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Nitrogen species specific 
phosphorus mineralization 
in temperate floodplain soils
Mary R. Arenberg & Yuji Arai*

As an essential component of enzymes, higher N availability from agricultural runoff to forest soils 
may boost the activity of phosphatase, increasing the bioavailability of phosphate. The objective 
of this study was to evaluate P mineralization rates in temperate floodplain soils as a function of 
inorganic N species (i.e., ammonium and nitrate) and amendment rate (1.5–3.5 g N kg−1). Accordingly, 
the soil was amended with nitrate and ammonium, and P dynamics were monitored during a 40-day 
incubation. The addition of ammonium significantly boosted acid and alkaline phosphatase activity by 
1.39 and 1.44 µmol p-nitrophenol P (pNP) g−1 h−1, respectively. The degree of increase was positively 
correlated with the amendment rate. Likewise, the P mineralization rate increased by 0.27 mg P kg−1 
in the 3.5 g N kg−1 ammonium treatment. 31P nuclear magnetic resonance spectroscopic analysis 
further supported the reduction in organic orthophosphate diesters on day 30. Meanwhile, the 
addition of nitrate promoted P mineralization to a lesser degree but did not increase phosphatase 
activity. While floodplain soils have great potential to sequester anthropogenic P, high availability of 
inorganic N, especially ammonium, could promote P mineralization, potentially increasing P fertility 
and/or reducing P the sequestration capacity of floodplain soils.

As soils age and are depleted of the most easily accessible, inorganic phosphorus (P), the organic pool becomes 
a critical P sink and source for plants and microbes1–3. Mineralization regulates the transformation of organic P 
into bioavailable orthophosphate4,5. This process, however, is affected by various physicochemical parameters, 
including temperature, pH, moisture content, organic carbon (C), and nitrogen (N)6–9. Many soils have been 
heavily disturbed from their indigenous state through intensive applications of N10. Consequently, understanding 
the impacts of N deposition on P cycling is particularly important.

The N and P cycles are coupled through their biological demand but differ so substantially that either N or P 
may become limited compared to the other11. A frequently overlooked impact of N amendments is their poten-
tial to increase P fertility without the addition of P fertilizers. Nitrogen deposition allows organisms to invest N 
into the production of phosphatase12, of which N makes up 15–20%, by mass13. Thus, higher N availability may 
boost the activity of phosphatase, the enzyme that carries out the mineralization of organic P into bioavailable 
orthophosphate14–16. In a meta-analysis of 379 soils, total N was the strongest factor explaining spatial variation 
in phosphatase activity12. In our assessment of Illinois floodplain soils (n:120 surface soil samples), we observed 
strong correlations between soil N and (1) acid phosphatase activity (R2 = 0.48) and (2) alkaline phosphatase 
activity (R2 = 0.64)17.

Despite strong correlations between soil N and phosphatase activity, applying additional N does not neces-
sarily increase phosphatase activity. In fact, N additions decreased phosphatase activity or had no significant 
effect in some soils18–21. However, N additions boosted phosphatase activity in a far greater number of soils, 
including in agricultural, forest, and grassland systems16,22–29. Based on these contradicting responses, it was 
hypothesized that the form of N added and/or its amendment rate could have resulted in variable phosphatase 
response. In a forest soil, for example, only inorganic and organic N applied together boosted phosphatase30. 
Most studies added N as ammonium nitrate (NH4NO3)22,23,25,26,31, and it is not clear which N species impacted 
the results. The N fertilizer amendment rate and/or the amount of N deposition also varied in studies reviewed 
in this section22,28,31–33. Changes in phosphatase activity were typically but not universally correlated with the 
rate of N application.

While the effects of N on phosphatase activity have been extensively studied, the broader impacts on bio-
logical P cycling (e.g., rate of P mineralization, organic P concentration, and P speciation) have been seldomly 
investigated. It has been hypothesized that N deposition may delay the onset of P limitation as soils age32,34. 
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Through the reduction of P solubilizing bacteria and the increase of phosphatase production, in certain soils, 
these N additions may even change the dominant P processes from solubilization of inorganic P to mineraliza-
tion of organic P24. Increased phosphatase activity could subsequently induce greater mineralization of organic 
P into labile inorganic P, which is much more susceptible to loss through leaching35. In the few studies where 
these broader P dynamics were examined, mixed results were reported. In northeastern US hardwood forests, N 
boosted phosphatase activity but did not, in turn, increase resin extractable-P that is an indicator of bioavailable 
P36. In a forest in Northeastern China, certain N treatments increased alkaline phosphatase activity while also 
increasing microbial biomass carbon, orthophosphate, and orthophosphate monoesters and diesters30. In decidu-
ous forest soils in Northeastern U.S., long-term N deposition increased P mineralization rates while decreasing 
total P in the organic horizon37. These contradicting results motivate further investigation of the effects of N 
deposition on P mineralization dynamics.

