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Abstract 28 

Anthropogenic inputs of nitrogen (N) and phosphorus (P) to terrestrial 29 

ecosystems altered soil nutrient cycling. However, the global-scale responses of soil P 30 

fractions to N and P inputs and their underlying mechanisms remain elusive. 31 

Here, we conducted a global meta-analysis based on 818 observations of soil P 32 

fractions from 99 field N and P addition experiments in forest, grassland, and 33 

cropland ecosystems ranging from temperate to tropical zones. In the dataset, two 34 

commonly used P fraction extraction methods were employed: the Chang and Jackson 35 

inorganic P (Pi) and the Hedley P extraction methods. Our global meta-analysis 36 

revealed distinct responses of soil P fractions to N and P enrichments. From studies 37 

using the Chang and Jackson method, we found that high N addition promoted the 38 

transformation of immobile Pi fractions into Fe/Al-bound Pi and available Pi in 39 

surface soils through soil acidification. However, this acid-induced transformation of 40 

Pi fractions by N addition was observed only in Ca-rich soils, while in acidic soils, 41 

further acidification led to increase P binding by repressing Pi desorption. In contrast, 42 

additions of P alone or combined with N significantly increased all soil Pi fractions. 43 

Regarding the Hedley P fractions, N addition generally decreased labile organic P by 44 

enhancing soil acid phosphatase activity. The response of other P fractions is 45 

influenced soil pH, fertilization rates, ecosystem type, and several other factors. P 46 

addition increased most soil P fractions. In summary, N inputs can accelerate P 47 

transformation in Ca-rich soils but promote P binding in acidic soils, while P inputs 48 

directly increase soil available P. These findings are crucial for predicting the effects 49 

of future atmospheric N and P deposition on P cycling processes. 50 

 51 

Keywords: nitrogen fertilization; phosphorus input; phosphorus fractions; soil 52 

acidification; meta-analysis 53 

 54 

Key points: 55 

• Nitrogen inputs can accelerate phosphorus transformation in Ca-rich soils but 56 

 promote P binding in acidic soils 57 

• Soil acidification reduces Pi bioavailability by reducing Pi desorption in acidic 58 

soils 59 

• Phosphorus input increases soil labile, moderately labile, and occluded inorganic 60 

phosphorus, enhancing soil available P 61 

 62 

Plain language summary 63 

Human activities have increased the amount of nitrogen (N) and phosphorus (P) 64 

in the environment, which has changed how nutrients cycle in the soil. This study 65 

examined the global-scale responses of soil P fractions to N and P inputs using dataset 66 

from 99 field experiments worldwide. 67 

The findings revealed distinct responses of soil P fractions to N and P enrichments. 68 

High N input resulted in the transformation of immobile inorganic P (Pi) fractions into 69 

available Pi in surface soils. This transformation was observed in calcium-rich soils due 70 
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to soil acidification. In contrast, in acidic soils, the acidification led to increased Pi 71 

binding. Moreover, N input generally decreased labile organic P, potentially by 72 

enhancing soil enzyme activity. Addition of P alone or combined with N significantly 73 

increased soil P fractions. These findings have important implications for predicting the 74 

effects of future N and P deposition on P cycling processes and understanding the 75 

impacts of nutrient enrichment on soil carbon storage and eutrophication. 76 

 77 

1 Introduction 78 

Soil phosphorus (P) is an essential nutrient for plant growth and ecosystem 79 

function (Li et al., 2016) and plays a crucial role in various biochemical processes 80 

(Turner et al., 2013). However, widespread P limitation exists in global terrestrial 81 

ecosystems due to the susceptibility of P to adsorption and immobilization by soil 82 

minerals (Vitousek et al., 2010), particularly in tropical and subtropical ecosystems 83 

(Augusto et al., 2017; Du et al., 2020). The increasing deposition of atmospheric 84 

nitrogen (N) and fertilization have resulted in substantial inputs of exogenous N and P 85 

to terrestrial ecosystems (Galloway et al., 2008; Peñuelas et al., 2013; R. Wang et al., 86 

2015), deteriorating soil nutrient cycling with consequences for the global land carbon 87 

(C) sink (Wieder et al., 2015) and eutrophication (nutrient excess) of waters and soils 88 

(Conley et al., 2009). The faster increase of anthropogenic N inputs to terrestrial 89 

ecosystems than P inputs, related to direct and indirect N input into ecosystems, has 90 

induced an imbalance between N and P (Penuelas et al., 2020; Peñuelas & Sardans, 91 

2022). Therefore, a comprehensive evaluation of how N and P additions affect 92 

different soil P fractions is essential to enhance our understanding and predictions of 93 

terrestrial P cycling processes under global environmental changes. 94 

The separation of P fractions with a distinct availability and binding of P 95 

represent a powerful approach to elucidate P cycling and environmental sustainability 96 

(Helfenstein et al., 2018; Ringeval et al., 2017; X. Yang et al., 2013). Various 97 

fractionation techniques are used to separate soil P into different pools based on their 98 

chemical properties and availability (Kruse et al., 2015). The Chang and Jackson 99 

inorganic P (Pi) and the Hedley P fractionation method are the two most commonly 100 

employed approaches in P cycling studies. The Chang and Jackson Pi fractionation 101 

method (hereafter Chang and Jackson method), initially developed by Chang and 102 

