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Abstract 22 

Live roots can stimulate microbial soil organic matter (SOM) decomposition and 23 

nutrient cycling, which is termed as the rhizosphere priming effect (RPE). Compared 24 

to nitrogen (N) availability, fewer studies have focused on the effect of phosphorus (P) 25 

availability on the RPE. Here we investigated the RPEs of ryegrass (Lolium perenne) 26 

and clover (Trifolium repens) with and without P fertilization (4 g P m-2) at three 27 

sampling times (Day 30, Day 44, and Day 58 after planting). A continuous 13C-CO2 28 

labeling method was used to separate soil-derived CO2 from root-derived CO2. A 29 

nutrient budget method was applied to evaluate the rhizosphere effect on net soil N and 30 

P release for plant uptake. We found that ryegrass and clover induced positive RPEs in 31 

most plant-soil combinations, ranging from -1% to 134%. Ryegrass exhibited a larger 32 

RPE than clover by Day 30, but clover exhibited a larger RPE than ryegrass by Day 44 33 

and Day 58, possibly due to larger shoot biomass regrowth rates, root activity, and 34 

rhizodeposition during the later stages. P fertilization significantly decreased the RPE 35 

of ryegrass by Day 44 and Day 58, but did not change the RPE of ryegrass by Day 30 36 

and clover at all three sampling times. The reduced RPE of ryegrass with P fertilization 37 

was associated with increased microbial biomass N, more root-derived microbial C, 38 

and less shoot biomass and root-derived CO2. These findings suggest that P fertilization 39 

coupled with C supply from root exudates induced more microbial N immobilization, 40 

which reduced the RPE of ryegrass during later stages when soil N limitation negatively 41 

impacted plant growth. However, P-induced microbial N immobilization did not affect 42 

clover as much because its biological N fixation, on average 37% of total plant N, may 43 

have alleviated soil N limitation. We further observed significant positive relationships 44 

between excess net soil N and P release and the RPE by Day 58 across all planted 45 

treatments, indicating that soil N and P release by plants can be directly linked to 46 

rhizosphere C mineralization. Overall, our results demonstrate the importance of C-N-47 

P interactions for understanding the RPE, which have significant implications for P 48 

cycling in plant-soil systems.  49 

 50 
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1. Introduction 54 
 55 

Globally, soil is the largest carbon (C) pool in terrestrial ecosystems, containing 56 

more than 1500 Pg organic C in the top 1 m layer (Eswaran et al., 1993; Stockmann et 57 

al., 2013) and nearly all nutrients required by plants (McGill and Cole, 1981). Due to 58 

the large storage, even a small increase in soil organic matter (SOM) decomposition 59 

would cause a positive effect on the global atmospheric CO2 concentration, thereby 60 

exacerbating the global warming induced by fossil fuel burning and land use change 61 

(Bond-Lamberty and Thomson, 2010). Besides temperature and water, rhizosphere 62 

processes are increasingly recognized as important factors in mediating SOM 63 

decomposition and nutrient cycling (Phillips et al., 2011; Finzi et al., 2015).  64 

Plant roots and associated rhizosphere microbes may stimulate or suppress native 65 

SOM decomposition, which is termed as the rhizosphere priming effect (RPE) and is 66 

an important component of rhizosphere processes (Kuzyakov, 2002; Cheng and 67 

Kuzyakov, 2005). Previous studies conducted in growth chambers or greenhouses have 68 

shown that the magnitude of the RPE could range from a 50% reduction to a 380% 69 

enhancement of SOM decomposition as compared to root-free soil (Cheng et al., 2014). 70 

These levels suggest that the RPE is a major driver in SOM turnover and nutrient 71 

cycling. Therefore, it is essential to understand the potential influencing factors and 72 

underlying mechanisms of the RPE for predicting the global C cycle in response to 73 

climate change.  74 

Previous studies have shown that the direction and magnitude of the RPE can be 75 

significantly influenced by plant species and soil variables (Cheng et al., 2014; Huo et 76 

al., 2017). Among soil variables, soil N availability (and N fertilization) has been shown 77 

to be closely related to the RPE (Hoosbeek et al., 2006; Kumar et al., 2016; Murphy 78 

etal., 2017; Lu et al., 2018). Given the large requirements for P by plants and microbes 79 

(Richardson et al., 2011), soil P availability should also directly or indirectly influence 80 

the RPE, but fewer studies have paid attention to the effect of P availability on the RPE 81 

compared with N availability (Dijkstra et al., 2013; Boilard et al., 2019; Xu et al., 2019). 82 

For example, high P availability increased the RPEs of two near-isogenic wheat lines, 83 
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possibly due to larger biomass production, root exudation and microbial biomass (Xu 84 

et al., 2019). In another study, P fertilization increased the RPE of mutant barley lacking 85 

of root hairs, possibly because P fertilization exacerbated plant N deficiency in mutant 86 

barley thereby stimulating microbial SOM decomposition and mining for N (Boilard et 87 

al., 2019). These studies provide a basic understanding of P availability as a potential 88 

driver of the RPE and further imply that P fertilization may interact with soil N in 89 

influencing the RPE. The magnitude of RPE also depend on plant species and 90 

associated traits, such as root morphology (Pausch et al., 2016), root exudation (Dijkstra 91 

and Cheng, 2007), and associations with mycorrhizal fungi (Phillips and Fahey, 2006) 92 

and N2-fixing bacteria (Zhu and Cheng, 2012). Legumes can fix N from the atmosphere 93 

through associations with rhizobia in root nodules. Legumes therefore may rely less on 94 

N, but more on P from soil. Grasses acquire N and P solely from soil either by releasing 95 

available substrates or by exploring soil volumes with developed fibrous root systems. 96 

Yet, how P availability affects the RPEs of legumes and grasses (i.e., P availability and 97 

plant species interaction on the RPE) remains unclear.  98 

The underlying mechanisms of RPE in response to nutrient availability are still 99 

elusive, where several hypotheses have been put forward (Cheng and Kuzyakov, 2005; 100 

Dijkstra et al., 2013). The plant-microbe competition hypothesis is usually proposed to 101 

explain a negative RPE when nutrient availability is extremely limited (Cheng, 1999). 102 

Under this condition, plant nutrient uptake strongly intensifies the competition for the 103 

same nutrients with microbes, which reduces microbial decomposition (Pausch et al., 104 

2013; Yin et al., 2018). If nutrient limitation is alleviated by fertilization, the RPE will 105 

increase. The microbial nutrient mining hypothesis has been used to explain the positive 106 

