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 29 

Abstract 30 

Purpose. This study is aimed to develop a model of priming effect (accelerated mineralisation of soil 31 

organic matter (SOM)) induced by root exudate input into nitrogen (N) limited rhizosphere soil as a 32 

typical case for most terrestrial ecosystems. This ecologically important process in the functioning of 33 

the “plant-soil” system was parameterized for temperate and boreal forests. 34 

Methods. A model of priming effect has been developed based on the concept of N mining to making 35 

up for the N scarcity in exudates by accelerating SOM mineralisation. Lacking N for microbial growth 36 

is mined from the SOM mineralisation considering C:N ratio of soil. The model has a built-in food 37 

web module, which calculates soil fauna feeding on microorganisms, the release of by-products of 38 

faunal metabolism and mineral N used for root uptake. 39 

Results. The model verification demonstrated the similar order of the priming effect as in the 40 

published experiments. Testing at the pedon level revealed a high sensitivity of the model to N content 41 

in root exudates. Testing of the model at the ecosystem level revealed that CO2 emission from the 42 

priming can reach 25–30% of CO2 emission from the whole Ah horizon of forest soil. The same 43 

intensities were simulated for the fauna-derived N released within the rhizosphere. 44 

Conclusion. The new model reflects important ecological consequences of the main target function 45 

of priming effects within the “plant – soil – microorganisms – fauna” system – the microbial 46 

acceleration of C and N cycling in the rhizosphere and detritusphere to mobilise mineral N for plants. 47 

 48 

Keywords: Priming effect modelling, Root exudates, Rhizosphere interactions, Nitrogen mining, Soil 49 

food web, Available nitrogen 50 

 51 

Introduction 52 

Crucial processes of plant-soil interactions in the rhizosphere (ones that directly influence soil 53 

volume around roots) are priming effects (Cheng et al. 2014; Huo et al. 2017; Kuzyakov 2002). The 54 

rhizosphere priming effect (hereinafter referred as PE or “priming”) represents an increase of 55 

microbial activity by utilization of readily available organic substrates (root exudates and other 56 

rhizodeposits) released from living roots leading to acceleration or retardation of soil organic matter 57 

(SOM) decomposition (Cheng et al. 2014; Qiao et al. 2016; Zhuravleva et al. 2018). 58 

Root exudates (hereinafter “exudates”) represent a part of plant net primary productivity 59 

(NPP) and are a component of rhizodeposition (Dennis et al. 2010; Haichar et al. 2008; Lynch and 60 

Whipps 1990). The exudation is dependent upon species-specific and environmental factors such as 61 

plant physiology and age, roots surface area, nutrients content in roots and rhizosphere soil, and 62 
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atmospheric CO2 concentration, among others. According to estimates (Grayston et al. 1996; Jones 63 

et al. 2009; Phillips et al. 2008), the total amount of exudates varies between 1.0 and 12.0% of the net 64 

fixed carbon (C), which is a notable part of the total C input in terrestrial ecosystems. Quantitative 65 

assessment of the organic C flows in the system of “exudates – microorganisms – rhizosphere SOM” 66 

is evaluated by 13C or 14C labeling and tracing, mainly under controlled conditions with annual plants 67 

or tree seedlings (Bengtson et al. 2012; Dijkstra and Cheng 2007; Jones et al. 2009). Studies focused 68 

on capturing and direct measurements of exudation from forest trees in situ are very rare (Phillips et 69 

al. 2008; Sommer et al. 2016). 70 

The input of readily assimilated organic substances (such as free sugars, amino acids, or 71 

organic acids) in the rhizosphere triggers soil biota for an increase of SOM mineralisation and 72 

acceleration of nutrient release, primarily nitrogen (N), available for plant roots (Bais et al. 2006; 73 

Dijkstra and Cheng 2007; Guyonnet et al. 2018). The majority of these PE mechanisms are related to 74 

the modifications of microbial activities and functioning: extracellular enzyme synthesis leading to 75 

SOM mineralisation; acceleration of microbial metabolism, consumption of microorganisms by soil 76 

fauna, change of microbial community structure and activation of various microbial groups 77 

(Blagodatskaya and Kuzyakov 2008). The existing concepts of PE mechanisms emphasise the 78 

activation of microbial metabolism to accelerate the SOM mineralisation to fill the N deficit in 79 

exudates for microbial growth and activity (Fontaine et al. 2003; Mason-Jones and Kuzyakov 2017; 80 

Wild et al. 2019). Nitrogen release by accelerating the SOM mineralisation (“N mining”) is 81 

considered as an important integrative mechanism of priming effects (Fontaine et al. 2011). 82 