The objective of this study was to evaluate P mineralization rates as a function of (1) inorganic N species 
(i.e., ammonium as NH4Cl and nitrate as NaNO3) and (2) N amendment rate. Laboratory incubation experi-
ments were carried out using temperate forest floodplain soils from the Midwestern United States. The soil was 
held under a constant moisture content, and its P dynamics were examined using wet chemistry analysis and 
solution 31P Nuclear Magnetic Resonance spectroscopy (NMR). In addition to acid and alkaline phosphatase, 
important biochemical parameters (e.g., labile inorganic and total organic P, orthophosphate monoesters, and 
orthophosphate diesters) related to P mineralization were monitored.

Results and discussion
Soil characterization.  Before the incubation, various physicochemical parameters of the soil were char-
acterized. The initial soil pHwater was 6.24 ± 0.04. The total base saturation was 98.51% while the total cation 
exchange capacity was 34.57 meq/100 g. The soil contained 8.32% organic matter and 31 ± 13 g organic C kg−1. 
The total and organic P of the soil were 360 ± 50 mg kg−1 and 161 ± 55 mg kg−1, respectively.

Phosphatase activity.  The acid and alkaline phosphomonoesterase activities of the soils were analyzed as 
a function of inorganic N amendment species, N amendment rate, and time (Fig. 1). These two enzymes are opti-
mized under varying pH conditions and originate from different sources38,39. While acid phosphatases are pri-
marily released by plants and fungi40, alkaline phosphatases are produced by soil microbes, namely bacteria41. In 
a soil with a pH of 6.24, both enzymes are relevant to P mineralization. It is important to note that the traditional 
assays conducted in this present study measure the potential enzyme activity, rather than the actual activity42.

Ammonium significantly boosted the acid phosphatase activity relative to the control on days 5, 10, 20, and 
20 and to the nitrate treatment on days 2, 5, 10, and 30 (Fig. 1A; Table A1). The acid phosphatase activity in 
the control and nitrate treatment were not significantly different from each other during any sampling period 
(Table A1). Meanwhile, amendment rate had a less pronounced effect on acid phosphatase activity while con-
sidering both nitrate and ammonium (Fig. 1B; Table A2). However, analyzing nitrate and ammonium separately 
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Figure 1.   Acid phosphatase activity (A–C) and alkaline phosphatase activity (D–F) during a 40-day incubation 
as a function of nitrate or ammonium amendment 1.5–3.5 mg N kg−1 The error bars indicate the standard 
deviation.
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revealed that the effect of amendment rate depended on the inorganic N species. Linear fitting revealed very 
weak relationships between nitrate application rate and change in acid phosphatase activity (Fig. 1C; Table A3). 
However, ammonium amendment rate was positively correlated with acid phosphatase activity. These positive 
correlations were statistically significant on days 5, 10, and 20 (Table A3).

Moreover, alkaline phosphatase activity was significantly boosted by ammonium on days 15 and 20 relative 
to the control and on day 20 relative to nitrate (Fig. 1D–F; Table A4). Likewise, the effect of amendment rate 
varied between the nitrate and ammonium (Tables A5, A6). Correlations between nitrate addition and alkaline 
phosphatase activity were weak and not significant. Conversely, the amount of ammonium added was positively 
correlated with alkaline phosphatase activity for nearly all sampling periods and significantly correlated on days 
5, 15, and 20.

Ammonium amendments increased acid and alkaline phosphatase activities to a degree dependent on the 
rate of application. This finding is consistent with some previous studies, in which researchers also observed 
ammonium-induced increases in the activity of acid and/or alkaline phosphatases33,43,44. However, other stud-
ies concluded no effect18 or a dampening of phosphatase activity caused by ammonium19,45. The additional 
ammonium likely enabled microbes to invest more N into the production of phosphatase. Meanwhile, nitrate 
did not have a significant effect on acid or alkaline phosphatase activity, which is in accordance with previous 
work21,44,46. This discrepancy is likely a result of the preferred N form by microbes. Nitrate assimilation consumes 
large amounts of energy47,48. Thus, ammonium is generally the preferred N form by heterotrophic bacteria that 
produce phosphatase enzymes49.