Jackson (1958) and later modified by J. Wang et al. (2010), is a widely applied 103 

sequential fractionation technique for separating Pi fractions and used to explore soil 104 

Pi mobilization processes in calcareous soil (Kumawat et al., 2022; R. Z. Wang et al., 105 

2022; N. Y. Zhang et al., 2022). It sequentially extracts six Pi fractions from soil 106 

samples: soluble (Ca2-P), exchangeable (Al-P, Fe-P), and precipitated (Ca8-P, Ca10-P, 107 

and Occluded-P) forms. Soluble P is readily available for plant uptake, while 108 

exchangeable P is loosely bound to soil particles and can be easily released. 109 

Precipitated P forms insoluble compounds, such as Ca-P, which are less available to 110 

plants. To better understand the distribution and availability of both Pi and organic P 111 

(Po), the Hedley sequential extraction method was proposed (Hedley et al., 1982). 112 

This method has undergone refinements and modifications to improve its accuracy 113 

and applicability (Tiessen and Moir 1993). The Hedley P fractions can be categorized 114 
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into labile, moderately labile, and occluded P fractions based on their stability. Now, 115 

the Hedley P extraction method is widely used in different soil types and in different 116 

ecosystems (Fan et al., 2019; Q. Zhang et al., 2006). In summary, the Chang and 117 

Jackson Pi is more commonly used in calcareous soils and can be used to explore the 118 

transformation process of mineral-bound Pi (R. Z. Wang et al., 2022), whereas the 119 

Hedley P fractions is more widely applicable to a wider range of environments and 120 

places more emphasis on the stabilization of both Pi and organic P (Po) in the soil 121 

(Guan et al., 2024; Weand et al.,2010; Zheng et al., 2023). Given the characteristics of 122 

the two P fraction methods, the effects of anthropogenic N and P additions on soil P 123 

fractions can be comprehensively investigated. 124 

Anthropogenic inputs of atmospheric N and P by atmospheric deposition and 125 

fertilization to terrestrial ecosystems have altered the available P in soils, resulting in 126 

changes in the rate of cycling of multiple nutrients or nutrient imbalances in 127 

ecosystems (Peñuelas et al., 2013; Peñuelas et al., 2012; Vu et al., 2008). Several 128 

studies have shown that excess N inputs will exacerbate P limitation (Deng et al., 129 

2017; Marklein & Houlton, 2012) with potential consequences for ecosystem 130 

functioning (Peñuelas & Sardans, 2022). However, these studies are mostly focused 131 

on total soil P (TP), available P (AP), or microbial P (MBP), while there are only 132 

relatively few studies based on soil P fractions (Xu et al., 2022; Yu et al., 2022). 133 

Moreover, conclusions on the effects of N addition on soil P fractions are ambiguous. 134 

Most studies have shown that N additions alter abiotic factors driving soil P fractions 135 

such as lowering soil pH, salinity ions, and Fe/ Al oxides (Bowman et al., 2008; Fink 136 

et al., 2016; Hou et al., 2018). Other studies have highlighted the role of biological 137 

factors controlling soil P fraction transformation, including changes in soil microbial 138 

composition, soil enzyme activity, and plant mycorrhizal types (Hu et al., 2022; Q. 139 

Wang et al., 2018; Z. L. Zhang et al., 2023). Using the Chang and Jackson Pi 140 

fractions, a case study in grassland has revealed that N addition promoted the 141 

dissolution of immobile Pi (mainly Ca-bound recalcitrant P) to more available forms 142 

of Pi (including Al- and Fe-bound P fractions) by decreasing soil pH in Ca-rich soils 143 

(R. Z. Wang et al., 2022). Conversely, Fe and Al ions may be released from soil 144 

minerals with soil acidification, and the increased Fe and Al ions may precipitate Pi in 145 

the soil solution, thereby reducing the soil AP (Turner et al., 2013). Regarding the 146 

Hedley P fractions, simulated N deposition was found to significantly reduce soil 147 

labile Pi fractions in temperate forests (K. Yang et al., 2015) and grasslands (Touhami 148 

et al., 2022). In contrast, N addition significantly increased the soil available Pi of 149 

subtropical broad-leaved evergreen forest soils (Huang et al., 2014). One reason could 150 

be that N additions can stimulate phosphatase activity which in turn enhances the 151 

release of phosphate from organic P (Fetzer et al., 2022; Hou et al., 2015). However, 152 

Weand et al. (2010) found that 10 years of N application did not change soil P 153 

fractions in northern hardwood forest. 154 

The inherent level of site N and P natural availability can be also a determinant 155 

factor in the response of P cycle in plant soil system to N addition (Fetzer et al., 156 

2022). Increases in P limitation in plants are observed after long-term N deposition 157 

(Bragazza et al., 2004) and in experiments simulating N deposition (Braun et al., 158 
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2010). In contrast, the effects of N deposition on P limitation in areas with very N-159 

poor soils can remain undetected, as in forests of the northeastern United States 160 

(Finzi, 2009) and some areas of Europe (Binkley & Hogberg, 1997). 161 

Although some areas are subjected to simultaneous effects of N and P deposition, 162 

the response of soil P fractions to simultaneous N and P additions have rarely been 163 

investigated. A recent study has shown that N fertilization combined with P 164 

applications exceeding plant requirements cannot mobilize moderately labile 165 

inorganic P, which accumulates in high P sorbing soils (Touhami et al., 2022). 166 