All above assumes that coupling between root exudates, C and N availability and SOM 83 

decomposition stimulated by PE, has to be taken into account in modelling C and N cycling in soils 84 

and ecosystems, especially under climate or land-use changes. Incorporation of PE mechanisms into 85 

soil and ecosystem models is needed to precisely simulate trajectories of plant production and soil C 86 

storage under future conditions (Dijkstra et al. 2020; Perveen et al. 2014). 87 

The first attempt for priming modelling was done more than 40 years ago (Parnas 1976), 88 

where a general accent was made on the role of microbial activity. Until now, a dominating approach 89 

in the PE modelling is a reproduction of the priming phenomenon similar to laboratory experiments 90 

with the main focus on C fluxes, soil microbial growth and activity (Blagodatsky et al. 2010; Cheng 91 

et al. 2014; Wutzler and Reichstein 2013). 92 

The alternative approach in PE modelling assumes the use of the ecological stoichiometry 93 

concept coupling with a theory of resource availability considering nutrient demands of 94 

microorganisms and plants (Cleveland and Liptzin 2007; Frost et al. 2005; Schimel and Weintraub 95 

2003). We suppose this point of view is more suitable to model PE depending on the exudate release 96 
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into soil at the ecosystem scale (plant – soil system). We simulated the C and N cycles in the 97 

rhizosphere, including C input and sequestration as well as mineral N release and cycling, as 98 

important priming functions in nutrient-limited ecosystems. 99 

This study is aimed to develop a model of priming induced by root exudate input into N-100 

limited soil, which is a typical case for most natural terrestrial ecosystems in temperate and boreal 101 

zones. The developed model can be a module linked with the SOM and terrestrial ecosystem models, 102 

where this pattern of plant – soil interactions is still not considered (Bengtson et al. 2012; Komarov 103 

et al. 2017; Sándor et al. 2020). In addition to calculating the CO2 flux due to the mineralisation of 104 

various sources, the combination of SOM and priming models allowed the estimation of the 105 

contribution of microbial growth induced by exudate input to produce SOM and available N in food 106 

webs of soil biota. 107 

 108 

Materials and methods 109 

Model description 110 

The main postulates when compiling the priming model were as follows: (a) the released root 111 

exudates are fully consumed by MO within 1–5 days (Ekblad and Högberg 2001; Liu et al. 2019); 112 

(b) microbial growth due to exudates is limited by the lack of N, and part of the exudates C remains 113 

without N for microbial growth (Chen et al. 2019); (c) this N limitation is compensated by N mining 114 

from the SOM (Chen et al. 2014; Cui et al. 2020; Fontaine et al. 2011); and (d) the built-in food web 115 

procedure in the model calculates consumption of microorganisms by soil fauna, whereas the released 116 

products of faunal metabolism and especially mineral N, can be used by plants (Clarholm 1985, 1989, 117 

Holtkamp et al. 2011). 118 

The model has a daily time step, and it is valid for PE induced by exudate input into the soil 119 

with N deficiency, which takes place in a vast majority of natural soils of temperate climate. In 120 

addition to simulate the dynamics of SOM and microbial biomass, the model includes a food web 121 

module by the approach of Chertov et al. (2017). The food web module assesses available N and 122 

SOM production at the food web functioning. The structure of the model is represented in Fig. 1. 123 

The N pool in the exudates is not enough to use all C for microbial growth. For instance, 124 

according to the data by Kuzyakov et al. (2007), exudates contain 15% amino acids, which correspond 125 

to 1.25% N and C:N = 40 in the whole material. We assume the microorganisms are consuming all 126 

the exudate N, and, therefore, microbial biomass growth due to this N can be defined as: 127 𝐺𝑟𝑒 = 𝑁𝑟𝑒 × 𝐶𝑁𝑚𝑜 × 𝐴𝑚𝑜 , (1) 

where Gre is the growth of microbial biomass C, CNmo is the C:N ratio of microbial biomass, Nre is 128 

the N pool in exudates, and Amo is the assimilation efficiency of the exudate N by microorganisms. In 129 
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the model, Amo is equal to 1.00 (Holtkamp et al. 2011). 130 

The C:N ratio of microbial biomass was determined by the function compiled according to 131 

data of Chertov et al. (2017): 132 𝐶𝑁𝑚𝑜 = 𝐶𝑁𝑏𝑎𝑐𝑡  + (𝐶𝑁𝑓𝑢𝑛𝑔  −  𝐶𝑁𝑏𝑎𝑐𝑡)(1 +  𝑒𝑥𝑝(−0.49 ∗  (𝐶𝑁𝑆𝑂𝑀  −  13.23))), (2) 

where CNSOM is a rhizosphere soil C:N ratio, CNbact is a C:N ratio of bacteria community (taken equal 133 

to 5) and CNfung is a C:N ratio of fungi community (taken equal to 11). 134 

A substantial part of the exudate C is used for respiration during microbial growth: 135 𝑅𝑟𝑒 = 𝐺𝑟𝑒 × (1 − 𝑃𝑒𝑓𝑓)𝑃𝑒𝑓𝑓 , (3) 

where Rre is the respiration for microbial growth and Peff is the production efficiency of 136 

microorganisms (as used in soil food web studies; Peff corresponds to the “carbon use efficiency”, 137 