Labile inorganic P and rates of P mineralization.  Bicarbonate extractable, labile inorganic P repre-
sents bioavailable P in the soil solution and sorbed onto calcium carbonates and Fe oxides50. While it does not 
directly measure gross P mineralization, tracking its changes is a useful estimate of P mineralization among dif-
ferent treatments within the same soil series. Furthermore, it is reflective of plant-available P51.

Throughout the incubation, labile inorganic P increased across all treatments, to differing degrees (Fig. 2). 
In the control, labile inorganic P varied from 37.17 to 54.98 mg kg−1 while it ranged from 37.06 to 56.43 mg kg−1 
in the nitrate 1 treatment and 46.64–53.20 mg kg−1 in the ammonium 1 treatment (Fig. 2A). Furthermore, labile 
inorganic P increased 39.85–56.75 mg kg−1 in the nitrate 2 treatment and 45.86–52.98 mg kg−1 in the ammo-
nium 2 treatment (Fig. 2B). Labile inorganic P varied from 42.85 to 56.65 mg kg−1 in the nitrate 3 treatment and 
47.75–54.20 mg kg−1 in the ammonium 3 treatment (Fig. 2C). These values are in accordance with those reported 
for a French riparian forest52 and a New Hampshire hardwood forest soil53. At a 0.05 level, labile inorganic P was 
significantly greater in the ammonium treatments relative to the control on day 10 and relative to the nitrate 
treatments on days 5 and 10 (Table A7).

To calculate the rate of P mineralization, a zero-order kinetic model was used, in which changes in labile 
inorganic P were plotted against time. The rates, measured in mg P kg−1 day−1, were calculated over two different 
time periods: days 0–20 and days 20–40. These periods were separated because changes in labile inorganic P 
tended to slow greatly after day 20. Increases in labile inorganic P represent net P mineralization while decreases 
in labile inorganic P signify net immobilization54,55. Using labile P to calculate P mineralization may overlook 
mineralized P that quickly sorbs onto mineral surfaces or is up-taken by microbes51,56,57. Nevertheless, NaHCO3 
measures bioavailable P in the soil solution and adsorbed onto calcium carbonates and Fe oxides50. Thus, it is 
useful for comparing net mineralization between different treatments within the same soil series, especially 
when also considering an unamended control56. Evaluation of mineralization dynamics is further supported by 
31P NMR speciation and assessment of organic P.

Statistical assessment of labile inorganic P of N amendment rate is summarized in Table A8. From days 0–20, 
P mineralization rates varied throughout the treatments as follows: ammonium 3 >> ammonium 1 ~ nitrate 2 
> ammonium 2 >> nitrate 3 > nitrate 1 >>  control (Table 1). During this period, all rates were positive, signify-
ing P mineralization across all treatments. Nevertheless, there was a wide variation among the treatments. The 
highest rate occurred in the ammonium 3 treatment at 0.85 mg P kg−1 day−1 (R2 = 0.89) while the lowest rate 
was in the control at 0.58 mg P kg−1 day−1 (R2 = 0.84). Meanwhile, P mineralization rates significantly dropped 
from days 20–40, and these rates varied as follows: nitrate 3 >  > nitrate 1 ~ control ~ ammonium 3 >> ammonium 
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1 ~ nitrate 2    >> ammonium 2. During this period, mineralization occurred most quickly in nitrate 3 at a rate of 
0.30 mg P kg−1 day−1 (R2 = 0.85) and most slowly in ammonium 2 at a rate of – 0.11 mg P kg−1 day−1 (R2 = 0.19). 
These mineralization rates fall within the range of those previously reported for forest and floodplain soils4,58–61.

During days 0–20, the highest rate of mineralization occurred in ammonium 3, which corresponds to the 
highest acid and alkaline phosphatase activity. Thus, ammonium-induced increases in phosphatase activity, in 
turn, led to significant increases in P mineralization. A previous study observed positive correlations between 
alkaline phosphatase and labile inorganic P but did not specifically estimate P mineralization rates46. Phospho-
rus reaction dynamics slowed down following day 20 likely because the most easily accessible organic P within 
the soil had already been mineralized. Other researchers observed similar stabilizations in labile/extractable P 
at approximately days 10–20 of their laboratory incubations55,59. Additionally, changes in phosphatase activity 
tended to slow down around this same period.

