mm, thus without litter and plant debris as well as soil animals 
belonging to the macrofauna and a part of the mesofauna, suggesting 
that this new pool of Po originates mainly from microbial populations. 
Also, soil autoclaving was shown to decrease Pi sorption (Serrasolses 
et al., 2008), indicating that we cannot exclude an overestimation of 
available Pi. So far, this method has been applied in sandy soils (Louche 
et al., 2010 and our study) and cannot be generalized to all soils before 
assessing its effects on P fixation rates, C and SOM levels and textures. 
However, as expected, the values for enzyme-reactive Po in autoclaved 
soil increased dramatically at Itatinga, with the greatest effect on soils 
from native vegetation. We previously showed that these soils sampled 
under native vegetation contained more pyrophosphate (PrP) than the 
other soils from planted forests (Waithaisong et al., 2020). As the 
enzyme was much more active on this substrate than on the other forms 
of Po, the enhanced Pi release from native vegetation soil extracts may 
have come from the hydrolysis of PrP released during soil autoclaving. 
In contrast to Itatinga, soil autoclaving had no significant effect at Kis
soko. Hence, in our study, Pi and enzyme-labile Po concentrations 
extracted in bicarbonate had contrasting values between sites. Specif
ically, the effect of autoclaving suggested high (at Itatinga) and low (at 
Kissoko) Po immobilization in the microbial fraction. Overall, our re
sults in two tropical soils tallied with those reported in Australian forest 
soils by Serrasolses et al. (2008), showing that the ratio of microbial P to 
organic P varied inversely with soil total P, suggesting that low soil P 
contents promote P immobilization by soil microorganisms.. Also, in 
temperate beech forests, the proportion of microbial P decreased 
exponentially with water-extracted Pi concentrations (Joergensen et al., 
1995) and labile Pi was rapidly incorporated into the microbial Po, 
especially when available Pi was low (Pistocchi et al., 2018). Hence, our 
results suggest that autoclaving could be used as an easy and quick way 
of accessing immobilized microbial P, as shown by Sinegani and Hos
seinpur (2010) but further studies are needed to evaluate in which soil 

types this method can be used. 

4.2. Effects of acacia trees on soil nutrient bioavailability for Eucalyptus 
cultivation 

In our work, we used a bioassay to assess how the vegetation type, 
and in particular soils from acacia plantations, affected the growth and 
mineral nutrition of Eucalyptus at each site. This method was previously 
used with success to recognize whether or not plant diversification in a 
given ecosystem can modify the soil fertility (Binkley, 1997; Binkley 
et al., 2003b; Sauvadet et al., 2021). Regarding biomass production, we 
found in our bioassay that the total biomass of Eucalyptus seedlings 
grown in Euc and Ac soils was around twice as high at Kissoko as at 
Itatinga. Based on Bouillet et al. (2013), we calculated that Eucalyptus 
grown for 72 (Itatinga) and 77 (Kissoko) months (the entire rotation) 
produced 98 and 61 kg of stem/tree in monospecific Eucalyptus plots, 
and 131 and 104 kg of stem/tree in mixed plots (Eucalyptus /A. mangium, 
with 50 % of each species). A comparison of these data with the stem 
growth of the seedlings showed that bioassays underestimated Euca
lyptus growth at Itatinga when compared to Kissoko. However, the in
crease in stem biomass of Eucalyptus in monospecific and mixed plots in 
the field were thus +33% at Itatinga and + 70% at Kissoko, indicating a 
strong positive effect of A. mangium introduction on Eucalyptus stem 
growth at Kissoko. In contrast with total biomass, these field data were 
more in line with the increase in stem biomass of the seedlings in bio
assays, that were +12% at Itatinga and +135% at Kissoko in Ac soils 
compared to Euc soils.. Besides biomass measurements, bioassays can 
also be used to measure plant nutrient accumulation. Our study also 
revealed site-specific differences in plant P supply depending on the 
previous vegetation. While native vegetation soil had the highest P 
bioavailability at Itatinga compared to Ac and Euc soils, P bioavailabity 
in native vegetation soil at Kissoko was the lowest. Soil total P (Wai
thaisong et al., 2020) or labile Pi contents, which varied very little be
tween native soil and afforested soil with Eucalyptus, were therefore not 
directly linked to P bioavailability for the plant, especially at Kissoko. 
Overall, as highlighted by Binkley (1997), bioassays can really help in 
forecasting the effect of different strategies of forest management, 
including the introduction of a new species, but require a comparison of 
several treatments to estimate trends rather than absolute values. 

4.3. The positive effect of acacia on plant P bioavailability depends on P 
locked in microbial biomass 

The positive effect of acacia soil on the P nutrition of Eucalyptus 
seedlings depended on the site as it was only observed at Kissoko, not at 
Itatinga. This better P bioavailability may have been due to levels of 
bicarbonate-extracted Pi that were systematically higher at Kissoko than 
at Itatinga, in all soils. However, this first explanation was not supported 
by the soils collected under native vegetation, which provided similar 
plant P bioavailability for the two sites, despite the bicarbonate- 
extractable Pi concentrations being 5 times higher at Kissoko than at 
Itatinga. Alternatively, bicarbonate-extracted Po may also contribute to 
plant P bioavailability, requiring easily bicarbonate-extractable Po to be 
available for mineralization by phosphatase enzymes to contribute to 
plant P nutrition. Hence, measuring enzyme-reactive Po extracted by 
bicarbonate could reflect potential Po cycling in situ. In our study, we 
measured this enzyme-reactive Po by using the acid phosphatase 
secreted by H. cylindrosporum. Although we know that this fungal spe
cies is not found in Eucalyptus plantations, Eucalyptus roots are associ
ated with many ectomycorrhizal species (Robin et al., 2019; Pereira et 
al, 2021). We hypothesized that the acid phosphatases released by 
ectomycorrhizal fungal species share similar properties such as substrate 
specificity, enabling us to use the phosphatase from H. cylindrosporum as 
a representative enzyme of organic P hydrolysis in forest soil, even if we 
are aware of possible limitations of this approach. Interestingly, at Kis
soko, the amount of enzyme-reactive Po was maximum in intact Ac soil 