CUE, in microbiology). These eco-physiological parameters of C assimilation are tightly linked 138 

(Rre + Peff = 1.0). In the model, Peff is equal to 0.30 (Holtkamp et al. 2011) that is lower than CUE in 139 

most short-term experiments (Dijkstra et al. 2015; Geyer et al. 2019) because longer time periods are 140 

considered in the model. 141 

The rest of exudates that cannot be used for microbial growth due to N deficiency is 142 

determined by the following function: 143 𝐸𝑟𝑒 = 𝐶𝑟𝑒 − 𝐺𝑟𝑒 − 𝑅𝑟𝑒, (4) 

where Ere is the remains of exudates after consumption for microbial growth and Cre is the exudates 144 

pool. 145 

Part of the exudates remains in the soil after the consumption of all N for microbial growth. 146 

The new microbial biomass, after the use of exudate N, accelerates the mineralisation of the 147 

rhizosphere SOM and thus the N release, which is actually “N mining”. We assume that due to N 148 

mining, the rest of exudates will be used for additional microbial growth, Gexc, and for growth 149 

respiration, Rexc: 150 𝐺𝑒𝑥𝑐 = 𝐸𝑟𝑒 × 𝑃𝑒𝑓𝑓 , (5) 𝑅𝑒𝑥𝑐 = 𝐸𝑟𝑒 × (1 − 𝑃𝑒𝑓𝑓), (6) 

where Peff is defined above. 151 

It follows that N mining itself, NM, can be represented as follows: 152 𝑁𝑀 = 𝐺𝑒𝑥𝑐𝐶𝑁𝑚𝑜 × 𝑁𝑀𝑒𝑓𝑓. (7) 

Since the experimental data on N mining rate is insufficient, a calibration factor of N mining 153 
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efficiency, NMeff (0 … 1.0) was introduced to reduce N mining in a case of impossibility to cover all 154 

N demand of the remaining exudates for surplus of microbial growth. 155 

The acceleration of rhizosphere SOM mineralisation for N mining is calculated as: 156 𝑅𝑛𝑚 = 𝑁𝑀 × 𝐶𝑁𝑆𝑂𝑀, (8) 

where Rnm is an additional respiration C used for PE, and CNSOM is defined above. 157 

Calculated microbial biomass enters the module of the food web (FW), described in detail by 158 

Chertov et al. (2017). In this procedure, microorganisms are consumed by “microbial grazers” 159 

(protozoans, nematodes and microarthropods) with ammonium release used for root uptake 160 

(Clarholm 1985, 1989; Holtkamp et al. 2011). This trophic level serves as food for the upper food 161 

web levels, where microbial grazers are consumed by soil mesofauna with the formation of 162 

excrements and necromass, which are returning to SOM. 163 

Finally, the priming effect is calculated as carbon of all respiration flows: 164 𝑃𝐸𝑡𝑜𝑡 = 𝑅𝑟𝑒 + 𝑅𝑒𝑥𝑐 + 𝑅𝑛𝑚 + 𝑅𝑓𝑤, (9) 

where Rfw is the faunal respiration in soil food webs; the others are described above. It should be 165 

emphasised that the term of this equation, 𝑅𝑛𝑚, represents a “net” priming, i.e. an excessive soil 166 

respiration when the microorganisms are activated to mine nitrogen in the SOM of the rhizosphere. 167 

The mineralisation rates of exudates and SOM were set at 0.50 (Gunina and Kuzyakov 2015; 168 

Jones et al. 2005) and 0.00018 day−1 (Komarov et al. 2017), respectively. Correction factors for the 169 

influence of temperature and moisture on the mineralisation rates are taken from Komarov et al. 170 

(2017). Other model parameters are summarized in Table 1. The software implementation of the 171 

model was made in Pascal programming language in the Lazarus 2.0.6 IDE. 172 

 173 

Verification 174 

Model verification was carried out using experimental data of two studies (Blagodatsky et al. 175 