RPE when nutrient availability is moderately low in soil (Fontaine et al., 2011). Under 107 

this condition, microbes could use root exudates to mine for nutrients from SOM to 108 

meet their nutrient demand (Kumar et al., 2016; Lu et al., 2019). When nutrient 109 

availability increases to a higher level, microbes mine less for nutrients from 110 

recalcitrant SOM and may prefer to use labile root exudates for their C and energy 111 

demand instead, causing a decrease in the RPE, which has also been termed as the 112 

preferential substrates utilization hypothesis (Kuzyakov and Cheng, 2004). These three 113 
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hypotheses have been supported by observed RPEs associated with N availability (or 114 

N fertilization) in experimental studies (Blagodatskaya et al., 2007; Pausch et al., 2013; 115 

Kumar et al., 2016). Whether these nutrient-centered hypotheses are also responsible 116 

for explaining the RPE affected by P availability in conjunction with soil N needs to be 117 

further examined.  118 

Here we examined the RPEs of ryegrass (Lolium perenne L., C3 grass) and clover 119 

(Trifolium repens L., legume) with and without P fertilization at three sampling times 120 

(30, 44, and 58 days after planting) in an environmentally controlled growth chamber. 121 

A continuous 13C-CO2 labeling method was used to partition rhizosphere respiration 122 

and microbial respiration of SOM. A nutrient budget method was applied to evaluate 123 

the rhizosphere effect on net N and P release from soil for plant uptake. In this study, 124 

we hypothesized that: 1) clover would exhibit a smaller positive RPE than ryegrass 125 

because of its capacity for biological N fixation and thus a lower demand for N mined 126 

from SOM; 2) P fertilization would increase the RPE more in ryegrass than in clover 127 

because of a P-induced increase in N mining to meet increased plant N demand; 3) the 128 

RPE on SOC decomposition would be coupled with a plant-induced increase in net N 129 

mineralization, but not with a plant-induced increase in net P mobilization.  130 

 131 

2. Materials and methods 132 

 133 

2.1. Experimental design 134 

The soil was collected from the top 15 cm in a grassland at John Bruce Pye Farm 135 

(33°55′51″ S, 150°39′38″ E) in Camden, NSW, Australia. The dominant species were 136 

the C4 grasses Paspalum dilatatum, Cyperus brevifolius and Setaria incrassata, and the 137 

C3 grass Microlaena stipoides. The soil was gently sieved through a 4 mm sieve to 138 

homogenize and remove most of the roots and large stones. The soil was a red-brown 139 

Chromosol according to the Australian Soil Classification (Isbell, 2002) with a pH of 140 

5.4. The contents of sand, silt, and clay were 34%, 31%, and 35%, respectively. The 141 

concentrations of organic C, total N, and total P were 28.8, 2.5, and 0.15 mg g-1, 142 

respectively. The concentrations of soil mineral N and extractable P were 58.0 and 8.7 143 
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mg kg-1, respectively. The δ13C value of this soil was -23.06‰.  144 

Thirty-two bottom-capped polyvinyl chloride (PVC) pots (diameter 15 cm, height 145 

20 cm) were filled with the grassland soil (equivalent to 3.20 kg oven-dried soil) at a 146 

bulk density of 0.91 g cm-3. Each pot was equipped with a plastic tube for aeration and 147 

CO2 trapping at the bottom, where the inside tube was attached with a small sponge and 148 

covered by a sandbag to prevent fine particles blocking the tube. After filling, soil 149 

moisture content was adjusted to 70% water holding capacity (21% gravimetric soil 150 

moisture content). Soils were amended with modified Hoagland nutrient solution 151 

containing macro- and micro-nutrients (N 10, K 15.2, S 5.8, Ca 2, Mg 2, B 0.01, Zn 152 

0.05, Cu 0.01, Fe 0.05, and Mn 0.08 g m-2), either with P or without P. Treatments with 153 

P were amended with KH2PO4 and K2HPO4 solution (4 g P m-2, with a ratio of KH2PO4 154 

and K2HPO4 adjusted to obtain a solution similar to the soil pH). Treatments without P 155 

were amended with the same amount of deionized water. Eight pots (4 pots with P and 156 

4 pots without P) were destructively sampled to measure initial soil mineral N and 157 

extractable P one day after fertilization. Two days after fertilization, the remaining 24 158 

pots were planted with either Lolium perenne L. (ryegrass), Trifolium repens L. (clover) 159 

or left unplanted (control). The six treatments were replicated 4 times. After 160 

germination, ryegrass and clover were thinned to 20 plants per pot.  161 

The experiment was conducted in a controlled environment facility at the Centre 162 

for Carbon, Water and Food, The University of Sydney, Camden (NSW). During plant 163 

growth, the air temperature inside the growth chamber was kept at 25 ℃ from 6 PM to 164 

6 AM, and at 15 ℃ from 6 AM to 6 PM. The relative air humidity was kept at 60%, 165 

and artificial lighting (Heliospectra, LX602C, 600 W) went on between 6 PM to 6 AM. 166 

The CO2 concentration was set at 800 ppm by injecting 13C-depleted CO2 into the 167 

chamber. This was needed to reduce the δ13C value of CO2 to a desired level, which 168 

would also promote plants to grow faster. The δ13C value of CO2 was -20 ± 0.3‰ (mean 169 

± standard deviation) throughout the experiment (measured on a G2131-i Analyzer, 170 

Picarro, Santa Clara, CA, USA). This enabled us to effectively separate root-derived 171 

CO2 and soil-derived CO2. All pots were placed randomly in the growth chamber and 172 

watered every two days to maintain soil moisture content at 70% water holding capacity. 173 
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Pots were randomly moved once a week to eliminate potential light effect. Pots were 174 

watered when lights were off to avoid plant photosynthesis of CO2 respired by people 175 

entering the growth chamber.  176 

 177 

2.2. Measurements 178 

Total belowground CO2 was measured 30, 44, and 58 days after planting using a 179 

dynamic chamber method (Yin et al., 2019). Briefly, at each sampling time, shoots were 180 

clipped to 1 cm above the soil surface, and then opaque PVC chambers with a septum 181 

(for collecting gas samples) and an outlet tube were sealed to the top of planted and 182 

unplanted pots with Blue-Tack (Bostik, Thomastown, Australia). Shoots were clipped 183 

so that the respiration measurements did not include shoot respiration. To circulate the 184 

gas phase of each pot individually, an aquarium pump was connected to the inlet tube 185 

at the bottom of the pot and the outlet tube of the chamber. Most of the initial CO2 inside 186 

the chamber and pot was removed before gas sampling by attaching a column of soda 187 

lime to the circulation system for 1 h. Then the column of soda lime was removed from 188 

the circulation system (but air circulation was maintained), and a 12 ml gas sample was 189 

immediately taken from the septum of each chamber by a syringe (T0). After 1 h (T1) 190 

and 2 h (T2), other 12 ml gas samples were taken. We acknowledge that stripping initial 191 