Soil pH and organic P.  Throughout the incubation, soil pH water was monitored to track the effect of the 
nitrate and ammonium amendments (Fig. 3A). Both inorganic N species led to an increase in pH, to differing 
degrees. The pH of the control increased to 6.37 ± 0.06 on day 5 and then remained steady and lower than the 
N-amended treatments for the duration of the incubation. The nitrate caused a large increase in the soil pH from 
day 0 to 5, on which it was 6.57 ± 0.04 in the nitrate 3 treatment. This large increase is likely due to nitrate assimi-
lation, which is an alkalinizing process that consumes H+62,63. With some slight fluctuation, the pH in nitrate 
3 remained steady and was 6.56 ± 0.04 on day 40. The pH of ammonium 3, meanwhile, gradually increased 
throughout the incubation, from 6.34 on day 5 to 6.55 on day 40. pKa of ammonium (9.23) seemed to contribute 
to a slight pH increase. There was no sign of soil acidification by N input..

Total organic P, normalized as percent of total P, was measured on days 0, 10, 20, and 40 (Fig. 3B, Table A9). 
Initially, the soil contained 44 ± 9% organic P. In the control, organic P fluctuated during the incubation to 
46 ± 1%, 37 ± 5%, and 41 ± 4% on days 10, 20, and 40, respectively. The inorganic N amendments led to decreases 
in percent organic P in both nitrate 3 and ammonium 3. On one hand, in nitrate 3, this dropped in percent 
organic P mostly occurred between days 20 and 40, on which it comprised 36 ± 3% of total P. On the other hand, 
in ammonium 3, organic P decreased mostly between days 0 and 10, on which it made up 36 ± 5% of total P. On 
day 40, organic P made up 34.2 ± 0.2% of total P in ammonium 3. At a significance level of 0.05, percent organic 
P was significantly less in ammonium 3 than the control on days 10 and 40 and nitrate 3 on day 20 (Table A9). 
Linear fitting revealed a significant, negative correlation between organic P and labile inorganic P (Pearson’s 
r =  − 0.699), demonstrating that P availability increased as organic P decreased. These reductions in organic P 
throughout the incubation are further evidence that increased P mineralization occurred in the ammonium 3 
and nitrate 3 treatments64.

Inorganic and organic 31P NMR speciation.  Temporal changes in the P speciation of the soil, as affected 
by inorganic N amendment species, were monitored using 31P solution-state NMR spectroscopy (Fig. 4). The 
objectives of using NMR spectroscopy in this experiment were (1) to further monitor changes in inorganic P 
(i.e., orthophosphate and pyrophosphate) relative to organic P (i.e., orthophosphate monoesters and diesters) 
(Table 2) and (2) identify specific P compounds and observe their evolution over time. It is important to note 
that the percent organic P determined by wet chemistry and 31P NMR were not in accordance. This discrepancy 
arises from the percent recovery rate of total P in the NaOH-EDTA soil extracts, which was determined to be 
63 ± 7%. Chemical shifts of peaks of various P compounds are summarized in Table A10.

On days 0, 5, 15, and 40, NMR spectra were collected for the control and the treatments to which the highest 
rates (3.5 g N kg−1) of nitrate and ammonium were applied. Day 0 was chosen to assess the initial P speciation 
of the soil. Wet chemistry analysis suggested large changes in labile inorganic P and phosphatase activity dur-
ing the first 15 days of the incubation. Thus, days 5 and 15 were chosen to monitor how these changes affected 
P speciation. Phosphorus reactions markedly slowed down in the latter half of the incubation, so changes in P 
speciation were estimated again on day 30.

Initially, the soil contained 76.1% inorganic P and 23.9% organic P. In the control, which did not receive any 
amendments, P speciation changed slightly over time. Inorganic P, including orthophosphate and pyrophosphate, 
comprised 77.0%, 77.4%, and 78.2% of total P on days 5, 15, and 30, respectively while organic P, including 

Table 1.   Phosphorus mineralization rates from days 0–15 and days 15–40, as affected by N species and 
amendment rate. The rates were calculated using a zero-order kinetic model, where P min = k · time. Pmin equals 
changes in labile inorganic P (mg P kg−1 day−1).

Treatment Amendment rate (mg N kg−1)

Days 0–20 Days 20–40

k (mg P kg−1 day−1) R2 k (mg P kg−1 day−1) R2

Control N/A 0.58 0.84 0.18 0.49

Nitrate

1.5 0.63 0.74 0.19 0.33

2.5 0.77 0.88 0.03 0.01

3.5 0.65 0.88 0.30 0.85

Ammonium

1.5 0.78 0.98 0.04 0.08

2.5 0.75 0.82 − 0.11 0.19

3.5 0.85 0.89 0.17 0.75
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orthophosphate monoesters and diesters, made up 23.0%, 21.5%, and 21.8% over the same period. Overall, 
inorganic P increased in the control by just 2.8% over the first 30 days while organic P decreased by the same 
degree, signifying a small degree of P mineralization.