K. Waithaisong et al.                                                                                                                                                                                                                           



Environmental Advances 8 (2022) 100247

9

and minimum in Nat soil. This trend in enzymatic activity parallels that 
in total biomass and amounts of P measured in seedlings, suggesting that 
Po easily accessible by enzymatic hydrolysis plays a major role in the 
bioavailability of P for plants. Our observations are consistent with the 
results of Waithaisong et al. (2020), who suggested that the P cycle 
under acacia is dominated by organic P mineralization at Kissoko. At 
Itatinga, all the soils used had very low levels of bicarbonate-extractable 
Pi and, in this case, the previous cultivation of acacia was not able to 
improve P bioavailability for Eucalyptus. However, unlike the Ac soil at 
Kissoko, the proportion of Po easily hydrolyzed by the fungal phos
phatase was very low for Itatinga, leading to very low plant P accumu
lation and growth, indicating very low P bioavailability in this soil. 
However, the N:P ratio for soil microbial biomass is quite stable and has 
been found to be around 7:1 (Cleveland and Liptzin, 2007). Hence, 
increasing soil N inputs, for example trough the introduction of acacia 
trees in Eucalyptus plantations, would result in an increased microbial 
demand for inorganic P which would become immobilized in microbial 
biomass as organic P, depending on the C availability in the soil 
(Bünemann et al., 2008). The lower carbon contents in the soil at Kis
soko than at Itatinga could explain the lower immobilization in the 
microbial biomass at Kissoko due to stoichiometric constraints. How
ever, the immobilized P could be released to increase the stock of 
available P during the microbial biomass turnover, which is not 
considered in this study. Altogether our results thus demonstrate that 
actual plant P bioavailability depends mainly on Po status in the soil, 
and the more it is locked into the microbial biomass, the less it is 
available to plants. 

5. Conclusion 

In this study, we addressed three research questions to explain the 
variable effects of introducing a NFT species (A. mangium) on P recycling 
and subsequent P bioavailability for a non-NFT species (Eucalyptus) at 
two tropical sites, one at Itatinga (Brazil) and the other at Kissoko 
(Congo). These sites were chosen because of their contrasting levels of 
labile Pi and the opposite effects of A. mangium on wood production of 
Eucalyptus in mixed plantations, which were either not visible at Itatinga 
or strongly positive at Kissoko. Although our results are not generaliz
able as they were obtained by comparing two sites only and used one 
NFT species, our results showed that acacia trees must increase enzyme- 
labile Po to enhance plant growth and plant P nutrition (first question) 
because we found the largest proportion of enzyme-labile Po in soil 
sampled under acacias, together with the highest growth and P accu
mulation of Eucalyptus seedlings at Kissoko. Conversely, at Itatinga, 
acacia soil showed no increase in enzyme-labile Po and no increase in 
seedling growth and P accumulation compared to other soil samples. We 
also showed that the very low levels of enzyme-labile Po at Itatinga 
increased dramatically with soil autoclaving, becoming similar to those 
measured at Kissoko, which were not greatly influenced by autoclaving. 
These results demonstrate that most of the Po at Itatinga was immobi
lized in the microbial biomass, contrary to the Kissoko soils, thus 
answering our second question, namely the higher the microbial Po is, 
the lower the enzyme-labile Po is in the easily extractable Po fraction. 
Lastly, by using soils from two sites, exhibiting contrasting levels of 
available Pi, we demonstrated that Po immobilized in the microbial 
fraction depends on labile-Pi contents, as soils with the lowest level of 
bicarbonate-extracted Pi had the highest level of microbial Po, and vice- 
versa (third question). 

Overall, our results highlighted the potential of A. mangium for 
improving growth and P uptake of Eucalyptus seedlings resulting from 
increased Po cycling in the soil. However, the comparison of processes 
involved in two tropical soils showed that P mobilization by acacia for 
the growth and P nutrition of Eucalyptus is more complex than it seems at 
first glance. The differences between the two sites clearly showed the 
merits of undertaking more multi-site studies to gain a better under
standing of processes that can be complex, in order to increase P 

bioavailability for plants. These results are important for forest man
agement, by reinforcing the merits of mixed N-fixing species, such as 
acacia, but also by recommending rotations with a beneficial effect of 
soils from acacia plantations on the growth and accumulation of P, 
together with N, for Eucalyptus. Nevertheless, it should be kept in mind 
that the Po fraction locked into microbial biomass appears to be the 
main driver for explaining plant P bioavailability increases or decreases 
after growing N2-fixing tree species. It would be interesting to estimate 
microbial P at other sites and we propose comparing the proportion of 
enzyme-reactive Po to total bicarbonate-extractable Po in intact and 
autoclaved soils, as this method makes it easy to assess Po immobiliza
tion in microbial biomass. 
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