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A B S T R A C T

Growing ruzigrass (Urochloa ruziziensis) in crop rotation systems has been suggested as a strategy to increase soil
phosphorus (P) cycling and P availability. However, despite increased P lability shown in routine soil analysis,
decreased grain yields of crops grown after ruzigrass have been observed. The objective of this study was to
evaluate soil P availability to maize (Zea mays) in low or high-P soil cropped to ruzigrass. Soil P lability was
evaluated using Hedley fractionation and pearl resin extractions, and P desorption/adsorption was assessed by
isothermal titration calorimetry (ITC). Phosphorus changes in soil-P fractions in the maize rhizosphere were
studied in a greenhouse experiment. Growing ruzigrass resulted in higher resin-extractable P and soil organic
matter (SOM) contents than fallow. However, in soil cropped with ruzigrass, maize P uptake and P desorption
were lower, and P adsorption to soil was higher than soil under fallow. In general, organic P bound to Fe and Al
was non-available. Phosphorus sorption as assessed with ITC was a better indicator of P bioavailability to maize
than pearl resin and Hedley fractionation, and suggested that P was less bioavailable after ruzigrass due to
increased SOM, which resulted in the formation of metal phytate and more effective organo-metal sites for ligand
exchange. Greater P solubility and availability in fallowed soil appeared to be partly due to the dissolution of Ca-
related P, greater P desorption, and less potential for P adsorption. Isothermal titration calorimetry is a useful
semi-quantitative tool for understanding P sorption behavior.

1. Introduction

Species of the genus Urochloa have been largely adopted in cropping
system rotations in Brazil. Ruzigrass [Urochloa ruziziensis (R. Germ. and
C.M. Evrard) Morrone and Zuloaga] is the most used due to its char-
acteristics as both livestock feed and cover crop in integrated crop-li-
vestock systems. According to Boddey et al. (1996), ruzigrass is well
adapted to low soil fertility, low pH, and Al toxicity in soil, and has high
yield, palatability and nutritional quality for animal feed. Ruzigrass is
also tolerant to low P availability due to a high P uptake efficiency, and
has been studied in crop system rotations intended to increase soil P
availability through P cycling (Merlin et al., 2013; Almeida, 2014;
Almeida and Rosolem, 2016).

The high P uptake efficiency by ruzigrass may be related to an ex-
tensive root system (Boddey et al., 1996) and the ability of roots to
exude low-molecular weight organic acids (LMWOAs), such as citrate
(Wenzl et al., 2001), that give access to Fe- and Al-bound P (Merlin
et al., 2015). Almeida and Rosolem (2016) observed an increase in
water-extractable P, labile P, and moderately labile P forms in upper
soil layers, and a decrease in recalcitrant P in subsurface soil layers as a
result of ruzigrass cultivation during the soybean [Glycine max (L.)

Merrill] off-season. Hence, P cycling may be increased in systems where
ruzigrass is introduced (Merlin et al., 2013; Almeida, 2014; Almeida
and Rosolem, 2016). However, Almeida (2014) observed lower leaf P
concentration and lower soybean grain yield after growing ruzigrass
than in soil kept fallow. Since soybean leaf P concentration was lower
after ruzigrass (Almeida, 2014), it was hypothesized that growing ru-
zigrass reduces soil P availability to subsequent crops partly due to a
decrease in P desorption from the soil cultivated with ruzigrass. There is
also the hypothesis that P extracted by resin and soil P fractionation are
not able to truly estimate P availability to plants grown in rotation with
ruzigrass.

Phosphorus is predominantly retained in soil through ligand ex-
change by 1:1 clay minerals, Fe and Al oxides and hydroxides, and
precipitated as Fe, Al and Ca phosphates (Sparks, 2003). By under-
standing the sorption mechanisms, P management to improve P use
efficiency can be better planned (Sharpley, 1995). Sorption isotherms
and P sorption index are commonly used in soil P sorption studies
(Anghinoni et al., 1996; Campos et al., 2016). However, isotherms and
P sorption index are not suited for the determination of precise sorption
reactions (Veith and Sposito, 1977). Isothermal titration calorimetry
(ITC) has been used as a complementary technique for establishing P
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sorption reactions, providing a sensitive and direct quantitative mea-
sure of heat in a reaction (Penn and Warren, 2009; Penn and Zhang,
2010; Lyngsie et al., 2014). Penn and Warren (2009) studied P ad-
sorption by kaolinite using ITC, and observed that reactions of P ad-
sorption by ligand change resulted in exothermic reactions, whereas
phosphate precipitation with Al resulted in endothermic reactions. The
same authors observed that NaH2PO4 titration in AlCl3 and FeCl3 so-
lutions resulted in an endothermic reaction, because of P precipitation
with Al and Fe. Titration of HCl to kaolinite was exothermic due to
mineral dissolution. Another exothermic reaction was the adsorption of
fluoride to kaolinite. These observations were confirmed with soils of
mixed mineralogy, displaying exothermic reactions with ligand ex-
change to variable charged minerals (Penn and Zhang, 2010; Penn
et al., 2014). Moreover, it was found that precipitation of Ca phosphate
was exothermic (Penn and Zhang, 2010).

The objectives of this study were to directly measure the amounts
and forms of soil P available to maize plants in soil previously culti-
vated with ruzigrass at two different soil P levels, and evaluate P
sorption-desorption using ITC in the context of relative P uptake and
soil P availability.