Overall, these studies suggest that the effects of N addition on soil P fractions can 167 

vary depending on many factors, such as soil properties, ecosystem types, N input 168 

levels, and the specific P fractionation method used to analyze soil (Fetzer et al., 169 

2022; Hinsinger, 2001; Richardson & Simpson, 2011; Turner, 2008). Therefore, the 170 

study of soil P fractions under N and/or P additions is essential for understanding 171 

nutrient cycling with the increasing use of fertilizer. In particular, a global perspective 172 

is crucial for understanding the general trends in soil P dynamics and identifying 173 

factors that modulate the responses of soil P fractions to nutrient enrichment.  174 

This study aims to address this knowledge gap by conducting a comprehensive 175 

global meta-analysis on the responses of soil P fractions to N and P fertilization. We 176 

compiled and analyzed 99 N and/or P addition experiments and 818 observations of 177 

soil P fractions based on the analytical procedures of the Chang and Jackson or 178 

Hedley P fractionation methods. By integrating findings from a wide range of studies, 179 

we aimed to gain a more robust understanding of the effects of nutrient enrichment on 180 

soil P dynamics and underlying mechanisms involved. 181 

 182 

2 Materials and methods 183 

2.1 Data source and collection 184 

We employed meta-analysis to investigate the global effects of N and P additions 185 

on soil P fractions. A comprehensive literature survey was conducted according to 186 

specific search criteria in the Web of Science and China National Knowledge 187 

Infrastructure (https://www.cnki.net/) from January 2000 to May 2023. These search 188 

keywords are as follows: nitrogen deposition or N deposition or N input or nitrogen 189 

addition or N addition or nitrogen fertilization or N fertilization or phosphorus 190 

deposition or P deposition or P input or phosphorus addition or P addition or 191 

phosphorus fertilization or P fertilization and P fraction* OR phosphorus fraction*. 192 

Publications were rigorously screened based on the following criteria: (1) Field 193 

studies in terrestrial ecosystems with addition of N only, of P only, and combined N 194 

and P additions; (2) each study includes soil P fractionation. By adhering to these 195 

criteria and following a PRISMA flow diagram for meta-analysis (Fig. S1), a total of 196 

818 observations from 99 publications using either of two P extraction method were 197 

identified and compiled to create the dataset (see cited literatures in supplementary 198 

materials). In our dataset, soil P fractions had been extracted using the Chang and 199 

Jackson method, as well as the Hedley method. Additionally, other variables related to 200 

soil P cycling were considered, encompassing soil physicochemical properties, 201 

microbial P and N:P ratio, acid phosphatase (ACP), arbuscular mycorrhizal fungi 202 
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(AMF), ectomycorrhizal fungi (EMF), and plant P concentrations. The study sites 203 

included in this meta-analysis were geographically distributed across a wide range of 204 

climatic zones (Fig. 1). Furthermore, data on location (latitude and longitude), mean 205 

annual temperature (MAT) (1970-2000), mean annual precipitation (MAP), treatment 206 

type, intensity, duration of treatments, and soil depth were also extracted. An 207 

overview of the basic information included in the analysis was shown in Table S1. To 208 

extract data from figures, we utilized GetData Graph Digitizer 2.25 (https://getdata-209 

graph-digitizer.com/). For missing standard deviation (SD) data, we employed a linear 210 

regression approach to estimate the values based on the log SD and the log of the 211 

mean value (Marinho et al., 2015). Whenever MAP and MAT were not reported in the 212 

publication, we retrieved this information from the WorldClim database 213 

(www.worldclim.com) (Hijmans et al. 2005). 214 

 215 

2.2 Data analysis 216 

For observations that only included the standard error (SE), the standard 217 

deviation (SD) was estimated with the following formula: 218 

 219 

𝑆𝐷 = 𝑆𝐸√𝑛  (1) 220 

 221 

where n is the sample size of treatment. The response ratio (RR) of N and P additions 222 

on soil P fractions and associated variables were calculated as the natural logarithm-223 

transformed (ln) RR: 224 

𝑅𝑅 = ln(
𝑌̅𝑇

𝑌̅𝐶

) = ln(𝑌̅𝑇) − ln(𝑌̅𝐶)  (2) 225 

where the 𝑌̅𝑇 and 𝑌̅𝐶  are the mean of response variables in the treatment and 226 

control plots, respectively. 227 

The variance of each RR was calculated as: 228 

𝑣 =
𝑆𝐷𝑇

2

𝑛𝑇𝑌̅𝑇
2 +

𝑆𝐷𝐶
2

𝑛𝐶𝑌̅𝐶
2   (3) 229 

where the 𝑛𝑇 and 𝑛𝐶  are the sample sizes of the response variables in the treatment 230 

and control plots; 𝑆𝐷𝑇 and 𝑆𝐷𝐶  are the standard deviation of the variables in the 231 

treatment and control plots, respectively. 232 

 233 

To assess the mean response ratio (RR++) across all studies or within a specific 234 

group, we applied a linear mixed-effects model: 235 

 236 

RR = 𝑅𝑅++ + 𝜇𝑠𝑖𝑡𝑒 + 𝑒  (4) 237 

 238 

𝜇𝑠𝑖𝑡𝑒 is the random effect of ‘site’ to explicitly account for between-site 239 

heterogeneity, and 𝑒 is the sampling error. If the 95% confidence interval (CI) of 240 