On day 5, organic P was lower in the nitrate and ammonium treatments than the control while inorganic P 
was higher than the control. This same trend persisted on days 15 and 30 as well. On days 5, 15, and 30, organic 
P was 3.3–4.4% lower in the nitrate treatment and 1.9–4.0% lower in the ammonium treatment. These relative 
proportions of organic and inorganic P further support the observation that the application of inorganic N 
amendments increased soil P mineralization. Orthophosphate diesters initially had increased in the nitrate and 
ammonium treatments compared to the initial soil. Because orthophosphate diesters reflect microbial activity65, 
the initial N additions may have boosted microbial biomass and activity (e.g., the production of phosphatases). 
The diesters then consistently decreased from days 5–30. As greater phosphatase activity increased P minerali-
zation, those diesters were likely mineralized. By contrast, monoesters are much less susceptible to degradation 
due to their strong adsorption onto soil minerals66–68.

Various species of orthophosphate monoesters and diesters were identified in the spectra. Compounds 
detected through spiking experiments include α-Glycerophosphate and β-glycerophosphate, which are diester 
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degradation products, as well as monoesters: adenosine 5′ monophosphate and choline phosphate (Figure A1). 
Neo- and scyllo-IHP were clearly identified through the consultation of past literature because they are not com-
mercially available for spiking69–71. Nine monoester peaks (chemical shifts: 5.53 ± 0.03, 5.36 ± 0.02, 5.15 ± 0.04, 
4.91 ± 0.03, 4.74 ± 0.02, 4.30 ± 0.01, 4.21 ± 0.02, 4.14 ± 0.02, and 4.08 ± 0.01) could not be specifically identified. The 
latter four peaks likely encompass various mononucleotides, but the precise species would need to be confirmed 
through additional spiking experiments72. The monoester compounds, both those identified and unidentified, 
most likely include recalcitrant organic matter while the diesters include new compound synthesized by microbes 
during immobilization73.

While phytic acid tends to be the dominant organic P species in soil due to its strong affinity for soil miner-
als, on which it adsorbs and is protected from degradation74,75, it, surprisingly, was not specifically identified in 
the spectra of the present study. A spiking experiment with phytic acid showed where the four peaks would be 
found (Figure A1); they may have been present but convoluted by larger peaks (i.e., α-glycerophosphate and 
adenosine 5′ monophosphate). However, other inositol hexaphosphates (i.e., neo- and scyllo-IHP), which are 
similarly resistant to degradation, were detected in the spectra.

Effect of nitrogen species on phosphatase and P mineralization parameters.  Inorganic N spe-
cies type significantly affected phosphatase activity and, subsequently, P mineralization dynamics in this Illinois 
floodplain soil. Due to lower energy costs, heterotrophic bacteria, which produce phosphatase enzymes, pre-
fer to uptake ammonium over nitrate48,49. This preference likely caused ammonium to significantly boost acid 
and alkaline phosphatase activity in the present study. In turn, the higher phosphatase activity in the ammo-
nium treatments significantly increased labile inorganic P and P mineralization rates during the first 20 days of 
the incubation. This elevated P mineralization was further observed in the decreases in percent organic P and 

Figure 4.   31P solution-state NMR spectra of soil extracts from the (A) control, (B) nitrate (3.5 mg N kg−1), 
and (C) ammonium (3.5 mg N kg−1), on days 5, 15, and 30 of the incubation as well as day 0 of the A) 
control. Soils were extracted with NaOH-EDTA. Peaks assigned as Ortho-P: orthophosphate, N: neo-IHP, 
α: α-glycerophosphate, β: β-glycerophosphate, A: adenosine 5′ monophosphate, C: choline phosphate, S: 
scyllo-IHP, and Pyro-P: pyrophosphate. Unknown monoester peaks are denoted by 1, 2, 3, 4, 5, 6, 7, 8, and 
9. The region from ~ 5.8–3.4 ppm includes orthophosphate monoesters as well as degradation products of 
orthophosphate diesters, which are also found in the − 0.25 to − 0.75 ppm region.

Table 2.   Percent of inorganic P, organic P, inorganic orthophosphate, inorganic pyrophosphate, 
orthophosphate monoesters, and orthophosphate diesters, as determined by 31P NMR.