2010; Qiao et al. 2016), where whole PE was determined by the 13C or 14C isotopic labelling in the 176 

experiments in controlled conditions. One study was performed with agricultural soil in a temperate 177 

climate (the Ah horizon of a loamy Haplic Luvisol, Corg = 2.4%, C:N = 12); the other one was 178 

performed with forest soil in subtropical climate (the Oa and Ah horizons of Alfisols, Corg = 42.5 and 179 

10.5%, C:N = 19 and 16, respectively). The initial data, temperature and soil moisture for the model 180 

run were identical to the data used in the experiments. 181 

 182 

Scenarios of model runs 183 

Testing at the pedon level 184 

Model testing was performed at temperature 20ºC and soil volumetric moisture of 60% with 185 
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a set of runs by the matrix [exudate input] × [exudate C:N] with exudate input from 0.5 to 186 

2.0 g [C] m−2 day−1 and for their C:N range from 10 to 80 reflecting its possible minimal and maximal 187 

values. The stocks of C and N in rhizosphere soils considered only in a small volume around the roots 188 

were 3.22 and 0.23 kg m−2, respectively. Model parameters are listed in Table 1. 189 

 190 

Testing at the ecosystem level 191 

The model was tested at the ecosystem level with the data from the mixed forest in the 192 

southern boreal zone of Eastern Europe (Chertov et al. 2011). The average NPP of tree stands was 193 

estimated as 0.375 kg [C] m−2 year−1. The soil was Moder loamy Retisol of well-drained moraine 194 

plain. The growing season duration was 225 days. 195 

The simulation was run for conditions of midsummer for 30 days. The soil temperature was 196 

set at 16°C with optimal soil moisture. Two rates of root exudation were simulated to reflect a spatial 197 

mosaic of plant communities in mixed forest. The first one was calculated on the basis of the data for 198 

25-years pine plantation (Phillips et al. 2008), where root exudate flow was estimated as 3% of the 199 

NPP. It corresponds to 3 g [C] m−2 month−1 based on the NPP data from Chertov et al. (2011). This 200 

value was considered as a minimal estimate. The second rate of exudate flow reflects a higher 201 

magnitude of 15 g [C] m−2 month−1 for 0–15 cm layer that was shown in the experiment with 6-month 202 

coniferous seedlings (Bengtson et al. 2012). The value of 15 g [C] m−2 month−1 was assumed to be a 203 

maximal estimate. 204 

The exudate and the SOM mineralisation rates in bulk and rhizosphere soil were the same as 205 

in Section “Model description”. The rate of microbial biomass consumption by soil fauna of food 206 

webs was estimated at 0.15 day−1 for bacteria and 0.06 day−1 for fungi (Chertov et al. 2017; Coleman 207 

1994; de Vries et al. 2013). Initial data for testing on the ecosystem level are presented in Table 1. 208 

Two options of exudates input were used: (a) one pulse at the start of the model run was used for the 209 

verification and testing at the pedon level, and (b) everyday input as takes place in natural conditions 210 

was used for the testing at the ecosystem level. 211 

 212 

Results 213 

Model verification 214 

The model demonstrated the same order of PE intensities as in the experiments. However, the 215 

full consistency of the simulation results with experimental data was not observed. In the case of full 216 

N mining efficiency (k = 1), the model overestimates the experimental results by 1.2 to 1.6 times but 217 

without significant difference between experimental and modelled data (Fig. 2). 218 

The results of the model runs showed some peculiarities of the model behaviour. The PE 219 
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clearly depends on the N mining to make up for its deficit for microbial growth (varying by the N 220 

mining efficiency by factor k = 0 … 1). The share of microbial biomass N due to N mining from 221 

rhizosphere SOM was 51% at the efficiency factor k = 1.0 and 35% at k = 0.5, which clearly shows 222 

the importance of N mining for microbial life. The SOM mineralisation rate in the rhizosphere after 223 

the exudate input was accelerated for 3–15 times compared to bulk soil due to N mining. 224 

 225 

Model testing on the pedon level 226 

A set of model runs on the level of a single profile with the variation of exudate and microbial 227 

community parameters showed interesting results on the influence of several factors on PE. These 228 

results revealed similarity between two exudate input patterns at a 20-day simulation: one impulse at 229 

the start of a model run or by continuous input (i.e. on a daily basis) as it takes place in natural 230 

conditions. 231 

In this simulation, the modelled PE were clearly dependent both on the amounts of exudates 232 

entering the soil and especially on their C:N ratios reflecting the exudate richness with N. Fig. 3 233 

shows that CO2 emission by PE can exceed exudate C input by 1−2% (0.02 g [C] m−2) at C:N = 10, 234 

but reaches 60% (1.25 g [C] m−2) at exudates C:N = 80, i.e., the lower the N content in the incoming 235 

exudate is (high C:N ratio), the higher is the PE. 236 

Another picture emerges when comparing the per cent of extra mineralised C due to N mining 237 