RR++ did not overlap zero, the effect of N and P addition on a variable was considered 241 

significant at P < 0.05. Potential publication bias within each response variable with 242 

http://www.worldclim.com/
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the data from the entire database was examined using the Egger’s test, with sample 243 

size as the predictor (Egger et al., 1997). Although we observed publication bias in 244 

some variables (Table S2-5), the corrected effect sizes were close to original values, 245 

indicating that our results were robust to such slight publication biases. To assess the 246 

interaction between N and P additions, we used Hedge's d to calculate interaction 247 

effect sizes for the response variables (Hedges et al., 1999). Interactions between N 248 

and P additions were categorized into three types: additive, synergistic, and 249 

antagonistic (Crain et al., 2008). If the 95% confidence interval overlap is zero, the 250 

interaction effect is additive. If the individual effects of the N and P additions are 251 

negative or in opposite directions, interaction effect sizes >0 were considered 252 

antagonistic and <0 were considered synergistic. Linear regression models were used 253 

to examine the relationships between RR of soil pH, ACP, and RR of soil P fractions. 254 

Furthermore, random-forest analysis was conducted to determine the relatively 255 

important factors in affecting the response of soil P fractions to N and P additions. We 256 

used percent increase in mean square error (%IncMSE) to rank the predictors in order 257 

of importance, and negative values of %IncMSE, which indicate lack of importance. 258 

Response ratio and random-forest analysis were performed using the: “metafor” 259 

(Viechtbauer, 2010) and “randomforest” (Liaw and Wiener 2002) packages of R, 260 

respectively. All statistical analyses were conducted using the software R v.4.2.0 (R 261 

core team 2022). 262 

 263 

3 Results 264 

3.1 Effects of N and P additions on soil properties, microbial and plant P 265 

concentration 266 

Across all studies, N addition, either alone or combined with P, resulted in a 267 

decrease in soil pH, while P addition had no significant effect on soil pH (Fig. 2). 268 

Moreover, N addition increased soil NH4
--N and NO3

--N concentrations as well as soil 269 

free Fe and Al ions. Notably, N addition did not affect soil available P (AP) and total P 270 

(TP) concentrations, whereas additions of P alone or combined with N increased soil 271 

AP and TP concentrations. Plant P concentrations were enhanced by both N and P 272 

additions, microbial P was increased by P addition, as well as by the combined N and 273 

P addition. Nitrogen addition increased microbial N:P ratios and ACP activity, but the 274 

combined additions of N and P inhibited ACP activities. 275 

 276 

3.2 Effects of N and P additions on soil P fractions 277 

Change and Jackson Pi method sequentially extracts six Pi fractions from soil 278 

samples: soluble (Ca2-P), exchangeable (Al-P, Fe-P), and precipitated (Ca8-P, Ca10-P, 279 

and Occluded-P) forms. Across all studies, N addition did not notably affect the Pi 280 

fractions extracted by the Change and Jackson method (Fig. 3a). In contrast, additions 281 

of P alone or combined with N significantly increased soil Pi fractions whether all study 282 

were combined (Fig. 3b, c) or grouped (Fig. S2). The effects of N addition on soil P 283 

fractions were regulated by soil depth, addition rates and durations, and ecosystem 284 

types. In surface soil (0-10 cm), N addition increased Ca2-P, Fe-P, and Al-P, while 285 

decreased Ca8-P and occluded P (Fig. 4a). In contrast, in deeper soil (>10 cm), only Al-286 
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P was increased by N addition (Fig. 4b). Nitrogen addition at various rates and 287 

durations resulted in different changes in P fractions, and these effects also varied 288 

among different ecosystems. Low N addition (0-100 kg N ha-1 yr-1) decreased only 289 

occluded P (Fig. 4c), whereas medium N addition (100-200 kg N ha-1 yr-1) decreased 290 

Al-P as well as occluded P (Fig. 4d). High N addition (>200 kg N ha-1 yr-1) significantly 291 

increased Ca2-P, Fe-P, and Al-P, while decreasing Ca8-P and occluded P (Fig. 4e). 292 

Nitrogen addition for less than five years reduced only occluded P (Fig. 4f), whereas 293 

both Fe-P and Al-P were increased by N addition between 5 and 10 years (Fig. 4g). 294 

Among regions, Ca2-P was reduced by N addition in tropical regions (Fig. 4i), Ca2-P, 295 

Fe-P, and Ca8-P were reduced in subtropical regions (Fig. 4j). In contrast, N addition 296 

increased Ca2-P, Fe-P and Al-P, while it decreased occluded P in temperate regions (Fig. 297 

4k). In grasslands (Fig. 4l), immobile Pi fractions (occluded P and Ca8-P) was 298 

decreased under N addition, while available Pi fractions (Al-P and Ca2-P) increased. 299 

The Hedley P fractions can be categorized into labile, moderately labile, and 300 

occluded P fractions based on their stability. There were overall negative effects of N 301 

addition on labile Po (NaHCO3-Po) (Fig. 3d), while P addition generally increased soil 302 

labile Pi, moderate Pi, and occluded Pi fractions when all data were either combined 303 

(Fig. 3e) or grouped (Fig. S3) (Table S11-S12). Moreover, most soil P fractions showed 304 

no remarkable effects of combined N and P addition (Fig. 3f), except for a significant 305 

increase of H2O-Pi and resin P, and a reduction for NaHCO3-Po and labile Po. Using 306 