CO2 from the system may disturb the aqueous carbonate equilibrium in the soil, which 192 

may cause retention of the subsequent CO2 produced in the soil for reestablishing the 193 

equilibrium. This could affect respiration measurements in neutral or alkaline soil 194 

(Martens, 1987), but had probably minor effects in the slightly acidic soil we used here. 195 

All gas samples (T0, T1, and T2) were transferred to pre-evacuated vials (Exetainers, 196 

Labco, UK). The CO2 concentration and δ13C of each gas sample were analyzed on a 197 

Delta V advantage isotope ratio mass spectrometer (IRMS) coupled to a Conflo IV and 198 

Flash HT (Thermo Fisher Scientific, Bremen, Germany).  199 

After gas sampling on day 58, all pots were destructively harvested. The roots 200 

were carefully hand-picked from the soil. The clipped shoots from each sampling time 201 

and hand-picked roots after 58 days were washed, oven-dried at 60 ℃, and grounded 202 

in a ball mill. The C%, N%, δ13C, and δ15N of plant samples were analyzed on the IRMS. 203 
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The P concentrations of plant samples were analyzed by ashing 0.5 g plant material at 204 

550 ℃ for 4 h in a muffle furnace, digesting with 5 ml of 6 N HCl on a hotplate, and 205 

measuring the absorbance on the UV-VIS spectrophotometer (UVmini-1240) at 400 nm 206 

wavelength after adding ammonium molybdate-vanadate as the coloring reagent 207 

(Jackson, 1958). The fresh soil was homogenized and a representative soil sample (300 208 

g) was taken for each pot. Fine roots were carefully removed from soil samples in 209 

planted treatments. Then these soils were prepared for measuring soil moisture content, 210 

mineral N, extractable P, microbial biomass C, N, and P. The oven-dried soils were 211 

grounded for measuring C%, N%, δ13C, and δ15N.  212 

Mineral N (NH4+ and NO3-) was measured by extracting 5 g fresh soil sample with 213 

40 ml 1 M KCl solution and filtering through Whatman No. 42 filter paper. The NH4+ 214 

and NO3- concentrations of the extracts were analyzed on a flow injection analyzer (FIA 215 

automated ion analyzer, Lachat Instruments, Loveland, CO, USA). Extractable P was 216 

measured by extracting 3 g fresh soil sample in 20 ml 0.03 N ammonium fluoride 217 

(NH4F) with 0.025 N hydrochloric acid (HCl) and filtering through Whatman No. 42 218 

filter paper. The P concentrations of the extracts were analyzed colorimetrically with 219 

ammonium molybdate-stannous chloride as the coloring reagent on the UV-VIS 220 

spectrophotometer (UVmini-1240) at 660 nm wavelength (Olsen and Sommers, 1982).  221 

Microbial biomass C (MBC) and N (MBN) were measured using the chloroform 222 

fumigation- K2SO4 extraction method (Vance et al., 1987). One 15 g fresh soil sample 223 

was extracted with 40 ml 0.05 M K2SO4 solution, while another 15 g fresh soil sample 224 

was fumigated by ethanol-free chloroform in a vacuum desiccator in the dark for 48 h 225 

and then extracted with the same solution. Total organic C and total N of the extracts 226 

were analyzed on a TOC/TN analyzer (Shimadzu, TOC-Vcsh, TNM-1, Kyoto, Japan). 227 

MBC and MBN were calculated as the difference in total organic C and total N between 228 

the fumigated and non-fumigated soils adjusted by conversion factors of 0.45 and 0.54, 229 

respectively (Brookes et al., 1985). The remaining extracts were oven-dried at 60 ℃, 230 

grounded, and measured for δ13C on the IRMS. Microbial biomass P (MBP) was 231 

measured using the chloroform fumigation-NH4F-HCl extraction method (Brookes et 232 

al., 1982). Fresh soil sample (3 g) was extracted in 20 ml 0.03 N NH4F with 0.025 N 233 
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HCl, and another fresh soil sample (3 g) was fumigated by ethanol-free chloroform in 234 

a vacuum desiccator in the dark for 24 h and then extracted as the non-fumigated sample. 235 

The P concentrations of the extracts were measured following the procedure for soil 236 

extractable P as described above. MBP was calculated as the difference in extractable 237 

P between fumigated and non-fumigated samples adjusted by a conversion factor of 0.4 238 

(Brookes et al., 1982).  239 

 240 

2.3. Calculations 241 

 242 

2.3.1. Root-derived CO2, soil-derived CO2, and RPE 243 

Total soil respiration (in mg CO2-C kg-1 soil h-1) in each pot was calculated as the 244 

slope of linear regression using the three CO2 concentrations measured at T0, T1, and 245 

T2, with accounting for the air volume of the chamber and pot, the temperature, and the 246 

dried soil weight. The δ13C value of corresponding total soil respiration was calculated 247 

based on the Keeling plot method where isotope ratios are plotted against the inverse 248 

of CO2 concentrations (Pataki et al., 2003). 249 

Total soil respiration in each planted pot was separated into soil-derived CO2 250 

(microbial decomposition of SOM) and root-derived CO2 (root respiration and 251 

rhizosphere microbial respiration of labile substrates released by roots) using a two-252 

source mixing model (Pausch et al., 2013):  253 

13 13 13 13( ) / ( )S T R T R SC C C C C Cδ δ δ δ= × − −                                (1) 254 

R T SC C C= −                                                            (2) 255 

where CT, CS, and CR are total belowground CO2, soil-derived CO2, and root-derived 256 

CO2 in planted pots, respectively. δ13CT is the measured δ13C value of total belowground 257 

CO2 in planted pots, and δ13CS is the mean δ13C value of soil respiration in unplanted 258 

control pots. We assumed that δ13C values of soil-derived CO2 in planted pots were the 259 

same as that in unplanted pots. Because rhizosphere priming may promote the 260 

decomposition of specific SOM with varying δ13C, the δ13C of soil-derived CO2 in 261 

planted pots may slightly differ from δ13CS, but we expect this difference to be small 262 
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compared to the difference between δ13CS and δ13CR. δ13CR is the δ13C value of root-263 

derived CO2 in planted treatments, which was calculated based on the δ13C value of 264 

root tissue corrected by a fractionation factor of root-derived CO2 relative to root tissue 265 

(-1.74‰ for grass and -2.67‰ for legume, averaged from cited papers, Werth and 266 

