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Abstract 

 

Priming effects (PEs) are defined as short-term changes in the turnover of soil organic 

matter (SOM) caused by the addition of easily degradable organic compounds. The 

direction (positive / negative) and magnitude of PEs in response to organic carbon 

additions are not easy to predict. Yet, PEs are considered to be large enough to influence 

ecosystem carbon fluxes. The main aim of this thesis is to increase the understanding of 

the mechanisms involved in soil PEs, with a particular focus on the role of the quantity and 

quality of added organic substrates, the size of the soil microbial biomass, the soil 

microbial community structure and mineral nitrogen availability. 

The major conclusions are: 

(1)  The degree of resemblance of the chemical structure of the added organic 

compounds to SOM is an important factor in PEs. 

(2) PEs are more influenced by trigger substrate concentrations than by the size of the 

microbial biomass. 

(3) Triggering of PEs in soils by litter is not only influenced by litter quality but also by 

the ability of the soil microbial communities to decompose it (home field advantage 

for PEs). 

(4) High nitrogen availability can stimulate fungal biomass production but has little 

effect on PEs. 

The implications of these results for local and global C and N dynamics are discussed.  
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The decomposition of soil organic matter (SOM) is one of the most important processes 

influencing the global carbon (C) cycle, the physico-chemical characteristics of soils, the 

mineralization of nutrients for plant growth and soil food webs. Recently, it was estimated 

that under the current climate change scenario a loss of on average 55 petagrams of C 

from the upper soil horizons would occur by 2050 (Crowther et al., 2016). Decomposition 

of SOM by soil organisms can be accelerated by warming, generating a positive feedback 

that could further increase global warming. Even though this estimate needs further 

investigation (van Gestel et al., 2018), it is clearly important to understand the turnover of 

organic matter in soils since it plays a crucial role in soil ecosystem functioning and climate 

change. 

SOM is a mixture of partially decayed residues of plants, soil fauna and soil 

microorganisms and compounds, such as humic substances, which represent modified 

by-products of decomposition (Schmidt et al., 2011). Understanding the mechanisms that 

are involved in formation of stable SOM could help to formulate practices for proper soil 

management leading to enhanced carbon sequestration. Three major factors of SOM 

stabilization have been proposed: 1) physical stabilization, for instance formation of clay-

organic matter aggregates, which hamper the accessibly of SOM by microbial 

decomposers, 2) chemical stabilization due to chemical modifications leading to poorly 

degradable compounds, such as polyaromatic substances and 3) structural inherent 

recalcitrance of certain organic materials, such as lignin, resistant to microbial degradation 

(Mikutta et al., 2006). In addition, a fourth mechanism was proposed, namely the scarcity 

of easily degradable energy sources (labile C) which prevents microbial decomposition of 

the stable organic carbon pool, commonly indicated as the priming effect (PE) (Fontaine 

et al., 2007). Priming effects could also play a role during decomposition of lignin-rich plant 

residues as it has been shown that decomposition of such residues only occurred when 

easily decomposable carbon sources were available (Klotzbücher et al., 2011). Hence, it 

appears that the availability of “labile C” is an important factor in the decomposition or 

stabilization of SOM.  

 

Definition of priming effects 

Priming effects (PEs) are defined as short-term changes in the turnover of SOM caused 

by the addition of easily degradable organic carbon (e.g. plant residues, root exudates, 

excretes of soil animals) to the soil (Blagodatskaya et al., 2007; Hamer and Marschner, 

2002; Kuzyakov et al., 2007; Wu et al., 1993). PEs are known for a long time (Löhnis, 

1926) and are considered large enough to influence ecosystem carbon balances since 

they can suppress or stimulate up to 50% and  400% of SOM decomposition, respectively 

(Broadbent and Norman, 1947; Wieder et al., 2013; Zhu et al., 2014). Kowalchuk (2012) 

suggested that PEs could be taken into account as a strategy for the degradation of 
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organic pollutants, as the stimulation of microbes by the addition of easily degradable 

organic material can lead to increased pollutant degradation (Megharaj et al., 2011). In 

addition, studies on mechanisms of PEs are suggested to be important for the evaluation 

of strategies promoting C sequestration in soils, in order to mitigate the atmospheric CO2 

levels (Guenet et al., 2018). 

PEs affecting C and N cycling are categorized into four classes (Kuzyakov et al., 2000): 

positive real, negative real, positive apparent, and negative apparent. The distinction 

between positive and negative PEs refers to induced acceleration or retardation of SOM 

decomposition, respectively. The distinction between real and apparent PEs is based on 

the origin of the extra respired CO2 released from the soil when an easily degradable 

compound is added. In apparent PE the increased CO2 originates from the turnover of 

microbial biomass, (in particular intracellular storage materials), and in real PE it is due to 

the decomposition of SOM (Blagodatskaya and Kuzyakov, 2008). 

Mainly two approaches to measure PEs are followed (Kuzyakov and Bol, 2006): 

1) Without the use of added labeled C, a comparison is made of SOM-derived CO2 

from soil with plants or plant residues with that of unplanted or unamended soil 

(equal to the SOM-derived CO2). In this case PE quantifications are based on the 

natural differences in the 13C to 12C ratios (δ13C values) between plants with a C3 

photosynthetic pathway and plants with a C4 pathway (Cheng, 1996). Likewise, 

there are different δ13C values between SOM-derived CO2 from the two types of 

plants. Hence, when C3 plants are grown in a C4-derived soil, the rhizodeposits 

have a different δ13C value than the δ13C value of the soil. In other studies root-

containing and root-free soils were used to estimate root-derived CO2 as the 

difference between the two (e.g., Saar et al., 2016; Subke et al., 2004). This 

approach is frequently called the root exclusion technique.  

2) The use of added labeled C (13C, 14C) gives the possibility to study PEs by 

monitoring the release of labeled and unlabeled CO2 which reveals whether the 

respired CO2 is originating from the added, labeled PE trigger substrate or from the 

unlabeled SOM. The amount of 12C and 13C or 14C respired allows to disentangle 

the decomposition rates of “older” soil organic matter (12C) from “fresh” substrate 

(13C or 14C), respectively (Paterson et al., 2008). 

A distinction of the organic carbon inputs can be based on their levels of decomposability 

and availability in time. Occasional (or pulse) inputs are occurring during the breakdown 

of microbial, root and animal cells, decomposition of above-ground litter with subsequent 

leaching of dissolved organic matter (DOM), and root exudation. Because of the easy 

accessibility to microbes, such inputs produce hotspots of microbial activity in which the 

turnover rates are much higher than they are outside these zones (Kuzyakov and 

Blagodatskaya, 2015). Slow decomposition of dead roots, leaf and shoot residues, and 
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some rhizodeposits can be considered as continuous sources for microbial activity. In 

these cases, the substrates are less easily accessible and metabolizable and, therefore, 

utilized slowly and over longer periods. Because of the recalcitrance of these organic 

sources, it is likely that the range of extracellular enzymes generated to degrade these 

organic residues may be more efficient in decomposing SOM than the intracellular 

enzymes that are used to breakdown the easily available substrates (Fontaine et al., 2003; 

Mau et al., 2018). 

Most studies conducted up to now have investigated PEs with a single addition into soils 

of different labile trigger substrates, like glucose, malic acid, glycine or cellulose (e.g., 

Chowdhury et al., 2014; Fontaine et al., 2011; Liu et al., 2018; Whitaker et al., 2014) or 

have investigated the effect of  incorporation of plant residues (e.g., Li et al., 2018; 

Razanamalala et al., 2018; Sauvadet et al., 2018). In addition, effects of mixtures of labile 

C and crop residues on PEs have been examined (Shahbaz et al., 2018). The latter 

represent a situation that is naturally occurring, namely when root exudates are released 

in soil in combination with an input of dead plant material, such as litter.  

 

Factors controlling priming effects  

The direction (acceleration or retardation of SOM decomposition) and magnitude of 

priming in response to organic carbon additions are not easy to predict. Several 

environmental factors are involved, such as the amount and quality of added substrates, 

the inorganic nutrient availability, soil microbial biomass and soil microbial community 

composition. 

 

Quality of added substrate 

The quality of added substrates, defined by chemical structure complexity and 

stoichiometry, can have different effects on PE (Guenet et al., 2010; Whitaker et al., 2014). 

It has been suggested that a high degree of physicochemical similarity between added 

compounds and SOM fractions will result in a positive priming effect, provided that 

indigenous soil microbes adapted to decompose SOM are well represented (van der Wal 

and de Boer, 2017). Since plant litter provides the primary source of SOM formation, it is 

likely that SOM-degrading microbes are, to some extent, specialized on their substrate. 

This idea relates to the phenomenon of home-field advantage (HFA), which refers to the 

fact that plant litter decomposes more rapidly in its own environment than in a foreign 

environment (Ayres et al., 2009; Gholz et al., 2000).  

Moreover, the added compounds differ with respect to the amount of energy that can be 

used for microbial growth. For instance, the increase of soil microbial biomass has been 

found to be much higher for glucose than for equimolar amounts of oxalate and phenol 
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(Brant et al., 2006). Hence, the quality of the added substrates can also be expressed in 

terms of the energy that can be used for microbial growth and growth-supporting functions. 

Limitation in energy for growth-supporting functions (e.g. production of extracellular 

enzymes) may be constraining microbial decomposers to break down more complex 

components of SOM (Wild et al., 2014). Therefore, it can be expected that addition of 

more energy-rich compounds will result in higher positive priming effects. 

 

Inorganic nutrient availability 

Positive and negative PEs have also been linked to inorganic nutrient availability, in 

particular of mineral nitrogen (Cheng et al., 2012; Fontaine et al., 2011). When mineral 

nitrogen availability is low, a positive PE is expected as soil  microbes start mining the 

SOM to fulfill their nitrogen demand (Dijkstra et al., 2013). Conversely, high nitrogen 

availability (N deposition, symbiotic fixation, fertilization) is expected to coincide with 

negative a PE as there is no need to invest energy in production of SOM-decomposing 

enzymes. These mechanisms are known as the  “nitrogen mining theory” (Craine et al., 

2007; Moorhead and Sinsabaugh, 2006). In contrast, it has been proposed that 

decomposition of SOM is driven by the stoichiometry of substrates and the microbial 

demands for energy resources. This is known as the “stoichiometric decomposition 

theory” (Craine et al., 2007), where microbial activity, and therefore also SOM 

decomposition, is highest when the C:N ratio of the substrate matches the microbial 

demands (Hessen et al., 2004). Many studies on PEs have included the addition of both 

C and N and they have shown that inclusion of N can increase (Chowdhury et al., 2014; 

Koranda et al., 2013; Tian et al., 2016; Wild et al., 2014) or decrease PEs (Chowdhury et 

al., 2014; Garcia-Pausas and Paterson, 2011; Koranda et al., 2013; Murphy et al., 2015; 

Tian et al., 2016; Wild et al., 2017). Based on these results it is not possible to indicate 

which of the two theories is correct. It has been suggested that depending on the 

availability of soil C and mineral N (at different spatial and temporal scales) these two 

contrasting hypotheses on organic matter decomposition can coexist in the same system 

and influence the strength and size of PEs (Chen et al., 2014). Furthermore, the N mining 

theory was recently challenged (Mason-Jones et al., 2018) since in its current form it 

cannot represent a universal explanation for PEs. 

 

Soil microbial biomass 

The quantity of soil microbial biomass appears to affect the intensity and direction of PEs 

(Blagodatskaya and Kuzyakov, 2008; Li et al., 2018; Liu et al., 2017). In a meta-analysis 

by Blagodatskaya and Kuzyakov (2008), it was shown that the magnitude and direction of 

priming effects are dependent on the relation between the amount of added trigger 
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substrate and the size of the microbial biomass. Their analysis revealed a linear increase 

in priming with increasing amount of trigger compounds as long as the added C substrate 

was less than 15% of the size of the microbial biomass in the soil. In contrast, when the 

amount of trigger compounds is increasing from 50% of the size of the soil microbial 

biomass an exponential decrease in priming was observed. This decrease in priming with 

high amount of trigger compounds was suggested to be due to the so called preferential 

microbial substrate utilization (Cheng and Kuzyakov, 2005; Kuzyakov, 2002), where soil 

microbes switch to utilize added easily degradable C sources instead of native soil C. Yet, 

the aforementioned relationship between microbial biomass and amount of added 

substrate is not always seen. In fact, different studies reporting positive PEs have used 

an amount of trigger substrate that was at least 45% of the soil microbial biomass (Mason-

Jones et al., 2018; Sullivan and Hart, 2013; Whitaker et al., 2014). 

 

The role of soil microorganisms in priming effects 

Microorganisms involved in SOM decomposition have different life strategies reflected in 

their ability to metabolize different substrates (Ho et al., 2017). These metabolic abilities 

can play a role in PEs. Several studies have shown that different microbial groups (e.g. 

fungi, Gram-positive and Gram-negative bacteria) take part in priming (Blagodatskaya et 

al., 2014; Creamer et al., 2015; Perveen et al., 2014; Whitaker et al., 2014; Xiao et al., 

2015). Bacteria show a wide metabolic diversity and often an opportunistic strategy that 

allow them to rapidly absorb soluble substrates (Fierer et al., 2007). Many filamentous 

fungi, on the other hand, have generally more oligotrophic features (Blagodatskaya et al., 

2014, 2007; de Vries and Shade, 2013; Dungait et al., 2013; Garcia-Pausas and Paterson, 

2011; Koranda et al., 2014; Shahzad et al., 2014; Whitaker et al., 2014). Fungi are able 

to connect sources of easily-available carbon with stable SOM via transport through their 

hyphae (Boberg et al., 2011). They can also produce a wide range of enzymes (e.g. lignin-

degrading peroxidases) allowing the degradation of recalcitrant compounds such as those 

present in SOM. Because of these properties, fungi are thought to be more important in 

PEs than bacteria (Fontaine et al., 2011). Moreover, as fungi are strongly linked with plant 

residue decomposition (van der Wal et al., 2013), it is expected that their contribution to 

PEs induced in the detritusphere is higher than in the rhizosphere (Kuzyakov, 2010). Yet, 

the importance of fungi in metabolizing rhizodeposits has received attention (Buée et al., 

2009). Several studies have shown that soil fungi can receive substantial quantities of 

plant-derived carbon in the form of root exduates (Butler et al., 2003; Lu et al., 2004) and 

can quickly respond to these inputs (Broeckling et al., 2008; de Graaff et al., 2010; 

Hannula et al., 2012). Even though the  biomass of saprotrophic fungi in highly managed 

arable soils is very low (van der Wal et al., 2006), fungi can have an important role in the 

decomposition of rhizodeposits of crops (Hannula et al., 2012, 2010). 
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Microbial enzyme responses to substrate additions may be important to clarify the 

mechanisms of PE. The enzymes that are produced by the microbial community in order 

to decompose the added carbon substrates can also be involved in degrading soil organic 

matter, which can be referred to as co-metabolism (Fontaine et al., 2004b). The higher 

the chemical diversity of the added carbon sources, the higher will be the diversity of the 

produced enzymes and the probability that positive PEs will occur (Mason-Jones et al., 

2018). Furthermore, the analysis of SOM-degrading enzyme activities has been used to 

differentiate real and apparent priming (Wild et al., 2017). Carbon inputs that induce PEs 

can activate the microbial synthesis of intracellular and extracellular enzymes (Marinari et 

al., 2000). The increase of intracellular enzyme activity without any increase in 

extracellular enzyme activities may be involved in apparent PE caused by the activation 

of the internal microbial metabolism. Hence, measurements of the type of enzymes 

activated after adding the trigger substrate might be important to distinguish apparent from 

real PEs. Soil enzyme activities associated with fungal activity (cellulase, hemi-cellulase, 

peroxidases and laccase) can occur during real PEs caused by fungal growth. An increase 

in lignin degrading oxidase and peroxidase activity may indicate real PEs, since lignin is 

an important component of SOM. Monitoring the intracellular trehalase (glycoside 

hydrolase enzyme) can help to distinguish apparent PE from real PE. This enzyme is 

related to the activation of the internal microbial metabolism as trehalose (a non-reducing 

disaccharide), together with glycogen, is one of the main energy storage compounds of 

fungi (Deacon, 2006). Likewise, the monitoring of polyhydroxybutyrate (PHB) can be used 

for bacteria, being a common storage compound for this group of microorganisms (Dijkstra 

et al., 2015). 

Microbial carbon use efficiency (CUE), defined as the ratio of C invested in growth and 

total C uptake (Sinsabaugh et al., 2013), is relevant to predict which proportion of the 

utilized organic C will be lost via microbial respiration and which proportion potentially 

persists in soils as organic matter (Bradford et al., 2013; Hagerty et al., 2014). Many of 

the ecological studies report their results as the mean responses of soil microbial 

communities (e.g., Dijkstra et al., 2015; Geyer et al., 2018; Koranda et al., 2014; 

Mooshammer et al., 2014), while only a few have been conducted on individual species 

(e.g. Allison et al., 2009; Boberg et al., 2008; Lashermes et al., 2016; Song et al., 2012). 

However, in soil microbial communities many interactions occur, such as competition and 

predation, making it difficult to have a basic understanding of the relationships between 

added carbon, microbial biomass production and microbial respiration. In addition, a 

higher microbial CUE may coincide with a higher or a more diverse production of 

extracellular enzymes, possibly affecting PEs (Liu et al., 2018; Manzoni et al., 2012). 

Therefore, a better understanding of microbial CUE in soils is important for a greater 

comprehension of SOM decomposition as well as in PEs.  
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Aim, research questions and outline of the thesis 

The main aim of my thesis research is to increase the understanding of the mechanisms 

involved in the priming of soil organic matter, with a particular focus on the role of the 

quantity and quality of added organic substrates, the quantity of soil microbial biomass, 

the soil microbial community structure and mineral nitrogen availability. 

The three general research questions addressed in this thesis are: 

1. Are PEs mainly related to mining for nitrogen or availability of energy? 

2. Do PEs depend on the resemblance of the physicochemical characteristics of the 

added organic compounds with those of SOM fractions?  

3. How do soil microbial biomass and community structure influence PE? 

 

To address these research questions, different studies were performed that are described 

in four experimental chapters of this thesis. 

Chapter 2 describes the results of a study on the effect of two characteristics of added 

trigger compounds on PE, namely the metabolic usable energy for microbes and the 

resemblance to recalcitrant fractions of SOM. Furthermore, in this chapter the response 

of the microbial community to C additions as well as the effect of the addition of mineral N 

concurrently with C substrates have been studied. 

Chapter 3 reports on the role of physicochemical similarity between added organic 

compounds and that of soil organic matter fractions in PEs. More specifically, the 

relationship between home-field advantage of litter decomposition and priming of soil 

organic matter was investigated. Moreover, in this chapter the addition of mineral N was 

used to test the effect on PE, HFA and their relationships. 