Hedge's d to calculate interaction effect sizes for soil P fractions, and we found that the 307 

interactions of N and P addition were additive for most soil Hedley P fractions, while 308 

synergistic interactions were displayed for labile Pi (Table S6). Nitrogen addition also 309 

led to significant declines in soil labile P and occluded P across most subgroups (Fig. 310 

5) (Table S7-S10). Specifically, when considering the soil pH range, there was a N-311 

induced decrease of labile Po and occluded Pi when soil pH was less than 4 (Fig. 5i); 312 

when soil pH was between 4 and 5 (Fig. 5j), N addition decreased soil labile Po and 313 

moderately P. Nitrogen addition reduced labile Pi and occluded Pi when the pH ranged 314 

from 5 to 7 (Fig. 5k), and for soil pH greater than 7, it only decreased occluded Pi (Fig. 315 

5l). When N was only added in the form of calcium ammonium nitrate, it reduced most 316 

soil P fractions (Table S7). Among ecosystem types in different climatic zones (Table 317 

S8), N addition resulted in the reduction of soil labile P (labile Pi and Po) and occluded 318 

P (occluded Pi) in tropical forests, labile Po in subtropical forests, and occluded Pi in 319 

temperate forests. In temperate grasslands, N addition led to a decrease in labile P 320 

(labile Pi and Po) and moderately labile Po, while in subtropical grasslands, it resulted 321 

in a decrease in occluded Pi and an increase in occluded Po. Both temperate and 322 

subtropical croplands showed a decrease in occluded Pi under N addition, while 323 

subtropical croplands also exhibited a decrease in labile Pi. Across different soil types 324 

(Table S9), we also found that N addition had negative effects on soil Hedley P fractions 325 

in most soil types. However, in fluvo-aquic soils, N addition increased labile Pi and 326 

occluded Po while decreasing moderately labile Pi and Po. Moreover, Additionally, in 327 

P-poor soils (TP ≤ 200 mg kg-1), N addition reduces the soil occluded Pi, while in P-328 

rich soils (TP > 200 mg kg-1), soil labile Po was reduced (Table S10). 329 

 330 
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3.3 Regulating factors of the effect of N and P additions on soil P fractions  331 

Chang and Jackson Pi fractions showed significant negative correlations between 332 

the N responses of soil available Pi fractions (Ca2-P, Fe-P, and Al-P) and soil pH (Fig. 333 

5a-c), while positive correlations existed between soil immobile Pi fractions (Ca8-P, 334 

Ca10-P, and occluded P) and soil pH (Fig. 5d-f). This suggests that in Ca-rich soils, 335 

soil acidification due to N addition increased soil available Pi fractions while 336 

decreasing the soil immobile Pi fractions. Under N addition, all Hedley P fractions 337 

(except labile P and occluded Po) were negatively related to soil ACP activities (Fig. 338 

6). Among the multiple factors, for the Chang and Jackson Pi fractions (Fig. 7), the 339 

responses of Ca2-P, Fe-P, Al-P, and occluded P (Ca10-P) to N and P fertilization were 340 

best predicted by fertilizer addition rates; while the response of Ca8-P was best 341 

explained by soil pH. For Hedley P fractions (Fig. S5), the predictions for soil labile 342 

P, labile Pi, and labile Po were most accurately determined by latitude, soil pH, and 343 

soil pH, respectively. For soil moderately labile P, moderately labile Pi, and 344 

moderately labile Po, the responses were best predicted by mean annual precipitation, 345 

longitude, and soil pH, respectively. Additionally, the responses of soil occluded P, 346 

occluded Pi, and occluded Po were primarily influenced by soil pH, mean annual 347 

temperature MAT, and soil pH, respectively. Overall, soil pH is a key factor 348 

influencing the response of soil P fractions to N and P additions regardless of P 349 

extraction methods. 350 

 351 

4 Discussion 352 

Given the importance of soil P cycling for terrestrial ecosystems and the 353 

inconsistency of methods to extract P fractions, a systematic investigation by a meta-354 

analysis on how N and P enrichments impact soil P fractions is urgently needed. Our 355 

global meta-analysis reveals that soil P fractions respond differently to N and P 356 

enrichments, but these shifts depend on multiple variables, particularly soil pH. In Ca-357 

rich soils, high N inputs promote the shift from stable P fractions to available 358 

fractions. By contrast, in acidic soils, further acidification leads to the binding of 359 

soluble P and thus decreases P availability. In support, relating response ratios of P 360 

pools to changes of environmental variables (Fig. 9) strongly suggest that the 361 

changing P pool distribution can be attributed to soil acidification lowering soil pH 362 

and an enhanced release of labile Po by increasing phosphatase (ACP) activity. 363 