Kuzyakov, 2010).  267 

The RPE was calculated as the difference in soil-derived CO2 between planted 268 

treatments and unplanted control: 269 

RPE = CS (planted) – CS (unplanted)                                  (3) 270 

 271 

2.3.2. Root-derived MBC and soil-derived MBC 272 

Total MBC (MBTotal) in each planted pot was separated into soil-derived MBC 273 

(MBSoil) and root-derived MBC (MBRoot) using a two-source mixing model (Shahzad et 274 

al., 2015):  275 

13 13 13 13( ) / ( )Soil Total Root Total Root SoilMB MB C C C Cδ δ δ δ= × − −                    (4) 276 

Root Total SoilMB MB MB= −                                                   (5) 277 

where δ13CRoot is the δ13C value of root tissue in planted pots, δ13CSoil is the mean δ13C 278 

value of soil in unplanted control pots, and δ13CTotal is the δ13C value of total MBC in 279 

planted pots. The latter was calculated using the following equation: 280 

13 13 13( ) / ( )Total f f nf nf f nfC C C C C C Cδ δ δ= × − × −                             (6) 281 

where Cf and Cnf are the total organic C concentrations of fumigated and non-fumigated 282 

extracts in planted pots, respectively, and δ13Cf and δ13Cnf are the δ13C values of Cf and 283 

Cnf, respectively.  284 

 285 

2.3.3. Net soil N and P release for plant uptake 286 

Net soil N and P release for plant uptake in each pot were calculated after 287 

destructive harvest based on plant N and P content, biologically fixed N from the 288 

atmosphere in clover, soil mineral N and extractable P at the end of the experiment, and 289 

soil mineral N and extractable P at the start of the experiment. Net soil N release (Nrelease) 290 

was calculated as: 291 
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min, min,release plant fix end startN N N N N= − + −           (7) 292 

where Nplant is the N content in the total plant biomass (roots and shoots) after day 58 293 

plus the N content in shoot biomass clipped on day 30 and 44, Nfix is the biologically 294 

fixed N in clover, and Nmin, end and Nmin, start are the soil mineral N measured at the end 295 

and start of the experiment, respectively.  296 

Biologically fixed N from the atmosphere (Nfix) in clover treatments was calculated 297 

using the 15N natural abundance approach (Mia et al., 2018):  298 

15 15 15 15( ) / ( )fix clover ryegrass clover ryegrass bnfN N N N N Nδ δ δ δ= × − −                (8) 299 

where Nclover is the amount of total N in clover tissues, including clipped shoots at each 300 

sampling date and roots after day 58, δ15Nclover is the weighted δ15N value of clover 301 

tissues, δ15Nryegrass is the weighted δ15N value of ryegrass tissues, including clipped 302 

shoots at each sampling date and roots after day 58 (used as a reference plant), and 303 

δ15Nbnf is the δ15N value of N-fixing plants completely relying on biological N fixation 304 

(without N uptake from soil), which was estimated as -1.527‰ for clover (Mia et al., 305 

2018).  306 

Net soil P release (Prelease) was calculated as: 307 

r , ,elease plant extr end extr startP P P P= + −             (7) 308 

where Pplant is the P content in the total plant biomass (roots and shoots) after day 58 309 

plus the P content in shoot biomass clipped on day 30 and 44, and Pextr, end and Pextr, start 310 

are the soil extractable P measured at the end and start of the experiment, respectively.  311 

For the planted treatments, “excess net soil N and P release” was also calculated 312 

by subtracting the average total amount of net soil N and P release in unplanted control 313 

from the total amount of net soil N and P release in planted treatments under each P 314 

fertilization level. 315 

 316 

2.4. Statistical analyses 317 

Repeated measures ANOVA analysis was used to test for the main effects of plant 318 

treatments (control, ryegrass, and clover) and P fertilization (with and without P 319 

fertilization), and their interaction, on soil-derived CO2, and to test for the main effect 320 
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of plant species (ryegrass and clover) and P fertilization, and their interaction, on root-321 

derived CO2 and the RPE. The repeated measures ANOVA included a random effect of 322 

date (Day). Two-way ANOVA analysis was used to test for the main and interactive 323 

effects of plant treatment (or species) and P fertilization on soil-derived CO2, root-324 

derived CO2, and the RPE at each sampling time. In addition, two-way ANOVA 325 

analysis was also used to test for the main effects of plant species and P fertilization, 326 

and their interaction, on plant biomass, plant N and P content (for clover this includes 327 

biologically fixed N), plant N acquisition from soil, and root-derived MBC, and to test 328 

for the main effects of plant treatment and P fertilization, and their interaction, on soil 329 

mineral N, soil extractable P, and net soil N and P release for plant uptake. Post hoc 330 

Tukey’s HSD tests were used to compare the differences among means. Pearson 331 

correlation analysis and simple linear regression were used to relate the RPE with 332 

excess net soil N and P release for plant uptake. All statistical analyses were done with 333 

SPSS 20.0. The significance level was set at p < 0.05. 334 

 335 

3. Results 336 

 337 

3.1. Plant biomass, plant N and P content and acquisition from soil 338 

Shoot biomass was significantly affected by plant species and P fertilization at 339 

each sampling time (Tables 1 and 3). Ryegrass had larger shoot biomass than clover by 340 

Day 30, while clover had larger shoot biomass than ryegrass by Day 44 and Day 58 341 

(Table 1). The clipped shoot biomass accounted for 24%, 18%, and 22% of total 342 

biomass in ryegrass and accounted for 8%, 29%, and 41% of total biomass in clover, 343 

respectively (Table 1). Clover showed a larger production of total shoot biomass and 344 

total plant biomass during the experiment, but showed smaller root biomass and ratio 345 

of root to shoot than ryegrass (Table 1). P fertilization significantly increased shoot 346 

biomass of both species by Day 30, but decreased shoot biomass of ryegrass and did 347 

not affect shoot biomass of clover by Day 44 and Day 58 (Table 1). P fertilization had 348 

no significant effect on total shoot, root biomass, total biomass, and the ratio of root to 349 

shoot of both species (Tables 1 and 3).  350 
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Plant N and P content exhibited a similar pattern as plant biomass (Tables 2 and 351 

3). Ryegrass showed larger shoot N and P content than clover by Day 30, while clover 352 

showed larger shoot N and P content than ryegrass by Day 44 and Day 58 (Table 2). 353 

Although having smaller root biomass, clover showed larger root N content than 354 

ryegrass, possibly due to biological N fixation by rhizobia in root nodules of clover. In 355 

the clover treatment, biologically fixed N from the atmosphere accounted for about 37% 356 

of plant N content on average (Fig. 1A). Excluding biologically fixed N, clover still 357 

showed larger plant N acquisition from soil compared to ryegrass (Fig. 1A). P 358 

fertilization significantly increased shoot N content of both species by Day 30, whereas 359 

by Day 44 and Day 58, P fertilization significantly decreased shoot N content of 360 

ryegrass, and did not affect shoot N content of clover (Table 2). P fertilization 361 

significantly increased shoot P content of both species by Day 30 and of clover by Day 362 