Chapter 4 investigates the importance of the ratio between amount of added substrate 

and soil microbial biomass for the magnitude and direction of PEs. This was tested by 

adding three different amounts of a simple organic trigger compound with or without 

addition of mineral N to soils collected from arable lands, grasslands and forests that differ 

in terms of amount of soil microbial biomass, soil microbial community composition and 

soil organic matter quality.  

Chapter 5 reports on the influence of different concentrations of mineral N on the growth 

efficiency of two common soil fungi, Trichoderma harzanium and Mucor hiemalis in a soil-

like environment. 

In chapter 6 I discuss the results obtained in this thesis and place them in a broader 

context, integrating existing knowledge on PEs with findings of my thesis research. The 

chapter ends with an outlook on future research directions, including possible implication 
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of the results obtained in this research for development of sustainable agricultural 

management strategies. 
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Abstract 

The addition of easily degradable compounds to soil (e.g. root exudates, plant residues) 

can result in priming effects (PEs), a short-term change in the turnover of soil organic 

matter (SOM). Although PEs are recognized to be large enough to be taken into account 

into the ecosystem carbon balance, the exact mechanisms are still unknown. Here, we 

examined the effect of two characteristics of added compounds on PEs, namely metabolic 

usable energy for microbes and resemblance to recalcitrant fractions of soil organic matter 

(SOM).  For this purpose, glucose, cellobiose (energy rich compounds, low resemblance 

with recalcitrant SOM) and vanillic acid (energy-poor compound, higher resemblance with 

recalcitrant SOM) were selected. In addition the effect of mineral nitrogen (N) on PEs was 

tested. 13C labelled compounds were mixed with sandy soil from an ex-arable site. To 

separate the effect of energy content from that of resemblance to SOM, the amount of 

carbon and the amount of energy content of added compounds was kept constant in 

treatments, respectively. The community structure of microbes that were able to use 

added compounds was evaluated using stable isotope probing (DNA-SIP) combined with 

qPCR and Illumina sequencing.  

When corrected for energy content, vanilic acid induced the highest CO2 respiration and 

PE. DNA-SIP revealed that bacterial classes like β- and γ-Proteobacteria, that are known 

to harbour many opportunistic bacteria, responded quickly (5 h) with incorporation of 13C 

from added substrates, whereas classes like Acidobacteria and Actinobacteria responded 

over a longer incubation time. In treatments where the energy-level of added compounds 

was kept constant, vanillic acid caused an increase in DNA copy numbers of bacteria and 

fungi using native SOM after prolonged incubation. The contribution of fungi to PEs was 

minor, reflecting the low F:B ratio of the soil used for the experiment. Different substrates 

resulted in different PEs but appeared to stimulate the growth of similar bacterial groups. 

This suggests that the added compounds stimulate different enzyme systems within 

similar bacterial taxa. Although combined addition of mineral nitrogen (ammonium nitrate) 

and organic compounds caused a slightly extra increase in PEs in most treatments, this 

might be an artefact as addition of mineral N only decreased respiration. Overall our 

results indicate that the effect of chemical structure of added compounds on PE is much 

larger than the effect of energy-content.  
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Introduction 

The addition of easily degradable compounds (e.g. root exudates, plant residues)  to soil 

can result in priming effects (PEs), defined as a short-term change in turnover of soil 

organic matter (SOM) (Blagodatskaya et al., 2007; Hamer and Marschner, 2002; 

Kuzyakov et al., 2007; Wu et al., 1993). PEs can be positive (acceleration of SOM 

decomposition) but also negative (retardation of SOM decomposition) (Kuzyakov et al., 

2000). PEs can be classified as real or apparent, and the distinction is based on the origin 

of the extra CO2 released from the soil. In apparent PEs the increased CO2 originates from 

the turnover of microbial compounds such as reserve materials, whereas in real PEs it is 

due to the decomposition of SOM (Kuzyakov et al., 2000). This process is considered 

large enough to influence ecosystem carbon balance as PEs generated by living roots 

can suppress  or stimulate up to 50% and  400% of SOM decomposition, respectively 

(Wieder et al., 2013; Zhu et al., 2014).  

The amount and quality of added substrates can influence the direction and magnitude of 

PEs. It has been suggested that the added compounds can trigger the microbial 

production of extracellular enzymes which decompose fractions of SOM, especially when 

the added substrate resembles compounds present in SOM (Fontaine and Barot, 2005). 

It has also been suggested that a limited inorganic nitrogen (N) availability can influence 

PEs by stimulating microbes to mine for N in SOM (Dijkstra et al., 2013). According to the 

latter theory, addition of substrates with high C:N ratio will stimulate positive PEs. 

Furthermore, both microbial biomass and microbial community structure appear to affect 

the intensity and direction of PEs (Blagodatskaya and Kuzyakov, 2008). Differences in 

capabilities of microbial species to decompose different fractions of SOM are suggested 

as possible explanation for this effect (Fontaine et al., 2011, 2003).  

Recently it was suggested how two competing hypotheses on organic matter 

decomposition, namely “microbial stoichiometric theory” (Craine et al., 2007; Hessen et 

al., 2004) and “nitrogen mining theory” (Craine et al., 2007; Moorhead and Sinsabaugh, 

2006), can coexist in the same system and influence the strength and size of PE (Chen 

et al., 2014). Chen et al. (2014) propose that the contribution of microorganisms to SOM 

decomposition is controlled by mineral N availability and their growth strategies: under 

low-N availability K-strategists were predominant (nutrient mining theory), whereas r-

strategists played a more important role with high-N availability (stoichiometry theory). 

SOM is a mixture of partially decayed plant residues, soil microorganisms and soil fauna, 

by-products of decomposition and humic substances (Schmidt et al., 2011). Three major 

factors of SOM stabilization have been proposed: 1) physical stabilization, 2) chemical 

stabilization and 3) structural inherent recalcitrance of specific organic molecules (Mikutta 

et al., 2006). In addition, a fourth mechanism was proposed, namely the scarcity of “fresh 
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C” which prevents microbial decomposition of the stable organic carbon pool, representing 

PE (Fontaine et al., 2007). Recently it has also been shown that decomposition of 

recalcitrant, lignin-rich plant residues only occurs when easily decomposable carbon 

sources are available (Klotzbücher et al., 2011). Taken together, it is clear that 

decomposition of SOM is highly controlled by the availability of “fresh C”. 

During the biological breakdown (oxidation) of SOM, small water-soluble compounds are 

released and these are energy sources for the growth of microorganisms. Compounds 

differ with respect to the amount of energy that can be used for growth. For instance, the 

increase of soil microbial biomass has been found to be much higher for glucose than for 

equimolar amounts of oxalate and phenol (Brant et al., 2006). Hence, the quality of the 

added substrate can also be expressed in terms of the energy that can be used for 

microbial growth and growth-supporting functions. Limitation in energy for growth-

supporting functions (e.g. production of extracellular enzymes)  may be constraining 

microbial decomposers to break down more complex components of SOM (Wild et al., 

2014). Therefore, it can be expected that more energy-rich added compounds would result 

in higher positive priming effects. 

Several studies have shown that different microbial groups (e.g. fungi, Gram-positive and 

Gram-negative bacteria) take part in PEs (Blagodatskaya et al., 2014; Creamer et al., 

2015; Perveen et al., 2014; Xiao et al., 2015). Bacteria show a wide metabolic diversity 

and often an opportunistic strategy that allow them to rapidly absorb soluble substrates. 

Fungi, on the other hand, are able to connect sources of easily-available carbon with 

stable SOM via transport through their hyphae (Boberg et al., 2011). They can also 

produce a wide range of enzymes (e.g. lignin-degrading peroxidases) allowing the 

degradation of recalcitrant compounds such as those present in SOM. Because of these 

properties fungi are thought to be more important in PEs than bacteria (Fontaine et al., 

2011).  

In the present study we will address the following hypotheses: 1) a positive PE increases 

when the availability of energy for microbial growth increases 2) positive PE will also 

increase with increasing availability of the added compounds that resemble fractions of 

recalcitrant SOM, 3) fungi are more important than bacteria in causing PEs and 4) addition 

of mineral N will negatively affect PEs. To test these hypotheses, three 13C-labelled 

substrates, namely glucose, cellobiose and vanillic acid, were added to natural grassland 

soil in a mesocosm approach. Glucose and cellobiose represent energy rich compounds 

with low resemblance to recalcitrant SOM, whereas vanillic acid represents an energy-

poor compound with higher resemblance to recalcitrant SOM. We measured soil 

respiration and changes in the microbial community to provide a better understanding of 

the underlying mechanisms of PE and the role played by the microbes. 
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Materials & Methods 

Soil sampling and processing  

In March 2014 soil (0-10 cm) was collected in Dennenkamp, a former arable site that has 

developed into a natural grassland (van der Wal et al., 2006). The site is located in the 

central part of the Netherlands (N 52°01'43", E 005°48'2"). The soil is a sandy soil with a 

disturbed profile due to former agricultural activities and can be classified as a Typic 

Haplorthod (US soil taxonomy) (van der Wal et al., 2007). The fungal: bacterial ratio is 

0.06 (based on PLFA analysis) and C:N ratio of 19.90 (Table 1). In the laboratory, fresh 

soil was sieved (4 mm) and homogenized, removing fine roots and other plant debris. 

Field-moist soil was then stored at 4 ºC until further use.  

 
Table 1: Edaphic and biological properties of the soil (0-10 cm). Edaphic properties are from Van der Wal et al. 

2006, while biological data are from two different sampling times 2003 (van der Wal et al., 2006) and 2012 
(Morriën et al., 2017). Values from the different years are separated by a slash. Bacterial biomass was calculated 

using the average of the PLFA data converted in mg C/g soil according to the conversion factors reported in 
Bååth and Anderson, 2003 and Frostegård et al., 1991. 

Abandoned 
from 

agriculture 

Former 
crop 

pH 
C 

(g/kg) 
C:N 
ratio 

% 
Sand 
> 53 
µm 

Soil 
texture 

Bacterial 
PLFA 

(nmol/g 
soil) 

fungal 
PLFA 

(nmol/g 
soil) 

fungal/bacterial 
Ergosterol 

content 
(mg/kg) 

Microbial 
biomass 
(mg C/g 

soil) 

1982 
Rye, 

potatoes, 
asparagus 

5.60 34.30 19.90 86.2 
Sand / 
coarse 
sand 

39.84 / 
42.09 

2.56 / 
2.38 

0.064 / 0.057 1.36 / 1.03 0.235  

 

Estimation of microbial usable energy released by the priming substrates 

For the purpose of our study it is important to know how much of the available energy in 

substrates is actually converted into microbial biomass. This means that also loss of 

energy, such as due to maintenance costs, has to be included. Therefore, we determined 

microbial biomass yield for the three selected substrates (glucose, cellobiose and vanillic 

acid) and used that as a proxy for microbial usable energy instead of theoretical energy 

availability such as given by Gibbs free energy or possible ATP production based on 

catabolic pathways. Glucose is a common component in dissolved organic carbon and 

root exudates (Strickland et al., 2012), cellobiose is the structural unit that is repeated in 

cellulose, the most abundant polymer in plants (Martínez et al., 2005) and vanillic acid is 

a lignin-related phenolic compound  (Milstein et al., 1983). 

Five saprotophic fungi (Mucor hiemalis, Trichoderma harzianum, Aspergillus niger, 

Hypholoma fasciculare, Marasmius androsaceus) belonging to different phyla and 

functional groups were selected to estimate the amount of energy available for biomass 

production. Fungal strains were grown on 2% malt extract agar. A plug of agar (6 mm 

diameter) was added to a liquid medium used for biomass production tests. 

Bacterial species were extracted from the same soil as used for the mesocosm 

experiments. The soil suspension was prepared by dispersing 10 g of fresh soil in 100 ml 
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of sterile demi water, shaking it for 1 hour.  Next,  the solid particles were allowed to settle 

for two hours and the supernatant was collected and filtered through Whatman filters 

papers with pore diameter 3 µm to remove suspended soil particles and most fungal 

hyphae (Rudnick et al., 2015). 

The liquid medium used for biomass production tests was composed as follows (g L-1): 

KH2PO4 0.10, yeast extract 0.01, (NH4)2SO4 0.20, the buffering compound MES (2-(N-

morpholino) ethanesulfonic acid) 1.952 and carbon source (glucose, cellobiose or vanillic 

acid) 0.5 g. The pH was adjusted to 6 before autoclaving. For both bacterial and fungal 

tests 5 replicates for each treatment were prepared.  

We measured the biomass production after two weeks of incubations as no further 

increase of biomass was observed. Fungal hyphae were filtered on pre-cleaned (with demi 

water) glass fiber filters (WhatmanTM GF/F, UK) and dried at 60°C overnight and the 

fungal biomass was determined by weighing the dried fungal hyphae. The growth of 

bacterial biomass was determined via optical density (OD) measurements at 600 nm. 

 

Mesocosm set-up 

80 g of fresh weight soil was put into 500 ml glass bottles. The moisture content was 

adjusted to 60% of the water holding capacity, and the soil was pre-incubated for an 

acclimatization period (15 days in the dark at 20 ºC). Soil CO2 efflux rates were regularly 

checked to confirm stabilization of the soil microbial activity. 

The first set of soil samples was treated with the addition of uniformly labeled 99 atom% 

13C-glucose (Campro Scientific GmbH), 13C-cellobiose (Omicrom Biochemicals, Inc.) and 

13C-vanillic acid (Cambridge Isotope Laboratories, Inc) in a quantity of C equal to 45% of 

the microbial biomass carbon (Table 1) (Sullivan and Hart, 2013). We refer to these 

treatments as “same amount of C” (Table 2). The second set of soil samples was treated 

with the addition of the same carbon sources but the amount of microbial usable energy 

was kept constant among treatments (Table 2). Based on the results of the previous 

growth experiment, a higher amount of vanillic acid than cellobiose and glucose had to be 

added to the soil to keep the amount of energy available for microbial growth constant 

between treatments (Table 2). We refer to these treatments as “same amount of energy”. 

Using this approach, we were able to test the effect of differences in energy level between 

added compounds on PE. For example, vanillic acid may hardly stimulate SOM 

decomposition compared to glucose in the “same amount of C” treatments, but taken into 

account the lower energy that is provided by vanillic acid for microbial growth, it may yield 

similar SOM decomposition compared to glucose in the “same amount of energy” 

treatments. In that case, we would conclude that the energy-level of trigger compounds is 

the most important factor explaining the magnitude of PE. 
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The third set of soil samples received, besides the carbon sources (treatments included 

“same amount of C” and “same amount of energy”), also NH4NO3 amendment. The 

solution was prepared to give a final C-substrate: N ratio of 15:1 (Fontaine et al., 2011). 

Controls were treated in the same way as the substrate-amended soils and consisted of 

soils without the addition of any carbon source with nitrogen, and soils receiving neither 

carbon nor nitrogen. Each treatment was replicated 5 times. Soils were incubated at 20°C 

in the dark for 30 days. After 0.2 (5 hours), 3 and 13 days (time periods based on the 

development of total CO2 respiration) of incubation, soil was sampled from each treatment 

using an ethanol-cleaned tweezer to minimize the disturbance. The samples were frozen 

prior to DNA extractions. 

 

Table 2: Amount of substrates added to the soil. 

 mg of C-substrate / g soil 

 Glucose Cellobiose Vanillic Acid 

Same amount of carbon 0.11 0.11 0.11 
Same amount of energy 0.13 0.11 0.84 

 

CO2 measurements 

Headspace CO2 was sampled through the lid septa and injected into 5.9 mL evacuated 

Exetainer vials (Labco Ltd., Buckinghamshire, UK). An aliquot of the gas samples (20 µl 

for each vial) was directly measured using Ultra GC gas chromatograph (Interscience, 

The Netherlands) equipped with a flame ionization detector (FID) and at Rt-QBOND (30 

m, 0.32 mm, ID) capillary column. We used helium as a carrier gas and set oven 

temperature at 50 °C. While the rest of the samples were sent to the Stable Isotope Facility 

at the University of California, Davis, where samples were measured for 13C-CO2 using a 

ThermoScientific GasBench system interfaced to a ThermoScientific Delta V Plus isotope 

ratio mass spectrometer (ThermoScientific, Bremen, Germany). Samples were taken at 

0, 0.2 (5 hours), 1, 2, 3, 4, 5, 7, 9, 11, 13, 17, 19, 21, 25, 30 days of incubation (16 sampling 

times in total). After each CO2 sampling, the bottles were opened for aeration for 15 

minutes.  

 

Priming effect calculations 

The percentage of respired CO2 derived from 13C substrate was calculated for all 

treatments and sampling times according to the formula: 

%Csubstrate derived = [(δC − δT) / (δC − δL)] × 100   (1) 

Where δC is the δ13C value of the respired CO2 from control soils, δT is the δ13C value in 

respired CO2 from treated soils and δL is the δ13C value of the labelled substrate 

(Nottingham et al., 2012). Data were expressed in μg C g−1 soil. Priming effect was then 
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calculated as the total respiration in treated soils minus control respiration minus the 

substrate-derived respiration and expressed in μg C g−1 soil (Qiao et al., 2016): 

Primed C = Ctotal – Csubstrate – Ccontrol    (2) 

 

DNA extraction and gradient fractionation 

DNA was extracted from soils using the PowerSoil® DNA Isolation Kit (MOBIO 

Laboratories, Carlsbad, California, USA) according to the manufacturer’s instruction with 

some modifications: after adding solution C1 (causing cell lysis), samples were incubated 

at 60 °C for 30 min; after adding solution C6 (releasing DNA from spin filter), samples 

were incubated at 30 °C for 10 min. Total DNA was quantified using a NanoDrop ND-1000 

Spectrophotometer (Bio-Rad Laboratories Inc.). 

From 3 replicates per treatment, 13C-enriched DNA was separated from non-labelled DNA 

by density-gradient centrifugation. The gradient buffer was composed of CsCl (Sigma 

Aldrich Inc., St. Louis, MO, USA) with an average density of 1.80 g mL-1 dissolved in a 

buffer (0.1 M Tris-HCl, pH 8; 0.1 M KCl and 1 mM EDTA) (Lueders et al., 2004). 1 µg of 

DNA was used per sample and centrifugation was carried out in 1.8 mL polyallomer quick 

seal tubes in a micro ultracentrifuge Sorvall discovery m120 SE (S120-VT vertical rotor). 

Centrifugations were done 60,000 rpm at 20 ºC for 72h. Per sample, 18 fractions (of 100 

μl) of the developed density gradient were collected. The density of each fraction was 

determined by weighing the fractions and by using an AR200 digital refractometer 

(Reichert Inc., Depew, NY, USA). Absence of fungal and bacterial DNA in 13C-enriched 

fractions in control samples was confirmed using PCR. The fractionated DNA was 

combined into samples called ‘heavy’ (densities > 1.77 g ml-1) and ‘light’ (densities < 1.75 

g ml-1) fractions, the first containing mainly 13C-enriched DNA and the latter containing 

mainly unlabelled 12C DNA (Neufeld et al., 2007).  

