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ABSTRACT 

Background: Nitrogen (N) and phosphorus (P) cycles significantly influence ecosystem functioning, yet the interactions between 
their chemical forms and mineral phases in determining P limitation remain poorly understood. 
Aims: We investigated the impact of interactions between P forms (organic vs. inorganic), N forms, and mineral types on plant 
P uptake and aimed to understand how these interactions affect rhizosphere processes governing P availability, including pH 

modifications and phosphatase activity. 
Methods: Ryegrass (Lolium multiflorum) plants were grown in RHIZOtest-like devices in the presence of three P compounds 
(inositol hexakisphosphate—IHP, glycerophosphate—GLY, and inorganic P—IP) adsorbed onto two mineral phases (goethite and 
kaolinite), combined with two nitrogen forms (NO3 -N and NH4 -N). 
Results: N addition shifted plant nutrition from N to P limitation, with the degree of this shift depending on P form and mineral 
type. Organic P sources induced stronger P limitation than IP. NO3 -N enhanced P acquisition more effectively than NH4 -N across 
all treatments. Mechanistically, N addition increased phosphatase activity but simultaneously depleted available P pools, with 
enzymatic P mobilization being the dominant process rather than pH-mediated effects. Clay minerals (kaolinite) showed lower P 
limitation than Fe oxyhydroxides (goethite) due to contrasting adsorption mechanisms. 
Conclusions: In this model system, NO3 -N promoted greater P acquisition than NH4 -N through enhanced phosphatase activity 
rather than pH changes, and P limitation was more severe on Fe oxyhydroxides than on kaolinite. These findings suggest that 
selecting nitrate-based fertilization and adapting P management to soil mineralogy could help alleviate P limitation. 
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 Introduction 

hosphorus (P) limitation and its co-limitation with nitrogen (N)
re significant ecological factors that influence ecosystem produc-
ivity and functioning worldwide (Hou et al. 2021 ; Vitousek et al.
his is an open access article under the terms of the Creative Commons Attribution Licen
riginal work is properly cited. 
2026 The Author(s). Journal of Plant Nutrition and Soil Science published by Wiley-VCH

ournal of Plant Nutrition and Soil Science , 2026; 189:593–604 
ttps://doi.org/10.1002/jpln.70086
2010 ). Understanding the interactions between N and P is crucial
for managing plant P acquisition and optimizing agroecosystem
yields. These interactions determine whether plants are limited
by N or P alone or by both N and P together, which has important
implications for ecosystem productivity (Dormaar and Ketcheson
se, which permits use, distribution and reproduction in any medium, provided the 
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960 ; Grunes 1959 ; Thien and McFee 1972 ). In fact, a considerable
ortion of global cropland (32%) and pasture (43%) is P deficient,
equiring increased P availability and fertilization to enhance
ields and ensure food security (Lun et al. 2018 ). The disruption
f the N cycle, caused by the increasing global demand for P and
he widespread enrichment of N in biosphere, has significant con-
equences for ecosystem dynamics and agricultural production.
xcessive N and P can lead to water and soil pollution, reduced
oil fertility, and imbalanced nutrient availability, impacting both
nvironmental and agricultural sustainability. The imbalance in
oil N:P ratio is caused by the increasing global demand of P and
, but, at the same time, with a proportionally higher increase in
he last 50 years of N than P emitted annually by human activities
Peñuelas et al. 2013 , 2020 ). Although N fertilization rates have
hown a greater increase compared to P fertilization rates, P tends
o be more easily retained in soil (Fink et al. 2016 ; Singh and
chulze 2015 ). This retention has resulted in an accumulation
f recalcitrant P forms in many long-term fertilized agricultural
oils, which are not readily available for plant uptake (Zhu and
enuelas 2020 ). This has led to a widespread soil enrichment with
 in some cropland areas, which has significant consequences
n ecosystem dynamics and agricultural production (Wang et al.
022 ; Xia et al. 2023 ; Zhu and Penuelas 2020 ). According to
cological stoichiometry theory, the N:P mass ratio in plants is
trongly dependent on the protein:RNA ratio, and consequently
he N:P mass ratios in plant photosynthetic organs govern plant
rowth rate (Elser et al. 2010 ). It is generally acknowledged that
:P mass ratios in plant biomass below 12 and above 16 indicate
 and P (co-)limitation, respectively (He et al. 2014 ; Koerselman
nd Meuleman 1996 ; Zubillaga de Sanahuja et al. 2002 ). However,
he mechanisms underlying N-induced P limitation are complex.
lthough N additions can directly influence P uptake by pro-
oting plant growth, protein production (Sardans et al. 2017 ;
u et al. 2022 ), and microbial phosphatase release to soil (Ercoli
t al. 1996 ; Kome et al. 2019 ), the forms of N also interact with
oil P pools, affecting P availability (Long et al. 2016 ; Schleuss
t al. 2020 ). Notably, the inorganic N form (NH4 -N vs. NO3 -N)
trongly influences P solubility and, consequently, P limitation
Lü et al. 2013 ; Peng et al. 2019 ). For instance, the nitrification
rocess that converts NH4 -N to NO3 -N releases hydrogen ions
H+ ). Similarly, NH4 -N uptake by roots stimulates the release of
+ from the cytoplasm to the apoplasm to maintain electrical
eutrality, and these H+ are then released to the rhizosphere
Hinsinger et al. 2003 ). This lowers soil pH and increases the
olubility of certain forms of phosphorus (Gómez-Suárez et al.
020 ). Ammonium also stimulates microbes to release organic
cids and enzymes that solubilize P from soil minerals (Fink et al.
016 ; Singh and Schulze 2015 ). However, although NO3 -N can
uppress some P-solubilizing microbes, both NH4 -N and NO3 -
 can also compete with P for binding sites on soil particles.
his competition can make P more soluble and more susceptible
o desorption. Previous research on P cycling in ecosystems has
redominantly been focused on inorganic phosphorus (IP) forms.
owever, organic phosphorus (OP) and its interactions with
oil minerals have received less attention, despite the significant
ontribution of OP to plant nutrition depending on mineral
hase (Amadou et al. 2021 , 2022b ). Advancing knowledge of the
omplex interactions among N form, P form, and soil minerals is
rucial to comprehensively understand the processes regulating
 cycling and acquisition under N enrichment. Targeted research
cross scales to elucidate these N–P-mineral interactions is vital
94
for improving soil–plant biogeochemical models that integrate
coupled nutrient cycles. Improved models could enhance predic-
tions of shifting plant N–P co-limitation patterns and associated
ecological impacts under global change (Deng et al. 2017 ; Goll
et al. 2012 ). Overall, significant knowledge gaps exist regarding
the influence of N–P-mineral interactions on P biogeochem-
istry and plant nutrition, especially for OP forms. Filling these
research needs across diverse ecosystems will provide key insights
for sustaining nutrient cycles and ecosystem productivity into
the future. In this study, we examined the interactive impacts
of N form, P form, and soil minerals on plant P limitation
through a controlled greenhouse experiment with ryegrass. We
used three P compounds (IP, inositol hexakisphosphate—IHP,
and glycerophosphate—GLY) pre-adsorbed onto goethite and
kaolinite to simulate natural soil conditions. We tested three
specific hypotheses: (1) NO3 -N addition enhances P uptake more
effectively than NH4 -N because nitrate-fed plants allocate more
N resources to the synthesis of extracellular phosphatases under
P-limiting conditions; (2) organic P forms (IHP, GLY) adsorbed
onto mineral phases induce stronger P limitation than IP because
they require both enzymatic cleavage and desorption before plant
uptake, with the degree of limitation increasing with the strength
of the mineral-P bond (goethite > kaolinite); and (3) N addition
shifts plant nutrition from N limitation to P limitation, but the
magnitude of this shift depends on the P source, with organic
P forms producing higher N:P ratios (i.e., stronger P limitation)
than IP across both mineral types. 