2. Materials and methods

Soil samples were collected from a long-term experiment in
Botucatu, Brazil (22°50′00″ S; 48°25′31″ W; at altitude 806 m), cropped
under no-till since 1998. The area selected for the long-term experiment
had not been cropped for several years before 1998. From 1998 to
2005, no-till soybean was grown in the summer in rotation with black
oat (Avena strigosa Schreb.) or triticale (x Triticosecale Witt.) in the fall-
winter, and pearl millet [Pennisetum glaucum (L.) R. Br.] in the spring.
Since 2006, soybean has been grown in rotation with ruzigrass or
fallow. The soil is a well-drained Rhodic Hapludox (Soil Survey Staff,
2014) with 67% of sand and 21% of clay. Selected chemical char-
acteristics of the soil are presented in Table 1.

Soil samples were taken from plots with different P fertilization and
crop rotation for soil analysis and for a greenhouse experiment.
Treatments comprised the combination of the following long-term fer-
tilizer applications and cropping systems: low-P soil samples taken from
plots not fertilized with P since 1998, and high-P soil that has received a
total of 427 kg ha−1 of P applied as triple superphosphate (TSP) from
1998 to 2012; and presence or absence of ruzigrass grown as a cover
crop during the off-season. Soil samples were taken from depths of 0–5
and 0–20 cm in November 2012, after ruzigrass desiccation. Six soil
subsamples were randomly taken from the 0–5 cm depth of each plot
using a 50 mm diameter core sampler and composited. Three soil
subsamples were collected from the 0–20 cm depth of each plot using a
shovel to obtain a sufficient amount to perform a greenhouse experi-
ment.

Subsamples from both depths were air-dried and passed through a
2-mm sieve for subsequent chemical analysis of available P (Resin-P)

and Ca extracted with pearl resin (Raij et al., 1986), pH in 0.01 mol L−1

CaCl2, SOM, and potential acidity (H + Al), as described in Raij et al.
(2001). Soil P fractionation was conducted based on a modification of
the Hedley fractionation (Hedley et al., 1982) as proposed by Condron
and Goh (1989). Briefly, 0.5 g soil samples were placed in centrifuge
tubes and subjected to the following extraction sequence: anion ex-
change resin (AER) type AR-204SZRA (GE Water & Process Technolo-
gies, Pennsylvania, U.S.); 0.5 mol L−1 sodium bicarbonate (NaHCO3)
pH 8.5; 0.1 mol L−1 sodium hydroxide (0.1-NaOH); 0.1 mol L−1 hy-
drochloric acid (HCl); and 0.5 mol L−1 NaOH sodium hydroxide (0.5-
NaOH). After extraction, the soil was dried in an oven at 50 °C, ground
in an agate mortar, and 0.1 g of the soil was subjected to nitric-per-
chloric digestion for the extraction of residual P (Residual-P). A stan-
dard spike (500 mg kg−1 of P) was added to few soil samples to assess
recovery efficiency of the nitric-perchloric digestion, which was in
average 92%, approximately. The acid extracts obtained with AER, HCl,
and nitric-perchloric digestion were used to determine inorganic P (Pi)
concentrations using the molybdate blue and ascorbic acid method
(Murphy and Riley, 1962). The alkaline extracts obtained with NaHCO3

and NaOH were divided into two aliquots. In the first aliquot of each
extract, the concentration of Pi was determined immediately after ex-
traction to prevent the hydrolysis of organic P (Po) present in the extract
(Dick and Tabatabai, 1977). Accordingly, the following Pi fractions
were obtained: NaHCO3-Pi, 0.1-NaOH-Pi, and 0.5-NaOH-Pi. The second
aliquot was subjected to digestion with ammonium persulfate
[(NH4)2S2O8] and sulfuric acid (H2SO4) in an autoclave to determine
the total P (Pt) content of each extract. The difference between the Pt
and Pi was assumed to equal Po for each extract. Thus, the following
extracted P fractions were obtained: NaHCO3-Pt, NaHCO3-Po, 0.1-
NaOH-Pt, 0.1-NaOH-Po, 0.5-NaOH-Pt, and 0.5-NaOH-Po. All fractiona-
tion analyses were done in triplicate. The P concentration was de-
termined using a spectrophotometer (Model 600S, FEMTO, Brazil). The
sum of all extracted P fractions from fractionation analysis was labeled
as Total-P, including Residual-P. Comparison of total P measured di-
rectly with summed P fractions revealed that the fractionation re-
covered an average 80% of total P.

2.1. Isothermal titration calorimetry

Samples collected from the 0–5 cm depth were subjected to tests of
soil P desorption and adsorption by isotherm titration calorimetry
(ITC), model CSC 4200 (CSC Inc., Utah, U.S.) at 25 °C. Since no-till
results in more pronounced effects on P availability in the uppermost
soil layers, the 0–5 cm layer was chosen. Soils were titrated with P to
obtain a semi-quantitative indicator of the ability to sorb P along with
some indicator of P sorption mechanisms. In addition, titration and
extraction with citric acid was chosen to investigate potential P deso-
rption because citric acid is excreted by plant roots to increase P
bioavailability in the rhizosphere (Jones and Darrah, 1994; Hinsinger,
2001).