 

Quantitative PCRs 

Briefly, each qPCR reaction for bacterial quantification (total volume 15 μl) consisted of 

7.5 μl of Sybergreen (iTaq™ Universal SYBR® Green Supermix), 0.6 µl of forward primer 

(Eub 338,  10 pmol µl-1) (Amann et al., 1990), 0.6 µl of reverse primer (Eub 518, 10 pmol 

µl-1) (Muyzer G et al., 1993), 4.3 µl Nucleic acid free water (Sigma) and 2 µl of DNA (5 ng 

µl-1). Plasmid Ter331 (Collimonas 16S) was used as a standard for the quantification. The 

PCR program consisted of an initial denaturation step at 95 °C for 2 min, followed by 40 

cycles of 95 °C for 10 sec, 53 °C for 10 sec and 72 °C for 25 sec. For the quantification of 

fungi each qPCR reaction (total volume 15 μl) consisted of 7.5 μl of Sybergreen 

(SensiFAST™ SYBR® No-ROX), 0.6 µl of forward primer (FR1-mod, 10 pmol µl-1) (Vainio 

and Hantula, 2000), 0.6 µl of reverse primer (FF390-mod, 10 pmol µl-1) (Vainio and 
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Hantula, 2000), 4.3 µl of Sigma water and 2 µl of DNA (5 ng µl-1). Plasmid F1 (Hypholoma, 

Basidiomycete EF4-ITS4) was used as a standard for the quantification. The PCR 

program consisted of an initial denaturation step at 95 °C for 2 min, followed by 45 cycles 

of 95 °C for 10 sec, 55 °C for 10 sec and 72 °C for 25 sec. The qPCRs were performed 

with a Rotor-Gene RG-3000 (Corbett research). For each template DNA, for both for 

bacteria and fungi, we analysed three biological replicates in duplicate. The final results 

are expressed in [DNA copy numbers /g of soil] and the conversion was based on the 

standard curves of the plasmid inserts and the amount of dry weight of soil from which the 

DNA was extracted. 

 

Sequencing of the bacterial community  

The 16S rRNA region was amplified using the bacterial-specific primer pair 515f and 806r 

(Vos et al., 2012). The first PCR reactions were performed using the pair of primers without 

tags for 30 cycles (this was necessary since the amount of DNA was not enough to amplify 

directly with tagged pair of primers). Then 1 µl of this PCR-product was used as DNA-

insert for a second PCR reaction with 10-12 cycles performed with tagged pair of primers 

as recommended by Illumina as well as 12-bp tags specific for each sample. PCR 

reactions were performed in 25 μl reaction mixtures and contained 200 μM of each 

dNTP,0.04 U of FastStart Expand High Fidelity polymerase (Roche Applied Sciences, 

Indianapolis, IN), 2.5 μl 10 x PCR buffer with MgCl2, 0.3 µl (10  pmol µl-1) of  each of the 

two primers, 2.5 μl BSA (4 mg ml-1) and 1 μl DNA. The temperature cycling of PCR 

conditions were: denaturation at 94°C for 5 min, followed by 30 or 10-12 cycles of 94°C 

for 40 s, 50°C for 60 s and 72°C for 1.30 min. The final extension step was 72°C for 10 

min.  

The presence of PCR products of expected sizes was verified by agarose-gel 

electrophoresis. PCR products were then pooled from 4 reactions per sample and purified 

using Agencourt AMPure XP reagent. Amount of DNA in samples was quantified on a 

Fragment Analyzer instrument (Advanced Analytical) and each PCR sample was 

normalized to 100 ng and pooled together for multiplex sequencing. The samples were 

sequenced on an Illumina MiSeq instrument (BGI-Europe). 

 

Bioinformatics 

The RDP extension to PANDASeq (Masella et al., 2012) named Assembler (Cole et al., 

2014) was used to merge paired-end reads with a minimum overlap of 10bp and at least 

a PHRED score of 25.   

Primer sequences were removed per sample. FASTQ files and sequences were 

converted to FASTA format and concatenated into a single file. 
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All reads were clustered into OTUs using the UPARSE strategy by dereplication, sorting 

by abundance with at least two sequences and clustering using the UCLUST smallmem 

algorithm (Edgar, 2010). These steps were performed with VSEARCH version 1.0.10. 

Next, chimeric sequences were detected using the UCHIME algorithm (Edgar et al., 2011) 

implemented in VSEARCH. All reads before the dereplication step were mapped to OTUs 

using the usearch_global method implemented in VSEARCH to create an OTU table and 

converted to BIOM-Format 1.3.1 (McDonald et al., 2012).  

Finally, taxonomic information for each OTU was added to the BIOM file by using the RDP 

Classifier version 2.10 (Cole et al., 2014) and by aligning the sequences to the SILVA 

database (release 123) (Quast et al., 2013) using SINA (Pruesse et al., 2012). All steps 

were implemented in a Snakemake workflow (Koster and Rahmann, 2012). 

The MiSeq sequencing files are deposited in the European nucleotide Archive 

(http://www.ebi.ac.uk/ena/data/view/PRJEB15393). 

 

Statistical analysis 

To test for differences in priming effects between treatments One-way ANOVA, followed 

by post-hoc Tukey’s test, was performed using IBM SPSS Statistics 22. In case of unequal 

variances among treatments, statistical comparisons were performed by Tamhane’s test. 

Soils with and without nitrogen amendments were compared pairwise (independent t-test), 

based on the carbon source addition that they received (e.g. Glucose_C VS Glucose C+N, 

etc.).  

All ordination analyses were performed in Canoco version 5.03 (Smilauer and Lepš, 

2014). Analyses were performed with the dataset including the most abundant OTUs 

(more than 1% of the total number of sequences per sample). Detrended correspondance 

analysis (DCA) was used to visualize differences between bacterial communities collected 

from the different soil treatments. Canonical Correspondence Analysis (CCA) was used 

to test whether the composition of the bacterial community was related to carbon source, 

sampling time or fraction type (13C or 12C DNA). Carbon sources with different amount or 

energy levels were grouped. Significance of canonical axes was assessed by the forward 

approach using Monte Carlo permutation tests under the reduced model. This test 

generates a F-ratio that has a similar meaning as the F-value in ANOVA of the regression 

model, and the Monte Carlo permutation test is used in an analogous way (Smilauer and 

Lepš, 2014).  
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Results 

Estimation of microbial usable energy released by the priming substrates  

We observed significant differences in the amount of produced fungal biomass (all fungal 

species analyzed together) in liquid cultures between different substrates (Fig. S1A). The 

results for vanillic acid are based on the average biomass production of two species (A. 

niger and H. fasciculare) since the other three species (M. hiemalis, T. harzianum and M. 

androsaceus) did not grow on this substrate. Fungal biomass production was stimulated 

by carbon sources in the order: cellobiose > glucose > vanillic acid (P<0.05). Similar 

results were observed for bacteria (Fig. S1B). Bacterial biomass production was equally 

stimulated by glucose and cellobiose and much less by vanillic acid. Our third hypothesis 

is related to the importance of the fungal taxa in PE, thus we used the data obtained from 

the fungal cultures to correct for differences in microbial usable energy content between 

the trigger compounds (Table 2). However, as can be seen from Fig. S1, the correction 

would have been almost the same when based on bacterial biomass production. 

 

Effect of different substrates on PEs 

In general, the supply of substrates induced an increase in total soil respiration as 

compared to the control treatments (Fig. S2). The highest CO2 levels were observed in 

the treatments amended with vanillic acid in the “same amount of energy” treatments (both 

in presence or absence of external supply of ammonium nitrate) (P<0.05). In contrast, the 

lowest levels of CO2 evolution were observed in treatments amended with vanillic acid in 

the “same amount of C” treatments. Soils treated with cellobiose and glucose showed 

similar patterns in CO2 evolution, independently of the amount of energy or carbon 

(P>0.05). This is not a surprising result, since the amounts added were (almost) the same 

for the carbon and energy treatment.  

This general CO2 evolution pattern was mirrored by an increase in the rates of substrate 

mineralization (respiration of labeled C) (Fig.S3) and in PEs (respiration of unlabeled C) 

(Fig. 1). Substrate mineralization rates and PEs were highest in soils amended with vanillic 

acid in the “same amount of energy” treatments (P<0.01) (Fig. S3B and Fig. 1A and B) 

and there were no significant differences between the added compounds in the “same 

amount of C” treatment (P>0.05) (Fig. S3A Fig. 1C and D). The responses of the soil to 

the other two substrates, glucose and cellobiose, were not significantly different in 

magnitude from each other in both treatments (P>0.05).  

In general, addition of N stimulated PEs in almost all the treatments (Fig. 1).  PE was 

significantly higher (P<0.05) in soils where extra N was added in treatments with glucose 
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and vanillic acid, but not in the treatments with cellobiose. PE was calculated for each time 

period (0-0.2 d; 0.2-3 d; 3d-13 d) to indicate the highest peak in PE (Fig. S4). Addition of 

N caused a positive priming effect during the first 5 hours for all treatments, after which 

PE gradually decreased. In contrast, in treatments with no N addition, PE was negative 

during the first 5 hours. After that time period, PE showed a positive peak, and gradually 

decreased during the last time period. 

 

 
Fig. 1: Priming effect [µg C-CO2/g of soil] induced by three different substrates: glucose, cellobiose and vanillic 
acid. A) and C) show the dynamic of cumulative primed CO2 after 30 days of incubation. B) and D) show primed 
CO2 level after 30 days of incubation. Statistically significant differences (p<0.05) in primed CO2 are marked with 
different letters. C: substrates added with the same carbon content; EN: substrates added with the same energy 

released; +N: addition of NH4NO3. Vertical bars represent standard errors.  

 

Effect of different substrates on the microbial communities 

The DNA-SIP technique in combination with qPCR allowed us to track which groups of 

micro-organisms (fungi and/or bacteria) were using added labeled carbon substrates and 

which groups were using non-labeled carbon from SOM for growth (measured as increase 

in 16S rRNA gene copy numbers and 18SrDNA copy numbers, for bacteria and fungi 

respectively, per g of soil). In general, fungi and bacteria showed similar dynamics in 

abundance in treatments with “same amount of energy” and “same amount of C”, both in 

presence and in absence of N (Fig. 2 and 3). Overall, the microbial community responded 

quickly to the substrate addition with an increase in DNA copy numbers in both 13C and 
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12C fractions after 5 hours and 3 days of incubation, and a subsequent drop after 13 days 

of incubation (Fig. 2 and 3). This indicates that both added carbon as well as SOM were 

used for growth. However, the microbial response was somewhat different in treatments 

with the same amount of energy where vanilic acid was added.  After 13 days of 

incubation, an increase in DNA copy numbers was found in the 12C fraction for both 

bacteria and fungi, especially in treatments that received ammonium nitrate (P<0.05) (Fig. 

2B and 3B). The ratio of DNA copy numbers between 12C and 13C fractions was more or 

less equal for fungi and bacteria (12C:13C, 16.8 for bacteria and 17.8 for fungi). It should 

be noted that some of the samples did not react. We believe that this is due to the low 

amount of DNA in those samples. 

 

 
Fig. 2: Changes in bacterial numbers during the priming effect induced by three different substrates. A: 

substrates added with the same carbon content; B: substrates added with the same energy released; Black bars 
indicate heavy fractions; grey bars light fractions. N: NH4NO3; Glu: glucose; Cel: cellobiose; Van: vanillic acid. §:  

no PCR products were obtained. Vertical bars represent standard errors. 
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Fig. 3: Changes in fungal numbers during the priming effect induced by three different substrates. A: substrates 
added with the same carbon content; B: substrates added with the same energy released; Black bars indicate 

heavy fractions; grey bars light fractions. N: NH4NO3; Glu: glucose; Cel: cellobiose; Van: vanillic acid. §:  no PCR 
products were obtained. Vertical bars represent standard errors.  

 

Bacterial diversity 

In total we identified 9126 bacterial OTUs of which only 86 OTUs were more abundant 

than 1% of the total number of sequences per sample, indicating a high amount of rare 

species. These most abundant OTUs were distributed across five known bacterial phyla 

(Acidobacteria, Actinobacteria, Bacteroidetes, Firmicutes, Proteobacteria) and one 

unclassified phylum, 9 known bacterial classes (Acidobacteria, Actinobacteria, α-

Proteobacteria, Bacilli, β-Proteobacteria, δ-Proteobacteria, Flavobacteriia, γ-

Proteobacteria, Sphingobacteriia) and two unclassified classes. After 5 hours, a clear 

differentiation in bacterial community composition between 13C and 12C fractions of DNA 

could be observed for all samples (Fig S5): 13C fractions grouped together on the upper 

left side of the DCA biplot, whereas 12C fractions clustered at the bottom right. Indeed, 

forward selection in CCA showed that bacterial community composition significantly 

correlated with sampling time and fraction (12C or 13C) type (P<0.01 in both cases), 

explaining 5.7% and 3.8% of the total variance in species composition respectively. After 

3 and 13 days, these differences disappeared and dominant bacterial OTUs in 13C 

fractions resembled those in 12C fractions (Fig. 5 and 6). Overall, bacterial community 

composition was significantly related to the added substrates (P<0.01), but this pattern 

was only clear for samples amended with vanillic acid after 3 days of incubation (Fig. S5, 
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squares in the middle cluster together). OTUs that were exclusively found in these 

treatments were assigned to unclassified Acidobacteria, unclassified α-Proteobacteria, 

unclassified Burkholderiales, Rhizobiales and Sphingobacteriales, and were found in both 

13C and 12C fractions. 

Both 13C and 12C fractions in all samples were dominated by Acidobacteria and α-

Proteobacteria. β-Proteobacteria, Sphingobacteriia, and γ-Proteobacteria responded 

quickly (5 hours) after the addition of the substrates. Surprisingly, no clear differences in 

dominant bacterial OTUs were found between the different substrates after 5 hours of 

incubation. 

Although qPCRs worked, data on fungal diversity are not available since the PCR 

reactions for sequencing did not work. This is possibly due to the low amount of fungal 

biomass present in the samples.  

 

 
Fig. 4: Percentage of most abundant operational taxonomic units (OTUs) in soil samples collected after 5 hours 

of incubation. A: substrates added with the same carbon content; B: substrates added with the same energy 
released. Glu: glucose; Cel: cellobiose; Van: vanillic acid; C: substrates added with the same carbon content; EN: 

substrates added with the same energy released; +N: addition of NH4NO3. 
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Fig. 5: Percentage of most abundant operational taxonomic units (OTUs) in soil samples collected after 3 days of 

incubation. A: substrates added with the same carbon content; B: substrates added with the same energy 
released. Glu: glucose; Cel: cellobiose; Van: vanillic acid; C: substrates added with the same carbon content; EN: 

substrates added with the same energy released; +N: addition of NH4NO3. 

 
Fig. 6: Percentage of most abundant operational taxonomic units (OTUs) in soil samples collected after 13 days 

of incubation. A: substrates added with the same carbon content; B: substrates added with the same energy 
released. Glu: glucose; Cel: cellobiose; Van: vanillic acid; C: substrates added with the same carbon content; EN: 

substrates added with the same energy released; +N: addition of NH4NO3.  
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Discussion 

Energy-rich versus energy-poor, complex compounds 

To test the effect of energy content of compounds on PEs, the amount of added carbon 

of the priming compounds was kept constant among treatments. This allowed us to test 

the first hypothesis. All substrates given at equal amounts of carbon induced PEs. The 

addition of the energy-rich compounds glucose and cellobiose caused a slightly higher 

total CO2 respiration (Fig. 2S) and a two times higher PE as compared to the energy-poor 

compound vanillic acid (Fig. 1C and 1D). Fresh available substrates can serve as energy 

source stimulating the soil microbial community, causing the production of extracellular 

enzymes with the subsequent increase in the decomposition of SOM (Blagodatskaya and 

Kuzyakov, 2008; Schimel and Weintraub, 2003). In fact, enzyme production requires an 

energetic investment and enzymes are only beneficial if their substrates are available in 

high enough concentration to offset these costs (Allison et al., 2014). In this study, the 

microbial community appeared to be partially limited by energy to break-down recalcitrant 

SOM, which is in agreement with the findings of previous studies (De Nobili et al., 2001; 

Fontaine et al., 2004a).  

To test the effect of structural similarity of trigger compounds with SOM on PEs (second 

hypothesis), the amount of energy was kept constant among treatments. Microbial 

biomass yield for the three selected substrates (glucose, cellobiose and vanillic acid) was 

used to determine microbial usable energy instead of theoretical energy availability such 

as given by Gibbs free energy. Glucose, cellobiose and vanillic acid have different values 

of Gibbs free energy (ΔG = - 686 kcal/mol; - 1355 kcal/mol and - 819 kcal/mol, 

respectively). Thus, theoretically, cellobiose contains the highest amount of energy, 

followed by vanillic acid and glucose. However, this is not observed with microbial biomass 

yields, as we found that bacterial and fungal biomass production was much less on vanillic 

acid than on cellobiose and glucose. This discrepancy is due to the fact that the actual 

amount of energy that can be used for biomass production is determined by the catabolic 

pathways coupled to ATP production and the losses of energy due to maintenance costs. 

Therefore, we think that microbial biomass yield is the best choice as proxy for of energy 

availability for PEs. 

Under conditions of similar energy addition vanillic acid induced the highest total CO2 

respiration, substrate mineralization and PE (Fig. S2, S3 and 1A), with PE being more 

than 7 times higher than in treatments with glucose and cellobiose. Structural complex 

compounds can increase PEs (Brant et al., 2006) by production of broad variety of 

enzymes, thereby possibly co-metabolizing SOM fractions (Fontaine et al., 2003; Schimel 

and Weintraub, 2003). Microbial enzyme responses to substrate addition may be 

important to clarify the mechanisms of PEs. An increase in extracellular enzymes 

degrading cellulose and lignin was considered to be the cause of PEs because these 
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enzymes are also involved in SOM decomposition (Blagodatskaya and Kuzyakov, 2008; 

Fontaine and Barot, 2005). Therefore, if the added compounds reflect the chemical 

composition of the SOM, the production of enzymes by microorganisms may be induced 

that will also decompose fractions of SOM (van der Wal and de Boer, 2017). 

The two mechanisms proposed, namely the availability of energy and the chemical 

similarity between SOM and the added compounds, do not exclude each other and can 

coexist. Indeed, the direction and magnitude of PEs can depend on the quality and 

quantity of the added compounds.  