to the whole exudates C input (Rnm) with various exudate C:N ratios (Fig. 4). In this case, a close 238 

dependence of Rnm only on the C:N ratio is noted. This dependence is the same at all levels of exudates 239 

inflow. It can be expressed by the following logistic function: 240 𝑅𝑛𝑚𝐶𝑟𝑒 × 100 = 60.01 + 57.0 × 𝑒0.13×𝐶𝑁𝑟𝑒 , (10) 

where CNre is the C:N ratio of exudates (10 < C:N < 80), and 
𝑅𝑛𝑚𝐶𝑟𝑒 × 100 is the Rnm, % of exudates 241 

input (R2 = 0.98). 242 

Model runs were carried out with a range of microbial C:N ratio within the actual values for 243 

bacterial and fungal communities (Cleveland and Liptzin 2007; Sterner and Elser 2002). PE strongly 244 

decreases if the microbial community has a high C:N ratio, which means domination by organisms 245 

with a low N demand (e.g. mainly fungi). In contrast, a microbial community with low C:N has a 246 

high N demand, resulting in a larger PE (Fig. 5). 247 

Finally yet importantly, the amount of N available to plants (mainly ammonia) produced by 248 

food webs is comparable with the N pool in the exudates. Thus, the sum of excessive N at the 249 

“microbial grazers” level of the food web as available for root uptake N plus excrements and 250 

necromass N can exceed the pool of N coming with exudates by 40%. This available N depends 251 
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linearly on the amount of incoming exudates and especially on their N pool. 252 

Thus, N mineralised from SOM (N mining) is used by microorganisms for growth, followed 253 

by the feeding of fauna on microorganisms in food webs with the release of excessive N at the level 254 

of “microbial grazers” and production of N-rich excrements and necromass (Clarholm 2005; 255 

Holtkamp et al. 2011). 256 

 257 

Model testing at the ecosystem level 258 

Model testing at the ecosystem level accounts for both the processes in the rhizosphere soil 259 

and the entire organo-mineral horizon (Ah) of the forest soil. The simulated data on processes 260 

occurring in the rhizosphere with only 1.3% C of the whole Ah horizon are comparable in magnitude 261 

with data across the entire Ah horizon. 262 

Depending on the rate of exudates flow, the CO2 emitted by priming was 15.4 (at maximum) 263 

and 3.2 g [C] m−2 month−1 (at minimum) that is comparable with the CO2 emission from the entire 264 

Ah horizon (36.0 g [C] m−2 month−1). At the same time, the CO2 emission from a small volume of 265 

rhizosphere soil in absence of PE reaches only 0.49 g [C] m−2 month−1. Mineralised carbon from 266 

SOM at N mining (Rnm) amounts for 3–8% of the released exudate carbon. 267 

The rate of organic matter mineralisation reflects active growth and functioning of 268 

microorganisms in the rhizosphere. Microbial biomass growth rates in the rhizosphere (Fig. 6) are 269 

significantly faster than in the root-free soil because of excess of available C in the rhizosphere and 270 

the nearly steady state conditions for microorganisms in the non-rhizosphere soil (Blagodatskaya et 271 

al. 2010, 2014). Microbial biomass in the forest soil of the boreal zone is about 3.5% from the SOM 272 

pool (Chertov et al. 2017) and is 3.15 g [C] m−2 in the rhizosphere soil. With such a C pool of 273 

microbial biomass, the calculated microbial growth can reach up to 5% per day. 274 

At the maximum exudation (15 g [C] m−2 month−1), the amount of N mineralised from SOM 275 

(0.14 g [N] m−2 month−1) and N produced by food webs during priming (0.13 g [N] m−2 month−1) is 276 

comparable with N released from root exudates (0.38 g [N] m−2 month−1). The same dependence 277 

retains for conservative estimate of exudates pool (3 g [C] m−2 month−1). Depending on the rate of 278 

exudates flow, the sum of N fluxes involved in the rhizosphere priming varies between 6–21% of the 279 

total pool of mineralised N during one month in the whole Ah horizon (2.05 g [N] m−2 month−1). 280 

These amounts exceed 5–20 times the N mineralisation in the rhizosphere (0.027 g [N] m−2 month−1) 281 

without exudates input (Fig. 7). 282 

This testing accounted for the entire Ah horizon and the exudate flow from tree roots into the 283 

rhizosphere allowed to estimate C and N fluxes in the forest soil at priming (Fig. 8). It shows a 284 

significant difference in the C and N flows structure at priming functioning. 285 
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 286 