Treatment Time (days) Inorganic P Organic P Ortho-P Pyro-P P-mono P-diest

Control

0 76.1 23.9 74.1 2.1 22.1 1.8

5 77.0 23.0 74.5 2.5 20.5 2.5

15 77.4 22.6 75.0 2.4 17.7 3.8

30 78.2 21.8 76.3 1.9 15.6 6.1

Nitrate

5 81.4 18.6 79.5 1.9 14.2 4.4

15 81.0 19.0 79.0 0.2 14.3 4.7

30 81.5 18.5 80.3 1.2 16.9 1.7

Ammonium

5 79.5 20.5 77.4 2.1 14.3 6.2

15 81.4 18.6 80.0 1.4 13.9 4.7

30 80.1 19.9 79.4 0.7 17.6 2.3
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organic P speciation. Ammonium stayed relatively constant in the 2.5 g  kg−1 and 3.5 g  kg−1 treatments while 
nitrate levels remained below the control, signifying minimal nitrification (Figure A2).

Meanwhile nitrate did not increase phosphatase activity. Still, mineralization occurred in the nitrate treat-
ment, particularly in nitrate 3. While P mineralization rate was lower than ammonium 3 during days 0–20, 
percent organic P in nitrate 3 was not significantly different than ammonium 3 by day 40. This was further 
supported by P speciation, where organic P, especially orthophosphate diesters, decreased to the same degree in 
nitrate 3 as in ammonium 3. Thus, both ammonium and nitrate induced P mineralization.

Most previous studies either applied these two N species together or one of the two by itself. Additionally, past 
researchers tended to concentrate on the effects of inorganic N on phosphatase activity, rather than broader P 
mineralization dynamics. However, in one study, divergent effects of nitrate and ammonium on C mineralization 
were observed76. Both inorganic N species, but especially ammonium, enhanced C mineralization. The reviewers 
speculate that this divergence resulted from the differing interactions of the two N species with the soil matrix. 
While positively charged ammonium readily adsorbs onto soil particles, negatively charged nitrate is much more 
susceptible to loss through leaching76. Moreover, increasing atmospheric CO2 is inhibitory to nitrate assimila-
tion. Thus, researchers predict that ammonium uptake will become more and more favored as climate change 
progresses77. This trend could potentially accelerate ammonium-induced P mineralization.

Conclusions
Inorganic N additions tended to induce greater phosphatase activity and consequently accelerated P miner-
alization in an Illinois floodplain during the first 20 days of a laboratory incubation. However, the form and 
amount of N applied matter. Ammonium, which is preferred by heterotrophic microbes had a stronger impact 
and significantly boosted acid and alkaline phosphatase activity to a degree dependent upon application rate. In 
turn, ammonium also increased P mineralization rates and decreased organic P and orthophosphate diesters. 
While nitrate did not significantly affect phosphatase activity, it did induce mineralization to a lesser degree than 
ammonium. This discrepancy between the two N sources likely results from microbial preference for ammonium. 
In agricultural runoff, nitrate is predominant N species. One should not expect nitrate to largely impact the P 
sequestration in the floodplain soils. If excessive N deposition in Midwestern floodplain soils reduces their P 
sequestration capacity, nitrate needs to be reduced to ammonium. Redox chemistry of soils plays an important 
role in N specific P mineralization in floodplain soils. Finally, the concentration threshold at which N induces 
P mineralization should be further investigated in assessing P fertility of soils.

Materials and methods
Materials.  In July 2019, surface soil (0–25 cm deep, 25 cm wide) from the Ap horizon was collected from the 
floodplain of Robert Allerton Park in Monticello, Illinois (N 39° 59.766′ W 88° 38.914′). The bottomland forest 
of Robert Allerton Park is flooded approximately 10% of the time, most commonly in March and April78. Over 
an 8-year period, sedimentation ranged from 0.6 to 5.6 cm79. Sediment depth, mass, or particle size does not 
significantly correlate with distance from the river channel or with elevation79. Total C, N, P, S, and base cations 
were greater in the bottomland site than its surrounding upland due to floodwater sedimentation17,79. The flood-
plain is dominated by silver maple (Acer saccharinum L.)79. The soil is very poorly drained Sawmill silty clay loam 
(fine-silty, mixed, superactive, mesic Cumulic Endoaquolls). The initial total N, nitrate, and ammonium in the 
soil were 1.44 g kg−1, 30.95 mg kg−1, and 14.16 mg kg−1, respectively.