 

Fungi versus bacteria in priming effects 

To test if fungi were more important than bacteria in priming effects, we investigated how 

different substrates affected the microbial community. Both bacteria and fungi were able 

to use the added substrates, as the heavy fractions of DNA copy numbers increased for 

both groups (Fig. 2 and 3). In addition, both fungi and bacteria were growing on SOM as 

indicated by an increase in DNA copy numbers in light fractions. The increase in light DNA 

copy numbers of fungi and bacteria as compared to control samples, after 5 hours of 

incubation (Fig. 2 and 3) might be due to the activation of the internal microbial 

metabolism. Adding carbon to the soil, independently of the amount of available substrate 

in the soil, may trigger microbes to switch from a dormant to an active state 

(Blagodatskaya and Kuzyakov, 2008). The increase in the energy requirements might be 

sustained by the use of intracellular reserves (Blagodatskaya et al., 2007; Blagodatskaya 

and Kuzyakov, 2008). Furthermore, we observed a temporary decrease in the 

decomposition of SOM after 5 hours of incubation (negative PE) (Fig. S4, treatments with 

no N addition). This may be explained by preferential substrate utilization where 

opportunistic microbes decompose the added labile C which may negatively affect the 

microbes that decompose SOM via production of inhibitors or uptake of inorganic nutrients 

resulting in a negative apparent PE (Blagodatskaya and Kuzyakov, 2008; Bradford et al., 

2008; Rousk et al., 2016). 

We hypothesized that the contribution of fungi in PEs was more important because of their 

hyphal growth and SOM-degrading enzyme production (Fontaine et al., 2011). However, 

copy numbers of 18S (fungi) and 16S (bacteria) rDNA fragments indicated that the 

contribution of fungi to PE was quite low as compared to bacteria, reflecting the low F:B 

ratio of the ex-arable soil used for the experiment (Table 1). Based on the first growth 

experiment, both fungi and bacteria were equally able to grow on the added vanillic acid 

(Fig. S1). This may explain why, in contrast to our expectation, fungi were not specifically 

stimulated by addition of vanillic acid to soils. Yet, the ratio of DNA copy numbers between 

light and heavy fractions for fungi and bacteria was similar, suggesting that fungi were 

proportionally equally important for PEs. However, the numerical dominance of bacteria 
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over fungi in the soil that we have been using has been shown for other  grassland 

ecosystems as well (Bird et al., 2011). 

Comparison of different soils and trigger compounds indicates that several microbial 

groups can take the lead in PEs (e.g., Dungait et al., 2013; Garcia-Pausas and Paterson, 

2011; Sullivan and Hart, 2013; Whitaker et al., 2014) and this can change over time 

(Blagodatskaya et al., 2014). Low fungal DNA copy numbers that were found for all 

treatments suggest that the fungi have a minor role in PEs in the ex-arable soil. For 

ecosystems where the contribution of fungi in the decomposition of SOM is more important 

such as forest soils, it is likely that their role in PE is also more important (Terrer et al., 

2016). 

 

Bacterial diversity 

In this study, we observed a clear differentiation between 13C and 12C fractions shortly (5 

h) after addition of the compounds (Fig. 4 and S5), where β-Proteobacteria, 

Sphingobacteriia, and γ-Proteobacteria were mostly present in the 13C fractions, and 

Acidobacteria, α-Proteobacteria were dominantly present in both 13C and 12C fractions. 

After prolonged incubation (3 and 13 days) these differences disappeared (Fig. 5 and 6), 

and the bacterial community (in the 13C as well in the 12C fractions) was dominated by 

Acidobacteria, Actinobacteria and α-Proteobacteria in all samples. This indicates that 

added substrates were first consumed by bacterial species from the classes β-

Proteobacteria, Sphingobacteriia, γ-Proteobacteria, Acidobacteria and α-Proteobacteria. 

After 3 days and 13 days bacteria from the classes Acidobacteria and α-Proteobacteria 

were still 13C-labeled, and 13C-labeled Actinobacteria were increasing. The rapidly 

responding classes β-Proteobacteria, Sphingobacteriia, and γ-Proteobacteria did only 

consume the trigger compounds but did not contribute to PE. Other microbial taxa, i.e. 

Acidobacteria, α-Proteobacteria, were decomposing the added C as well as SOM, 

indicating direct co-metabolism of SOM (Fontaine et al., 2004b). These groups probably 

also contributed to PE via decomposition of the necromass of the pioneer microbial groups 

(Kuzyakov, 2010). A similar pattern was previously observed (Bernard et al., 2007; 

Pascault et al., 2013). Phylogenetic bacterial groups like Acidobacteria and α-

Proteobacteria, that are well known to harbor oligotrophic species, where retrieved in both 

DNA heavy and light fractions in soils treated with 13C-labelled plant residues. 

In general, bacterial species from the classes β- and γ-Proteobacteria are known as 

opportunistic bacteria, fast growers, with a rapid turnover. They can be considered 

copiotrophs that are stimulated by high substrate availability  (Aneja et al., 2006; Bernard 

et al., 2007; Fierer et al., 2007; Jenkins et al., 2010; Pascault et al., 2013). For example, 

within the class γ-Proteobacteria, we found Pseudomonas spp. that have high metabolic 

versatility and they have previously been reported as ecological opportunists 
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(Padmanabhan et al., 2003). On the other hand, α-Proteobacteria are far more abundant 

than the other proteobacterial classes in environments characterized by recalcitrant 

carbon (Kielak et al., 2016b), thus they may be considered as decomposer specialists 

(sensu Moorhead and Sinsabaugh, 2006).  

Actinobacteria were increasing in the 13C fractions after three days of incubation. Members 

of this phylum (e.g. Actinomycetales) are known for their ability to decompose complex 

carbon compounds (Barder and Crawford, 1981). Moreover, Actinomycetes can compete 

with fungi during degradation of plant polymers (De Boer et al., 2005) and Mycobacteria 

are able to degrade polycyclic aromatic hydrocarbon (Uyttebroek et al., 2006). 

Acidobacteria is a cosmopolitan soil bacterial phylum (Barns et al., 1999; Youssef and 

Elshahed, 2009), that  generally consist of oligotrophic organisms (Fierer et al., 2007; 

Pascault et al., 2013). The wide physiological capabilities among taxa of this group (Kielak 

et al., 2016a) point out that they can utilize complex carbon substrates that are also likely 

to be present in the native SOM (Pascault et al., 2013). 13C-labeled Acidobacteria were 

already found after 5 hours of incubation in this experiment, indicating that they either may 

be able to compete with the fast-growing Proteobacteria for labile C (R. T. Jones et al., 

2009; Kielak et al., 2016a) or they might start with the consumption of lysed cells of 

opportunistic bacteria.  

In most samples we observed similar bacterial communities after adding different carbon 

substrates. Hence, in general, different substrates did not stimulate the growth of different 

bacterial groups, although we found differences in PEs among the treatments. Differences 

in PEs can thus not be explained by the stimulation of different microbial groups with 

different capabilities to degrade SOM. Instead, it could be due to stimulation of different 

enzyme systems within similar bacterial taxa. 

 

Effect of nitrogen on PE 

In treatments where ammonium nitrate was added, we found a decrease in total CO2 

production in the control treatment with N (Fig. S2), a slight increase in PEs (Fig. 1) and 

no effect of N on microbial dynamics (Fig. 2 and 3). A decrease in respiration after addition 

of mineral N to soils has been observed before (Ramirez et al., 2012; Schimel and 

Weintraub, 2003) and it was explained as a consequence of the reallocation of C from 

“waste respiration” to microbial growth and a general depression of soil microbial activity. 

Nitrogen addition can cause a suppression of the activity of several extracellular enzymes 

(Carreiro et al., 2000; Frey et al., 2004; Ramirez et al., 2012; Sinsabaugh et al., 2005). 

The increase in PEs is in contrast to our last hypothesis, where we expected that the 

addition of N would have negatively influenced PEs since microbes are not stimulated to 

mine for N in SOM. Our system is dominated by bacteria (Table 1) and mining for N was 
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found to be an important process in ecosystems that are dominated by fungi (Rousk et al., 

2016; Terrer et al., 2016), since they are capable of adjusting the decomposition activity 

to the nutrient availability (Boberg et al., 2008) and by their ability to connect easily-

available carbon with stable SOM (Fontaine et al., 2011). Another possible explanation is 

the limitation of N for microbial growth. According to the stoichiometric decomposition 

theory (Craine et al., 2007), microbial activity is highest when C:N ratio of the substrate 

matches with the microbial demands (Hessen et al., 2004). In two recent studies (Chen et 

al., 2014; Drake et al., 2013) it was shown that simultaneous amendments of N and C 

alleviated the stoichiometric constraint in soils and that allowed an increase in enzyme 

production (as β-glucosidase and cellobiohydrolase) and PE. Therefore, adding N and C 

to the soil mesocosms might better match the N demands necessary for microbial growth 

and PEs. Yet, it should be noted that we may have overestimated PE in the treatments 

that received nitrogen amendments because of the low respiration in the “control + N” soil.  

 

Conclusions 

In this study we compared the PEs induced by energy-rich, simple compounds with that 

of an energy-poor compound resembling fractions of recalcitrant SOM. We observed that 

the PE stimulated by the compound resembling SOM was much larger than the effect of 

the microbial useable energy of added compounds. To our knowledge, this study is the 

first to indicate the relative effect of energy versus structure of added compounds on PEs. 

This indicates that PEs can be better understood by including both the energy- and the 

structure of trigger compounds. We suggest that future studies should focus on the 

structural complexity of added compounds and the enzymes that are needed to break-

down the added compounds as well as SOM. Focusing on the enzymes involved seems 

to be essential to understand PEs.  In this study differences in PEs could not be explained 

by the stimulation of different functional microbial groups. Instead, differences in PEs 

appeared to be due to the stimulation of different enzyme systems within similar 

phylogenetic bacterial communities. Finally, we showed that adding N and C to soils 

caused a slightly higher effect on PEs. It should be noted though that the increase in PEs 

might be an artefact caused by the reduced respiration levels in the control soil. 

Nonetheless, supplementing added compounds with N addition might better match the N 

demands necessary for microbial growth and PE which is in line with the stoichiometric 

decomposition theory but not with the mining for N theory.  
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Supplementary information 

 

 

Fig. S1: Estimation of the energy released by the priming substrates (0.5 g/L) calculated as the amount of 
produced fungal (A) and bacterial (B) biomass. Statistically significant differences (p<0.05) in biomass yield are 

marked with different letters. Vertical bars represent standard errors. 
 
 
 

 
Fig. S2: Cumulative CO2 release during 30 days of incubation. Glu: glucose; Cel: cellobiose; Van: vanillic acid; C: 

substrates added with the same carbon content; EN: substrates added with the same energy released; +N: 
addition of NH4NO3. 
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Fig. S3: Substrate derived CO2 [µg C-CO2/g of soil * h] induced by three different substrates: glucose, cellobiose 
and vanillic acid. A) Substrate derived CO2 in treatments where substrates were added with same amount of C. 

B) Substrate derived CO2 in treatments where substrates were added with the same energy released. C: 
substrates added with the same carbon content; EN: substrates added with the same energy released; +N: 

addition of NH4NO3. Vertical bars represent standard errors.  
 
 
 
 
 
 
 
 
 

 
Fig. S4: Priming effect [µg C-CO2/g of soil * h] induced by three different substrates: glucose, cellobiose and 
vanillic acid. A) primed CO2 after 0.2, 3 and 13 days of incubation in treatments where substrates were added 
with same amount of C. B) Primed CO2 after 0.2, 3 and 13 days of incubation in treatments where substrates 

were added with the same energy released. C: substrates added with the same carbon content; EN: substrates 
added with the same energy released; +N: addition of NH4NO3. Vertical bars represent standard errors.  
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Fig. S5: Detrended correspondence analysis (DCA) biplot showing the variation of the bacterial community 
composition between the treatments. Triangles are samples amended with glucose; circles are samples 

amended with cellobiose; squares are samples amended with vanillic acid. Open symbols are samples collected 
at 0,2 days of incubation; solid symbols are samples collected at 3 days of incubation; diagonal hatch symbols 
are samples collected at 13 days of incubation. Red symbol are samples representing the DNA heavy fraction; 

black symbols are samples representing the DNA light fraction. Samples closer together have more similar 
bacterial communities. 
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Abstract 

Home field advantage (HFA; acceleration of plant litter decomposition in soils that receive 

their indigenous litter) and priming effects (PEs; short-term changes in the turnover of soil 

organic matter caused by the addition of fresh organic carbon) are two aspects of 

decomposition processes that are driven by the composition and functioning of soil 

decomposer communities. Physicochemical similarity between added organic compounds 

and soil organic matter fractions has been indicated as an important steering factor of 

PEs. It is unknown whether PEs, like litter decomposition, experience HFA, i.e., whether 

PEs are higher than expected in soils receiving their own litter due to specialization of the 

decomposer community. Here we studied both HFA and PEs by measuring litter- and 

SOM-derived carbon (C) fluxes after the addition of fresh plant litter. We reciprocally 

incubated three 13C labelled litter types (maize, bent and beech) in soils from ecosystems 

where these litters are abundantly produced (e.g., arable sites, grasslands and forests), 

with and without the addition of mineral nitrogen (N). Generally, respiration of both litter-

derived and SOM-derived C were lowest when beech litter was added, and were lower in 

forest soils than in arable or grassland soils. N addition generally slightly increased the 

respiration of litter-derived C, but had no effect on SOM-derived C. All litter types induced 

a positive PE in all soils. HFA effects were not significantly different from zero, but were 

significantly higher in grasslands than in maize fields amended with nitrogen. We found a 

positive relationship between litter and priming HFA, indicating that the rates of both litter 

decomposition and PE may be affected in the same manner by home combinations of 

plant and litter versus away combinations. This positive relationship disappeared when N 

was added. Our results provide a first indication that the extent to which indigenous soil 

microbes are specialized to breakdown home litter, not only accelerates or decelerates 

the decomposition of litter, but affects the breakdown of SOM in the same way. This could 

imply that a specialized litter decomposer community driving HFA can further accelerate 

soil C mineralization via enhanced induction of PEs. Therefore, the impact of specialized 

decomposer communities on the dynamics of soil C pools may be bigger than expected 

from HFA of litter decomposition alone. 
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Introduction 

Global carbon (C) cycling plays a key role in climate regulation (Crowther et al., 2016). 

The main source of C-CO2 from the soil to the atmosphere is the decomposition of soil 

organic matter (SOM) and fresh plant litter (Schlesinger, 1997). Besides controlling carbon 

cycling, SOM and plant litter decomposition are crucial processes for nutrient cycling and 

maintaining soil fertility (Schmidt et al., 2011; Swift et al., 1979). Traditionally, the main 

factors assumed to control decomposition rates in different ecosystems are climatic 

conditions and chemical complexity of the organic material (Aerts, 1997). However, over 

the last decade evidence is growing that decomposer community composition may also 

influence decomposition processes at local scales (e.g., Bradford et al., 2017; van der Wal 

et al., 2015) in particular when soil (decomposer) communities differ in their capacity to 

decompose different substrates (Ayres et al., 2009; Keiser et al., 2011). In light of global 

change, it is important to understand the role of litter and SOM-degrading abilities of 

microbial communities in soil carbon dynamics. 

Home-field advantage (HFA) and priming effects (PEs) are two aspects of decomposition 

processes that are driven by the composition and functioning of soil decomposer 

communities. HFA is the phenomenon by which plant litter decomposition is accelerated 

in soils where the litter originates from (i.e., at home) compared to other soils (i.e., away) 

(Ayres et al., 2009; Gholz et al., 2000). This may be due to specialization of decomposer 

communities in the home soil compared to the away soil. PEs are short-term changes, 

often increases, in the turnover of SOM caused by the addition of fresh organic carbon 

(e.g. root exudates, plant litter) to the soil (Kuzyakov et al., 2000). PEs may occur when 

the addition of organic compounds triggers microbial production of extracellular enzymes 

which decompose fractions of SOM (Fontaine and Barot, 2005) or when the lack of 

inorganic nitrogen (N) availability in the soil stimulates microbes to mine for N in SOM 

(Dijkstra et al., 2013). It has been hypothesized that positive PEs are stimulated when the 

physicochemical composition of added compounds (e.g. fresh litter) and SOM fractions 

are similar, because soil microbes may be specialized to decompose both added litter as 

well as SOM fractions (van der Wal and de Boer, 2017). This suggests, that in line with 

HFA for litter decomposition, PEs might be accelerated in home soils (own litter and SOM 

combination) than in away soils, but we have no evidence for this yet.  

The breakdown of plant litter and SOM is affected by the availability of nitrogen (N) in the 

soil (Craine et al., 2007; Knorr et al., 2005). Therefore, increased N availability may induce 

changes in HFA and PEs. Generally, addition of N increases decomposition of high quality 

litters, whereas the reverse is seen  for low quality litters (Knorr et al., 2005). How this 

affects HFA is not yet well examined, but some studies revealed that HFA effects for litter 

decomposition can increase with N addition (Li et al., 2017; Yu et al., 2015). The 

magnitude of PEs may also be influenced by the availability of N (Dijkstra et al., 2013). 

According to the “microbial nitrogen mining” hypothesis microbes use labile C as an 
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energy source to decompose recalcitrant organic matter and acquire N (Moorhead and 

Sinsabaugh, 2006). Hence, N addition may reduce mining for N and, consequently, SOM 

decomposition (Chen et al., 2014). However, it remains unclear how N addition changes 

PEs in soil receiving their own or foreign litter, and therefore how HFA for litter 

decomposition and PE are related.  

In this study we aim to understand how litter breakdown in home and away soils (litter 

HFA) is related to SOM decomposition in home and away soils (priming HFA). We 

hypothesized that (1) there is a positive relationship between litter HFA and priming HFA, 

i.e., in soils where litter decomposition is accelerated by the addition of home litter, PEs 

will also be accelerated and vice versa, and that (2) N addition will modify the relationship 

between PEs and HFA. To test our hypotheses we performed a microcosm experiment 

under controlled laboratory conditions. We incubated maize, common bent and beech 13C-

labelled litter in soils from arable maize fields, natural grasslands dominated by common 

bent and beech forests according to a full-factorial reciprocal design. We measured the 

amount of 12C and 13C respired from the microcosms, which allowed us to disentangle the 

decomposition rates of “older” soil organic matter (12C) from “fresh” litter  (13C), 

respectively (Paterson et al., 2008). We examined litter decomposition and PEs in soils 

receiving “home” or “away” litter, with or without the addition of mineral nitrogen.  

 

Materials & Methods 

Soil sampling and processing  

In August 2015, soil (0-10 cm, after removing the litter layer) was collected in three 

different types of ecosystems in the central part of the Netherlands (Table S1), i.e. arable 

fields, deciduous forests and natural grasslands developed on abandoned arable fields 

(Table 1). The arable fields were planted with maize (Zea mays L.), the dominant plant 

species in the forests was beech (Fagus syslvatica L.). The natural grasslands were 

dominated by grasses such as common bent (Agrostis capillaris L.), tufted grass (Holcus 

lanatus L.) and forbs such as narrow-leave plantain (Plantago lanceolata L.) (Table S1) 

(Morriën et al., 2017). For each ecosystem type, we collected soils from four separate 

sites that were about 1 km apart, representing four independent biological replicates for 

each ecosystem type (Table S1). Fresh soil was sieved (4 mm) and homogenized, 

removing fine roots and other plant debris, but keeping representative sized soil micro- 

and meso-fauna in our experimental soil incubations (Chapin et al., 2011).  Field-moist 

soil was then stored at 4 ºC until further use. 
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Measurement biotic and abiotic soil and litter properties 

From each of our soil samples we collected a random subsample to determine biotic and 

abiotic soil conditions. In addition, for each of the litter types we determined C and N 

content. 