By addressing these research questions through a mechanistic
approach, we aim to enhance understanding of P cycling under
N additions and improve soil–plant biogeochemical models that
incorporate fully coupled N–P cycles. 

2 Materials and Methods 

2.1 Organic P Compounds, Mineral Phases, and 

N Forms 

Two organic P compounds, myo-IHP, GLY, and IP form
(KH2 PO4 ), were chosen for the experiments. These OP com-
pounds were selected on the basis of their prevalence in most
soils and organic wastes. Each selected form differed from the
others in P content and molecular size. The minerals were chosen
as representative examples of two major classes of soil minerals
commonly found in weathered soils: Fe oxyhydroxides and 1:1
phyllosilicate clay minerals. Two contrasting individual minerals
were used. Goethite [Fe(OH)O] was chosen as representative
of Fe oxyhydroxides; kaolinite was chosen as the clay mineral,
specifically the 1:1 phyllosilicate. All minerals were obtained
from Sigma-Aldrich Chemie S.a.r.l. and VWR (France) for the
experiment. The two forms of N used were ammonium (NH4 -
N) provided as (NH4 )2 SO4 and nitrate (NO3 -N) provided as
Ca(NO3 )2 . 

2.2 Preparation of Goethite-P and Kaolinite-P 

Adsorption Complexes 

The minerals (goethite and kaolinite) were loaded with the three
compounds (IHP, GLY, and IP) to serve as a source of P for
Journal of Plant Nutrition and Soil Science, 2026
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yegrass. Solutions containing 1 g L− 1 P in 0.1 M KCl at pH 5.5
ere prepared using the individual P compounds. The minerals
ere weighed in 100 g portions into 1-L bottles. Then, 200 mL
f 0.1 M KCl was added, and the bottles were shaken for 24 h
t 25◦C to sufficiently hydrate the adsorption sites. The pH was
aintained at 5.5 ± 0.05 by adding 0.1 M HCl or NaOH solution.
o begin the formation of P–mineral complexes, each of the 1-
 bottles containing the mineral phases was filled with 800 mL
f each P solution. Then, a few drops of hexanol were added
uring the complexation step to prevent microbial degradation of
he organic P compounds during the 24-h adsorption period. The
ottles were shaken on a mechanical shaker for 24 h at 25◦C and
hen centrifuged (3000 g for 15 min). The 1-L bottles were divided
nto several 250-mL bottles, centrifuged, and the supernatants
ere collected and removed. The P-laden minerals produced were
haken in deionized water and frozen at − 20◦C. To determine
he amounts of adsorbed P, a certain volume of supernatants
as immediately filtered through a 0.22- µm membrane syringe
ilter for P analysis. The concentration of P in the supernatants
as determined by colorimetry (Ohno and Zibilske 1991 ) after
ydrolysis of IHP and GLY to IP by the persulfate oxidation
ethod (Peters and Van Slyke 1932 ). The amount of P adsorbed
as calculated as the difference between the initial amount of P
dded and the amount of P remaining in the supernatant at the
nd of the experiment. The P loadings of the mineral–P complexes
roduced are shown in Table S1 . All minerals were loaded to reach
heir adsorption maxima. 