Soil physicochemical properties, including soil pHwater
80, total base saturation81, total exchange capacity82, 

organic matter83, organic C84, and total and organic P85 were characterized. The total P and organic P concentra-
tions were determined colorimetrically, using the molybdate blue method86 and the modified Asher molybdate 
blue method87, respectively. All chemicals used in this study were of the American Chemical Society (ACS) grade. 
Ultrapure water (18.2 MΩ cm) was used for experiments.

Incubation study.  Within five days of collection and following storage at ambient room temperature 
(~ 23 °C), sodium nitrate and ammonium chloride were applied to the soil at three different rates to represent 
different levels of N deposition. The rates applied include (1) 1.5 g N kg−1, (2) 2.5 g N kg−1, and (3) 3.5 g N kg−1. 
Henceforth, these application rates will be referred to as nitrate/ammonium 1, nitrate/ammonium 2, and nitrate/
ammonium 3. The rates were selected following an evaluation of 20 sampling sites throughout the floodplain of 
Allerton Park, where total N ranged from 1.44 to 3.85 g kg−117. The initial total N of the selected soil was at the 
bottom of this range (i.e., 1.44 g kg−1). The first N rate (i.e., 1.5 g N kg−1) brought the total N to the middle of the 
range while the second N rate (i.e., 2.5 g N kg−1) boosted soil N to the top of the range. Finally, the highest N rate 
(i.e., 3.5 N g kg−1) increased the soil N concentration to 1 g N kg−1 beyond the range. The N amendments were 
applied as solutions to adjust the gravimetric soil moisture to 0.46 g water g−1 soil. Because of high plasticity of 
clayey soil, the soils and N solutions were homogenized through thorough hand mixing for 30 min.

Triplicates of each treatment and the control were prepared. Immediately following application of nitrate and 
ammonium, the samples were incubated for 40 d at ambient room temperature (~ 23 °C) and constant moisture. 
Throughout the incubation, kinetic subsamples were removed on days 2, 5, 10, 15, 20, 30, and 40. The kinetic 
samples weighed 15 g on day 2 and 30 g on all the other sampling days. Thus approximately 195 g, or 43% of 
each total sample was removed through sampling by the end of the experiment. The subsamples were analyzed 
to assess soil pHwater

80, phosphatase activity88, and P mineralization- immobilization dynamics: labile inorganic 
P89 and organic P85. The P speciation of 0, 5, 15 and 30 day samples was carried out using 31P solution-state NMR 
spectroscopy90,91.
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Chemical analyses.  First labile inorganic P, which includes inorganic P that is weakly adsorbed onto vari-
ous soil surfaces, including carbonates, sesquioxides, or crystalline minerals92, was analyzed. NaHCO3 is suitable 
to assess labile inorganic P in this soil because it extracts dissolved P as well as P adsorbed on carbonate and 
Fe- and Al-oxide surfaces for soils > pH 6.050,93. Labile inorganic P was measured after 2.5 g soil was extracted 
with 20 mL of 0.5 M NaHCO3, pH 8.589. The P concentration of the extracts were determined colorimetrically at 
888 nm, using the modified Asher molybdate blue method87.

Organic P was analyzed using a modified method of Bowman85. The moist soil equivalent of 1.0 g of dry soil 
was sequentially extracted, first with 1.5 mL 18 M H2SO4, subsequently diluted to 25 mL, and then with 49 mL 
0.5 M NaOH. After adjusting the pH of the extracts to 5.4, orthophosphate concentrations were determined using 
the modified Asher molybdate blue method87. Inorganic P concentrations equaled the sum of the orthophosphate 
concentrations of strong acid and dilute base extracts. Total P was quantified colorimetrically at 882 nm, using a 
modified molybdate blue method86, following the separate digestions of 2-mL and 4-mL aliquots of the acid and 
base extracts, respectively, with 2 mL 5.5 M H2SO4 (Fisher Scientific International, Inc., Fair Lawn, NJ, USA) and 
0.5 g K2S2O8 (Sigma-Aldrich, St. Louis, Missouri, USA) for 30 min at 150 °C85. The total P concentration for each 
sample was calculated as the sum of the P concentrations of the sample’s acid and base extracts while the organic P 
concentration of each sample was estimated as the difference between the total P and inorganic P concentrations.