44, but did not affect shoot P content of ryegrass by Day 44 and Day 58 (Table 2). When 363 

combined over the whole growth period, P fertilization significantly decreased plant N 364 

acquisition from soil, but increased plant P content (Figs. 1A and 2A).  365 

 366 

3.2. Root-derived CO2, soil-derived CO2, and RPE 367 

Root-derived CO2 was significantly affected by plant species, P fertilization, 368 

sampling time, and their interactions (Fig. 3A). Ryegrass exhibited larger root-derived 369 

CO2 than clover by Day 30, while clover exhibited larger root-derived CO2 than 370 

ryegrass by Day 44 and Day 58, similar to their shoot biomass (Table 4 and Fig. 3A), 371 

but despite a smaller root biomass compared to ryegrass by Day 58 (Table 1). P 372 

fertilization significantly increased root-derived CO2 of both species by Day 30. 373 

However, P fertilization significantly decreased root-derived CO2 of ryegrass by Day 374 

44 and Day 58 (Table 4 and Fig. 3A), which aligned well with shoot biomass and shoot 375 

N content in response to P fertilization (Tables 1 and 2).  376 

RPE was significantly affected by plant species, sampling time and their 377 

interaction, and by P fertilization (Fig. 3B). Both species caused larger soil-derived CO2 378 

than the unplanted control (Table S1), indicating positive RPEs, except for the clover 379 

treatment without P fertilization by Day 30 (Fig. 3B). Ryegrass exhibited a larger RPE 380 
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than clover by Day 30 (41% vs. 1%), while clover exhibited a larger RPE than ryegrass 381 

by Day 44 (51% vs. 22%) and Day 58 (117% vs. 13%) (Table S1 and Fig. 3B). P 382 

fertilization did not significantly affect the RPE by Day 30 and the RPE of clover by 383 

Day 44 and Day 58, but significantly decreased the RPE of ryegrass by Day 44 and Day 384 

58 (Table 4 and Fig. 3B).  385 

 386 

3.3. Microbial biomass C (root- and soil-derived MBC), microbial biomass N, and 387 

microbial biomass P 388 

Total MBC was significantly greater in planted treatments, and soil-derived MBC 389 

was significantly greater in clover than in the unplanted control, while root-derived 390 

MBC was similar between ryegrass and clover treatments (Fig. 4). P fertilization 391 

substantially increased total MBC across the two species (Fig. 4A), mainly due to a 392 

significant increase of root-derived MBC with P fertilization (Fig. 4C).  393 

The MBN was similar between ryegrass and clover treatments and higher in both 394 

species than in the unplanted control (Table 5). The MBP did not significantly differ 395 

among the two species and the unplanted treatments (Tables 4 and 5). P fertilization 396 

significantly increased MBN in ryegrass and clover treatments, but did not affect MBN 397 

in the unplanted treatment (Table 5). P fertilization marginally increased MBP across 398 

the two species and the unplanted treatments (Tables 4 and 5).  399 

 400 

3.4. Mineral N, extractable P, net soil N and P release 401 

Soil mineral N and extractable P were significantly lower in planted treatments 402 

than in the unplanted control, possibly due to large plant N and P acquisition from soil 403 

in ryegrass and clover (Figs. 1 and 2). Although clover exhibited larger plant N and P 404 

acquisition from soil than ryegrass, soil mineral N and extractable P did not differ 405 

between the two species (Figs. 1B and 2B). P fertilization significantly increased soil 406 

extractable P (Fig. 2B), but did not significantly affect soil mineral N (Fig. 1B).  407 

Net soil N release was larger in planted treatments than in the unplanted control, 408 

except for the ryegrass treatment with P fertilization (Fig. 1C). Clover caused a larger 409 

net soil N release than ryegrass (Fig. 1C). P fertilization significantly decreased net soil 410 
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N release in ryegrass and clover treatments, but did not significantly affect net soil N 411 

release in the unplanted control (Fig. 1C).  412 

Net soil P release was negative in the unplanted control, suggesting net P 413 

immobilization, while net soil P release (or net P mobilization) was positive in planted 414 

treatments, except for the ryegrass treatment with P fertilization (Fig. 2C). Clover 415 

caused a larger net P mobilization than ryegrass, especially without P fertilization (Fig. 416 

2C). P fertilization significantly caused more net P immobilization in the unplanted 417 

control, changed net P mobilization to net P immobilization in ryegrass treatment, and 418 

decreased net P mobilization in clover treatment (Fig. 2C).  419 

 420 

3.5. Correlations between the RPE and excess net soil N and P release 421 

When relating excess net soil N and P release (net soil N or P release in planted 422 

treatments minus average net soil N or P release in the unplanted control) to cumulative 423 

RPE, we did not observe significant linear relationships (R2=0.067, p=0.334; R2=0.007, 424 

p=0.760, respectively, data not shown). However, significant and positive relationships 425 

were found between excess net soil N release and the RPE by Day 58 (R2=0.742, 426 

p<0.001, Fig. 5A), and between excess net soil P release and the RPE by Day 58 427 

(R2=0.505, p=0.002, Fig. 5B) across all planted treatments.  428 

 429 

4. Discussion 430 

 431 

4.1. Species effects on RPE 432 

Consistent with other studies on grassland species (Shahzad et al., 2012; Nie and 433 

Pendall, 2016; Murphy et al., 2017; Lu et al., 2019), both ryegrass and clover induced 434 

positive RPEs in most plant-soil combinations, with the magnitude ranging from -1% 435 

~ 134% compared to the unplanted soil. However, the greater RPE occurred earlier with 436 

ryegrass compared to clover (Fig. 3B). These results suggest that interspecific 437 

differences in the RPE on SOM decomposition depends on plant phenology (Cheng et 438 

al., 2003; Pausch et al., 2013). Initially, ryegrass grew faster than clover (as suggested 439 

by the larger shoot biomass of ryegrass during the first 30 days, Table 1), and may have 440 
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allocated more C to the rhizosphere (as suggested by the larger root-derived CO2 of 441 

ryegrass by Day 30, an indicator for root activity and quantity of rhizodeposits, Fig. 442 

3A). The greater C allocation belowground may have promoted soil C decomposition 443 

thereby causing a larger RPE (Fig. 3B). In contrast, at later stages, the regrowth of 444 

clover was faster than that of ryegrass (Table 1) and allocated more C to the rhizosphere 445 