The ITC has a sensitivity of 0.418 μJ detectable heat effect and a
“noise level” of± 0.0418 μJ (deconvoluted signal). All samples were
analyzed with 25 titrations of 0.01 mL of titrant in 300 s intervals. For
each experiment, a blank was determined by titration of the respective
solution into deionized (DI) water, and subtracted from the measure-
ments of the samples. For the ITC analysis, 50 mg of soil sample was
placed in a 1.3 mL ampule filled with 0.75 mL of distilled water and
titrated with the appropriate solution. Quality and Assurance (Q &A)
procedures involved applying a precise sweep of electrical inputs into
the ITC prior to measuring samples, for the purpose of instrument ca-
libration via measurement of ampoule heat coeficients. In addition, two
different types of check samples were utilized as part of Q & A. Due to
the fact that temperature is highly controlled to prevent heating or
cooling, drift is< 100 μ°C over 24 h, making the analysis highly re-
peatable (Penn and Warren, 2009). For P sorption, a solution of
0.01 mol L−1 NaH2PO4 was used as the titrant, according to Penn and

Table 1
Selected chemical characteristics of the soil at different depths before the long-term ex-
periment was planted in 1998.

Depth pHa SOMb Resin-Pc H + Ald K Ca Mg CECe

cm g kg−1 mg kg−1 mmolc kg−1

0–5 5.2 21 18 27 2.7 21 13 64
5–10 5.1 18 16 28 0.7 17 11 57
10–20 4.6 19 5 34 0.6 8 6 48

a Soil pH measured in calcium chloride solution.
b Soil organic matter.
c Phosphorus extracted with pearl resin. According to Raij et al. (1986).
d Potential acidity.
e Cation exchange capacity.
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Warren (2009). To estimate the heat of P desorption/dissolution,
samples of each treatment were titrated with 0.001 mol L−1 citric acid
(pH 5.5). The heat rates measured by ITC were plotted with time to
produce a thermogram, and the heat rate from each titration was in-
tegrated to produce a heat curve. In addition, a complementary
benchtop citric acid extraction was conducted to simulate the ITC
analysis using the same soil:solution ratio and equilibration time. For
the benchtop analysis, 1 g of soil sample was placed in a 50 mL falcon
tube filled with 15 mL of distilled water and titrated with
0.001 mol L−1 citric acid (pH 5.5), adding 0.2 mL of titrant in 300 s
intervals. The equilibrated solutions were centrifuged at 3000 ×g for
10 min, filtered through 0.45 μM membranes, and analyzed for P, Ca,
Al, and Fe by inductively coupled plasma atomic emission spectroscopy
(ICP-AES). More information about termal response of citrate addition
to soils and solutions can be found in the supplementary material.

2.2. Greenhouse experiment

In the greenhouse experiment, maize was used as a direct mea-
surement of the ruzigrass effect on soil P bioavailability. Maize was
chosen over soybean because maize is generally considered to be more
responsive to P than soybean. A greenhouse experiment was opted for
this study instead of a field experiment to allow for precise rhizosphere
soil sampling. Maize was grown in 6-litre pots filled with 7 kg of soil
taken from the field experiment. For this experiment, the soil collected
from the 0–20 cm depth in the field experiment was air-dried and
passed through a 4-mm sieve to separate roots, rocks and debris. Five
maize seeds were sown in each pot and two plants were maintained
after emergence. At 35 days after emergence, the plants were harvested,
roots were separated from shoots, and any soil adhered to the roots was
gently separated and analyzed (rhizosphere soil). Phosphorus extrac-
tion with resin (Resin-P) was performed on bulk soil from pre-maize
and rhizosphere soil, as in Raij et al. (1986). Phosphorus fractionation
was also performed as previously described, and the change in P con-
centration (ΔP) between soil sampled before maize growth and rhizo-
sphere soil sample was calculated. The change in P concentration for
each fraction was calculated as: ΔP = soil P concentration before maize
growth – soil P concentration in rhizosphere after maize growth.

After rhizosphere soil sampling, the roots were washed and stored in
a 50% ethanol solution at 5 °C. Root length and average diameter were
digitalized using a scanner with 300 dpi resolution, and analyzed using
the WhinRhizo software (version 3.8-b, Regent Instrument Inc.,
Quebec, Canada). Following analysis, root and shoot samples were
dried to a constant mass in an air-forced oven (65 °C) to measure dry
mass, then ground and sieved through a 1 mm screen to measure P
concentration and P uptake as described in Malavolta et al. (1997).

2.3. Statistics

All soil analyses data from the field and P fractionation, as well as
plant and soil analyses from the greenhouse experiment, were subjected
to analysis of variance (ANOVA), following a 2 × 2 factorial in ran-
domized complete block design, with four replications. The GLM pro-
cedure in SAS software (version 9.4, SAS Inst., North Carolina, U.S.)
was used for these analyses, and means were compared by Tukey's
multi comparison test (p < 0.05). Results from the ITC were plotted as
heat rates with time. For each titration period, the heat rate was also
integrated in order to produce a thermogram, which is a plot of heat
produced (or consumed) vs. titration number. The heat produced vs.
titration number data was adjusted to a logarithmic equation using
SigmaPlot software (version 11, Systat Software Inc., California, U.S.).