Acid phosphatases are most commonly released by plant roots and fungi94–96 while alkaline phosphatases are 
primarily excreted by bacteria40,97. The acid and alkaline phosphomonoesterase activities of the soil were meas-
ured as indirect evidence of P mineralization through p-nitrophenyl phosphate assays of moist soil at pH 6.5 and 
11, respectively88. These traditional assays measure the potential enzyme activity, rather than the actual activity42. 
Controls for each soil sample were also prepared to account for the color not derived from p-nitrophenol released 
through phosphatase activity. Following the assay, the p-nitrophenol (pNP) concentrations of the filtrates were 
determined colorimetrically. Phosphatase activity was then estimated using the formula below:

To measure NO3-N & NH4-N, the moist soil was combined with 2 M KCl (Fisher Scientific International, 
Inc., Fair Lawn, NJ, USA) and shaken for 2 h at 150 rpm98. The extracts were auto-analyzed to assess NH4-N 
while NO3-N was measured colorimetrically at 220 nm99.

31P nuclear magnetic resonance spectroscopy.  To understand P speciation in soils, 31P solution-state 
NMR analysis was conducted on NaOH-ethylenediaminetetraacetic acid (EDTA) extracted soil samples to eval-
uate treatment effect on speciation of organic P throughout the incubation and90,91,100–102. First, 1.5 g of soil/plant 
residue was mixed with 30 mL of 0.25 M NaOH and 0.05 M Na2EDTA and shaken for 16 h90,91. Extracts were 
centrifuged for 20 min at 2862 g, and the supernatants were then frozen and lyophilized. Then, 0.6 g of lyophi-
lized extract was dissolved in 0.2 mL of D2O and 1.8 mL of 1.0 M NaOH and 0.1 M Na2EDTA and centrifuged 
for 20 min at 2516 g To collect 31P-NMR spectra, a Varian Unity Inova 600 MHz spectrometer with a 5 mm Var-
ian AutoTuneX 1H/X PFG Z probe, X = 31P-15N (− 80 to + 130 °C), running at a frequency of 242.95 MHz and a 
pulse width of 90°, was utilized. The NMR parameters included 0.69 s acquisition time and 6.6 s relaxation delay. 
Extracts were analyzed with a D2O field lock at 25 °C. The longitudinal relaxation (T1) time was specifically 
determined for each sample. Approximately 2000 scans were collected for each sample. The total experiment 
time was approximately 4 h per sample. Because of costs, only one replicate of each sample was analyzed.

All NMR spectra processing was completed using Mestrenova software (Mestrelab Research, S.L., Santiago de 
Compostela, Spain). Spectra were processed with 7 Hz line broadening. The orthophosphate peak was standard-
ized to 6.00 ppm. Specific 31P peaks were identified through spiking experiments103,104. To locate their chemical 
shifts, 0.60 mL of 5 g/L phytic acid, α-glycerophosphate, β-glycerophosphate, choline phosphate, and adenosine 
5′ monophosphate, were added separately to the dissolved soil extracts and analyzed under the same experi-
mental conditions.

Orthophosphate diester degradation products (i.e., α-glycerophosphate and β-glycerophosphate) were 
removed from the monoester group and included with diesters69,72,100. The rate of total P recovery in the NaOH-
EDTA extracted NMR samples was estimated by digesting the extracts with 5.5 M H2SO4 and K2S2O8. The P 
concentrations were measured using a modified molybdate blue method86 and divided by total P to calculate 
percent recovery.

Statistical and kinetic analyses.  Fisher’s Least Significant Difference (LSD) tests were conducted on acid 
and alkaline phosphatase activity, labile inorganic P, and percent organic P within each sampling period. The 
purpose of this analysis was to determine whether these parameters were significantly different, as a function of 
treatment and amendment, at a significance level of 0.05. Furthermore, linear fits were conducted for each sam-
pling time between acid/alkaline phosphatase activity and the amount of nitrogen added to the soil to assess the 
correlations between these two factors and their significance. All statistical analyses were completed on Origin 
Lab 2019 (Northampton, MA, USA).

After conducting P mineralization and immobilization assays on the kinetic samples, the labile P data was 
fit to a zero-order kinetic model, P min = k0 · t, to estimate the rate of P mineralization, where Pmin refers to the 
cumulative P mineralized, or changes in labile inorganic P, k0 refers to a constant rate of mineralization, and t 
refers to time105. Pmin versus time of incubation was plotted, and the model was then fit over the plot using linear 
regression. This kinetic equation was successfully used to model P mineralization in undried, fertilized soil, like 
the conditions in this present study105, as well as floodplain sediments61.

Phosphatase activity(µmol pNP/g soil·hour) =
Treatment µmol P-nitrophenol − Control µmol P-nitrophenol

g soil · hour
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