(Fig. 3A), possibly because of higher C and energy demand for biological N fixation 446 

by rhizobia associated with legumes. This may also have accelerated soil C 447 

decomposition and induced a larger RPE (Fig. 3B). Therefore, the different RPEs of 448 

ryegrass and clover at different stages were likely due to distinct aboveground biomass 449 

regrowth rates, root activity, and quantity of rhizodeposits. Previous studies also 450 

suggested that the RPE on SOC decomposition was tightly related to plant biomass and 451 

quantity of rhizodeposits (Dijkstra et al., 2006; Bengtson et al., 2012; Wang et al., 2016). 452 

Nevertheless, the observation of a larger RPE in clover than in ryegrass during later 453 

stages was in contrast to what we hypothesized. We expected smaller RPEs in clover 454 

than in ryegrass because of a lower demand for soil N. Therefore, clover would need 455 

less rhizodeposition for enhancing SOM decomposition and N release, and instead 456 

could spend more C to support biological N fixation from the atmosphere. Although 457 

clover received about 37% of its N from biological N fixation, it also took up more N 458 

and P from the soil than ryegrass by the end of the experiment (Figs. 1A and 2A), 459 

possibly through a larger RPE. It has also been suggested that a higher substrate quality 460 

of rhizodeposits can increase the RPE by legumes as compared to non-legumes (Cheng 461 

et al., 2003; Zhu and Cheng, 2012; Drake et al., 2013). 462 

The decreased RPE of ryegrass with time may have to do with gradually limited 463 

soil N availability. Although we did not measure soil available N after each shoot 464 

harvest, it could be inferred that the regrowth of ryegrass was N limited from the 465 

decrease of shoot biomass and shoot N content in ryegrass regrowth at later stages 466 

compared to that at early stage, particularly with P fertilization (Tables 1 and 2). In 467 

contrast, the regrowth of clover may be less affected by soil N limitation because of 468 

biological N fixation from the atmosphere, as suggested by the consistent increase of 469 

shoot biomass and shoot N content of clover regrowth with time (Tables 1 and 2). These 470 
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results are somewhat inconsistent with earlier studies on annual crops, perennial 471 

grassland species, or trees (Cheng et al., 2003; Dijkstra and Cheng, 2007; Lu et al., 472 

2019), where the RPEs increased continuously with sampling time until flowering stage 473 

or until the end of the experiment. Possibly, clipping at each sampling time before 474 

measuring soil respiration may more easily cause soil N limitation due to a large amount 475 

of shoot N removal, which in turn influenced microbial decomposition of SOM and 476 

hence the distinct responses of RPE to sampling time of these grassland species. 477 

 478 

4.2. P effect on RPE and interaction with species  479 

In contrast to our second hypothesis, P fertilization decreased the RPE of ryegrass 480 

at later stages, but not that of clover, suggesting that P fertilization and plant species 481 

interactively affected the magnitude of RPE. Initially, P fertilization did not affect the 482 

RPEs of both species, possibly because plants were small and soil available N and P 483 

were relatively high. At later stages, there was still some extractable P left in the planted 484 

soil, but mineral N was depleted (Figs. 1B and 2B). Under this circumstance, P 485 

fertilization substantially enhanced microbial biomass N in both ryegrass and clover 486 

treatments (Table 5), and therefore more N immobilization may have occurred under P 487 

fertilization when there was C supply from root exudates. The P-induced N limitation 488 

due to microbial N immobilization may have intensified competition for N with plant 489 

roots. This competition may have negatively impacted plant growth and root exudation 490 

of ryegrass (Tables 1 and 2, Fig. 3A), thereby decreasing the RPE (Figs. 3B and 6A). 491 

In contrast, the enhanced microbial N immobilization did not negatively impact clover 492 

as much. Possibly, biological N fixation by clover alleviated soil N limitation that would 493 

otherwise constrain plant growth and root exudation (Fig. 6B). Indeed, P fertilization 494 

enhanced the percentage of biologically fixed N in clover when plant N demand from 495 

soil was limited (Fig. 1A). Furthermore, ryegrass exhibited less net soil N release, while 496 

clover still exhibited more net soil N release compared to the unplanted control with P 497 

fertilization (Fig. 1C), further indicating that P-induced microbial N immobilization 498 

with C supply affected ryegrass more than clover in terms of their rhizosphere effects 499 

on SOM decomposition and nutrient release.  500 
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However, these results were in contrast to previous studies where P fertilization 501 

increased the RPEs of barley or wheat (Boilard et al., 2019; Xu et al., 2019). In these 502 

published studies, P fertilization similarly exacerbated soil N limitation, but also 503 

significantly promoted plant growth and root exudation which dominantly controlled 504 

the RPE (e.g., Huo et al., 2017). In contrast, P fertilization in the present case reduced 505 

plant growth and root exudation of ryegrass at later stages, which resulted in the lower 506 

RPE. Possibly, the contrasting effect of P-fertilization on plant growth and root 507 

exudation between our study and the two published studies caused the opposite RPEs 508 

in response to P fertilization. It is also possible that, in the published studies, soil 509 

available N was only moderately limited, so that root exudates could stimulate microbes 510 

to mine for N from SOM (“microbial N mining” mechanism). But, in our study, P-511 

induced N limitation to ryegrass may have been more severe because of the frequent 512 

clipping resulting in a reduced RPE due to the constraints on plant growth and microbial 513 

activity (“competition for N between plants and microbes” mechanism). As ryegrass 514 

and clover are frequently used for grazing, it is expected that clipping shoot biomass 515 

would have similar effects to grazing. Plant clipping could cause (temporary) changes 516 

in belowground CO2 fluxes (including root respiration, exudation and the RPE), but we 517 

are not aware if clipping effects would differ among species and P fertilizer treatments.  518 

Consistent with the enhanced soil MBN, P fertilization also substantially promoted 519 

more root-derived C incorporation into MBC, suggesting that soil microbes preferred 520 

labile root-derived C to recalcitrant SOM-derived C as long as mineral nutrients (such 521 

as P) supply was abundant. Previous studies also showed that P fertilization could 522 

promote microbial growth rate when ample amounts of easily available C and N were 523 

added (Ehlers et al., 2010). As described above, P-induced microbial N immobilization 524 

may cause a strong competition for N between microbes and plants, which in turn 525 

negatively impacts plant growth, root exudation, and further SOM decomposition. On 526 

the other hand, P-induced microbial N immobilization may lead to more microbial 527 

biomass growth from labile root-derived C, and less extracellular enzyme production 528 

to decompose recalcitrant SOM-derived C, thereby decreasing the RPE. This is feasible 529 

given that there may be a trade-off between the formation of microbial biomass and the 530 
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production of relatively N-costly extracellular enzymes (Sterner and Elser, 2002; 531 