.3 Experimental Setup and Plant Growth 

e used a RHIZOtest-like device (Bravin et al. 2010 ; Michaud
t al. 2007 ; Figure S2 ) in which plant roots remain in contact with
he substrate but are physically separated from the nutrient solu-
ion. It should be noted that this experimental system represents a
implified model of soil–plant interactions, using sterilized quartz
ixed with pure mineral–P complexes as a growing substrate,
ather than natural soil. This controlled approach allows isolation
f specific mineral–N–P interactions, but the results should be
nterpreted in the context of this model system. Unlike natural
oils, the substrate lacked organic matter, microbial communities
due to pre-sterilization), and the full complexity of mineral
ssemblages found in field conditions. 

n a first step (preculture period), 0.20 g of ryegrass ( Lolium
ultiflorum ) seeds were grown for 14 days in hydroponics
n a cylinder closed at the bottom by a screen allowing the
evelopment of the roots with a nutrient solution: Ca(NO3 )2
2 mmol L− 1 ), MgSO4 (0.5 mmol L− 1 ), K2 SO4 (0.7 mmol L− 1 ), KCl
0.1 mmol L− 1 ), KH2 PO4 (0.1 mmol L− 1 ), MnSO4 (0.5 µmol L− 1 ),
uSO4 (0.5 µmol L− 1 ), ZnSO4 (0.5 µmol L− 1 ), (NH4 )6 Mo7 O24
0.01 µmol L− 1 ), and Fe-EDTA (100 µmol L− 1 ). In a second phase
culture period), the 2-week-old seedlings were transplanted
nto polystyrene cylinder pots (125 mL volume) containing the
rowth media. The growing media consisted of a mixture of
he previously prepared P–mineral complexes mixed with acid-
 ashed quartz. Before the experiment, the quartz was sterilized
y autoclaving (Gómez-Suárez et al. 2020 ) at 121◦C for 2 h in order
o eliminate potential microorganisms, thus allowing the results
o be attributed to the effect of root activity alone. In addition,
o avoid any P limitation for the plants during the experiment,
ournal of Plant Nutrition and Soil Science, 2026
we provided a total amount of P that was previously found to be
sufficient to meet the plants’ needs (Gómez-Suárez et al. 2020 ).
Thus, the amount of mineral–P complex added to the growing
medium was calculated to provide 10 mg of P in each treatment,
whereas the amount of quartz was calculated to reach a final
mass of 100 g in each pot. Then the pots containing the plants
and growing medium were nested into other 250 mL cylinder
pots containing a nutrient solution with a filter paper wick. The
composition of this nutrient solution was the same as that used
for the preculture period, except that P was not added and N was
added as Ca(NO3 )2 (4 mmol L− 1 ) or (NH4 )2 SO4 (4 mmol L− 1 ).
To make the amounts of Ca equal between the NO3 -N and
NH4 -N treatments, CaCl2 was added to the NH4 -N treatment.
The devices were placed under controlled conditions (phytotron)
under a 12 h photoperiod, constant temperature (25◦C), and
relative humidity (80%). No visible signs of ammonium toxicity
(e.g., leaf chlorosis or necrosis) were observed in any treatment
at harvest. Non-planted control treatments, in which the quartz-
mineral–P complex was incubated without plants (hereafter
called bulk substrate), were also set up to serve as references
for assessing rhizosphere-induced changes in substrate properties
(pH, available P). These controls were not included as a factor in
the statistical analysis of plant response variables. The factorial
design for plant-related variables comprised three factors: 3 P
compounds (IHP, GLY, and IP) × 2 mineral phases (goethite and
kaolinite) × 2 forms of nitrogen (NO3 -N and NH4 -N), with 4
replicates per treatment combination, totaling 72 planted devices
plus 24 unplanted controls (96 devices in total). 

2.4 Plant Sampling and Analysis 

The plants were harvested after 20 days of contact with mineral–
P complexes. At harvest, shoots and roots were separated, and
roots were gently rinsed with deionized water. Shoots and roots
were then dried at 60◦C for 72 h, weighed, and crushed prior
to N and P analysis. The concentration of P in shoots and roots
was determined colorimetrically (Ohno and Zibilske 1991 ) after
mineralization by 65% HNO3 digestion directly in a microwave
Teflon vessel (Lange et al. 2014 ). In addition to P analysis, the N
concentrations in shoot and root tissues were determined by dry
combustion using an elemental analyzer (Dumas method, Flash
EA 1112, Thermo Fisher Scientific). Dried and crushed samples
were weighed into tin capsules prior to combustion analysis.
Plant N refers to the N content of the entire plant, including
roots and stems. Total plant P uptake was calculated by summing
P uptake by roots (i.e., root P concentration multiplied by root
dry mass) and P uptake by shoot (i.e., shoot P concentration
multiplied by shoot dry mass). Total plant N uptake was calcu-
lated by summing N uptake by roots (i.e., root N concentration
multiplied by root dry mass) and N uptake by shoots (i.e., shoot N
concentration multiplied by shoot dry mass). The N:P mass ratio
was then calculated by dividing total plant N concentration by
total plant P concentration. 

2.5 Rhizosphere and Bulk-Mineral Layer 
Analysis 

At the completion of the experiment, rhizosphere substrate (i.e.,
rhizosphere) and the bulk substrate were collected and dried at
595
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TABLE 1 Generalized linear model (GLM) model results testing the 
impact of factors: N form (NO3 -N or NH4 -N), minerals (goethite and 
kaolinite), and P forms (inorganic phosphorus [IP], inositol hexakispho- 
sphate [IHP], and glycerophosphate [GLY]) on N:P mass ratio and total P 
uptake. 