3. Results

3.1. Initial soil analysis

Resin-P was higher after ruzigrass than fallow for the treatment with
high P level in the 0–5 cm layer (Fig. 1a). However, for the low-P soil,
fallow resulted in higher Resin-P than ruzigrass (Fig. 1a). In the 0–5 cm
soil layer, the SOM was higher after ruzigrass than fallow, 19.6 and
16.0 mg dm−3, respectively. Soil Ca content was higher in soil ferti-
lized with P, 47.5 and 38.8 mmolc dm−3 in the soil with high and low P
level, respectively. There was no difference in soil pH and total acidity,
which averaged 5.9 and 19.5 mmolc dm−3, respectively. In soil P
fractionation, there were no interactions of the ruzigrass and soil P
level. Ruzigrass resulted in a higher P content for several fractions in
the 0–5 cm soil layer in the fallow treatment regardless of the soil P
level (Fig. 2a). Typical labile soil P fractions (AER-P, NaHCO3-Pt,
NaHCO3-Po), moderately labile soil P fractions (0.1-NaOH-Pt), and low
labile fractions (0.5-NaOH-Pi) were higher after ruzigrass than fallow
(Fig. 2a). The effect of ruzigrass on the soil P forms appears to not be
related to soil P level, since there was no interaction between ruzigrass
and soil P level. Practically all soil P fractions were higher in the high-P
soil except for 0.5-NaOH-Po, which was not affected by P fertilizer
treatments (Fig. 2b).

Similar results were obtained for initial soil analysis at 0–5 cm and
0–20 cm depths. Samples collected from ruzigrass plots had higher SOM
than fallow soil, which averaged 15.4 and 12.5 mg dm−3, respectively.
No differences were observed between ruzigrass and fallow for pH and
potential acidity, with 4.9 and 39.7 mmolc dm−3 averages, respec-
tively. However, there was an interaction between ruzigrass and soil P
level for Resin-P concentrations. The Resin-P (Fig. 1b) was higher after
ruzigrass than in fallow in the high-P soils. Soil Ca content was greater
in the high-P soil than low P-soil, which averaged 19.4 and
20.7 mmolc dm−3, respectively.

3.2. P desorption with citric acid

Titration with citric acid was initially exothermic with each addi-
tional titration becoming more endothermic. The thermogram for citric
acid titrations in low-P soil cultivated with ruzigrass showed a con-
tinuous decrease in exothermic reactions, with the final net reactions
displaying little heat absorption or release (i.e. near 0) (Fig. 3a),
whereas the thermogram from the fallowed low-P soil showed pre-
dominant net endothermic peaks (Fig. 3c). The heat curve obtained
with citric acid titration in the low-P soil cropped to ruzigrass, re-
mained net negative (i.e. exothermic) for all titrations (Fig. 3b), while
the fallow soil with low P level resulted in net positive values (i.e.

Fig. 1. Soil P concentration extracted by resin (Resin-P) in 0–5 cm (a) and 0–20 cm (b)
soil layers, as a function of ruzigrass cultivation and soil P level. Means followed by the
same letter were not significantly different (Tukey's Range Test, p < 0.05). Uppercase
letters compare soil cultivated to ruzigrass and soil left in fallow, and lowercase letters
compare soil P levels. Error bars represent the standard error.
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endothermic) after ten titrations (Fig. 3d). The thermogram for citrate
titrations into high-P soil cultivated with ruzigrass mostly displayed
exothermic reactions (Fig. 3e) that were net exothermic (Fig. 3f). The
fallowed high-P soil initially displayed exothermic reactions that de-
creased with each titration and began to develop endothermic reactions
(Fig. 3g) after ten titrations, and became net endothermic and near zero
at titration 23 (Fig. 3h). The complementary citric acid extractions of
the low-P soils conducted with the purpose of simulating the ITC ex-
periment showed that ruzigrass soils had a greater amount of P and Ca
released after 25 titrations compared with fallow (Fig. 4). Extracted Fe
and Al concentrations were similar, while twice as much Ca was re-
leased in ruzigrass soils (Fig. 4).

The speciation modelling of the solution titrations clearly followed
the same pattern as the thermogram; as free Al and Al hydroxide species
in solution were consumed by citrate complexation, the endothermic
heat response decreased until nearly all solution Al was complexed (Fig.
S1). On the other hand, titration of citric acid into the Al-coated (Fig.
S2) and Al-coated + P treated sand (Fig. S3) was net exothermic with
sequential titrations becoming slightly more endothermic, which
eventually resulted in the final titrations becoming nearly net zero in
heat.

3.3. P adsorption

The first titrations with NaH2PO4 in soil cropped to ruzigrass were
highly exothermic, regardless of soil P level. The first titration in soil
cultivated with ruzigrass resulted in a release of −645 μJ (Fig. 5b) and
−504 μJ (Fig. 5f) of heat for the low and high P, respectively. On the
other hand, the first titration on fallow soil with low and high P levels,
resulted in heat productions of only −245 μJ (Fig. 5d) and −371 μJ
(Fig. 5h), respectively.

Unlike soil cultivated with ruzigrass (Fig. 5a), fallow resulted in
smaller exothermic peaks when soil P levels were low (Fig. 5c),

compared with high P (Fig. 5g). The net heat measured for soil culti-
vated with ruzigrass at low P levels (Fig. 5b) resulted in more net
exothermic and less net endothermic titrations than for the low-P fallow
soil (Fig. 5d). When ruzigrass was grown in high-P soil (Fig. 5e) fewer
differences were observed between fallow and cropped soils than for
the low-P soils, although the ruzigrass high-P soil displayed more
exothermic reactions upon P titrations compared with fallow (Fig. 5g).

3.4. Maize plants analysis

Growing ruzigrass before maize had no effect on maize dry matter
yield. However, low-P soil resulted in less maize root and shoot dry
matter compared with the high-P soil (Table 2). Both the root length
and the average diameter of maize roots were affected only by soil P
level. The total root length was 307 and 954 m, for soil with low and
high P level, respectively. The average diameter of maize roots was 0.26
and 0.23 mm, for soil with low and high P level, respectively. Shoot P
concentration was lower in soil cultivated with ruzigrass than under
fallow, with averages of 1.95 and 2.72 mg kg−1 of P, respectively. Root
P concentration was not affected by ruzigrass or soil P level, showing an
average value of 0.76 g kg−1 of P. There was a main effect of ruzigrass
and soil P level on shoot P uptake and total P uptake (shoot plus root P
uptake). The P uptake in soil cultivated with ruzigrass was lower than
after fallow, and also lower in soil with a low P level than in the soil
fertilized with phosphates (Table 2).