 

Soil and litter chemical properties 

Soil pH (soil: H2O,1:2 w:v), gravimetric moisture content (dried at 105ºC, to constant mass) 

and maximum water holding capacity (WHC) was measured in fresh soil samples. Total 

C and N in all soil samples and litters were measured by a combustion method using an 

elemental analyser (Thermo flash EA 1112, Thermo Fisher Scientific Inc.). Mineral N was 

extracted by shaking 10 g dry weight soil with 50 ml 1 M KCl for two hours. Concentration 

of N-NH4
+ and N-NO3

- in the KCl extract were determined using an AutoAnalyzer (SEAL 

QuAAtro Segmented Flow Analysis system). The orthophosphate fraction from the soils 

was extracted in a 1:20 (w/v) ratio with a 0.5 molar solution of NaHCO3 at pH 8.5. 

Concentration of P-(PO4) in the extracts was determined by an AutoAnalyzer (SEAL 

QuAAtro Segmented Flow Analysis system). Soil characteristics of the soils are listed in 

Table 1. 

 

DNA extraction and quantitative PCRs 

To determine bacterial biomass we extracted DNA from soils using the PowerSoil® DNA 

Isolation Kit (MOBIO Laboratories, Carlsbad, California, USA) according to the 

manufacturer’s instruction with some modifications: after adding solution C1 (causing cell 

lysis), samples were incubated at 60 °C for 30 min; after adding solution C6 (releasing 

DNA from spin filter), samples were incubated at 30 °C for 10 min. Total DNA was 

quantified using a NanoDrop ND-1000 Spectrophotometer (Bio-Rad Laboratories Inc.). 

Briefly, each qPCR reaction for bacterial quantification (total volume 15 μl) consisted of 

7.5 μl of Sybergreen (iTaq™ Universal SYBR® Green Supermix), 0.6 µl of forward primer 

(Eub 338,  10 pmol µl-1) (Amann et al., 1990), 0.6 µl of reverse primer (Eub 518, 10 pmol 

µl-1) (Muyzer et al. 1993), 3.3 µl Nucleic acid free water (Sigma) and 3 µl of DNA. Plasmid 

Ter331 (Collimonas 16S) was used as a standard for the quantification. The PCR program 

consisted of an initial denaturation step at 95 °C for 2 min, followed by 40 cycles of 95 °C 

for 10 sec, 53 °C for 10 sec and 72 °C for 25 sec. The qPCRs were performed with a 

Rotor-Gene RG-3000 (Corbett research). For each template DNA we analysed four 

biological replicates in duplicate. The results obtained, expressed as 16S rRNA gene copy 

numbers/g of dw soil, were used to calculate the bacterial biomass using a conversion 

factor of 4.1 copies per cell (Santelli et al., 2008) to estimate the bacterial cell densities 
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and then a conversion factor of  320 fg C mm3 to estimate the carbon content per cell 

(Bloem et al., 1995). 

 

Fungal biomass  

Ergosterol, a sterol found in fungal membranes, was used as a biomarker for fungal 

biomass. We used the protocol described by de Ridder-Duine et al. (2006). Briefly, 4 g of 

moist soil was shaken with 6 ml of methanol in the presence of glass beads, to disrupt the 

fungal mycelium and to release the ergosterol into the extractant. After centrifugation and 

filtration, ergosterol was measured on a 1260 Bio-inert LC coupled with a 6460 QQQ 

(Agilent, Santa Clara, USA).  

 

Microcosm set-up 

Falcon tubes (50 ml) were filled with 5 g of dry weight equivalent of moist soil. The lids of 

the Falcon tubes contained butyl rubber stoppers and o-rings (Rubber BV, Den Haag, The 

Netherlands), allowing to sample the headspace of the tubes while maintaining air-

tightness. Moisture content was adjusted to 60% of the water holding capacity, and the 

soil was pre-incubated for an acclimatization period (7 days in the dark at 20 ºC). The 

acclimatization period was based on the results of a previous pilot experiment (data not 

shown), where soil CO2 efflux rates were regularly checked to confirm stabilization of the 

soil microbial activity. 

We used a reciprocal transplant design, namely each litter type was incubated in all of the 

soil types. Uniformly labelled 97 atom% 13C-maize litter, 97 atom% 13C-beech litter and 97 

atom% 13C-common bent litter (Table S2) (IsoLife BV, Wageningen, The Netherlands) 

were added at a rate of 5 mg C g-1 dry weight soil (Bernard et al., 2007; Lee et al., 2011; 

Pascault et al., 2013). Leaf litter was first cut in small pieces (0.2 cm by 0.2 cm) for 

homogenization, and then added on top of the soil to mimic litter fall (Ball et al., 2008; 

Bradford et al., 2002). Besides the addition of labelled litter, half of the microcosms also 

received an aqueous solution of NH4NO3 to establish a final C-substrate: N ratio of 15:1 

(Fontaine et al., 2011). Controls consisted of soils without litter addition and with and 

without nitrogen addition. Each treatment was replicated four times. Soils were incubated 

at 20°C in the dark for 30 days. We maintained soil moisture constant throughout the 

incubation period by weighing the microcosms once a week and watering with deionized 

water when needed. 
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CO2 measurements 

For CO2 efflux measurements, microcosms were sealed tightly and the headspace was 

flushed with CO2-free air (Westfalen Gassen Nederland BV, The Netherlands). After 5 h 

of incubation, 6 ml of headspace gas was sampled through the lid septum using a syringe 

and injected into 5.9 ml evacuated Exetainer vials (Labco Ltd., Buckinghamshire, UK). To 

measure the total amount of CO2 in the headspace, an aliquot of the gas samples (150 µl 

for each vial) was injected using an auto-sampler in the Ultra GC gas chromatograph 

(Interscience, The Netherlands) equipped with a flame ionization detector (FID) and a Rt-

QBOND (30 m, 0.32 mm, ID) capillary column. Helium was used as carrier gas and the 

oven temperature was kept at 50 °C with a flow of 5 ml. For the analysis of the 13C-CO2 

we used a ThermoScientific gaschromatograph with combustion interface (Conflo II) 

system connected to a ThermoScientific Delta V Plus isotope ratio mass spectrometer 

(ThermoScientific, Bremen, Germany). Gas samples (250 µl) were injected into the split 

injector (split ratio 1:10), and eluted with helium (5 ml/min) on Rt-QBOND (30 m, 0.32 mm, 

ID) capillary column at 31ºC. The reference gas was calibrated with Methane δC (VPDB) 

-38.25 (Arndt Schimmelmann, Indiana University, Bloomington, USA). 

Samples were collected at 1, 2, 3, 4, 5, 6, 7, 9, 11, 13, 16, 19, 22, 26, 30 days after the 

start of the experiment (15 sampling times in total). CO2 concentrations of the 15 sampling 

times were used to calculate the cumulative respiration for the whole incubation period. 

Cumulative fluxes were calculated by linear interpolation between measuring times.  

 

Priming effect calculations 

The percentage of respired CO2 derived from 13C substrate was calculated for all 

treatments and sampling times according to the formula: 

 

%Csubstrate derived = [(δC − δT) / (δC − δL)] × 100  (1) 

 

Where δC is the δ13C value of the respired CO2 from control soils, δT is the δ13C value in 

respired CO2 from treated soils and δL is the δ13C value of the labelled substrate 

(Nottingham et al., 2012). Data were expressed in μg C g−1 soil. Priming effect was then 

calculated as the total respired CO2 in treated soils minus the substrate-derived CO2 and 

minus the respired CO2 in the control and expressed in μg C g−1 soil (Qiao et al., 2016): 

 

Primed C = Ctotal – Csubstrate – Ccontrol    (2) 
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Home field advantage calculations 

Litter-derived carbon and PE data (13C-CO2 and 12C-CO2, respectively) were used to 

calculate HFA effects on litter (subsequently referred to as litter HFA) and SOM 

decomposition (subsequently referred to as priming HFA), respectively, using the 

procedure described by Gießelmann et al. (2011). This method consists of comparing litter 

derived carbon rate (or the SOM derived carbon rate in the case of priming HFA) of a 

particular litter type observed in the soil type from which it was originated (home) with the 

litter (or SOM) derived C rate observed in a different soil type (away). Multiple site 

comparison indices (HFAi) can be measured using the following four equations: 

 

HFAia = (HDDa – ADDa – H) / (n – 2)   (4) 

HDDa = (SRaA – SRbA) + (SRaA – SRcA)   (5) 

ADDa = (SRaB – SRbB) + (SRaC - SRcC)   (6) 

H = Σ HDD / (n-1)      (7) 

 

Where HFAia represents the additional decomposition at home for litter type a. A, B and 

C are the home soils for litter type a, b and c, respectively. Thus, for example, SRaA is the 

substrate derived (litter or SOM derived) respiration of litter type a in soil A (home). HDD 

and ADD represent at home decomposition difference and away from home 

decomposition difference, respectively. H is the sum of all HDD divided by n – 1. n 

represents the number of litter types (in our case three). 

 

Statistical analysis 

To test how soil type, litter type, nitrogen amendment and their interactions affected litter-

derived CO2, PE, litter HFA and priming HFA, we used three-way ANOVA, followed by 

post-hoc Tukey’s test. We used one-sample T-tests to test if litter HFA and priming HFA 

indices (obtained with the procedure of Gießelmann et al. 2011) were different from zero. 

Data of litter HFA and priming HFA were compared pairwise using an independent sample 

t-test within N fertilized and non-fertilized treatments (e.g. Beech vs. Beech+N. etc.). We 

used one-way ANOVA to test for differences in HFA between treatments, followed by post-

hoc Tukey’s test. Finally, we used regression analyses to test for the relationships 

between litter derived CO2 and PE, and between litter HFA and priming HFA. All the 

statistical analyses were performed using IBM SPSS Statistics 22.  
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Results 

Litter decomposition and priming effects 

The CO2 production levelled off in all soil types within the first 10 days of the experiment 

(Fig. S1). This indicates that during our incubation experiment most litter decomposition 

was taking place during the first 10 days.  

Litter type, soil type and their interaction affected the release of litter-derived CO2 (13C) 

(Table 2). Generally, the lowest amounts of litter-derived C were observed for beech litter, 

while maize and bent litters resulted in higher CO2 efflux in all soils (Fig. 1A-C and Table 

2). The amounts of litter-derived C were lower in forest soils, than in arable and grassland 

soils, particularly for bent litter as indicated by the interaction. Indeed, bent litter 

decomposes less in forest soil than in the other soils. Furthermore, beech litter 

decomposes more in arable soil than in the other soils. Nitrogen addition slightly increased 

litter respiration (F1, 54 = 5.682, P = 0.021), but this was not picked up by post-hoc testing 

(Fig 1A-C). 

 

Table 2: ANOVA results testing the effect of soil type (arable, forest and grassland), litter type (maize, beech and 
bent), nitrogen addition and their interactions on the amount of litter-derived C (µg C-CO2 g soil-1), primed C (µg 

C-CO2 g soil-1) and their ratio. df represents the numerator, denominator degrees of freedom. 

 Term F df P 

Litter derived C Soil 4.101 2, 54 0.022 
 Litter 183.915 2, 54 <0.0005 
 Nitrogen 5.682 1, 54 0.021 
 Soil x litter 3.924 4, 54 0.007 
 Soil x nitrogen 0.022 2, 54 0.978 
 Litter x nitrogen 1.684 2, 54 0.195 
 Soil x litter x nitrogen 0.139 4, 54 0.967 

Primed C Soil 11.023 2, 54 <0.0005 
 Litter 182.693 2, 54 <0.0005 
 Nitrogen 0.475 1, 54 0.494 
 Soil x litter 0.934 4, 54 0.451 
 Soil x nitrogen 0.580 2, 54 0.564 
 Litter x nitrogen 1.955 2, 54 0.152 
 Soil x litter x nitrogen 0.430 4, 54 0.787 

Primed C / litter derived C Soil 0.120 2, 54 0.887 
 Litter 2.271 2, 54 0.075 
 Nitrogen 0.029 1, 54 0.865 
 Soil x litter 0.573 4, 54 0.683 
 Soil x nitrogen 0.747 2, 54 0.479 
 Litter x nitrogen 0.794 2, 54 0.457 
 Soil x litter x nitrogen 0.407 4, 54 0.803 

 

Litter type and soil type significantly affected primed C (F2,54 = 182.693, P < 0.001; F2,54 = 

11.023, P < 0.001 respectively). Generally, maize and bent litters induced the highest PEs 

(Fig. 1D-F and Table 2), and priming was lowest in forest soils (Fig 1D-F). Nitrogen 

addition had no effect on PEs (F1, 54 = 0.475, P = 0.494). 

The three-way interaction between soil type, litter type and nitrogen addition did not affect 

the amount of litter-derived CO2 (F4,54 = 0.139, P = 0.967) and PEs (F4,54 = 0.430, P = 
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0.787). The ratio between primed C and litter derived C (Fig. 1 G-I) tended to be highest 

for beech litter in all soils (Litter type effect: F2,54 =2.271, P= 0.075; Table 2), indicating 

that beech litter had a stronger impact on PE relative to litter decomposition compared to 

the other litter types. 

The regression analysis showed a linear relationship between litter derived CO2 and PE 

(R2 = 0.7803; P < 0.0001) (Fig. S2A). When the analyses were done for each litter type 

separately we found a linear relationship between litter derived CO2 and PE for beech and 

bent litters (R2 = 0.5414; P < 0.0001 and R2= 0.3802; P ≤ 0.001, respectively) but not for 

maize litter (R2 = 0.0757; P = 0.1931) (Fig. S2B). 

 

 
Fig. 1: A-C: Litter derived CO2 (µg C-CO2 g soil-1) induced by three different litter types (maize, beech and bent) 
in three soils (arable, forest and grassland soil) after 30 days of incubation. D-F: Primed CO2 (µg C-CO2 g soil-1) 

induced by three different litter types (maize, beech and bent) in three soils (arable, forest and grassland soil after 
30 days of incubation. G-I: Ratio between Primed CO2 and litter derived CO2 after 30 days of incubation. 

Statistically significant differences (P < 0.05, Tukey’s HSD test) among litter types are marked with different 
letters. No letters indicate no significant differences. N: NH4NO3. Error bars represent standard errors (n=4). 

ANOVA results are presented in Table 1. 
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Home field advantage in litter decomposition and priming of SOM 

The HFA index (percentage of additional decomposition at home as compared to all away 

sites) calculated for both litter HFA and priming HFA was not significantly different from 

zero (P > 0.05) (Table S3) for any of the treatments (Fig. 2). However, we found significant 

differences between the treatments for litter HFA (F18,5 = 3.474, P = 0.023). Litter home-

field effects were significantly higher in grasslands than in maize fields amended with 

nitrogen. In contrast, we did not find significant differences between litter types and soil 

types for priming HFA (F18,5 = 2.075, P = 0.116) (Fig. 2). Furthermore, we did not find a 

significant effect of nitrogen addition on both litter HFA and priming HFA (Table S4). 

 

 
Fig. 2: Home-field advantage (calculated as the additional decomposition at home in Gießelmann et al. 2011) of 

the cumulative litter derived CO2 (A) and cumulative primed CO2 (B) after 30 days of incubation. Statistically 
significant differences (P < 0.05, Tukey’s HSD test) are marked with different letters. No letters indicate no 

significant differences. Error bars represent standard errors (n=4). 

 

The regression analysis showed a linear relationship between litter HFA and priming HFA 

indices for treatments without N addition (R2: 0.43; F = 7.545; P = 0.021) (Fig. 3) while it 

was not for treatments with N addition (R2: 0.11; F = 1.290; P = 0.283) (Fig. 3). 

 

 
Fig. 3: Relationship between litter HFA and priming HFA for samples without N addition (dashed line, open 

squares) and samples with N addition (solid line, full squares). 
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Discussion 

Decomposition of plant litter and SOM are fundamental processes controlling the soil C 

balance. Several studies have focused on describing the mechanisms and main 

controllers of plant litter and SOM decomposition in different ecosystems in order to predict 

responses to global change (e.g, Gholz et al. 2000, Sayer et al. 2011, Makkonen et al. 

2012, Chen et al. 2014). It was suggested that specific interactions between plant residues 

and decomposer communities in the soil may be an important factor in controlling the rate 

of C turnover (Fontaine et al., 2007; Wang et al., 2015). HFA and PEs are two processes 

where the composition and functioning of microbial communities can play an important 

role with impact on loss of C from the soil (Fontaine et al., 2011; Keiser et al., 2014). 

However, little is known about the interaction of these two mechanisms. Here, we show 

for the first time that there is a positive relationship between litter HFA (percentage of 

additional litter decomposition in home soils as compared to away soils) and priming HFA 

(percentage of additional PE in home soils as compared to away soils), indicating that the 

rates of both litter decomposition and PEs may be affected in the same manner by home 

combinations of soil and litter versus away combinations. 

 

Litter decomposition and priming effects 

Both litter-derived carbon (13C) and PEs (12C) were affected by litter type (i.e., generally 

lowest decomposition rates for beech litter) and soil type (i.e., generally lowest 

decomposition rates in forest soils). This is in line with previous studies showing that litter 

characteristics (e.g., Cornwell et al. 2008, Pascault et al. 2013, Cleveland et al. 2014, 

Fanin and Bertrand 2016) and biotic and abiotic soil conditions (Bradford, 2014; Keeler et 

al., 2009; Knorr et al., 2005; Qiao et al., 2016; Wang et al., 2015), can exert a major control 

on the decomposition of litter and SOM. However, in contrast with previous findings that 

high quality litter (often indicated as litter with a low C:N ratio) generally decomposes faster 

than low quality litter (Cornwell et al., 2008; Makkonen et al., 2012; Veen et al., 2015a), 

we found that beech litter decomposed much slower then bent litter, while they did not 

differ in C:N ratio (Rousk et al., 2007; Rousk and Bååth, 2007). Hence, other litter chemical 

properties than C:N ratio alone were probably important for describing litter quality in our 

study, such as the lignin content. Indeed, beech litter is rich in recalcitrant C compounds 

and its decomposition is mostly driven by lignin:N ratio (Berg and McClaugherty, 2003). 

The strong influence of litter type on PEs is in accordance with recent findings that the 

complexity of organic substrates added to a soil drives the magnitude of priming effects 

(Di Lonardo et al., 2017). The ratio and the correlation between primed C and litter-derived 

C tended to be higher for beech litter than for other litter types in all soils. This indicates 

that beech litter had a stronger impact on PEs compared to all other litter types, although 

it was less decomposed. This may be explained by the higher chemical similarity between 
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the added litter and SOM. Beech is more lignin-rich than the other litter types (Berger and 

Berger, 2014; John et al., 2011), possibly resembling more the SOM fractions thereby 

leading to higher PEs (van der Wal and de Boer, 2017). 