Explanatory factor N:P mass ratio P uptake 

AIC c F p AIC c F p 

N forms 463 4.1 Ns 84 65.03 ** 
P forms 480 11.5 ** 62 131.38 ** 
Minerals 482 5.3 * 98 18.08 *** 
N forms × P forms 464 19.5 ** 31 11.09 *** 
N forms ×Minerals 465 5.3 * 87 3.24 * 
Minerals × P forms 300 21.1 *** 53 26.98 ** 
N forms ×
Minerals × P forms 

255 30.9 *** − 35 142 *** 

* p < 0.05. 
** p < 0.01. 
*** p < 0.001. 
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mbient temperature. In accordance with the scheme proposed
y DeLuca et al. ( 2015 ), each substrate sample was subjected
o CaCl2 extraction (0.01 mol L− 1 ), which extracts soluble and
eakly adsorbed IP and emulates accessible P by interception
nd root diffusion. One gram of substrate was transferred to a
olypropylene centrifuge tube to which 20 mL of 0.01 mol L− 1

aCl2 was added and shaken for 3 h in a reciprocal shaker
t 200 rpm at 20◦C. After shaking, the pH (pH-CaCl2 ) was
easured in the suspension, and the extract was separated from
he solid residue by centrifugation at 3000 × g for 15 min. In the
xtract, P concentrations were analyzed colorimetrically (Murphy
t al. 2009 ) using a spectrophotometer (610 nm). ΔpH between
hizosheath and bulk substrate from unplanted pots postgrowth
as then calculated. 

fter defrosting some samples, acid phosphomonoesterase activ-
ty in the rhizosheath was measured. Given that the substrate
as pre-sterilized, the measured phosphatase activity is primar-
ly attributed to root-derived (extracellular) acid phosphomo-
oesterases released by ryegrass roots into the rhizosphere. The
hosphatase assay was conducted with a modified buffer at pH
.5 (Tabatabai and Bremner 1969 ). Briefly, phosphatase activity
as assessed via production of p -nitrophenol from sodium p -
itrophenyl phosphate during a 1 h incubation at 37◦C with 0.5 g
ry substrate, 0.2 mL toluene, 4 mL modified buffer, and 1 mL
ubstrate. p- nitrophenol release was determined spectrophoto-
etrically at 410 nm after stopping the reaction with 4 mL 0.5 M
aOH and 1 mL 0.5 M CaCl2 and filtering. 

.6 Data Processing and Analysis 

ll statistical analyses were performed using R software version
.5.0. The impact of factors (substrate minerals, P compounds, N
orms, and their interactions) on response variables was modeled
y generalized linear models (GLMs) using the glm() function
rom the stats package (R Core Team 2023 ). The Rcmdr package
Fox 2005 ) was used as a graphical interface for statistical anal-
ses. The GLM model was used to avoid mathematical transfor-
ation of the variables and to get rid of the strict assumption that
the residuals will follow a conditionally normal distribution”
McCullagh and Nelder 2019 ; Warton et al. 2016 ) and allow the use
f a variety of other distributions of the exponential family for the
esiduals (Cohen et al. 2014 ). GLMs were fitted using a Gamma
istribution with a log link function, which is appropriate for
ontinuous, strictly positive response variables that may exhibit
eteroscedasticity (McCullagh and Nelder 2019 ). All factors were
ested individually, and the models were compared on the basis of
econd-order Akaike information (AIC), with the lowest relative
alue being considered the best fit. Specifically, seven nested
LM models were compared: three single-factor models (N form,
 compound, mineral type), three two-way interaction models
N form × P compound, N form × mineral type, and mineral
ype × P compound), and one full three-way interaction model
N form × mineral type × P compound). For each response
ariable, the model with the lowest AIC c value was selected as
he best fit (Table 1 ). For all response variables, the three-way
nteraction model provided the best fit, as indicated by the lowest
IC c values. The ANOVA of the best fit GLM model with a
hi-square test generates the deviance analysis table that gives
he significance level of all factors. As the three-way interaction
96
was significant for most response variables, post hoc pairwise
comparisons among all treatment combinations (mineral type ×P
compound × N form) were performed using Tukey’s honest
significant difference (HSD) test at p < 0.05. For this purpose,
each unique treatment combination was treated as a single factor
level in a one-way ANOVA framework. As recommended by
Schabenberger and Pierce ( 2001 ), the results of ANOVA were
presented by showing the degree of freedom (Df), F -ratio ( F ;
i.e., the between-group variance divided by the within-group
variance), and p value (i.e., the lowest probability level at which
the means are considered significant). 

3 Results 

3.1 Phosphorus Uptake and Plant Nutrient 
Limitation 

The interaction between N forms, P forms, and mineral phases
was the predominant factor affecting N:P mass ratio (Figure 1 ),
P uptake (Figure 2 ), and plant biomass (Figure S1 ), as evidenced
by the best model fit (Table 1 ; interaction main effect on N:P
mass ratio including total substrate P concentrations, F55 = 30.9,
p < 0.001, and on P uptake, F40 = 142, p < 0.001). As a result of this
interaction, N:P mass ratios varied markedly across treatments,
ranging from 2.5 ± 0.42 to 32.31 ± 2.00 (Figure 1 ). Treatments
without N addition consistently showed N:P mass ratios below
12 (from 2.5 ± 0.42 to 10.5 ± 2.00). Whole-plant N and P concen-
trations are presented in Table S3 and compared with published
sufficiency values for L. multiflorum (Bergmann 1992 ). Without N
addition, plant N concentrations ranged from 3.6 mg g− 1 (Go-GLY,
indicating severe N deficiency) to 60.8 mg g− 1 (Go-IP), whereas P
concentrations ranged from 1.3 mg g− 1 (Go-GLY, below the critical
deficiency threshold of 2.1 mg g− 1 ) to 9.2 mg g− 1 (K-IP, above
the sufficiency range). Nitrogen addition substantially increased
plant N concentrations across all treatments (81.8–187.3 mg g− 1 ),
well above the sufficiency range of 28–42 mg g− 1 (Bergmann 1992 ),
Journal of Plant Nutrition and Soil Science, 2026