3.5. Rhizosphere soil analysis

The calculated change (ΔP) in soil P fractions between samples
collected before and after maize cultivation in rhizosphere soil can be
interpreted as net plant uptake, or transformation of P from that pool to
another (negative values mean P is lost to other fractions or taken up by
maize). Some interactions of soil P level and previous cultivation were

Fig. 2. Soil P fractions for the 0–5 cm soil layer, in soil cultivated with ruzigrass or left in fallow (a), and according to soil P level (b). Different letters indicate significant differences
between treatments by Tukey's Range Test (p < 0.05), for each soil P fraction. Error bars represent the standard error.
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observed (Fig. 6). There was a lower decrease in the AER-P in soil
cultivated with ruzigrass than in fallow soil with a high P level, while in
the low-P soil, there was a higher decrease in AER-P in soil cultivated
with ruzigrass than in fallow soil (Fig. 6a). Total soil P concentrations
extracted with 0.1-NaOH increased in the rhizosphere only when ru-
zigrass was previously cultivated on the high-P soil (Fig. 6b). Rhizo-
sphere Po extracted with 0.1-NaOH increased in all treatments, but
mostly for the high-P soil cultivated with ruzigrass (Fig. 6c).

For some other P fractions, there were no interactions (Fig. 7).
Regardless of previous cultivation, the amounts of Pt and Po extracted
with NaHCO3 were greater in rhizosphere post-harvest samples than in
soil sampled before maize growth (Fig. 7a). However, either less P was
taken up or higher amounts of soil P were transformed into NaHCO3-Pt
and NaHCO3-Po in the rhizosphere in soils cultivated with ruzigrass
compared with fallow (Fig. 7a). Ruzigrass soil also resulted in either
less P uptake by maize or greater transformation of P into the labile

Fig. 3. Thermograms obtained by citric acid (0.001 mol L−1) titrations in soil (a) cultivated with ruzigrass at low P level, (c) kept in fallow at low P level, (e) cultivated with ruzigrass at
high P level, and (g) kept in fallow at high P level. Heat curves produced by integration of the thermograms are shown to right of each thermogram in b, d, f, and h.
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pool (sum of AER and NaHCO3-extractable P) compared with fallow
(Fig. 7a).

The Pi fractions extracted with NaHCO3 and 0.5-NaOH had a higher
uptake by maize, or were transformed into different P pools in soil
cropped to ruzigrass than in fallow soil (Fig. 7a). Regarding potential
differences between soils with different P levels, 0.1-NaOH-Pi, HCl-P,
and Residual-P were either more bioavailable to maize or were trans-
formed from these pools into different fractions, for soil with high
background P levels than in plots with low P levels (Fig. 7b). The sum of
all fractions, including Residual-P (Total-P), decreased in the maize
rhizosphere for both soil P levels, but growing ruzigrass had no sig-
nificant effect. Since the Total-P was obtained by calculation, and P
fractionation is a method that could result in cumulative errors, the
variation reduces the likelihood of statistically significant differences in
Total-P. There was no effect of treatments on Pt and Po extracted with
0.5-NaOH, with averages of 19.7 and 15.1 mg kg−1, respectively.

4. Discussion

4.1. Total phosphorus uptake by maize and indicators of labile P

Increases in labile P forms, as observed in soil P extracted by pearl
resin and fractionation analysis, have been associated with increased
SOM (Almeida et al., 2003). According to Pavinato and Rosolem
(2008), increases in SOM and the likely exudation of LMWOAs by ru-
zigrass, may result in a higher labile soil P content. As shown in P
fractionation results, ruzigrass also increased the 0.1-NaOH-extractable
P pool (Fig. 2a). Although the P fraction extracted by 0.1-NaOH has
been interpreted as P associated with Fe and Al (Cross and Schlesinger,
1995), some authors have found this P fraction to be important to plant
nutrition, mainly in highly weathered soils, since this fraction acts as a
buffer for AER and NaHCO3-extractable P (Olibone and Rosolem,
2010). However, as observed in a field experiment with soybean grown
after ruzigrass (Almeida, 2014), poor P nutrition of maize was observed
in the present study, which is an indication that this impact on P
availability is not relegated to only soybean plants. In this case, shoot P
concentration and Total P uptake in maize was approximately 30%
lower when it was grown in soil previously cultivated with ruzigrass
than after fallow. These results contrast with the results of the Resin-P
and labile P pools from soil fractionation, which supports the hypoth-
esis that resin extraction is not always indicative of the actual bioa-
vailability of P in soils previously cropped to ruzigrass. On the other

hand, the results of citrate extractions and heat of adsorption and
desorption was more related to plant P uptake. The low P uptake by
maize that resulted in lower shoot P concentrations in soil cultivated
with ruzigrass was not due to poor root development, since no differ-
ences were observed in root length and average root diameter. This is
significant, since this P recycled by ruzigrass, although apparently
available, is not accessible by plants and is not prone to be lost to the
environment.