 

Relationship between litter- and priming home-field advantage effects  

We found that both litter HFA and priming HFA did not differ significantly from zero, 

indicating that litter decomposition and PEs were not accelerated or decelerated in home 

compared to away soils for any of the treatments. This finding contrasts previous work 

which showed that litter transplants between contrasting habitats, such as the forest and 

grassland in our work, often result in high HFA (Ayres et al., 2009; Cornelissen et al., 

2012; Veen et al., 2015a). However, the short time span of our experiment may explain 

weak HFA effects, since colonization by slow growing K-strategists which can consume 

the more recalcitrant compounds in plant litter may take longer (Fontaine et al., 2003). Still 

we found differences in litter HFA between the three types of ecosystems, with the lowest 

litter HFA for arable fields and the highest for grasslands. This suggests that decomposer 

communities from grasslands were more specialized to decompose their own litter than 

communities from arable fields.  

The variation in HFA between treatments, as well as the variation between individual 

samples (Fig. 2), shows that there were differences in the magnitude of litter and priming 

HFA for individual locations or treatments. We used this variation to test whether sites with 

high litter HFA also had high priming HFA and vice versa. We hypothesized that 

decomposers that are specialized to breakdown their home litter will also accelerate the 

breakdown of SOM thereby enhancing PEs. Our results showed a slightly positive 

relationship between litter HFA and priming HFA, indicating that our hypothesis may be 

true. However, we observed relatively weak HFA effects in our study. This could have 

been a result of the short duration of our experiment period, as it could take longer to 

observe HFA, while PE appears rapidly (Blagodatskaya and Kuzyakov, 2008). However 

the soils used already had a long history with the litter types and therefore were expected 

to have built up a specialized decomposer community. Other studies showed that under 

such conditions HFA can already occur after a few weeks (Fanin et al., 2016) and does 

not necessarily become stronger with experimental duration (Veen et al., 2018). 

Alternatively, weak HFA could have resulted from the absence of macrofauna in our study 

(Milcu and Manning, 2011). 

A previous study showed that PEs occur in soils with litter HFA, but the use of a standard 

litter type to test PEs in this study did not allow to test for priming HFA, i.e., whether PEs 

with “home” litter were higher  than with “away” litter (Fanin et al., 2016). We now show 

for the first time, that in line with HFA for litter decomposition, there might be also HFA for 

PEs suggesting that both rates of litter decomposition and priming may be affected in the 
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same manner by home combinations of soil and litter versus away combinations. As a 

result, a specialized litter decomposer community driving HFA may further accelerate soil 

C mineralization via enhanced induction of PEs. This possibly implies that soil C dynamics 

may be more strongly affected by specialized interactions between soil microbial 

communities, soil organic matter and litter than we have assumed before (Fontaine et al., 

2003; van der Wal and de Boer, 2017). 

The finding that litter and SOM decomposition can be impacted by specialized soil 

communities via both litter HFA and priming HFA, also suggests that decoupling of plants 

and soil communities may alter soil C dynamics. Decoupling of plant-soil interactions may 

occur when responses in plant and soil communities to global-changes happen at a 

different rate (Berg et al., 2010; van der Putten, 2012). Experimental work has shown that 

legacy effects of decoupled litter-decomposer interactions on C mineralization rates may 

remain for at least a few generations of plant growth (Keiser et al., 2011). Yet, the impact 

of decoupled plant-soil interactions are often temporary as soil communities will respond 

to new plant species (Diez et al., 2010). How the impact of decoupling of plant-litter 

interactions on litter and priming HFA impacts C cycling in a complex field community, 

where individual plants potentially experience different home-field effects (Freschet et al., 

2012; Perez et al., 2013), requires further research.  

The positive relationship between litter HFA and priming HFA may indicate that indigenous 

soil communities can both accelerate or decelerate litter decomposition and PEs. To better 

understand when and where stimulation or reduction of litter decomposition and PEs 

occur, it will be important to determine which environmental factors are drivers of HFA 

effects. Previous work has suggested that litter quality (Veen et al., 2015a) or the similarity 

between the chemical composition of a litter type and the soil matrix (Freschet et al., 2012) 

could be important determining the strength and direction of HFA. However, evidence is 

mixed with some studies showing high HFA for low-quality litters (Milcu and Manning, 

2011; Wallenstein et al., 2013), while others found no relationship (Veen et al., 2015b) or 

showed that high HFA mainly occurred for high-quality litter (Fanin et al., 2014; Perez et 

al., 2013). The difference in litter HFA and priming HFA between the systems in our study 

do not appear to link directly to the quality of the litters, as HFA for maize litter was not 

different from that of beech, while C:N ratios and rates of decomposition strongly differed 

between these litter types. Therefore, even though we found that litter and priming HFA 

were positively related, it is still hard to predict for which type of litters positive or negative 

home-field effects occur (Austin et al., 2014; Veen et al., 2015a). 

 

The impact of nitrogen addition 

In line with our second hypothesis that N addition would modify the relationship between 

litter HFA and priming HFA, we found that the positive relationship between litter HFA and 
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priming HFA disappeared when N was added. This could be due to changes in the 

stoichiometric balance between the microbial decomposer communities and the organic 

matter sources (litter and SOM). The addition of N and litter to the soil microcosms might 

have altered the demands necessary for microbial growth, litter decomposition and PEs 

(Mooshammer et al., 2014b). For example, N addition can reduce microbial mining for N 

and, consequently, SOM decomposition (Chen et al., 2014) and thus the magnitude of 

PEs (Dijkstra et al., 2013). However, in our study the effect of N addition on litter 

decomposition, PEs (Table 2), litter HFA and priming HFA (Fig 2) were limited, providing 

a limited explanation for the weaker relationship between litter and priming HFA under 

fertilization. This could be because the effects of N addition on decomposition processes 

have inconsistent effects on both litter decomposition and PEs (e.g., Knorr et al. 2005, 

Cleveland et al. 2006, Craine et al. 2007). Alternatively, different processes, such as 

accelerated decomposition by a relief of N limitation or reduction of decomposition by the 

suppressing of lignin-degrading enzyme activities (Carreiro et al., 2000; Frey et al., 2004; 

Sinsabaugh et al., 2005) may interact, making it difficult to explain the mechanism of the 

effect of N addition on litter- and priming HFA.  

 

Conclusions 

In this study we investigated the relationship between litter and priming HFA for an arable, 

a grassland and a forest system using a full-factorial litter transplant experiment. Even 

though the HFA index did not differ from zero for any of our treatments, there was a slightly 

positive relationship between HFA of litter decomposition and HFA of priming of SOM. 

This could indicate that specialized decomposer communities may not only affect soil C 

mineralization via accelerated litter decomposition, but also via enhanced PEs. 

Consequently, the impact of specialized decomposer communities on soil C dynamics 

may be greater than has been assumed previously. To better understand when and where 

indigenous soil microbes will accelerate or decelerate soil C cycling in response to own 

litter, it will be crucial to elucidate the environmental drivers of both litter and priming HFA 

(Billings et al., 2010; Veen et al., 2015a). This will allow us to improve predictions of how 

global-change induced decoupling of plant and soil communities impact soil C dynamics. 
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Supplementary information 

 
Fig. S1: CO2 release over 30 days of incubation (µg C-CO2 g soil-1) induced by three different litter types 

(maize, beech and bent) in three soils (arable, forest and grassland soil). 
 
 
 

 

 
Fig. S2: Correlation between litter-derived CO2 and PE. A: all data together; B: data grouped per litter types. 
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Table S1: Geographical locations of the sampled soils. 

Sampling day Soil type Name Code Coordinate Dominant species 

26-8-2015 Arable soil Derks farm DE1 N 51°38'27'' E 5°40'44'' Zea mays L. 

26-8-2015 Arable soil Derks farm DE2 N 51°39'13'' E 5°40'21'' Zea mays L. 

26-8-2015 Arable soil Derks farm DE3 N 51°38'54'' E 5°41'11'' Zea mays L. 

26-8-2015 Arable soil Derks farm DE4 N 51°39'00'' E 5°42'48'' Zea mays L. 

26-8-2015 Beech forest soil Odiliapeelse bossen OD1 N 51°38'24'' E 5°42'01'' Fagus sylvatica L. 

26-8-2015 Beech forest soil Odiliapeelse bossen OD2 N 51°38'13'' E 5°34'01'' Fagus sylvatica L. 

26-8-2015 Beech forest soil Bosdreef BO1 N 51°40'51'' E 5°38'03'' Fagus sylvatica L. 

26-8-2015 Beech forest soil Bosdreef BO2 N 51°41'06'' E 5°37'36'' Fagus sylvatica L. 

27-8-2015 Grassland soil Nieuw Reemst  NR N 52°2'33" E 5°46'29" 
Holcus lanatus (64%),  

Agrostis capilaris (20%) 

27-8-2015 Grassland soil Wolfhezer Veld  WV N 51°59'43" E 5°47'24" 
Agrostis capilaris (47%),  

Holcus lanatus (27%) 

27-8-2015 Grassland soil Mosselse Veld  MV N 52°4'23" E 5°44'13" 
Agrostis capilaris (38%),  

Plantago lanceolata (28%), 
 Holcus lanatus (11%) 

27-8-2015 Grassland soil Dennenkamp  DK N 52°01'43" E 5°48'2" 
Plantago lanceolata (29%),  

Agrostis capilaris (25%),  
Holcus lanatus (22%) 

 
 
 
 

Table S2: Information about the 13C labelled leaf litters (IsoLife BV, Wageningen, The Netherlands). 

Litter type Isotopic abundance Age (plants) Physical form Appearance Processed 

European beech 
(Fagus sylvatica) 

Uniform, 97 atom % 
13C 

9 months after stem 
cutting 

Intact leaves Green 
Frozen below  

-30°C; 
Lyophilised 

Common bent 
(Agrostis capillaris) 

Uniform, 97 atom % 
13C 

3 months Cuttings, intact Green 
Frozen below  

-30°C; 
Lyophilised 

Maize (Zea mays) 
Uniform, 97 atom % 

13C 
7 weeks Cut pieces Greenish 

Frozen below  
-30°C; 

Lyophilised 
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Table S3: One-sample T test (test value = 0) on litter and priming HFA. 

  Treatment t df Sig. (2-tailed) 
L

it
te

r 
H

F
A

 without N 

Maize -2.684 3 0.075 

Beech 1.185 3 0.321 

Bent 1.874 3 0.158 

with N 

Maize -0.667 3 0.552 

Beech 0.438 3 0.691 

Bent 2.204 3 0.115 

P
ri

m
in

g
 H

F
A

 without N 

Maize -0.286 3 0.794 

Beech -1.642 3 0.199 

Bent 2.213 3 0.114 

with N 

Maize 0.207 3 0.849 

Beech -0.739 3 0.514 

Bent 1.516 3 0.227 

 
 
 
 

Table S4: Independent sample T Test on litter and priming HFA. 

Treatment  
F P t df 

Beech litter HFA 
Equal variances assumed 0.357 0.572 0.354 6 

Equal variances not assumed 0.354 5.532 

Maize litter HFA 
Equal variances assumed 0.972 0.362 -0.767 6 

Equal variances not assumed -0.767 4.808 

Bent litter HFA 
Equal variances assumed 0.064 0.809 -0.022 6 

Equal variances not assumed -0.022 5.875 

Beech priming HFA 
Equal variances assumed 1.246 0.307 -0.8 6 

Equal variances not assumed -0.8 5.784 

Maize priming HFA 
Equal variances assumed 1.363 0.287 -0.311 6 

Equal variances not assumed -0.311 4.335 

Bent priming HFA 
Equal variances assumed 1.625 0.249 1.024 6 

Equal variances not assumed 1.024 5.165 
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Abstract 

Priming effects (PEs) are defined as short-term changes in the turnover of soil organic 

matter (SOM) caused by the addition of easily degradable organic compounds to the soil. 

PEs are ubiquitous but the direction (acceleration or retardation of SOM decomposition) 

and magnitude in response to organic carbon additions are not easy to predict. Several 

factors influence PEs and one of them is the ratio between the amount of added PE-trigger 

substrate to the size of initial soil microbial biomass. There are indications that contrasting 

effects of low and high trigger substrate to microbial biomass ratios on PEs can be 

expected. The aim of the current study is to test this for three different ecosystems. We 

did this by adding three different amounts of 13C-glucose with or without addition of mineral 

N (NH4NO3) to soils collected from arable lands, grasslands and forests. The addition of 

13C-glucose was equivalent to 15%, 50% and 200% of microbial biomass C. After one 

month of incubation, glucose had induced positive PEs for the majority of soils, with 

differences in magnitude related to the soil origin and the amount of glucose added. For 

arable and forest soils, the primed C increased with increasing amount of glucose added, 

whereas for grassland soils this relationship was negative. We found positive correlations 

between glucose-derived C and primed C and the strength of these correlations was 

different among the three ecosystems considered. Generally, the addition of N to our soil 

mesocosms had little effect on the flux of substrate-derived C and primed C. Overall, our 

study does not support the hypothesis that the trigger-substrate to microbial biomass ratio 

can be an important predictor of PEs. Rather our results indicate that the amount of energy 

obtained from decomposing trigger substrates is an important factor for the magnitude of 

PEs. 
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Introduction 

Priming effects (PEs) are defined as short-term changes in the turnover of soil organic 

matter (SOM) caused by the input of easily degradable organic compounds (e.g. plant 

residues, root exudates, excretes of soil animals) to the soil (Kuzyakov et al., 2000). So 

far, a reliable prediction of the direction (acceleration or retardation of SOM 

decomposition) and magnitude of PEs in response to organic carbon additions cannot be 

given. Several environmental factors influence PEs, such as the amount and chemical 

structure of added substrates (Di Lonardo et al., 2017; Guenet et al., 2010; Whitaker et 

al., 2014), the inorganic nutrient availability (Dijkstra et al., 2013; Kuzyakov et al., 2000) 

and the microbial biomass and community structure (Blagodatskaya and Kuzyakov, 2008; 

Fontaine et al., 2011, 2003). A meta-analysis by Blagodatskaya and Kuzyakov (2008) 

indicated that the magnitude and direction of PEs are dependent on the ratio of the amount 

of added substrate to the size of the microbial biomass. Their analysis revealed a linear 

increase in PEs with increasing amount of trigger compounds as long as the added C 

substrate is less than 15% of the size of the microbial biomass. In contrast, an exponential 

decrease in PEs was found when the amount of trigger compounds was more than 50% 

of the size of the soil microbial biomass. This decrease in PEs with high amount of trigger 

compounds is suggested to be due to the so called preferential microbial substrate 

utilization (Cheng and Kuzyakov, 2005; Kuzyakov, 2002) where soil microbes switch to 

utilize added easily degradable C sources instead of native soil C. 

The meta-analysis of Blagodatskaya and Kuzyakov ( 2008) considered all publications on 

PEs with information on microbial biomass C. However, it is known that the structure and 

functioning of microbial communities and quality of soil organic matter greatly differ among 

ecosystems (Blagodatskaya et al., 2014; Schimel and Schaeffer, 2012) and that this can 

have a strong impact on PEs (Qiao et al., 2016). Moreover, the studies taken into 

consideration in the meta-analysis included both single and multiple applications of the 

trigger substrates. Single and multiple applications will differently affect soil microbial 

biomass as well as community structure. These differences can have an impact on PEs 

(Blagodatskaya et al., 2007; Conde et al., 2005; De Nobili et al., 2001; Falchini et al., 2003; 

Hamer and Marschner, 2005; Luna-Guido et al., 2001; Mondini et al., 2006; Perelo and 

Munch, 2005; Santruckova et al., 2004; Shen and Bartha, 1997). 

The effects of concentrations of trigger compounds on PEs was recently tested by (Liu et 

al., 2017). In their study different amounts of the same trigger compound (glucose) were 

added to different soil ecosystems collected along an elevation gradient. The doses of 

added glucose were based on the initial size of the soil microbial biomass and they used 

multiple additions rather than a single one to resemble the temporal dynamics of labile C 

input in the field. The main finding was that PEs are increasing with higher amounts of 

trigger substrates and, therefore, not strongly related to the initial size of the soil microbial 
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biomass. Yet, the magnitude of increase of PEs with increasing amount of glucose varied 

among the ecosystems included in their study. 

The current study was already started when the paper of Liu et al. (2017) appeared and 

had basically the same purpose: to investigate if the effects of trigger substrate to microbial 

biomass ratios on PEs are in agreement with the outcome of the meta-analysis of 

Blagodatskaya and Kuzyakov (2008). In particular, we were interested in this since most 

studies on PE use an amount of trigger substrate that is at least 45% of soil microbial 

biomass (e.g., Di Lonardo et al., 2017; Mason-Jones et al., 2018; Sullivan and Hart, 2013; 

Whitaker et al., 2014), which is far higher than recommended by Blagodatskaya and 

Kuzyakov (2008). Based on the meta-analysis of Blagodatskaya and Kuzyakov (2008), 

we hypothesized that the trigger-substrate to microbial biomass ratio is an important 

predictor of PEs. To test the general validity of this hypothesis, we included three different 

ecosystems in our study, namely arable fields, grasslands and forests. Like most other 

studies, we have used single trigger substrate additions, whereas the study of Liu et al, 

(2017) used multiple applications. 

Concurrently with addition of different amounts of a PE-trigger substrate (13C-glucose) we 

added ammonium nitrate (NH4NO3) to study the effect of nitrogen on PEs, as the 

availability of N can also influence the magnitude of PEs (Dijkstra et al., 2013). According 

to the “microbial nitrogen mining” hypothesis microbes use labile C as an energy source 

to decompose recalcitrant organic matter in order to obtain mineral N (Moorhead and 

Sinsabaugh, 2006). Hence, N addition may reduce mining for N and consequently SOM 

decomposition (Chen et al., 2014). However, the N mining theory has been challenged as 

simultaneous addition of C and N was shown to stimulate rather than decrease priming 

(Chowdhury et al., 2014; Di Lonardo et al., 2017; Tian et al., 2016). Stimulation of 

decomposition can be driven by the stoichiometry of substrates, with the highest 

decomposition rates observed when the ratios of supplies of C and N to microbes match 

their demands (Hessen et al., 2004; Sterner and Elser, 2002). Hence, simultaneous 

addition of C and N compounds can alleviate the stoichiometric constraint (Chen et al., 

2014; Drake et al., 2013), causing a better match with N demands necessary for microbial 

growth and enzyme production and, consequently, resulting in higher PEs (Di Lonardo et 

al., 2017). Based on these considerations and our previous results (Di Lonardo et al., 

2017) we hypothesized that addition of N will not have a negative effect on PEs. 