Allison, 2005; Shahzad et al., 2015). When microbial N immobilization dominates with 532 

limited mineral N left in soil, C input from root exudates could further enhance 533 

microbial N immobilization from the mineral N pool. Consequently, P-fertilization 534 

indirectly regulates RPEs by influencing microbial N mineralization and/or 535 

immobilization.  536 

 537 

4.3. Relationships between RPE and net soil N and P release 538 

The higher net soil P release in planted treatments compared to the unplanted 539 

control may be attributed to the exudation of organic acid anions (e.g., citrate and 540 

malate). Leguminous species usually have a higher capacity for organic acid anions 541 

secretion to mobilize P from soil compared to non-leguminous species (e.g., 542 

Nuruzzaman et al., 2006), which may have resulted in greater net P release for clover 543 

than for ryegrass (Fig. 2C). Importantly, organic acid anions could also break down 544 

organic-mineral associations and/or displace SOC on mineral surfaces (Kleber et al., 545 

2015), thus leading to an increased priming effect (Keiluweit et al., 2015). This could 546 

explain the significant positive relationship between excess net P release and the RPE 547 

by Day 58 (Fig. 5B). However, the lower or lack of an increase of net N release in 548 

planted treatments compared to the unplanted control (Fig. 1C) suggests that in planted 549 

treatments increased microbial N immobilization occurred in parallel with increased N 550 

mineralization. Further, differences in excess net N release could in a large part be 551 

explained by the differences in the RPE by Day 58 across all plant-soil treatments (Fig. 552 

5A). Several studies have also shown that increased net N mineralization by plants was 553 

positively correlated with RPE (Cheng, 2009; Dijkstra and Cheng, 2009; Zhu and 554 

Cheng, 2012), and microbial organic P mineralization was related to enhanced organic 555 

C decomposition (Achat et al., 2012; Spohn and Kuzyakov, 2013). Overall, our results 556 

suggest that the increase in net soil N and P release by plants can be directly linked with 557 

the magnitude of the RPE on SOM mineralization.  558 

Cumulative RPE was not correlated with excess net soil N or P release across all 559 

plant-soil treatments during the entire experiment (data not shown), although positive 560 
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RPE was observed at individual sampling times. Possibly, there was a time lag between 561 

the RPE and nutrient release made available to plants. Initially, the RPE may not have 562 

benefitted plants in terms of nutrient uptake, because nutrient availabilities were 563 

relatively high in this period and plant nutrient demand was perhaps not limited by 564 

rhizosphere priming effects on SOM decomposition. Instead, the N and P released from 565 

SOM via the RPE at an early stage may have either been retained in the increased 566 

microbial biomass or were not immediately taken up by plants. Only when soil nutrients 567 

(especially N) became more limited due to increased plant growth during later stages 568 

did the RPE benefit both microbes and plants in terms of N and P uptake. Due to the 569 

shorter life cycle of microbes (i.e., higher microbial biomass turnover) compared to 570 

plant roots, the nutrients taken up by microbes will be eventually returned to the soil 571 

solution, and subsequently be captured by plants. Overall, our results support the 572 

emerging view that the RPE is an indirect co-evolved mutualism providing benefits to 573 

both plants and rhizosphere microbes (Cheng et al, 2014). 574 

 575 

4.4. Implications for soil C, N and P dynamics 576 

Our results suggest that SOC decomposition can be enhanced by the RPE of 577 

grassland species, and the magnitude of RPE can be directly linked to soil nutrient 578 

availability and plant nutrient acquisition. The rates of primed C decomposition were 579 

0.03 and 0.28 mg C kg-1 soil h-1 in ryegrass and clover treatments by the end of the 580 

experiment, respectively. Meanwhile, the excess net soil N release were -5.2 and 61.7 581 

mg pot-1, and the excess net soil P release were 11.4 and 18.0 mg pot-1 in ryegrass and 582 

clover treatments, respectively. Therefore, besides N, the increase in SOC 583 

decomposition induced by the RPE may also increase P mobilization and plant P 584 

acquisition. Further studies should focus more on how root exudates and rhizosphere 585 

microbes mediate soil P mobilization as well as soil C mineralization, which is crucial 586 

for better understanding biogeochemical processes in response to global climate change.  587 

In conventional frameworks, decomposable organic C and mineral N are 588 

considered to be the most important soil factors in mediating the direction and 589 

magnitude of RPE (Kuzyakov, 2002). Moreover, the mechanisms of RPE can switch 590 
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depending on the different amounts of decomposable organic C and mineral N 591 

(Kuzyakov, 2002; Dijkstra et al., 2013). Here, we put forward a new framework that C-592 

N-P interactively affects the RPE: P fertilization coupled with C supply from root 593 

exudates could induce microbial N immobilization, thereby reducing the RPE of non 594 

N-fixing grasses when soil N limitation negatively affects plant growth and root 595 

exudation; P-induced microbial N immobilization does not affect the RPE of N-fixing 596 

legumes, however, because biological N fixation can alleviate soil N limitation and its 597 

negative effects on plant growth and root exudation (Fig. 6). These results demonstrate 598 

the importance of C-N-P interactions for understanding the RPE, and of equal 599 

significance is that the RPE is not only key to C and N but also to P cycling in plant-600 

soil systems.  601 
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Table 1 Shoot, root, and total biomass, and root-to-shoot ratio of ryegrass and clover 783 

with and without P fertilization (T1, Day 30; T2, Day44; T3, Day 58). Values are shown 784 

as mean ± SE (n=4).  785 

Treatments T1-shoot 

(g pot-1) 

T2-shoot 

(g pot-1) 

T3-shoot 

(g pot-1) 

Total shoot 

(g pot-1) 

Root  

(g pot-1) 

Total  

(g pot-1) 

Root/Shoot 

Ryegrass - P 2.44±0.12b 2.85±0.26b 3.81±0.21b 9.10±0.32b 5.13±0.34ab 14.22±0.46b 0.57±0.04a 

Ryegrass + P 4.53±0.07a 2.26±0.03c 2.60±0.19c 9.39±0.15b 5.34±0.37a 14.73±0.45b 0.57±0.04a 

Clover - P 1.06±0.08d 5.38±0.07a 8.02±0.44a 14.46±0.54a 4.52±0.19ab 18.98±0.73a 0.31±0.00b 

Clover + P 1.74±0.15c 5.42±0.03a 7.48±0.29a 14.65±0.21a 4.03±0.25b 18.68±0.47a 0.27±0.01b 

 786 
  787 
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Table 2 Plant N and P content in shoot and root biomass of ryegrass and clover with 788 

and without P fertilization (T1, Day 30; T2, Day44; T3, Day 58). Values are shown as 789 

mean ± SE (n=4).  790 

Treatments Plant N    Plant P    

 T1-shoot N  

(mg pot-1) 