FIGURE 1 Effect of N forms and their interactions with minerals-P complexes on N:P ratios. The interaction effect of N, P compounds, and mineral 
phases on N:P ratios was significant ( p < 0.001) according to GLM model results testing the impact of factors (N forms, P compounds, mineral phases, 
and their combined effect). Means with different letters were significantly different according to Tukey’s HSD test at p < 0.05 (with Sidak adjustment 
for multiple comparisons). Error bars indicate standard error. N forms (NO3 -N: nitrate and NH4 -N: Ammonium); mineral phases (Go: goethite and 
K: kaolinite); Phosphorus compounds (IHP: myo-inositol hexakisphosphate, GLY: glycerophosphate and IP: KH2 PO4 ); The dashes (-) identify the 
mineral-phosphorus complexes produced by the adsorption of P forms onto mineral phases. Example: Go-IHP refers to goethite and myo-inositol 
hexakisphosphate complexes. The N:P ratio has been used to indicate plant N or P limitation conditions, that is, N limitation when N:P < 14, P limitation 
when N:P > 16, and putative NP co-limitation between 14 and 16 (Koerselman and Meuleman 1996 ; Zheng et al. 2017 ). 
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ndicating luxury N consumption. In contrast, P concentrations
howed more modest responses to N addition, remaining within
r below the sufficiency range (3.5–5.0 mg g− 1 ) for most organic P
reatments. This pattern of N excess combined with marginal-to-
uff icient P supply in OP treatments confirms that the elevated
:P ratios reflect genuine P limitation rather than an artifact of
he ratio calculation. 

owever, N addition increased the N:P mass ratio across all
reatments (mineral-P complexes). Importantly, with N addition,
:P mass ratio differed strongly depending on the P source
Figure 1 ). Mineral-IP complexes elicited lower N:P mass ratios
n plants (14.8–15.8) than mineral-OP complexes (19.12–32.2)
Figure 1 ). 

his differential response in nutrient limitation was closely
eflected in P uptake patterns. Nitrogen addition amplified P
ptake, especially when N was applied as NO3 -N (Figure 2 ; Table
2 ). Total P uptake correlated positively with both available-
 and phosphatase activity (Table 2 ). Nevertheless, P uptake
rom mineral-OP complexes remained lower despite N addition
Figure 2 ). Moreover, NO3 -N increased P uptake and availability
ore than NH4 -N across all mineral–P complexes (Figures 2
nd 3b ). Overall, N addition shifted plant nutrition from N
ournal of Plant Nutrition and Soil Science, 2026
limitation to P limitation, with the degree of P limitation varying
according to the P source type. 

3.2 Rhizosphere Properties and Biochemical 
Responses 

Nitrogen addition induced significant changes in rhizosphere
biochemical properties that were closely linked to P dynamics.
N addition consistently increased phosphatase activity across
all treatments (Figure 3a ), and this enhanced enzyme activity
correlated positively with P uptake (Table 2 ). However, available
P concentrations simultaneously decreased with N addition
(Figure 3b ). The decline in available P followed a specific gradient:
mineral-IP > mineral-IHP > mineral-GLY (Figure 3b ), which
paralleled the increasing N:P mass ratios observed in plant tissues
(Figure 1 ). 

The relationship between P availability and plant nutrition
status was further confirmed across all treatments, as available
P and N:P mass ratio correlated negatively (Table 2 ). Plant P
limitation intensified as available P declined (Figures 1 and 3b ,
Table 2 ). Elevated phosphatase activity (Figure 3a ) and enhanced
availability of P in the rhizosphere (Figure 3b ) were observed
597



FIGURE 2 Effect of N, P, and mineral phase interactions on total P uptake by ryegrass plants with different mineral-P complexes. The interaction 
effect of N, P compounds, and mineral phases on total P uptake by ryegrass was significant ( p < 0.001) according to GLM model results testing the 
impact of factors (N forms, P compounds, mineral phases, and their combined effect). Means with different letters were significantly different according 
to Tukey’s HSD test at p < 0.05 (with Sidak adjustment for multiple comparisons). Error bars indicate standard error. N forms (NO3 -N: nitrate and NH4 -N: 
ammonium); mineral phases (Go: goethite and K: kaolinite); phosphorus compounds (IHP: myo-inositol hexakisphosphate, GLY: glycerophosphate and 
IP: KH2 PO4 ); the dashes (-) identify the mineral-phosphorus complexes produced by the adsorption of P forms onto mineral phases. Example: Go-IHP 
refers to goethite and myo-inositol hexakisphosphate complexes. 

TABLE 2 Spearman product-moment correlation ( r values) 
between total P uptake, foliar N and P, and rhizosphere properties. 

N:P Total P uptake 

Rhizosphere pH − 0.036 0.159 
Available P − 0.209* 0.537*** 
Phosphatase activity 0.381*** 0.463*** 

* p < 0.05. 
** p < 0.01. 
*** p < 0.001. 
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nder N addition. Notably, no significant pH effects were detected
ollowing NO3 -N or NH4 -N addition (Figure 3c ). In sum, N addi-
ion enhanced phosphatase activity but simultaneously depleted
vailable P pools, with NO3 -N form being more effective than
H4 -N in mobilizing P from mineral complexes. 