Our results support those of Liu et al. (2017) with respect to the lack of predictability of 

trigger substrate to microbial biomass ratios but only partly with respect to a consistent 

increase of positive PE with increasing concentrations of trigger substrates. Effects of N 

addition gave no evidence for N-mining as important factor in PEs. 
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Materials and Methods 

Soil sampling and processing  

 

In August 2015, soil (0-10 cm) was collected from three different ecosystems in the central 

part of the Netherlands (Di Lonardo et al., 2018), i.e. arable fields, beech forests and 

natural grasslands developed on abandoned arable fields. The arable fields were planted 

with maize (Zea mays L.), the dominant plant species in the forests was beech (Fagus 

syslvatica L.) and the natural grasslands were dominated by grasses such as common 

bent (Agrostis capillaris L.), tufted grass (Holcus lanatus L.) and forbs such as narrow-

leave plantain (Plantago lanceolata L.) (Di Lonardo et al., 2018). For each ecosystem type, 

we collected soils from four separate sites that were about 1 km apart, representing four 

ecosystem replicates (Di Lonardo et al., 2018). In the laboratory, fresh soil from each plot 

was sieved (4 mm) and homogenized, removing fine roots and other plant debris. Field-

moist soil was then stored at 4 ºC until further use. 

 

Measurement of biotic and abiotic soil properties 

Detailed descriptions of the methods used for the evaluation of soil chemical properties 

and microbial biomass are reported in Chapter 3. Properties of soils included pH, water 

content, water holding capacity, total nitrogen, total carbon and orthophosphate fraction. 

Chemical properties of the soils are listed in Table 1. 

 

Table 1: Mean values (±SE) of chemical soil properties for each of the three soil types (arable, grassland, forest). 

Soil pH C:N ratio 
N-(NO3+NO2) 

[mg kg-1] 
N-(NH4) 

[mg kg-1] 
P-(PO4) 

[mg kg-1] 

Arable 5.7 ± 0.3 17.4 ± 0.4 31.5 ± 5.4 0.2 ± 0.1 231.5 ± 15.9 

Grassland 5.5 ± 0.1 17.7 ± 0.9 5.1 ± 0.5 0.3 ± 0.3 99.7 ± 6.8 

Forest 3.9 ± 0.3 24.1 ± 0.4 2.3 ± 0.4 1.6 ± 0.1 18.6 ± 1.8 

 

While microbial biomass measurements included DNA extractions, quantitative PCRs (for 

bacterial biomass quantification), and ergosterol analysis (for fungal biomass 

quantification). The qPCR results, expressed as 16S rRNA gene copy numbers g-1 of dry 

weight soil, were used to calculate the bacterial cell numbers using a conversion factor of 

4.1 copies per cell (Santelli et al., 2008) and bacterial biomass C as described by (Bloem 

et al., 1995). The ergosterol data, expressed as mg kg-1 dry weight soil, were used to 

calculate the fungal biomass using a conversion factor of 5.4 mg ergosterol g-1 biomass 

C (Klamer and Baath, 2004). 
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Mesocom set-up 

Glass bottles (500 ml) were filled with moist soil equivalent to 80 g of dry weight and the 

soil was pre-incubated in a climate chamber for an acclimatization period of 15 days at 

20°C. The acclimatization period was based on the results of a previous pilot experiment 

(data not shown), where soil CO2 efflux rates were regularly checked to confirm 

stabilization of the soil microbial activity. 

Soil samples were mixed with three different aqueous solutions of uniformly labelled 99 

atom% 13C-glucose (Campro Scientific GmbH). The amount of glucose-C added was 

equivalent  to 15%, 50%, and 200%, of the microbial biomass carbon (Table 2) 

(Blagodatskaya and Kuzyakov, 2008). The solutions were stirred into the soils to ensure 

a homogeneous mixture. Half of the microcosms received a solution containing 13C-

glucose and NH4NO3, with a C-substrate: N ratio of 15:1 (Fontaine et al., 2011). Controls 

were treated in the same way as the substrate-amended soils, meaning that they received 

the same amount of water but without the addition of glucose or nitrogen. Each treatment 

included four soil replicates per ecosystem type. Soils were incubated at 20 °C in the dark 

for 30 days. The soil moisture was maintained at 60% of the water holding capacity 

throughout the incubation period by weighing the microcosms once a week and watering 

with deionized water when needed. After 4 days (time period based on the development 

of total CO2 respiration) and 30 days (end of the experiment) of incubation, soil was 

sampled from each treatment using an ethanol- cleaned tweezer to minimize 

contamination. These soil samples were used for microbial biomass measurements. The 

samples were frozen (-20 ºC) prior to DNA and ergosterol extractions. 

 
Table 2: Mean values (±SE) of fungal and bacterial biomass (mg C g-1 dw soil) of the sampled soils and amount 

of C-glucose added (mg C g-1 dw soil) to the soils in a quantity of C equal to 15%, 50%, and 200% of the 
microbial biomass carbon. Statistically significant differences (P < 0.05) are marked with different letters. Fungal 

and bacterial biomass are estimated on basis of ergosterol (fungal) and qPCR-16SrDNA (bacteria). 
 Fungal 

biomass 
Bacterial biomass 

Tot Microbial 
biomass 

C-glucose (mg C g-1 dw soil) 

Soil type (mg C g-1 dw soil) 15% 50% 200% 

Arable 0.19 ± 0.01 a 0.21 ± 0.04 a 0.40 ± 0.05 a 0.06 ± 0.01 0.20 ± 0.03 0.81 ± 0.10 
Forest 0.52 ± 0.04 b 0.17 ± 0.04 a 0.69 ± 0.05 c 0.10 ± 0.10 0.34 ± 0.03 1.38 ± 0.11 
Grassland 0.28 ± 0.03 a 0.30 ± 0.02 a 0.59 ± 0.05 ab 0.09 ± 0.09 0.29 ± 0.03 1.17 ± 0.10 

 

CO2 measurements 

For CO2 efflux measurements, the bottles containing the soils were tightly closed 24 hours 

before sampling. Headspace CO2 was sampled through the lid septa and directly injected 

into 5.9 mL evacuated Exetainer vials (Labco Ltd., Buckinghamshire, UK). We sampled at 

0.2 (5 hours), 1, 2, 3, 4, 5, 7, 9, 11, 15, 21, 30 days of incubation (12 sampling times in 

total). An aliquot of the gas samples (250 µl for each vial) was injected using an auto-

sampler in the Ultra GC gas chromatograph (Interscience, Breda, The Netherlands) 

equipped with a flame ionization detector (FID) and a Rt-QBOND (30 m, 0.32 mm, ID) 
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capillary column. Helium was used as carrier gas and the oven temperature was kept at 

50 °C with a flow of 5 ml. For the analysis of the 13C-CO2 we used a Thermo Scientific 

gaschromatograph with combustion interface (Conflo III) system connected to a Thermo 

Scientific Delta V Plus isotope ratio mass spectrometer (Thermo Scientific, Bremen, 

Germany). A second aliquot of the gas samples (250 µl) was injected into the split injector 

(split ratio 1:10) and eluted with helium (5 ml/min) on Rt-QBOND (30 m, 0.32 mm, ID) 

capillary column at 31ºC. The reference gas was calibrated with Methane δC (VPDB) -

38.25 (Arndt Schimmelmann, Indiana University, Bloomington, USA). CO2 concentrations 

of 12 air samples per bottle were used to calculate the cumulative respiration for the whole 

incubation period. Cumulative fluxes were calculated by linear interpolation between 

measuring times.  

 

Priming effect calculations 

The percentage of respired CO2 derived from 13C substrate was calculated for all 

treatments and sampling times according to the formula: 

 

%Csubstrate derived = [(δC − δT) / (δC − δL)] × 100  (1) 

 

Where δC is the δ13C value of the respired CO2 from control soils, δT is the δ13C value in 

respired CO2 from treated soils and δL is the δ13C value of the labelled substrate 

(Nottingham et al., 2012). Data were expressed in μg C g−1 dry weight soil. PE was then 

calculated as the total respired CO2 in treated soils minus the substrate-derived CO2 and 

minus the respired CO2 in the control and expressed in μg C g−1 dry weight soil (Qiao et 

al., 2016): 

 

Primed C = Ctotal – Csubstrate – Ccontrol   (2) 

 

Statistical analysis 

To test for differences in PEs and microbial biomass between treatments One-way 

ANOVA, followed by post-hoc Tukey’s test, was performed using IBM SPSS Statistics 22. 

In case of unequal variances among treatments, statistical comparisons were performed 

by Tamhane’s test. We used one-sample T-tests to test whether PEs were different from 

zero. We used a regression analysis to test the relationship between the amount of added 

13C-glucose (15%, 50%, and 200% of the microbial biomass C) and PE. Moreover, we 
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used Pearson's correlation coefficient to test for the relationships between substrate 

derived C and total respired C, and between substrate derived C and primed C. 

 

Results 

CO2 effluxes and priming effect 

The highest CO2 effluxes were observed in the arable and forest soils that received the 

highest amount of glucose (C-glucose equal to 200% of the microbial biomass carbon) (P 

< 0.05). In contrast, the lowest levels of CO2 evolution were seen for grassland soils 

amended with the highest amount of glucose (Fig. S1). Almost none of the additions of C-

glucose equal to 15% and 50% of the microbial biomass carbon resulted in significant 

extra total CO2 evolution as compared to the control (P > 0.05). For grassland soils there 

were no significant differences in CO2 evolution for any of the carbon and nitrogen 

additions (Fig. S1) (P > 0.05). 

This CO2 evolution pattern was generally the same as compared to the release of 

substrate-derived C (13CO2, released from labeled glucose) (Fig. 1). The positive 

relationship between substrate-derived CO2 and total soil respiration is confirmed by 

correlation analysis (R2 = 0.4577; P < 0.001; Fig. S2A). Yet, the strength of the relationship 

between substrate derived CO2 and total respiration decreased for the different soils 

following this order: arable soils (R2 = 0.6977; P < 0.0001) > grassland soils (R2 = 0.3576; 

P = 0.002) > forest soils (R2 = 0.2938; P = 0.006). The highest amounts of substrate-

derived C were observed for arable and forest soils that received C-glucose equal to 200% 

(P < 0.05; Fig. 1G and 1H). On the contrary, for the grasslands soils the amount of 

substrate-derived C were highest in the treatments with the lowest amount of added 

glucose (P < 0.05; Fig. 1I). 
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Fig. 1: Substrate-derived CO2 (µg C-CO2 g dw soil-1) in soils from three ecosystems as induced by three different 
amounts of 13C-glucose (15%, 50%, and 200% of the microbial biomass carbon). A-F: Cumulative accumulation 

of substrate-derived CO2 over 30 days of incubation. G-H: Total substrate-derived CO2 after 30 days of 
incubation. N: NH4NO3. Statistically significant differences (P < 0.05) are marked with different letters. NS: no 

significant differences. Error bars represent standard errors (n = 4). 
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After 30 days of incubation, glucose had induced a positive PE (increase of respiration of 

unlabeled C) in the majority of the soils (Fig. 2; Table S1). Primed C in arable soils 

increased with increasing amount of glucose added (Fig. 2G) (P < 0.05). In forest soils 

this pattern was less clear although the highest amounts of primed C were also seen for 

the highest glucose additions (Fig. 2H). The responses of the grassland soils to the 

different amount of glucose added were not significantly different in magnitude from each 

other in all treatments (P > 0.05). However, PE becomes significantly different from zero 

when glucose additions were combined with mineral N additions (Table S1). For several 

additions in the forest and grassland soils we observed an initial (< 10 days) negative PE 

(Fig. 2). 

 

 
Fig. 2: Primed CO2 (µg C-CO2 g dw soil-1) in soils from three ecosystems as induced by three different amounts 

of 13C-glucose (15%, 50%, and 200% of the microbial biomass carbon) after 30 days of incubation. A-F: 
Cumulative accumulation of primed CO2 over 30 days of incubation. G-H: Total primed CO2 after 30 days of 

incubation. N: NH4NO3. Statistically significant differences (P < 0.05) are marked with different letters. NS: no 
significant differences. Error bars represent standard errors (n = 4). 
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The regression analysis showed a significant positive linear relationship between the 

amount of the added C expressed as % of the microbial biomass C and primed C for 

arable soils (R2 = 0.5747; P < 0.0001) and forest soils (R2 = 0.2999; P = 0.006), 

respectively (Fig. 3). For the grassland soils this was a negative relationship (R2 = 0.1775; 

P = 0.04). 

 

 
Fig. 3: Regression analysis for the amount of added C-glucose expressed as % of microbial biomass (15%, 50% 
and 200%) versus primed C-CO2. Treatments are grouped together according to the ecosystems from which the 

soils were obtained. 

 

We found a positive correlation between substrate-derived CO2 and PE for the different 

ecosystems (Fig. S2B). In this case the strength of the positive relationship between 

substrate derived CO2 and PE decreased from the arable soils (R2 = 0.72; P < 0.0001) to 

forest soils (R2 = 0.2702; P = 0.009) and grassland soils (R2=0.1856; P = 0.03). 

The ratio between primed C to substrate-derived C was highest for the arable soils 

amended with the lowest amount of C-glucose combined with N (P < 0.05; Fig. S3). This 

relative strong impact of low doses of glucose on PE was not seen for the soils originating 

from natural ecosystems (Fig. S3B and S3C).  

In general, addition of N had no significant effect on substrate-derived C and PE (P > 

0.05). It stimulated higher substrate derived respiration only in arable soils amended with 

C-glucose equal to 200% of the microbial biomass carbon (P < 0.01) and had the same 

tendency for primed C (P = 0.007) (Fig. 1G and Fig. 2G).  

 

Microbial biomass 

Initial microbial biomass was highest for forest soils, followed by grassland and arable 

soils (P < 0.05, Table 2). In addition, we found the highest initial fungal biomass in forest 
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soils (P < 0.05), whereas there were no differences between arable and grassland soils. 

The three ecosystems did not differ in terms of soil bacterial biomass (P > 0.05, Table 2). 

After 4 days and 30 days of incubation, soils were sampled from each treatment to 

estimate the microbial biomass carbon. Generally, the microbial biomass remained 

constant throughout the incubation period, showing no particular differences (P < 0.05) 

among arable soils and no significant differences among forest and grassland treatments 

(Fig. 4). The proportion of fungal and bacterial biomass fluctuated between treatments but 

without a consistent pattern. Yet, we observed a trend for all the treatments amended with 

nitrogen, namely a decrease in total microbial biomass over time (Fig. 4D, E and F). This 

appeared to be mainly caused by a decrease in bacterial biomass (Fig. S4).  

 

 
Fig. 4: Microbial biomass (fungi + bacteria, mg C g dw soil-1) measured at 4 and 30 days of incubation of 
glucose-amended soils from three ecosystems. Fungal and bacterial biomass are estimated on basis of 

ergosterol (fungal) and qPCR-16SrDNA (bacteria). 15, 50 and 200 represent the quantity of glucose-C added 
representing 15%, 50%, and 200% of the initial microbial biomass carbon. 4d: fourth day of incubation. 30d: 

thirtieth day of incubation. CTRL: control treatment. N: NH4NO3. Statistically significant differences (P < 0.05) are 
marked with different letters. NS: no significant differences. Error bars represent standard errors (n = 4). Black 

columns: fungal biomass. Grey columns: bacterial biomass. 
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Discussion 

Amount of trigger compound and PE 

Linear regression between the amount of added C relative to the initial microbial biomass 

and primed C revealed contrasting results for the different ecosystems. The meta-analysis 

by Blagodatskaya and Kuzyakov (2008) has indicated that additions of trigger compounds 

up to 15% of microbial biomass C induce a linear increase in PEs. In contrast, when the 

added amount of trigger compounds is higher than 50% of the microbial biomass C, an 

exponential decrease in PEs was seen. Our study could not confirm their findings and 

therefore the ratio between the amount of added C to the size of the soil microbial biomass 

does not appear to be a universal predictor for soil organic matter PE. A similar conclusion 

has recently been drawn by Liu et al. (2017). 

In contrast to our observations, Liu and colleagues (2017) found a positive linear 

relationship between increasing C additions and PEs in the natural ecosystems they 

studied, including grassland and forest ecosystems. These contrasting results might be 

related to different composition and structure of the soil microbial communities 

investigated in the two studies (Ushio et al., 2008). In our case, the strongest positive 

relationship of PEs with the amount of added glucose was seen for arable soils. A common 

agricultural practice is to amend soils with different organic matter residues such as 

manure and compost. Therefore, microbes in agricultural soils may be better adapted to 

receive high inputs of easily degradable organic matter and this could be the reason why 

they can cope better with temporary high organic carbon additions than soil microbes in 

natural ecosystems (Arcand et al., 2017; Bowles et al., 2014; Lupwayi et al., 2017). 

We found a positive correlation between substrate-derived C (13C) and primed C (12C) 

albeit that the strength of this correlation was different for the three ecosystems included. 

Arable soils showed the strongest correlation, followed by forest and grassland soils. 

These results indicate that the amount of energy obtained from decomposing trigger 

substrates is an important factor that defines the magnitude of PEs (Wild et al., 2014). A 

strong positive correlation between substrate derived CO2 and primed CO2 was recently 

also observed by Mason-Jones et al. (2018). Yet, the accumulation curves between 

substrate-derived C and primed C differed (Fig. 1 and 2). Substrate-derived C 

accumulation was completed during the first week of incubation whereas primed C 

increased until the end of the experiment (30 days). This has been reported before and 

indicates that the initial microbial activation by the added glucose continued for a longer 

period (Blagodatskaya and Kuzyakov, 2008; Kuzyakov and Bol, 2006).  

Arable soils showed a different pattern of PE stimulation than natural soils as the lowest 

amount of glucose resulted in the highest ratio between primed C to substrate-derived C, 

in particular when glucose was combined with N (Fig. S3). This indicates a relatively 

stronger impact of low trigger substrate concentrations on PE, which may be ascribed to 
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the higher temporal heterogeneity of availability of energy sources in arable soils. In such 

an environment, microbes may have a strategy to become highly activated when easily 

degradable substrates become available.  

It is largely assumed that lack of N in soils will induce high PE since soil microbes are 

triggered to mine SOM to acquire this nutrient (Dijkstra et al., 2013; Liu et al., 2017). 

Following this so-called microbial N mining theory, a less strong PE is expected when C 

substrate is added together with N. In line with our hypothesis, we found that N addition 

had no or little effect on PEs. Arable and grassland soils did not differ in C:N ratio, while 

forest soils had the highest one. Hence, according to the N mining theory, the strongest 

negative effect of N addition on PE could have been expected for the forest soils. This 

was not the case, indicating that other SOM properties are probably more important for 

describing the effect of N on PE (Schmidt et al., 2011). Several other studies did also show 

that simultaneous addition of C and N can increase or have no effect on PEs (Chowdhury 

et al., 2014; Di Lonardo et al., 2018, 2017; Tian et al., 2016). In line with these studies N 

mining theory was recently challenged (Mason-Jones et al., 2018) since in its current form 

it does not contribute to an explanation for PE. 