Overall, in the Chang and Jackson Pi fractions, acidification due to N addition 364 

promoted the conversion of immobile Pi to available Pi, and P addition, either alone 365 

or combined with N, increased soil Pi fractions. The Hedley P fractions revealed 366 

generally negative effects on labile P and occluded P, while P addition increased 367 

various P fractions. Both P fractionation methods indicated that N input would deplete 368 

soil P and thus accelerate the P cycling process. Conversely, P inputs increase most 369 

soil P fractions, relieving P limitation. 370 

 371 

4.1 Different response of soil P fractions to N and P enrichments 372 

  Nitrogen addition had no significant effects on Chang and Jackson Pi fractions 373 

across all studies. In specific subgroups (such as surface soil, high N addition, 374 
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temperate region), we found a consistent pattern that N addition significantly 375 

decreased precipitated the Pi fractions (Ca8-P, Ca10-P, and occluded-P), while 376 

increasing the soluble (Ca2-P) and exchangeable (Al-P, Fe-P) Pi fractions. However, 377 

the transformation of soil Pi fraction only occurred in surface soils (0-10 cm) under 378 

high N inputs (>200 Kg N yr-1ha-1). This finding indicates that N additions alter the 379 

distribution among P fractions by an acidification of surface soil induced by high N 380 

inputs (Guo et al., 2010; Lu et al. 2014), which could dissolve recalcitrant Pi fractions 381 

and dissolute exchangeable Pi fractions to soluble Pi fractions. R. Z. Wang et al. 382 

(2022) revealed a similar mechanism of soil P transformation through 10 years of 383 

experimentally enhanced N inputs. In addition to soil acidification by the 384 

transformation of added NH4
+, increasing N availability, higher plant growth and P 385 

demand could stimulate the release of organic acids from roots to soils to further 386 

lower soil pH (Gerke, 2015). However, in temperate grassland with high pH soils, N 387 

enrichment mobilized mineral-bound soil Pi, thereby promoting available Pi. By 388 

contrast, N addition decreased soil available Pi in both tropical and subtropical areas. 389 

In agreement, several new studies also reported that acid addition-induced pH 390 

reduction increased the occluded P fractions and decreased the labile P fraction in 391 

tropical soil (Hu et al., 2022; Yao et al., 2023). The likely explanation for this pattern 392 

is that soil acidification accelerates the solubility of minerals and also results in an 393 

enrichment of highly charged exchangeable cations in strongly weathered tropical 394 

soils (X. M. Wang et al., 2013), thus enhancing the binding of dissolved Pi to their 395 

surfaces. Therefore, future N deposition may lead to a further decrease in soil 396 

available P in tropical or subtropical regions characterized by P-poor soils.  397 

In terms of Hedley P fractions, N additions led to significant decline in soil labile 398 

P and occluded P across most subgroups, suggesting that N addition does not only 399 

dissolves occluded Pi, but also promotes the mineralization of labile Po, especially 400 

NaHCO3-Po (H. Z. Zhang et al., 2020), consistent with the generally observed higher 401 

ACP activity observed under N addition. However, multiple case studies reported that 402 

N addition usually decrease moderately labile Po (NaOH-Po) (Fan et al., 2018; K. 403 

Yang et al., 2015), probably because N addition first increases soil labile P (e.g., resin 404 

P and NaHCO3-P), at least in part by the mineralization of NaOH-Po related to higher 405 

ACP activity. Moreover, the enhanced mineralization of soil moderately labile Po 406 

under N addition occurs primarily when soil available Pi is insufficient and the 407 

mineralization of NaHCO3-Po does not fully meet the biological requirements (Fetzer 408 

et al., 2021). It is important to note that the response of soil P fractions to N addition 409 

varied depending on the soil pH range. When the soil pH was below 7, N addition 410 

resulted in a decrease in soil labile Pi, labile Po, and occluded Pi. However, when the 411 

pH exceeded 7, N addition only decreased occluded Pi, while showing a slight 412 

increase in labile Pi, although not reaching a significant level. This aligns with 413 

previous studies utilizing the Chang and Jackson Pi fractionation approach, indicating 414 

that soil acidification hampers P availability in acidic soils (Hu et al., 2024). The 415 

effects of N addition on soil P fractions also exhibited variations across different 416 

ecosystem types in different climatic zones. In tropical forests, N addition led to a 417 

reduction in both labile P (labile Pi and Po) and occluded P (occluded Pi). Subtropical 418 
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forests experienced a decrease in labile Po and occluded Pi, while temperate forests 419 

showed a decrease in occluded Pi. These results imply that N addition can diminish 420 

both immediate and long-term P availability in forest ecosystems, regardless of 421 

climatic conditions (Yang et al., 2015; Zeng et al., 2022). In temperate grasslands, N 422 

addition resulted in a decrease in labile P (labile Pi and Po) and moderately labile Po, 423 

indicating a decline in the pool of easily accessible P for plant uptake. Conversely, 424 

subtropical grasslands exhibited a decrease in occluded Pi and an increase in occluded 425 

Po, suggesting a potential shift in P sequestration mechanisms in response to N 426 

addition (Zhang et al., 2014; Wang et al., 2021). These contrasting responses 427 

underscore the significance of accounting for ecosystem type and climatic conditions 428 

when evaluating the impacts of N addition on soil P dynamics. The influence of N 429 

addition on soil P fractions also varied among different soil types. Overall, N addition 430 

had negative effects on soil Hedley P fractions in most soil types, indicating a general 431 

reduction in P availability. Furthermore, the effects of N addition on soil P fractions 432 

were dependent on the initial soil P content. In P-poor soils (total P ≤ 200 mg kg-1), N 433 

addition resulted in a decrease in soil occluded Pi, indicating a potential limitation in 434 

the long-term storage of P. In P-rich soils (total P > 200 mg kg-1), N addition led to a 435 

reduction in soil labile Po, indicating a disturbance in the pool of readily available P. 436 