.3 Relationships Between Mineral Types, P 

orms, and Plant Responses 

he extent of P limitation and plant responses varied substantially
etween mineral types. Phosphorus limitation was significantly
igher with goethite-P than kaolinite-P complexes across all P
orms (Figure 1 ). The two OP forms also showed contrasting
98
behavior depending on N availability. Without N addition, the
measured level of P limitation (N:P mass ratio) was lower in
mineral-IHP complexes compared to mineral-GLY. However,
with N addition, the measured level of P limitation in mineral-
IHP became higher than that observed in mineral-GLY (Figure 1 ).
This reversal pattern highlighted the differential response of OP
forms to N inputs depending on their chemical structure. 

The complex interactions observed in this multifactorial sys-
tem were reflected in several significant correlations across
treatments. Both phosphatase activity and available P concen-
tration correlated positively with P uptake (Table 2 ). Available
P and N:P mass ratio showed a significant negative correlation
(Table 2 ). These relationships were consistent across treatments
regardless of mineral type or P form. Overall, mineral type
significantly influenced P bioavailability, with OP forms showing
contrasting responses to N addition depending on their chemical
structure. 

4 Discussion 

4.1 Interactive Effects of N and P Forms on Plant
Nutrient Limitation 

Our findings demonstrate that the interaction between N forms,
P forms, and mineral phases was the predominant factor affecting
Journal of Plant Nutrition and Soil Science, 2026



FIGURE 3 Effect of N, P, and mineral phase interactions on (a) 
phosphatase activity, (b) available P, and (c) rhizosphere pH. Means 
with different letters were significantly different according to Tukey’s 
HSD test at p < 0.05 (with Sidak adjustment for multiple comparisons). 
Error bars indicate standard error. N forms (NO3 -N: nitrate and NH4 -N: 
Ammonium); mineral phases (Go: goethite and K: kaolinite); phosphorus 
compounds (IHP: myo-inositol hexakisphosphate, GLY: glycerophos- 
phate and IP: KH2 PO4 ); the dashes (-) identify the mineral-phosphorus 
complexes produced by the adsorption of P forms onto mineral phases. 
Example: Go-IHP refers to goethite and myo-inositol hexakisphosphate 
complexes. 
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P uptake and limitation. The range of N:P mass ratios, from
2.5 ± 0.42 to 10.5 ± 2.00 (Figure 1 ), indicated N limitation (N:P
mass ratio < 12) in treatments without N addition. This range was
consistent with those reported in other studies (Güsewell 2004 ;
von Oheimb et al. 2010 ; Yang et al. 2019 ). The N:P thresholds used
here to diagnose nutrient limitation (N:P < 14 for N limitation,
N:P > 16 for P limitation, and putative N–P co-limitation between
14 and 16; Koerselman and Meuleman ( 1996 ) have been widely
validated across diverse soil, climate, and vegetation contexts
(Aerts and Chapin III 2000 ; Tessier and Raynal 2003 ). Although
these thresholds involve some degree of uncertainty, the key
finding of this study resides in the significant variation of N:P
ratios across treatments, revealing how mineral type, P form, and
N form interactively control the shift between N and P limitation.
Individual N and P concentrations (Table S3 ), compared to
published sufficiency values for L. multiflorum (Bergmann 1992 ),
further confirmed that the observed shifts reflected genuine
changes in nutrient limitation status. 

However, N addition increased the N:P mass ratio across treat-
ments (mineral-P complexes), denoting a shift from N to P
limitation (Sardans et al. 2017 ; Yang et al. 2019 ). Importantly,
with N addition, N:P mass ratio differed between mineral-IP
and mineral-OP treatment sources (Figure 1 ). Mineral-IP elicited
lower N:P mass ratios in plants (14.8–15.8) than mineral-OP
(19.12–32.2) (Figure 1 ), implying co-limitation by N and P for
IP but switch to P limitation with OP, irrespective of minerals.
This corroborates that P source nature is a variable that strongly
influences nutrient limitation in plants (Amadou et al. 2022b ;
Long et al. 2016 ). The P limitation with OP likely stems from
lower OP availability and uptake versus IP forms (Figures 2
and 3b ), as widely demonstrated (Bollyn et al. 2017 ). These
results are consistent with the high affinity of OPs for mineral
phases, as well as their recalcitrance and stability in soil, and
especially the need for prior mineralization (Amadou et al. 2022b ;
Ganta et al. 2020 ). Here, decreasing available P after N addition
(mineral-IP > mineral-IHP > mineral-GLY; Figure 3b ) paralleled
increasing N:P mass ratios (Figure 1 ). Moreover, available P and
N:P mass ratio correlated negatively (Table 2 ), with plant P limi-
tation intensifying as available P declined (Long et al. 2016 ; Zheng
et al. 2017 ) (Figures 1 and 3b , Table 2 ). Hence, higher P availability
from IP mitigates P limitation from IP versus OP (Figures 1
and 3b ). In summary, the interaction between N and P, depending
on their chemical form, determines plant nutrient limitation.
Nitrogen additions shift limitation from N to P, but the degree
of P limitation reached depends on the P source. These findings
have implications for fertilizer management. They showed that N
and P limitations are interdependent and influenced by mineral
interactions. To prevent imbalanced fertilization, inputs should
match the specific soil P forms. With dominant IP forms, N
and P likely co-limit, requiring balanced application. However,
with prevalent OP forms, P limitation will be stronger in the
soil–plant system. These findings suggest that in systems where
P is predominantly in organic form (such as soils amended
with manure or compost), P limitation may intensify upon N
enrichment. In contrast, when IP dominates, N–P co-limitation
is more likely. It should be noted, however, that OP sources
may offer the advantage of a slower, more sustained P release,
which could be beneficial for long-term soil fertility (Frossard
et al. 2000 ). These observations, derived from a controlled model
system, warrant further validation under field conditions with
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6

atural soils containing complex mineral assemblages and active
icrobial communities. 