4.2. Using ITC as a tool for exploring soil P lability

Titration of citric acid into an Al solution for the purpose of creating
Al-citrate solution complexes was endothermic, which supports pre-
vious measurements made by Wu et al. (1997). Regardless of the Al
concentration of the solution tested, the simulation of the titration ex-
periment with speciation modelling corresponded to endotherms that
disappeared after no more Al-citrate complexes were formed (Fig. S1).
On the other hand, titration of citrate onto the Al-coated sand material
was clearly exothermic (Fig. S2). It is interesting to note that titration of
the Al-coated sand with P displayed a lower degree of exotherms from
citrate titration compared with the non-P-treated Al-coated sand (Figs.
S2 and S3). This suggests that ligand exchange of citrate onto the
variable charged Al minerals was inhibited by P that was already oc-
cupying the terminal hydroxide sites. For example, Geelhoed et al.
(1998) showed that while phosphate and citrate competed in ligand
exchange onto soils and a pure iron hydroxide mineral, phosphate was a
more effective competitor. Similarly, several studies have found that
the binding sites for P and citrate are similar and mostly associated with
ligand exchange onto Al and Fe oxyhydroxide surfaces (Jones and
Kochian, 1996; Jones and Brassington, 1998).

For thermograms and heat curves obtained after titrations with ci-
tric acid, contrasting patterns were observed between soils after ruzi-
grass and fallow. In general, titration with citric acid resulted in initial
exotherms that sequentially decreased while endotherms increased.
Exotherms often indicate ligand exchange onto variable charged mi-
nerals as previously shown for F, DNA, and P (Miltenburg and
Golterman, 1997; Rhue et al., 2002; Penn and Warren, 2009). As found
in this study, ligand exchange of citrate onto Al-coated sand was also
exothermic. Exotherms have also indicated the precipitation of Ca
phosphate and dissolution of Fe and Al phosphates, while endotherms
can be indicative of dissolution of Ca phosphate and precipitation of Al
and Fe phosphate (Rhue et al., 2002; Penn and Warren, 2009; Penn and

Fig. 4. Cumulative P, Fe, Al, and Ca desorption/dissolution versus
cumulative heat (μJ), from titration with 0.001 mol L−1 of citrate
(Fig. 5) in soil cultivated with ruzigrass or left in fallow, with low P
level.
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Zhang, 2010). It is worth mentioning that several of these reactions
often occur simultaneously, which is evident from the observation of
individual titration peaks in Figs. 3, 5, and S2 and S3.

Coupling the calorimetric measurements from citric acid titrations
of the low-P soils with the corresponding solution concentrations, the
ruzigrass soil extract has similar amounts of Al and Fe as the fallow soil,
but more P and Ca was extracted from the fallow soil (Fig. 4). After 25
titrations, there was 8.5 and 13.5 mg P kg−1, and about 100 and

200 mg Ca kg−1 extracted from the ruzigrass and fallow soils, respec-
tively. Again, the differences in P extracted by citrate agree with the
measured maize bioavailability: less P uptake by maize in soils pre-
viously cultivated in ruzigrass. Plotting the heat response of citrate ti-
tration against the resulting solution concentrations showed two op-
posite trends: increasing or decreasing Fe, Al, P, and Ca concentrations
with cumulative heat produced (Fig. 4). Again, this is indicative of the
different heat response and processes occurring in the ruzigrass

Fig. 5. Thermograms obtained by NaH2PO4 (0.01 mol L−1) titrations in soil (a) cultivated with ruzigrass at low P level, (c) kept in fallow at low P level, (e) cultivated with ruzigrass at
high P level, and (g) kept in fallow at high P level. Heat curves produced by integration of the thermograms are shown to the right of each thermogram in b, d, f, and h.

D.S. Almeida et al. Geoderma 312 (2018) 64–73

70



compared with fallowed soil. For citrate titration of low-P ruzigrass
soils, the exotherms appear to be associated with P release, while the
fallow soils mostly exhibited endotherms with P release.

The greater degree of exotherms and endotherms produced by ci-
trate titration of ruzigrass and fallow soils, respectively, suggests that
there was more solution Al (and potentially Fe) complexation by citrate
in the fallow soils (endothermic), while the ruzigrass soils had more
adsorption of citrate to soil surfaces (exothermic). Ruzigrass soils may
have had less solution Al complexation with citrate, due to the presence
of organic compounds that already had Al and Fe somewhat bound
(Berggren and Mulder, 1995). Consider that ligand exchange of citrate
onto soil Al and Fe oxyhydroxides can displace phosphate into solution
(Geelhoed et al., 1998; Jones and Brassington, 1998). Another

exothermic reaction that would release P into solution, and additionally
Al and Fe, is the dissolution of Al and Fe phosphates, which can also be
promoted through citric acid. The endotherms associated with P release
in the fallow soils may have been associated with the dissolution of Ca
phosphates, which is known to be endothermic (Penn and Zhang,
2010). This is plausible since the titration of citrate into the fallow soils
released twice as much Ca compared to ruzigrass soil. Due to the acidity
of the citric acid solution (pH 5.5), it can easily dissolve soil Ca phos-
phate into solution since Ca phosphate mineral solubility increases with
decreasing pH. Organic acids have been shown to increase the release of
P through the dissolution of Ca phosphates and Fe and Al oxyhydr-
oxides that have P bound to them (Earl et al., 1979; Fox et al., 1990).