Discussion 287 

The approach proposed here is to model the most common type of rhizosphere PE – N mining 288 

from SOM – when the root exudates enter the soil. The model allows for a quantitative estimation of 289 

general PE data of soil C dynamics (CO2 emission by mineralisation of exudates and SOM) that is a 290 

main aspect in the PE studies (Blagodatsky et al. 2010; Kuzyakov 2002; Mason-Jones and Kuzyakov 291 

2017). The principal point in the model structure was to use the concept of N mining to meet the 292 

microbial demand for growth as a key factor in priming SOM mineralisation. A specific feature of 293 

the simulation approach is the inclusion of a food web module into the model structure (Chertov et 294 

al. 2017; Holtkamp et al. 2011; de Vries et al. 2013), in which soil fauna consumes microbial biomass 295 

and releases mineral N, as well as metabolic by-products, returned to SOM. In fact, the mineral N 296 

production by food webs in priming is the important ecological feedback in the PE functioning 297 

(Clarholm 2005), which answers the question of why plants release some N in nitrogen-limited 298 

environments (Wichern et al. 2007): the additional mineral N mineralisation within PE is comparable 299 

with N excretion with root exudates. This N surplus leads to the improvement of plant nutrition and 300 

an increase in ecosystem stability. 301 

Previously, nearly all PE experiments were done with a start pulse addition of glucose or 302 

exudates (Kuzyakov 2002; Qiao et al. 2016). There are only a few priming effect studies with frequent 303 

or continuous addition of organic compounds (Qiao et al. 2014) or plant growth with continuous 304 

labelling (He et al. 2020; Pei et al. 2020; Zhou et al. 2020). The model calculation of two patterns of 305 

exudates input revealed similarity between excretion as one impulse at the start of a model run or by 306 

everyday input at the 30-day time interval, though this difference takes place at long-term experiments 307 

(Wu et al. 2020). 308 

Model testing showed a fast response of the simulated PE to the N content in exudates (C:N 309 

ratio). The lower the N content of the exudates (high C:N), the higher CO2 emission by priming is, 310 

which follows experimental data (Qiao et al. 2016). Accordingly, the less N in exudates, the higher 311 

the N mining intensity is. The influence of microbial biomass C:N on priming is opposite: the higher 312 

the N demand is (low microbial biomass C:N), the more intensive N mining and PE are to cover N 313 

deficiency. 314 

Ecosystem-scale model testing reflects the situation with a full exudate uptake and utilisation 315 

by microorganisms due to N of exudates and N mining, and full microbial biomass consumption by 316 

the fauna. The simulation results quantitatively assess the contribution of PE to the total CO2 emission 317 

as an important process that can reach up to one third of the CO2 emission from the soil. The impact 318 

of PE on CO2 emission from soil was stronger than on N mineralisation. However, in most soils in 319 
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temperate and boreal forests, N is the main limiting factor determining the trophic status of forest 320 

ecosystems. From this point of view, the impact of priming on the increase of mineral N production 321 

is an ecologically more important process. 322 

So far, N mining has been considered as a significant process in the PE phenomenon, 323 

regulating CO2 emissions (Blagodatsky et al. 2010; Kuzyakov 2002; Zhuravleva et al. 2018). In 324 

contrast to the previous studies, N in this model is also a rate variable driving the transformation 325 

processes through the C:N ratio. This is a new aspect of PE modelling, which has provided an 326 

opportunity to understand the role of PE in terrestrial ecosystems. Based on the results of the model 327 

runs with a 20% increase in mineral N output to the soil as a whole, PE is a mechanism for additional 328 

mineralisation of N stored in SOM. This N is available for the root uptake and nutrition by vegetation, 329 

thus increasing its productivity and stability. This can be interpreted as a “target function” of the 330 

priming effect. 331 

There are some sources of uncertainty in this modelling approach: (a) N mining is presented 332 

as a “black box” without detailed biochemical mechanisms for accelerating SOM mineralisation to 333 

obtain additional N for microbial growth. (b) The used eco-physiological parameters of 334 

microorganisms (assimilation and production efficiency of consumed organic matter) may differ from 335 

the real one. (c) The actual input of root exudates needs to be specified. According to Pausch et al. 336 

(2013), annual production of exudates is 166 kg [C] ha−1 year−1, which corresponds to 337 

0.2 g [C] m−2 day−1 for a 3-month vegetation period. In our simulation, calculating the flow of 338 

exudates as 3% of the net primary productivity in forest ecosystem with the growing season duration 339 

equal to 225 days (Chertov et al., 2011) resulted in a figure of 0.1 g [C] m−2 day−1. (d) Soil 340 

macrofauna respiration of the upper levels of the food web that was not related to SOM mineralisation 341 