.2 Nitrogen-Driven Shifts in P Bioavailability 
nd Uptake 

itrogen addition also amplified P uptake, especially when N is
pplied as NO3 -N (Figure 1 ; Table S2 ), highlighting combined N–
–mineral effects on P dynamics. Elevated phosphatase activity
Figure 3a ) and the availability of P in the rhizosphere (Figure 3b )
nder N addition likely enabled enhanced P uptake, as both
ncrease the possibility that a phosphatase enzyme meets an OP
ompound and catalyzes its hydrolysis after desorption from the
inerals (Craine and Jackson 2010 ; Long et al. 2016 ). Consis-
ently, total P uptake correlated positively with both available-P
nd phosphatase activity (Table 2 ). Most likely, the addition of
 allowed plants to synthesize N-costly phosphatases (Schleuss
t al. 2020 ), which then made OP available for plant uptake
Helfenstein et al. 2018 ). Thus, N addition apparently intensified
 recycling from IP and OP pools across minerals (Widdig et al.
019 ). However, lower P uptake from mineral-OP complexes
espite N addition (Figure 2 ) could arise from great cost/difficulty
o desorb OP (Amadou et al. 2022a ; Bollyn et al. 2017 ) and
ecause once desorbed, OPs require enzymatic cleavage before
ptake (Klotzbücher et al. 2020 ). Thus, in mineral-OP systems,
 addition can rapidly exhaust available-P (Figure 3b ), inducing
igh P limitation (Figure 1 ). In mineral-IP systems, N addition
oes not systematically constrain P, leading more probably to
otential N–P co-limitation. 

he differential effectiveness of NO3 -N and NH4 -N in enhancing
 acquisition can be partly attributed to their contrasting effects
n rhizosphere chemistry. As expected, NH4 -N addition acidified
he rhizosphere, whereas NO3 -N addition induced alkalinization.
urprisingly, these pH shifts did not influence N:P ratios or P
ptake, which contrasts with patterns commonly reported in
he literature. This result indicates that phosphatase activity
layed a more decisive role than pH changes, at least for the OP
orms examined in this study. A potential explanation could be
hat NH4 -induced acidification increases the number of positive
harges on soil constituents, such as oxides and kaolinite, thereby
nhancing P sorption and reducing its availability. Yet, the
bsence of significant pH effects on P dynamics in our experiment
uggests that this mechanism did not operate under the tested
onditions. However, it should be noted that the low buffering
apacity of the quartz-mineral substrate may have amplified pH
hanges relative to natural soils, while simultaneously limiting
he ecological relevance of these changes. In well-buffered natural
oils, the pH effects of N form on P solubility may be more or less
ronounced depending on the soil’s acid-base buffering capacity.
nstead, our findings reinforce the view that direct biological pro-
esses, particularly enzymatic mobilization, predominated over
biotic, pH-mediated mechanisms in controlling P availability.
verall, N additions increase P uptake via enhanced phosphatase
ctivity and P availability. However, the greater stability of OP
orms on mineral phases and their lower desorption capacity
imit their availability for plant uptake. In fact, if the OP is
dsorbed by the minerals, the phosphatase activities would have
 limited or no effect on its mineralization. This illustrates
hallenges in managing OP in soils: Although N can accelerate
00
P cycling enzymatically, higher affinity of OP for minerals still
limits plant P availability. It highlights the need for integrated
N and P management in organic systems to prevent P draw-
down. Targeted crops and amendments may help manage tightly
bound OP. 

4.3 Mineral-Specific Effects on Phosphorus 
Dynamics 

Phosphorus limitation varies substantially between mineral types
due to their contrasting physicochemical properties, which affect
P retention (Bai et al. 2021 ; Yan et al. 2014 ). Limitation of P was
significantly higher with goethite-P than kaolinite-P complexes
(Figure 1 ). The P limitation was therefore less marked on clay
minerals than on Fe oxyhydroxides. This may be due to the
fact that the anion/cation uptake process on clays is different
from that on oxides. Phosphorus adsorption on clay is based
on electrostatic interaction, and as an anion, NO3 -N, can easily
replace orthophosphates (Ganta et al. 2019 ; Hori et al. 1985 ).
In contrast, with their net positive charge at typical soil pH
values, Fe oxyhydroxides attract and hold negatively charged
ions (anions), such as phosphate (PO4 