Both ligand exchange of citrate (which can release P) and dissolu-
tion of Ca phosphate and metal oxyhydroxides were likely to be si-
multaneously occurring in each soil, but because they are opposite in
heat response, one reaction can be somewhat “masked” or partly can-
celled out by the dominant one regarding heat. This raises the question
of why the fallow soil would have more Ca phosphate dissolution, while
the ruzigrass soil would have more ligand exchange of citrate. One
hypothesis is that since the ruzigrass soil contained more organic matter
than the fallow soil (Table 2), it could have provided more surfaces for
ligand exchange of citrate without necessarily desorbing the native P
into solution. The lower P availability determined by titrations with
citric acid and resulting measured P concentrations in soil cultivated
with ruzigrass could also be related to Po forms, potentially phytate,
which has low bioavailability and solubility (Berg and Joern, 2006;
Giaveno et al., 2010). Iron and Al phytate compounds (i.e. phytic acid
that react with metal cations to form metal-phytate) particularly lack
solubility and lability compared to Ca and Na phytate (Dao, 2003; Dao,
2004; He et al., 2006). In addition, amorphous metal hydroxides can
adsorb and protect phytic acid from enzymatic hydrolysis (Dao, 2004).
This Po pool is extracted with NaOH (Warren et al., 2008). Notice that
the 0.1-NaOH-Po was significantly greater for the soil previously cul-
tivated in ruzigrass than fallow (Fig. 2a). Regarding the Ca phosphate
dissolution, although the HCl-P extractable pool from the sequential
fractionation analysis suggested that the two soils were not different in
Ca phosphate contents, perhaps the impact of ruzigrass cultivation on
soil P allowed for a transformation of P into pools not associated with
Ca.

Not only did the ruzigrass soils desorb less P, they also had greater
potential to adsorb more P than the fallow soils, which also helps to
explain the observation of less maize P uptake by the ruzigrass soil,
even though the resin-P extractable concentration was higher. The
lower exothermic pattern obtained after titrations with NaH2PO4 in the
fallow soil (Fig. 5c and g) indicates a lower P adsorption to soil colloids
compared to the soil where ruzigrass was grown (Fig. 5a and e). Ty-
pically, as NaH2PO4 is titrated to acid soils with variable charged mi-
nerals, the reactions are initially highly exothermic, and decrease with
each additional P titration, indicative of decreasing ligand exchange of
phosphate as the minerals become saturated with P (Penn and Warren,
2009; Lyngsie et al., 2014; Penn et al., 2014). If the pH is low enough

Table 2
Shoot, root, and total dry weight and P uptake of maize plants 35 days after emergence, as
a function of ruzigrass cultivation and soil P level.

Soil management Soil P level Average Standard error

Low P level High P level

Shoot dry weight (g pot−1)
Ruzigrass 2.3 7.5 4.9 ns 1.0
Fallow 2.4 8.7 5.3 ns 1.2
Average 2.3 aa 8.1 b
Standard error 0.3 0.4

Root dry weight (g pot−1)
Ruzigrass 1.7 4.1 2.9 ns 0.5
Fallow 1.9 4.3 3.1 ns 0.5
Average 1.8 a 4.2 b
Standard error 0.2 0.2

Total dry weight (g pot−1)
Ruzigrass 3.8 11.4 7.6 ns 1.5
Fallow 4.4 13.3 8.8 ns 1.7
Average 4.1 b 12.3 a
Standard error 0.5 0.5

Shoot P uptake (mg pot−1)
Ruzigrass 3.7 17.0 10.4 B 2.8
Fallow 5.8 26.3 16.0 A 4.1
Average 4.7 b 21.6 a
Standard error 0.7 2.4

Root P uptake (mg pot−1)
Ruzigrass 0.9 3.1 2.0 ns 0.3
Fallow 1.1 5.2 3.2 ns 0.7
Average 1.0 a 4.2 b
Standard error 0.2 2.5

Total P uptake (mg pot−1)
Ruzigrass 4.5 20.0 12.2 B 3.1
Fallow 6.9 31.8 19.3 A 4.8
Average 5.7 b 25.9 a
Standard error 0.8 2.6

ns not significant.
a Averages followed by different lowercase letter in lines and uppercase in columns are

significantly different by Tukey's Range Test (p < 0.05).

Fig. 6. Change (ΔP) in soil P fractions in the rhizosphere soil as
compared to initial values, as affected by ruzigrass cultivation and
soil P level. (a) Soil P content extracted with AER (anion exchange
resin), (b) inorganic + organic P extracted with 0.1 mol L−1 NaOH
(0.1-NaOH), and (c) organic P only, as extracted with 0.1-NaOH.
Means followed by the same letter are not significantly different
(Tukey Range Test, p < 0.05). Uppercase letters compare soil cul-
tivated to ruzigrass and soil left in fallow, and lowercase letters
compare soil P levels. Error bars represent the standard error.
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and sufficient P is added, the endotherms will develop, thus indicating
precipitation of Al and Fe phosphates (Penn and Zhang, 2010; Lyngsie
et al., 2014). Soil cultivated with ruzigrass titrated with NaH2PO4 dis-
played a high adsorption capacity evidenced by exothermic reactions
for all 25 titrations of the low-P soil (Fig. 5a), and a lesser degree of
exotherms for the high-P soil. This is likely a consequence of the vari-
able charged minerals being more saturated with P prior to P titrations,
compared to the low-P soil. Regarding differences in P titrations be-
tween ruzigrass and fallow soils, the higher SOM content in the ruzi-
grass soil could have increased the ability of Fe and Al oxide minerals to
adsorb P, and therefore explain why the maximum P adsorption capa-
city was higher. In addition, while the fallow soil appeared to be able to
release more Ca phosphate to solution with citrate addition than ruzi-
grass soil, this dissolution could have occurred in the ruzigrass soil as
well, except that the newly solubilized P would likely be immediately
adsorbed onto the Al and Fe minerals, making it non-available. This is
supported by the greater degree of ligand exchange of P (exotherms)
observed for the ruzigrass soil P titrations, which would also help ex-
plain the lower P uptake by maize in soils previously cultivated with
ruzigrass.