(Holtkamp et al. 2011) was not considered. (e) Testing of the model at the ecosystem level was 342 

performed without accounting for fluctuations in soil temperature and moisture common in natural 343 

environment. Therefore, the results of the model runs can be considered as the potential maximum 344 

output of PE. 345 

In the context of further development of PE modelling, some uncertainties should be clarified 346 

when including PE model into the terrestrial ecosystem models. First, the amount of exudates 347 

delivered directly to mycorrhizal symbionts bypassing the soil is necessary to be considered 348 

(Deckmyn et al. 2014; Zhou et al. 2020). On the other hand, ectomycorrhiza is a source of liquid 349 

excreta and enzymes (e.g. chitinase), and easily decomposable N-rich organics (e.g. chitin) remains 350 

after its mortality (Godbold et al. 2006), and consequently, mycorrhiza support the PE functioning. 351 

It should be noted that an important requirement for improving this PE model, which combines 352 

the microbiological and faunal components of soil biota, is to obtain experimental data on the N 353 
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mining, the amount and composition of root exudates as well as mineral N production (Murphy et al. 354 

2015; Zhu et al. 2014). This requires new experimental data to be obtained. 355 

 356 

Conclusions 357 

The proposed priming effect model is based on the concept of nitrogen (N) mining from SOM 358 

combined with a soil food web module. The model testing showed high relevance of the N content 359 

both in root exudates and in microbial biomass. A decrease in the N pool in exudates increased 360 

priming, but a decrease in the N content in microbial biomass has the opposite action – N mining 361 

decrease. The C and N amounts released within the priming are much higher than their amounts in 362 

the root exudates and so, are very relevant N source for plant uptake. Testing the model with linkage 363 

to the entire Ah horizon revealed the high importance of priming at an ecosystem level: CO2 emission 364 

from the priming effect can reach up to 25–30% of CO2 released from the Ah horizon. The production 365 

of mineral N at priming is also comparable with the N input with exudates. This N excess justifies 366 

the root's outflow of N to obtain its additional pool from the rhizosphere for increased plant growth 367 

and stability. In general, model structure and modelling results allow priming simulation under real 368 

environmental conditions. The model is supposed to be valid for a wide range of edaphic conditions 369 

and soils in a boreal and temperate climate. 370 
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Table 1 Parameters of the model and initial data for simulation at the ecosystem level 582 

Model parameters Parameters of modelling site at the ecosystem level 

Name Value Name Value 

Bacteria C:N ratio* 5.0 Soil horizon Ah C pool, kg m−2 6.91 

Fungi C:N ratio* 11.0 Soil horizon Ah N pool, kg m−2 0.49 

Protozoa C:N ratio 7.0 Fine root specific length, m m−2 42.5 

Nematoda C:N ratio 10.0 Fine root diameter, mm 1.5 

Microarthropoda C:N 

ratio 

8.0 Fine root dry weight, kg m−2 0.068 

Bacteria and Fungi:  Diameter of rhizosphere soil tube 

(including root diameter), mm 

7.5 

production 

efficiency 

0.3 Rhizosphere soil C pool, kg m−2 0.0901 

respiration 

efficiency 

0.7 Rhizosphere soil N pool, kg m−2 0.0064 

N mining efficiency, k 0 … 1 Root exudate input, 

kg [C] m−2 day−1 

0.0001 … 0.0005 

Root exudate input, 

g [C] m−2 day−1 

0.5 … 2.0   

Note: The data of Bengtson et al. (2012), Chertov et al. (2011, 2017), Holtkamp et al. (2011), 583 

Kuzyakov (2002), and Phillips et al. (2008) were used. Production efficiency (food web terminology) 584 

corresponds to Carbon Use Efficiency (CUE, microbiological terminology). 585 

*For verification only.  586 
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Figure captions 587 

Fig. 1 Conceptual structure of the priming model to be linked to the SOM model Romul_Hum 588 

(Komarov et al. 2017). State variables are represented by boxes; flows are represented by rounded 589 

boxes. The plant-related components are represented with solid line, the microbial ones with dotted 590 

line, the food web ones with dashed line, the SOM with dash-single dotted line, and the nitrogen (N) 591 

mining processes with dash-triple dotted line. All is in carbon mass units. Root exudates are input 592 

from plant to soil. CO2 emission at mineralisation of exudates and SOM (due to N mining and from 593 

rhizosphere soil) represents priming. Available N and faunal by-products are a feedback from priming 594 

to plant and soil 595 

 596 

Fig. 2 Measured and modelled results of priming effects observed in two sets of experiments. Left 597 

columns are experimental data for agricultural soil (Blagodatsky et al. 2010), and for subtropical 598 

forest soil (Qiao et al. 2016). B – microbial community represented by bacteria only with biomass 599 