 437 

Overall, the results of both P fraction methods indicate that N addition depletes soil P, 438 

thereby accelerating the soil P cycling. Furthermore, these findings highlight the 439 

necessity of considering multiple factors, such as ecosystem type, climatic conditions, 440 

soil types, soil pH, and initial soil P content when evaluating the effects of N input on 441 

nutrient cycling in ecosystems (Zeng et al., 2022). 442 

In comparison to the complex responses of P fractions to N-additions, both P 443 

fraction extraction methods revealed that P addition significantly increased P 444 

fractions, especially the Pi fraction, possibly by dissolution of P fertilizers. The 445 

lacking P response of organic P fractions agrees with the results of a 65-year P 446 

addition experiment (Vu et al., 2008). One explanation could be that the 447 

mineralization of Po increases with increasing P inputs at the same rate as the inputs 448 

rates of organic P into the soil (through higher plant residue P and microbial P), 449 

leading to stable levels of Po (Raguet et al., 2023). Moreover, most Hedley P fractions 450 

showed a non-significant response to combined N and P additions. This suggests that 451 

P inputs can offset and compensate the soil P depletion promoted by anthropogenic 452 

inputs of N. However, the increasing scarcity of P fertilizer may constrain the 453 

possibility to perform this compensation effect at great scale. 454 

It is worth considering that the specific P fractions targeted, and the observed 455 

effects may vary depending on factors such as soil depth, addition rates and durations, 456 

ecosystem types, and climate conditions. Therefore, researchers should carefully 457 

select the appropriate extraction method based on their research objectives and 458 

account for potential differences in the interpretation of results obtained from different 459 

P fractionation methods.  460 

In summary, N addition generally led to a decrease in the labile organic P 461 

fraction, likely due to increased microbial activity and uptake. Conversely, P addition 462 
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increased labile inorganic P fractions, as direct P input enhanced P availability. When 463 

examining the combined effects of N and P addition on soil P fractions, most fractions 464 

showed no remarkable effects, except for significant increases in H2O-Pi and resin P, 465 

and reductions in NaHCO3-Po and labile Po. The additive effects observed for most 466 

soil Hedley P fractions indicate that the impacts of N and P addition on these fractions 467 

are independent and do not interact significantly. However, a synergistic interaction 468 

was observed for labile Pi, indicating that the combined N and P addition had a more 469 

pronounced effect on this specific P fraction (Touhami et al., 2022). These findings 470 

suggest that the responses of soil P fractions to N and P addition can vary depending 471 

on the specific P fraction analyzed and the interactions between the two nutrient 472 

additions. 473 

 474 

 475 

4.2 Regulation mechanism of soil P fractions to N and P enrichments 476 

The regression analysis based on the Chang and Jackson Pi fractions showed that 477 

soil pH was negatively related to soil available Pi fractions, but positively related to 478 

recalcitrant Pi fractions. Moreover, our Random Forest Prediction Model (RFPM) has 479 

shown that soil pH was a key factor influencing the response of soil P fractions to N 480 

and P additions regardless of P extraction method. This suggests that soil pH modified 481 

by N addition plays a key role in controlling soil Pi transformation in calcareous soil 482 

(Shen et al., 2011), particular in surface soil. Thus, soil acidification induced by N 483 

input mobilizes the precipitated Pi fractions and increases soil available Pi in Ca-rich 484 

soils. In contrast, N -induced soil acidification may reduce P availability in acidic 485 

soils by further increasing the concentrations of reactive Al and Fe phases at lower 486 

pH, which promotes the binding of soluble P to their surfaces (Carreira et al., 2000; 487 

Wan et al., 2021). The observed dependency of N effects on soil P fractions from the 488 

soil type and soil pH has implication for the postulated imbalance between N and P 489 

due to chronically high anthropogenic N inputs (Peñuelas et al., 2013). Our meta-490 

analysis strongly suggest that the N-induced P limitation is stronger in acidic soils 491 

than in Ca-rich soils, where dissolution of Ca-carbonates binding P may partly 492 

compensate for the increasing P shortage. Our study also found that soil phosphatase 493 

(ACP) was negatively correlated with most of the Hedley labile and moderate Po, 494 

suggesting that N addition led to an increase in soil ACP, which promoted 495 

mineralization of labile and moderate Po. This result is consistent with many previous 496 

studies of effects of N addition on soil ACP activity (Jian et al., 2016; Marklein & 497 

Houlton, 2012; Vitousek et al., 2010). The stimulating effect of N deposition on soil 498 

ACP activity has also been identified as one of the main mechanisms for observed 499 

changes in soil P fractions in forest soils (Hou et al., 2015) and for the alleviating 500 

effect of long-term N loading on P limitation (Chen et al., 2020). Additionally, there 501 

are studies showing that mycorrhizal fungi can utilize Po in soil solution and can 502 

mobilize soil Fe/Al bound P and mineral P (Becquer et al., 2014; Rosling et al., 2016). 503 

However, no significant effect of N addition on arbuscular mycorrhizal or 504 

ectomycorrhiza fungi was found in this study, which can partly be related to the few 505 

numbers of studies. In addition to soil pH, we also found that the magnitude of N 506 
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addition was an important factor affecting the transformation of soil P fractions. Low 507 