Some researchers have observed that SOM and LMWOAs may in-
hibit Fe and Al crystallization and promote the formation of non-
crystalline oxides, with a higher surface area and porosity (Singer and
Huang, 1990; Violante and Huang, 1992), increasing P adsorption onto
Al minerals (Borggaard et al., 1990). According to Borggaard et al.
(1990), SOM affects P adsorption indirectly by inhibiting Al oxide
crystallization, resulting in poorly crystalline oxides with high-P ad-
sorption capacity. Hui et al. (2015) also observed an increase in P ad-
sorption to complexes of Fe and humic acids, mainly at a high pH.
Analyzing sandy soils, Debicka et al. (2016) demonstrated an increase
in P desorption after SOM removal. The greater P adsorption, lesser P
desorption, and the decreased P uptake by maize in soil previously
cropped to ruzigrass vs. fallow may be partly due to the greater SOM
contents of the ruzigrass soil, which interacts with the high sesquioxide
contents of this soil.

4.3. Changes in soil P pools with cropping of maize

A steep decrease in the content of extractable-P fractions is expected
in the rhizosphere due to the low concentration of P in soil solution and
the small contribution of mass flow to plant uptake, generating a con-
centration gradient, a driving force for P diffusion towards the roots
(Hinsinger, 2001). Changes of soil P in the rhizosphere arise from the
difference between the demand of the plant and the supply from the soil
(Jungk et al., 2002). As expected, analysis of the change in soil P
concentrations after maize growth showed that there was P uptake from
the AER-P pool in both ruzigrass and fallow soil (Fig. 6). In general, Pi
extracted by 0.5-NaOH and NaHCO3 was bioavailable, as shown by
decreases in these pools after maize (Fig. 7a). Similarly, Residual-P,

HCl-P, and NaOH-Pi was either bioavailable or transformed into these
pools from other pools with cropping of maize.

It is interesting to note that Po extracted with NaHCO3 and 0.1-
NaOH was not bioavailable, while Pi from these extractants was bioa-
vailable to maize (Figs. 6 and 7). Furthermore, the decrease of those Po
pools in maize rhizosphere soil was lower in soil previously cultivated
with ruzigrass than fallow. This supports the previous observations that
the ruzigrass soil seems to adsorb and desorb P somewhat differently
from the fallow soil, for reasons related to higher contents of SOM in the
ruzigrass soil. The impact of the SOM on P behavior in this study ap-
pears to potentially be due to greater amounts of poorly labile metal
phytate pools or phytic acid protected by sesquioxides (affecting des-
orption), which are extracted with NaOH and NaHCO3, as well as
changes in mineral surfaces due to organic-sesquioxide interactions
(affecting adsorption). This would help to explain the lower P uptake by
maize growing in soil previously cultivated with ruzigrass as reflected
by the lower P availability due to a lower desorption and higher ad-
sorption of P in this soil. Therefore, to exploit soil P recycled by ruzi-
grass it would be necessary to use plants with high citrate exudation.
Further research is required to assess the use of the Resin-P and citrate
extraction as an indicator of agronomic available P, and to determine
exactly what P pools are extracted by each one.

5. Conclusions

Cultivation of ruzigrass decreased soil-P bioavailability as compared
with soil that was fallowed, even though the presence of ruzigrass in-
creased pearl resin-extractable P. Conversely, soil P extraction with
citrate, an organic acid often released by plant roots to improve bioa-
vailability, was better related to maize P uptake. Isothermal titration
calorimetry was a useful tool and indicator for assessing soil P avail-
ability. In general, ruzigrass soil exhibited a greater potential for ligand
exchange of citrate and P. The lower P desorption and higher P ad-
sorption observed through calorimetry, complementary citrate extrac-
tion, and soil rhizosphere P fractionation, suggested that soil previously
cropped with ruzigrass may have developed less soluble Fe and Al-
phytate compounds, and potentially more effective Fe and Al adsorp-
tion sites, due to interactions with the higher SOM contents. Fallow soil
may have been able to release Ca phosphate to solution more readily,
with less re-adsorption of the P onto the Fe and Al oxyhydroxide mi-
nerals. In summary, ruzigrass cultivation resulted in P bound to SOM,
possibly as phytates, unavailable to plants, but also protected against
loss to the environment.
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Fig. 7. Change (ΔP) in soil P fractions in the rhizosphere soils as
compared with initial values, as affected by ruzigrass cultivation and
soil P level. (a) inorganic + organic P (Pt) extracted by NaHCO3,
inorganic P (Pi) by NaHCO3, organic P (Po) by NaHCO3, labile
fraction content represented by the sum of P fractions extracted with
AER (anion exchange resin) and NaHCO3 (AER-P + NaHCO3-Pt),
and inorganic P extracted with 0.5 mol L−1 NaOH (0.5-NaOH-Pi).
(b) inorganic P extracted with NaOH 0.1 mol L−1 (0.1-NaOH-Pi), P
extracted with HCl (HCl-P), Residual-P, and the sum of all P fractions
(Total-P). Different letters indicate significant differences between
treatments by Tukey's Range Test (p < 0.05), for each soil P frac-
tion. Error bars represent the standard error.
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