C:N ratio 5, F – microbial community represented by fungi only with biomass C:N ratio 11. In the 600 

Cropland data, number of observations is 1, in the forest, it is 16. The bars are standard deviation 601 

 602 

Fig. 3 Simulated effect of extra C mineralisation at priming effect (Rnm in eq. 9) from rhizosphere 603 

SOM depending on the amount of exudate input and their C:N ratio 604 

 605 

Fig. 4 Simulated C-CO2 efflux at priming depending on the exudates input and their C:N ratio as 606 

related to the bulk pool of mineralized C in a whole Ah horizon (input 1.20 g [C] m−2 day−1; SOM 607 

pool 7.00 kg [C] m−2) over 20 days 608 

 609 

Fig. 5 Simulated impact of microorganisms' biomass C:N ratio on nitrogen mining (Rnm in eq. 9) at 610 

priming effect 611 

 612 

Fig. 6 Simulated dynamics of microbial growth at exudate input on ecosystem level testing. MB_RE 613 

– microbial biomass growth using C and N of exudates; MB_mng – the same due to N mining for the 614 

microbial growth using the rest of exudates C 615 

 616 

Fig. 7 Cumulative N mineralization available for root uptake in the rhizosphere. N is mineralized 617 

from two sources: priming N (solid line) and mineralized N in rhizosphere soil (SON) without exudate 618 

input (dotted line). The lag phase in the figure is the effect of the daily time step of model and because 619 

microbial biomass need to growth first before PE can be produced 620 

 621 



21 

Fig. 8 Simulated cumulative carbon and nitrogen fluxes in the tested forest soil (Ah horizon, pools of 622 

soil C and N are 7.00 and 0.49 kg m−2, respectively) with a regular root exudates input (C and N are 623 

0.5 and 0.0125 g m−2 day−1) during 30 days. PEtot and Rnm are total priming and SOM respiration for 624 

N mining, respectively; NM is the N mining. The sum of C and N fluxes is 53 and 2.6 g m−2 month−1, 625 

respectively 626 



Figures

Figure 1

Conceptual structure of the priming model to be linked to the SOM model Romul_Hum (Komarov et al.
2017). State variables are represented by boxes; �ows are represented by rounded boxes. The plant-
related components are represented with solid line, the microbial ones with dotted line, the food web ones
with dashed line, the SOM with dash-single dotted line, and the nitrogen (N) mining processes with dash-
triple dotted line. All is in carbon mass units. Root exudates are input from plant to soil. CO2 emission at
mineralisation of exudates and SOM (due to N mining and from rhizosphere soil) represents priming.
Available N and faunal by-products are a feedback from priming to plant and soil



Figure 2

Measured and modelled results of priming effects observed in two sets of experiments. Left columns are
experimental data for agricultural soil (Blagodatsky et al. 2010), and for subtropical forest soil (Qiao et al.
2016). B – microbial community represented by bacteria only with biomass C:N ratio 5, F – microbial
community represented by fungi only with biomass C:N ratio 11. In the Cropland data, number of
observations is 1, in the forest, it is 16. The bars are standard deviation



Figure 3

Simulated effect of extra C mineralisation at priming effect (Rnm in eq. 9) from rhizosphere SOM
depending on the amount of exudate input and their C:N ratio



Figure 4

Simulated C-CO2 e�ux at priming depending on the exudates input and their C:N ratio as related to the
bulk pool of mineralized C in a whole Ah horizon (input 1.20 g [C] m−2 day−1; SOM pool 7.00 kg [C] m−2)
over 20 days



Figure 5

Simulated impact of microorganisms' biomass C:N ratio on nitrogen mining (Rnm in eq. 9) at priming
effect



Figure 6

Simulated dynamics of microbial growth at exudate input on ecosystem level testing. MB_RE – microbial
biomass growth using C and N of exudates; MB_mng – the same due to N mining for the microbial
growth using the rest of exudates C



Figure 7

Cumulative N mineralization available for root uptake in the rhizosphere. N is mineralized from two
sources: priming N (solid line) and mineralized N in rhizosphere soil (SON) without exudate input (dotted
line). The lag phase in the �gure is the effect of the daily time step of model and because microbial
biomass need to growth �rst before PE can be produced



Figure 8

Simulated cumulative carbon and nitrogen �uxes in the tested forest soil (Ah horizon, pools of soil C and
N are 7.00 and 0.49 kg m−2, respectively) with a regular root exudates input (C and N are 0.5 and 0.0125
g m−2 day−1) during 30 days. PEtot and Rnm are total priming and SOM respiration for N mining,
respectively; NM is the N mining. The sum of C and N �uxes is 53 and 2.6 g m−2 month−1, respectively