N additions may not lead to significant changes in the soil and may not dissolve and 508 

impact the stable mineral-bound P fractions, possibly by their limited acidification 509 

effect. Compared to the effect of N addition on soil P fractions, the effect of P addition 510 

on soil P fractions is relatively clear. Since the added P forms in the field simulated P 511 

deposition experiments were mainly Pi, most of the experimental results showed that 512 

the Pi inputs significantly increased the labile Pi, moderate Pi, and occluded Pi in the 513 

soil (Kumawat et al., 2022; Vu et al., 2008), while effects on organic P remain small. 514 

 515 

5 Conclusion 516 

  This meta-analysis reveals that N and P enrichments alter the distribution of P 517 

among soil fractions, but these effects depend on soil pH. According to our conceptual 518 

framework (Fig. 8), high N additions decrease the occluded Pi fractions and enhance 519 

soil available Pi fractions in Ca-rich surface soils by reducing soil pH and inducing 520 

soil acidification. Additionally, N addition increases ACP activity, promoting the 521 

mineralization of labile Po, which contributes to alleviate P limitation. In contrast, in 522 

acidic soils, further acidification leads to the formation of reactive surfaces, 523 

promoting the binding of soluble P, thereby decreasing P availability. Phosphorus 524 

addition directly increases soil labile, moderate, and occluded Pi, enhancing the 525 

availability of P in the soil, thereby relieving plant P requirements. These findings 526 

should significantly enhance our understanding and predictions of soil P dynamics 527 

under future intensified N and P inputs. 528 

 529 
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Figure captions 828 

 829 

Fig.1 Geographical distribution of the studied sites included in this meta-analysis. The 830 

circles with different colors represent different fertilization treatment, and the size of 831 

the circles indicates the sample size of observations in each site. 832 

 833 

Fig.2 Meta-analysis of average effects (%) of N only (a), P only (b), and combined N 834 

and P (c) additions on soil properties, microbial P, N:P ratio, mycorrhizal types, ACP, 835 

and plant P. ACP, acid phosphatase; AMF, arbuscular mycorrhizal fungi; EMF, 836 

ectomycorrhizal fungi. The error bars represent 95% confidence intervals, and the 837 

numbers indicate sample sizes of observations. If the 95% CIs do not overlap zero, the 838 

effects of N and P additions are considered significant at P <0.05; otherwise, the 839 

effects are considered insignificant. 840 

 841 

Fig.3 Meta-analysis of overall effects (%) of N only (a, d), P only (b, e), and 842 

combined N and P (c, f) additions on soil P fractions according to Chang and Jackson 843 

method (a, b, c) and Hedley method (d, e, f). 844 

 845 

Fig.4 Meta-analysis of average effects (%) of N only addition on soil P fractions 846 

based on Chang and Jackson method across different groups. These groups include 847 

different soil depth: 0-10 cm (a), and >10 cm (b); amounts of N addition: 0-100 Kg N 848 

yr-1 ha-1 (c), 100-200 Kg N yr-1 ha-1 (d), >200 Kg N yr-1 ha-1 (e); duration of N 849 

addition: 0-5 yr (f), 5-10 yr (g), and >10 yr (h); climate zone: tropical (i), subtropical 850 

(g), temperate (k); vegetation types: grassland (l), cropland (m). 851 

 852 

Fig.5 Meta-analysis of average effects (%) of N only addition on soil P fractions 853 

based on Hedley method across different groups. These groups include different soil 854 

depth: 0-10 cm (a), and >10 cm (b); amounts of N addition: 0-100 Kg N yr-1 ha-1 (c), 855 

100-200 Kg N yr-1 ha-1 (d), >200 Kg N yr-1 ha-1 (e); duration of N addition: 0-5 yr (f), 856 

5-10 yr (g), and >10 yr (h); soil pH range: pH<4 (i), 4<pH<5 (j), 5<pH<7 (k), pH>7 857 

(l); climate zone: tropical (m), subtropical (n), temperate (o); vegetation types: forest 858 

(p), grassland (q), cropland (r). 859 

 860 

Fig.6 Relationship of the responses of soil P fractions based on Chang and Jackson 861 

method with that of soil pH under N only addition. When the relationships are not 862 

significant (i.e. P > 0.05), the regression lines and their 95%confidence intervals are 863 

not drawn. The sizes of points are proportional to their corresponding weights. RR, 864 

response ratio. 865 

 866 

Fig.7 Relationship of the responses of soil P fractions based on Hedley method with 867 

that of soil ACP under N only addition.  868 

 869 

Fig.8 Random Forest analysis to identify the main predictors of the response ratios of 870 

soil P fractions based on Chang and Jackson method (a-f). The percent increase in 871 
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mean squared errors (%IncMSE) represents the relative importance (%) of main 872 

predictors, and negative values of %IncMSE, which indicate lack of importance. 873 

Asterisks denote statistics of significance: * P<0.05; **p<0.01; ***P<0.0001; ns, not 874 

significant. 875 

 876 

Fig.9 Conceptual illustration of different responses processes of soil P fractions to N 877 

and/or P additions. High N addition rates would indirectly promote P mobilization 878 

through soil acidification. Meanwhile high N addition rates stimulate acid 879 

phosphatase (ACP) activity and increase the mineralization of Liable Po thus meet the 880 

plant P demands. P addition would directly increase soil labile, moderate, and 881 

occluded Pi and increase plant P. Combined N and P additions decreased labile Po and 882 

increase H2O Pi and resin P.883 
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