3 − ). This process, known
as ligand exchange, involves the phosphate anion forming a
covalent bond with the Fe atom on the oxide surface. This
bond is significantly stronger than the electrostatic interaction
between anions and clay minerals (Chitrakar et al. 2006 ). The
two OP forms also showed large differences in limitation levels.
Without N addition, the measured level of P limitation (N:P
mass ratio) was lower in mineral-IHP complexes compared to
mineral-GLY. However, with N addition, the measured level of
P limitation in mineral-IHP becomes higher than that observed
in mineral-GLY (Figure 1 ). This suggests that adding N helps
mobilize IHP, making P less limiting than other forms of OP,
such as GLY. As a result, we found that the uptake of P from the
IHP form was higher than that from the GLY form (Figure 2 ).
This highlights the key role of N–P-mineral interactions in OP
dynamics, especially for the major and most limiting forms
(Craine and Jackson 2010 ; Hou et al. 2021 ). These results also
suggest a new mechanism by which N inputs could accelerate
IHP cycling (the main OP form in soils), delaying its onset
of limitation. Hence, P limitation depends on mineral phase,
with goethite inducing stronger P limitation than kaolinite. IP
is more available than OP across minerals, but N addition can
increase P availability from IHP. This suggests that P fertilizer
and availability must be tailored to specific mineral compositions.
Characterizing mineralogy is critical to develop P management
plans tailored to OP forms and dynamics. Additionally, it is
of utmost importance in optimizing agroecosystem models to
enhance the accuracy of predicting P availability. Moreover, N
addition increased phosphatase activity (Figure 3a ) but decreased
available P concentration (Figure 3b ). Both phosphatase activity
and available P concentration correlated positively with P uptake
(Table 2 ), suggesting that in the presence of OP sources, available
P and phosphatase activity influence P uptake and limitation
for all forms. Lower available P concentration with N addition
(Figure 3b ) may stem from greater P uptake, and the slower
replenishment from mineral complexes cannot be sufficient to
avoid P limitation (Lund et al. 2009 ; Sardans and Peñuelas 2012 ).
Studies also show N influences rhizosphere properties (Marklein
and Houlton 2012 ; Zheng et al. 2017 ), and in low P systems,
Journal of Plant Nutrition and Soil Science, 2026
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vailable P decreases, increasing limitation (Lü et al. 2013 ). Thus,
 supply can increase P uptake from mineral IP and OP, altering
lant P limitation. 

.4 Implications for Nutrient Management and 

esearch Perspectives 

ur results provide several insights for nutrient management,
hough the controlled conditions of this model system require
aution when extrapolating to field settings. The use of a pre-
terilized mineral substrate, in the absence of organic matter and
icrobial communities, represents a simplified system compared
o natural soils. In particular, the measured phosphatase activity
s exclusively root-derived, whereas microbial phosphatases typ-
cally dominate P mobilization in natural soils (Nannipieri et al.
011 ). Additionally, the dense root mat formed in the RHIZOtest-
ike device may have concentrated root exudates relative to field
onditions, and the experiment was conducted with a single
lant species. These aspects should be considered when inter-
reting the magnitude of the effects observed here. Despite these
implifications, the controlled approach allowed us to isolate
undamental mineral-N–P interactions that would be difficult to
isentangle in complex natural soils. A key finding is the strong
ependence of P limitation on mineral type, which has direct
ractical relevance. In soils dominated by Fe oxyhydroxides, P
etention through ligand exchange is strong and P limitation is
ore severe, whereas in soils dominated by clay minerals, such
s kaolinite, electrostatic P retention is weaker and more easily
isrupted by competing anions (e.g., NO3 − ). This implies that P
ertilizer rates and forms should be adapted to the dominant min-
ralogy of the target soil. Beyond the mineral effect, the form of N
ertilizer also emerged as an important lever for P management.
ur finding that NO3 -N enhanced P uptake more effectively
han NH4 -N across all mineral-P complexes suggests that nitrate-
ased fertilizers may be preferable in P-limited systems where
ineral-P interactions constrain P availability. Regarding organic
 management, our results showed that although OP forms are
ess immediately available than IP, N addition can accelerate their
obilization, especially for IHP. This has implications for soils
eceiving organic amendments, such as manure, compost, or crop
esidues. Although the OP contained in these amendments may
nitially be retained by soil minerals, appropriate N inputs may
nhance its cycling through increased phosphatase activity. In
ddition, organic acids released during organic matter decompo-
ition can compete with phosphate for adsorption sites on mineral
urfaces, thereby displacing previously sorbed P and increasing
ts availability (Guppy et al. 2005 ). The integration of organic
mendments with adequate N fertilization could thus provide a
ynergistic approach to enhance P availability in soils with high
-fixing capacity. 

hese findings open several research perspectives. Future stud-
es should validate the observed mechanisms in natural soils
ith contrasting mineral assemblages, including calcareous soils
here Ca-P precipitation adds further complexity to P dynamics.
ncorporating active microbial communities and soil organic
atter would allow a more comprehensive assessment of the
elative contributions of biotic and abiotic processes to P mobi-
ization. Extending this work to multiple plant species with
ontrasting P acquisition strategies (e.g., legumes, mycorrhiza-
ournal of Plant Nutrition and Soil Science, 2026
dependent species) would help assess the generality of the
patterns identified here (Lambers et al. 2006 ; Richardson et al.
2009 ). Ultimately, integrating these mineral-specific N–P inter-
actions into soil–plant biogeochemical models could improve
predictions of nutrient limitation under varying fertilization
regimes. 

5 Conclusions 

This study confirms that the complex interplay between N
forms, P sources, and mineral phase fundamentally shapes P
bioavailability and plant nutrient dynamics. N addition shifted
plant nutrition from N to P limitation, but the degree of this shift
depended critically on P chemical form and mineral type. Organic
P forms showed stronger limitation than IP, with mineral-
specif ic differences reflecting contrasting adsorption mechanisms
between clay minerals and Fe oxyhydroxides. Enhanced phos-
phatase activity rather than pH changes was the dominant
mechanism controlling P mobilization under N enrichment.
These findings, obtained in a simplified model system, provide
mechanistic insights into how coupled N–P-mineral interactions
govern P bioavailability. Although extrapolation to field condi-
tions requires caution, the identified mechanisms, particularly
the dominant role of enzymatic P mobilization over pH effects,
have implications for nutrient management and ecosystem mod-
eling. Future work should validate these interactions under
field conditions, incorporating microbial communities, organic
matter, and diverse plant species to assess the generality of the
observed patterns. 
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