T2-shoot N  

(mg pot-1) 

T3-shoot N 

(mg pot-1) 

Root N  

(mg pot-1) 

T1-shoot P 

(mg pot-1) 

T2-shoot P 

(mg pot-1) 

T3-shoot P 

(mg pot-1) 

Root P  

(mg pot-1) 

Ryegrass - P 65.6±1.8b 58.4±5.0b 57.5±5.0b 59.3±3.4b 2.66±0.15b 3.72±0.28c 6.31±0.28b 5.13±0.30a 

Ryegrass + P 101.4±4.3a 28.6±1.8c 31.5±1.2b 52.3±4.1b 4.96±0.17a 3.70±0.09c 6.44±0.47b 4.29±0.20a 

Clover - P 30.2±1.8c 101.0±1.2a 194.2±9.7a 132.9±8.2a 1.22±0.16c 6.69±0.27b 14.67±0.98a 4.43±0.21a 

Clover + P 54.5±3.6b 98.3±1.8a 188.1±7.2a 126.4±11.4a 2.01±0.17b 8.19±0.24a 14.83±0.35a 4.97±0.38a 

 791 
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Table 3 Two-way ANOVA p-values for plant biomass, plant N and P content (T1, Day 30; T2, Day44; T3, Day 58). 793 

 T1-shoot 

biomass 

T2-shoot 

biomass 

T3-shoot 

biomass 

Shoot 

biomass 

Root 

biomass 

Total 

biomass 

Root/Sho

ot 

T1-shoot 

N  

T2-shoot 

N  

T3-shoot 

N  

Root N  T1-shoot 

P  

T2-shoot 

P  

T3-shoot 

P  

Root P  

Species <0.001 <0.001 <0.001 <0.001 0.007 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.976 

P <0.001 0.066 0.012 0.497 0.659 0.849 0.594 <0.001 <0.001 0.031 0.382 <0.001 0.008 0.810 0.605 

Species × P <0.001 0.039 0.276 0.877 0.262 0.469 0.540 0.084 0.001 0.157 0.974 0.001 0.006 0.987 0.029 

 794 
 795 
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Table 4 Two-way ANOVA p-values for root-derived CO2, RPE, microbial N, and 796 

microbial P (T1, Day 30; T2, Day44; T3, Day 58). 797 

 T1-root-

derived 

CO2 

T2-root-

derived 

CO2 

T3-root-

derived 

CO2 

T1-RPE T2- RPE T3- RPE Microbial N Microbial P 

Species <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.146 

P <0.001 0.008 0.024 0.502 0.138 0.002 <0.001 0.068 

Species × P 0.073 0.003 0.003 0.223 0.020 0.014 0.098 0.242 

 798 
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Table 5 Microbial N and P at the end, soil mineral N and extractable P at the start of 800 

the experiment in the soil of unplanted control, ryegrass, and clover treatments with and 801 

without P fertilization. Values are shown as mean ± SE (n=4). 802 

Treatment Microbial N (mg 

N kg-1 soil) 

Microbial P (mg P 

kg-1 soil) 

Soil mineral N at 

the start (mg N 

kg-1 soil) 

Soil extractable P 

at the start (mg P 

kg-1 soil) 

Control - P 8.4±0.9c 14.2±1.9a 58.0±1.8 8.7±0.4 

Control + P 9.6±0.6c 14.3±1.7a 62.8±7.7 16.4±1.1 

Ryegrass - P 36.1±2.4b 14.7±2.2a — — 

Ryegrass + P 42.0±0.8a 20.4±1.5a — — 

Clover - P 35.9±1.2b 15.3±1.4a — — 

Clover + P 42.3±0.8a 17.1±0.5a — — 

 803 
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Figure captions:  805 

 806 

Fig. 1. Plant N content (A), soil mineral N (B), and net soil N release (C) for unplanted, 807 

ryegrass, and clover treatments with and without P fertilization at the end of the 808 

experiment. For clover, plant N content is further separated into plant N acquisition 809 

from the soil (“Soil-derived N”) and biologically fixed N (“Fixed N”, shaded bars). 810 

Sub-legend shows ANOVA p-values. Different letters indicate significant differences 811 

among treatments. Error bar indicates one standard error of the mean.  812 

 813 

Fig. 2. Plant P content (A), soil extractable P (B), and net soil P release (C) for unplanted, 814 

ryegrass, and clover treatments with and without P fertilization at the end of the 815 

experiment. Sub-legend shows ANOVA p-values. Different letters indicate significant 816 

differences among treatments. Error bar indicates one standard error of the mean.  817 

 818 

Fig. 3. Root-derived CO2 (A) and RPE (B) under ryegrass and clover treatments with 819 

and without P fertilization 30, 44, and 58 days after planting. Sub-legend shows 820 

ANOVA p-values. Different letters indicate significant differences among treatments at 821 

each sampling time. Error bar indicates standard error of the mean. 822 

 823 

Fig. 4. Microbial biomass C (MBC, A), soil- (B) and root-derived MBC (C) under 824 

unplanted, ryegrass, and clover treatments with and without P fertilization at the end of 825 

the experiment. Sub-legend shows ANOVA p-values. Different letters indicate 826 

significant differences among treatments. Error bar indicates one standard error of the 827 

mean.  828 

 829 

Fig. 5. Linear correlations between RPE 58 days after planting and net soil N (A) and 830 

P (B) release in excess of control during the entire experiment under ryegrass and clover 831 

treatments with and without P fertilization.  832 

 833 

Fig. 6. A new framework showing C-N-P interactions on the RPE. Different colors are 834 

used to indicate the C (black), N (red) and P (blue) flows. The direction of each arrow 835 

indicates the logical follow and the relative thickness of each arrow-line indicates the 836 

relative strength of the linkage. Specifically, P fertilization coupled with C input from 837 

root exudates enhances microbial N immobilization from mineral N into microbial 838 

biomass, which reduces the RPE of non N-fixing grasses when soil N limitation 839 

negatively impacts plant growth and root exudation (A). In contrast, P-induced 840 

microbial N immobilization does not affect the RPE of N-fixing legumes because their 841 



35 
 

biological N fixation alleviates N limitation for plant growth (B). As a result, net N 842 

immobilization and small RPEs predominate in grasses with P fertilization, while net 843 

N mineralization and relatively large RPEs predominate in legumes with P fertilization.  844 
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Fig. 1.  847 
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Fig. 2.  850 
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Fig. 3.  853 
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Fig. 4.  856 
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Fig. 5.  859 
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Fig. 6.  862 
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