In grassland and forest soils, amended with the lowest glucose input, we observed a 

temporary decrease in the decomposition of SOM after the first few days of incubation. 

Negative PE was previously shown in the early phases after C addition to soils (Di Lonardo 

et al., 2017; Liu et al., 2017; Wang et al., 2015). The shift of microbes from SOM 

decomposition to uptake of added C and N substrates is indicated to be the underlying 

mechanism of negative PEs (Kuzyakov, 2002; Kuzyakov and Bol, 2006). Liu et al. (2017) 

found an overall negative PE for the whole incubation period with multiple low C additions 

and attributed this to a minimum amount of energy (threshold) needed to overcome N 

limitation. Qiao et al. (2016) indicated that different mechanisms can be responsible for 

negative PE depending on the intrinsic C:N ratios of soil organic matter and C:N ratios of 

the trigger substrates. In our case, negative PE is followed by positive PE and is therefore 

more likely to be the result of initial activation of microbes using internal reserve material 

(negative apparent PE, Blagodatskaya and Kuzyakov, 2008).  

The lack of respiration response (Fig. S1) and the very low PE that we have seen in the 

grassland soils that received high C substrate additions might be due to a glucose 

oversaturation of microorganisms. Microbes present in the grassland samples receiving 

the highest amount of 13C-glucose started using this substrate but due to possible osmotic 

stress the total activity subsequently declined (Csonka, 1989). 

The discrepancy in the results between our work and other studies investigating PEs might 

be due to differences in experimental approaches, such as the ecosystems under 

investigation, the length of the experiments, the simultaneous amendments of C and N 

versus only C additions and the frequency of C input (single versus repeated C additions). 
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With respect to the latter, single versus multiple additions might influence PE differently 

(Qiao et al., 2016) as they have different impacts on the ability of microbes to invest energy 

in the synthesis of SOM-degrading enzymes (Fontaine et al., 2003; Liu et al., 2017; 

Mason-Jones et al., 2018). Single substrate applications represent short-term pulses 

which can be expected to happen in reality, like litterfall in the forest soils, manure 

application in arable soils and release of root exudates. Such pulses of easily accessible 

and degradable substrates  produce hotspots of microbial activity that induce accelerated 

decomposition process rates (Kuzyakov and Blagodatskaya, 2015). 

 

Microbial biomass response 

In our study the microbial biomass remained overall constant during the whole incubation 

period of the experiment although we found differences in PEs among soils. Generally, 

glucose did not stimulate the growth of fungi and bacteria differently, and both microbial 

groups appeared to play a role in PEs. The addition of the trigger compound could have 

served as energy source for the soil microbial community, stimulating the production of 

extracellular enzymes with subsequent increase in the decomposition of SOM (Schimel 

and Weintraub, 2003). 

We observed a decrease in microbial biomass in all treatments amended with N. 

Reduction of bacterial and fungal biomass in response to N fertilization is consistent with 

previous studies (Demoling et al., 2008; Knorr et al., 2005; Ramirez et al., 2012). The 

addition of glucose and N to the soil mesocosms might have altered the demands 

necessary for microbial growth (Mooshammer et al., 2014b). Furthermore, the effects of 

N fertilization can depend on the soil conditions prior to fertilization (Demoling et al., 2008). 

Yet, in our study the effect of N addition it is mostly attributed to a decrease in soil bacterial 

biomass. A possible explanation might be that N addition stimulated the growth of 

protozoa (Elliott and Coleman, 1977; Forge et al., 2005; Verhagen et al., 1994), 

consequently enhancing their predation on bacteria.  

 

Conclusions and Perspectives 

In our study we investigated the effect of different ratios of the amount of organic trigger 

compounds to initial soil microbial biomass on PE. We did not find the contrasting effects 

of low and high ratios as predicted by the meta-analysis of Blagodatskaya and Kuzyakov 

(2008). In arable and forest soils the primed C increased with an increasing amount of 

added glucose, but this was not the case for grassland soils. Hence, the proposed 

predictive value of trigger-substrate concentrations for explaining PEs (Liu et al., 2017) 

does need more investigations. Yet, we observed a significant relationship between the 

mineralization of the added trigger substrate and PEs for all soil types, indicating the 
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importance of energy obtained from trigger-substrates for PEs. N additions together with 

glucose had little or no effect on PE, rejecting the N mining theory. To be able to explain 

mechanisms of PEs and integrate PEs in global soil carbon models, more studies of soils 

with different properties are needed. Furthermore, it is important to understand how the 

quality and quantity of added compounds affect PEs in arable soils in order to improve the 

management of soil organic carbon dynamics. 
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Supplementary information 

 

 

 
Fig. S1: Total CO2 (µg C-CO2 g dw soil-1) in soils from three ecosystems as induced by three different amounts 

of 13C-glucose (15%, 50%, and 200% of the microbial biomass carbon) after 30 days of incubation. A-F: 
Cumulative accumulation of total CO2 over 30 days of incubation. G-H: total CO2 after 30 days of incubation. 

CTRL: control treatment. Statistically significant differences (P < 0.05) are marked with different letters. NS: no 
significant differences. N: NH4NO3. Error bars represent standard errors (n = 4). 
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Fig. S2: Pearson correlation analysis for substrate-derived C-CO2 versus total C-CO2 (A) and for substrate-

derived C-CO2 versus primed C-CO2 (B). Treatments are grouped together according to the soil type. 
 
 
 
 

 
Fig. S3: Ratio between primed CO2 and substrate-derived CO2 after 30 days of incubation of glucose-amended 
soils from three ecosystems. N: NH4NO3. Statistically significant differences (P < 0.05) are marked with different 

letters. NS: no significant differences. Error bars represent standard errors (n = 4). 
 
 
 
 

 
Fig. S4: Fungal and bacterial biomass (mg C g-1 dw soil ± SE) estimated on basis of ergosterol (fungal) and 

qPCR-16SrDNA (bacteria) measurements at 4 and 30 days of incubation. 15, 50 and 200 represent the quantity 
of C added as equal to 15%, 50%, and 200% of the initial microbial biomass carbon. 4d: fourth day of incubation. 

30d: thirtieth day of incubation. CTRL: control treatment. N: NH4NO3. 
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Table S1: One-sample T test (test value = 0) on significance of primed CO2-C accumulation. 15, 50 and 200 
represent the quantity of C added as equal to 15%, 50%, and 200% of the microbial biomass carbon. N: NH4NO3. 

*: Significant values (P < 0.05). 

Treatment t df Sig. (2-tailed) 

Arable 15 1.632 3 0.244 
Arable 15+N 10.122 3 0.002* 
Arable 50 12.038 3 0.007* 
Arable 50+N 3.358 3 0.078 
Arable 200 2.480 3 0.089 
Arable 200+N 6.220 3 0.008* 
Forest 15 2.517 3 0.086 
Forest 15+N 2.803 3 0.107 
Forest 50 5.373 3 0.013* 
Forest 50+N 3.196 3 0.049* 
Forest 200 6.843 3 0.006* 
Forest 200+N 3.458 3 0.041* 
Grassland 15 1.127 3 0.377 
Grassland 15+N 8.924 3 0.003* 
Grassland 50 1.625 3 0.246 
Grassland 50+N 4.875 3 0.016* 
Grassland 200 2.620 3 0.120 
Grassland 200+N 6.974 3 0.020* 
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Abstract 

Fungi are important actors in soil organic matter (SOM) dynamics as they play a major 

role in decomposition as well as in stabilization of soil organic carbon via promotion of soil 

aggregate formation. In addition, high fungal biomass has been linked to lower N losses 

from soils. 

The contribution of fungi to C and N cycling is related to their growth efficiency. Growth 

efficiency is defined as the amount of biomass produced per unit of substrate utilized. 

Several environmental factors, such as the concentration and availability of N, influence 

the activity and growth efficiency of saprotrophic fungi. When N is scarce in soils, fungi 

have to invest more energy to obtain soil N, which could result in lower growth efficiencies. 

Yet, the effect of N on growth efficiencies of individual species of soil fungi has not been 

studied extensively. 

In this study we investigated the influence of different concentrations of mineral N on the 

growth efficiency of two common soil fungi, Trichoderma harzanium and Mucor hiemalis 

in a soil-like environment. We hypothesized that a higher nitrogen availability will coincide 

with higher biomass production and growth efficiency. To test this, we measured fungal 

biomass production as well as the respiration fluxes in sand microcosms amended with 

cellobiose and mineral N at different C:N ratios. We found that for both fungal species 

lower C:N ratios resulted in the highest biomass production as well as the highest growth 

efficiency. This may imply that when N is applied concurrently with a degradable C source, 

a higher amount of N will be temporarily immobilized into fungal biomass. Therefore, our 

results might suggest that the C and N contents of fertilizers applied to agricultural soils 

can be adapted in such a way that fungal biomass response is optimal, thereby reducing 

N losses. 
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Introduction 

Fungi play a major role in terrestrial decomposition processes. They produce a wide range 

of enzymes that degrade complex plant polymers such as cellulose, xylan, and lignin (van 

der Wal et al., 2013). They are important actors in soil organic matter (SOM) dynamics. 

Fungi are able to connect sources of easily-available carbon with stable SOM via transport 

through their hyphae (Boberg et al., 2011) and they are thought to have a relevant 

contribution to the decomposition of the stable organic carbon pool (Fontaine et al., 2011, 

2007). On the other hand, filamentous fungi promote the formation of macroaggregates 

by binding soil particles with their hyphae, but also by producing cell wall materials that 

act as adhesives (Willis et al., 2013). Aggregate formation promotes C sequestration by 

providing physical protection against decomposers and their degradative enzymes 

(Wilson et al., 2009). 

It is generally assumed that soil microbial communities dominated by fungi have more 

efficient nitrogen (N) cycling than those dominated by bacteria (Van Der Heijden et al., 

2008; Wardle et al., 2004). However, the application of N-containing fertilizers generally 

causes a shift in the soil microbial community structure, from a fungal dominated towards 

a bacterial dominated one. High N fertilizer additions have been indicated to be the cause 

of decrease in soil fungal biomass (de Vries et al., 2007, 2006). Whilst, the cessation of 

N-fertilizer use, can cause a shift from bacterial to fungal dominated systems (Bardgett 

and McAlister, 1999; de Vries et al., 2007, 2006; Postma-Blaauw et al., 2010). These 

increases in the abundance of fungi have been linked to a higher efficiency of N cycling 

and lower N losses from soils (de Vries et al., 2011, 2006; Gordon et al., 2008). 

Growth efficiency is defined as the amount of biomass produced per unit of substrate 

utilized (Mooshammer et al., 2014b; Sinsabaugh et al., 2013). Information on growth 

efficiency is essential to have a good estimate of the role of fungi in carbon and nutrient 

dynamics. Several abiotic and biotic factors influence the activity and growth of 

saprotrophic fungi and, consequently, the growth efficiency. When fungi grow on organic 

C substrates, it is estimated that their growth efficiency is roughly equal to 30% (Deacon, 

2006). On average the C:N ratio of fungi is higher than that of bacteria and it varies 

between 8 and 15 (Deacon, 2006). Therefore, fungi require less N per unit biomass than 

bacteria. This may explain why fungal to bacterial ratios are higher in soils with high C:N 

ratios (Fierer et al., 2009). A prerequisite for soil fungi to be active is the availability of 

organic energy sources and inorganic nutrients. Microbial activity is highest when the C:N 

ratio of the substrate matches the demands of microbes (Hessen et al., 2004). According 

to the stoichiometric decomposition theory (Craine et al., 2007), decay processes are 

driven by the stoichiometry of substrates. The stoichiometric imbalance between 

decomposer communities and the organic substrates decreases from recently produced 

plant residues (e.g. litter) to partially decayed organic matter (Mooshammer et al., 2014b). 

Adjustment in growth efficiencies may be the most important mechanism by which 
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microbes regulate their biomass stoichiometry (Mooshammer et al., 2014b). Fungi, and 

decomposers in general, drive soil C cycling by converting organic carbon into biomass 

and releasing it as CO2. It is expected that growth efficiencies are influenced by the C:N 

ratios of the organic substrates. When N is scarce in soils, fungi have to invest more 

energy in obtaining it, likely resulting in a low growth efficiency. A high growth efficiency 

will coincide with fungal biomass increase and likely C stabilization in soils and, vice versa, 

a low growth efficiency will favor respiration (Manzoni et al., 2012). Generally, knowledge 

on microbial growth efficiency is of special interest for industrial applications (e.g., to obtain 

higher biomass or biosynthesized products). However, growth efficiencies have received 

increased attention of ecologists, due to its important implications for environmental 

processes (Geyer et al., 2016). Most of the ecological studies focused on soil microbial 

communities (e.g., Dijkstra et al., 2015; Geyer et al., 2018; Koranda et al., 2014; 

Mooshammer et al., 2014a; Sinsabaugh et al., 2013). Fungal biomass production in soil 

microbial communities is not only affected by growth responses but also by other 

processes such as predation and competition. Hence, to have a basic understanding of 

the effect of substrate C:N ratio on fungal growth responses studies with single fungal 

species are needed. 

In this study we investigated the influence of different concentrations of mineral N on the 

growth efficiency of two common soil fungi, Trichoderma harzanium and Mucor hiemalis 

in a soil-like environment. Species belonging to the genus Trichoderma (anamorphic stage 

of Hypocrea) are among the most commonly isolated saprotrophic fungi in soils from 

different ecosystems. They are well known for their ability to predate on other fungi when 

nutrient sources are limited (Vinale et al., 2008).  Mucor hiemalis is a saprotrophic fungus 

belonging to the Mucorales and is also very common in soil environments. Like most 

members of the Mucorales, it has little ability to attack recalcitrant substrates, such as 

crystalline cellulose and lignin, and depends more on simple, soluble carbon sources such 

as root exudates and amorphous cellulose (De Boer et al., 2005). M. hiemalis has large 

hyphae that spread rapidly allowing them to quickly reach new energy sources. The 

mycelial C:N ratio is around 12 and 8 for Trichoderma sp. and Mucor sp., respectively 

(Mouginot et al., 2014). As a carbon source we have chosen cellobiose as a model 

compound for an easily degradable plant-derived carbohydrate (Martínez et al., 2005). 

We hypothesized that higher nitrogen availability will coincide with higher fungal biomass 

production and growth efficiency. To test this we measured fungal biomass production as 

well as respiration fluxes.  
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Materials and Methods 

Sand microcosm set up and CO2 measurements 

Petri dishes (8.5 cm diameter) were filled with 60 g autoclaved, acid-washed quartz sand 

(granulation 0.1-0.5 mm; Honeywell Specialize Chemicals Seelze GmbH, Seelze, 

Germany). The lids of the Petri dishes contained butyl rubber stoppers (Rubber BV, Den 

Haag, The Netherlands) to allow sampling the gas from the headspace of the plates. The 

sand was amended with 10% (w/w) of a nutrient solution that contained (g l-1 

demineralized water): KH2PO4, 0.10; K2SO4, 0.20; Yeast extract (BactoTM; Becton, 

Dickinson and Company), 0.05; D-(+)-Cellobiose (Sigma-Aldrich), 5.0; MES (2-(N-

morpholino) ethanesulfonic acid, Sigma) 5.85. The latter compound was added because 

acid-washed sand has no buffering capacity. To test the effect of different C:N ratios on 

fungal growth, the above described nutrient solution received also ammonium nitrate 

(NH4NO3) in different amounts. Three nutrient solutions were prepared: i) C-cellobiose:N 

= 8:1, ii) C-cellobiose:N = 15:1 and iii) C-cellobiose:N = 50:1. The control treatment did 

not receive any ammonium nitrate addition. The pH of the nutrient solutions was adjusted 

to 6.5 with NaOH. Before the addition of the nutrient solutions, sand was sterilized by two 

cycles of autoclaving (30 min at 121 ºC, the second one after 24 hours). Next, it was dried 

at 120 ºC for two hours. 

Fungal spores of Trichoderma harzanium and Mucor hiemalis were obtained from pure 

cultures grown on Oatmeal agar (6 g/l Difco, France) and agar powder (2 g/l BOOM CMN, 

the Netherlands), containing four different antibacterial compounds, namely 

Chloramphenicol (50 ppm, 12.5 mg/ml final concentration), Streptomycine (50 ppm, 5 

mg/ml final concentration), Vancomycine (10 ppm, 2 mg/ml final concentration) and 

Oxytetracycline (50 ppm, 5 mg/ml final concentration). After 3 weeks of incubation (20ºC 

in the dark), the spores were washed from the plates with sterile deionized water, collected 

through Miracloth (Calbiochem, USA) and stored at -80 ºC. Fungal spores (104 spores g 

soil-1) of Trichoderma harzanium and Mucor hiemalis were mixed with the nutrient-

containing sand. 

In total eight experimental treatments were prepared: T. harzanium in sand with no 

nitrogen (TH No-N), with C:N=8 (TH 8:1), with C:N=15 (TH 15:1) and with C:N=50 (TH 

50:1); M. hiemalis in sand with no nitrogen (MH No-N), with C:N=8 (MH 8:1), with C:N=15 

(MH 15:1) and with C:N=50 (MH 50:1). Each treatment consisted of five replicates, giving 

a total of 40 Petri dishes. They were sealed with one layer of Diversified Biotech Petri 

Seal™ tape and one layer of Parafilm, to avoid gas exchange with the external 

environment and maintaining air-tightness. Plates were incubated in the dark at 20 °C. 

During the 14-day incubation period, headspace CO2 was sampled through the lid septa 

and directly injected into 5.9 mL evacuated Exetainer vials (Labco Ltd., Buckinghamshire, 

UK) and measured using Ultra GC gas chromatograph (Interscience, The Netherlands) 
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equipped with a flame ionization detector (FID) and at Rt-QBOND (30 m, 0.32 mm, ID) 

capillary column. We used helium as a carrier gas and set the oven temperature at 50 °C. 

CO2 was analysed at 2, 4, 7, 9, 11 and 14 days. After each measurement the Petri dishes 

were opened under the flow cabinet for aeration and sealed again after 15 minutes. At the 

end of the incubation period, soil was homogenized by mixing, it was sampled and kept in 

aliquots in the freezer at -20 °C for ergosterol and DNA extractions. 

 

DNA extraction and qPCR assay 

DNA was extracted from sand using the PowerSoil®DNA Isolation Kit (MOBIO 

Laboratories, Carlsbad, California, USA) according to the manufacturer’s instruction with 

some modifications: after adding solution C1 (causing cell lysis), samples were incubated 

at 60 °C for 30 min; solutions C2 and C3 (for the removal of contaminating inorganic and 

organic matter) were added (100 µl each) to the samples; after adding solution C6 

(releasing DNA from spin filter), samples were incubated at 30 °C for 10 min. DNA was 

then collected in Eppendorf tubes and stored at -20 °C. 

To determine the amount of DNA present in the samples, quantitative PCR assays were 

performed using different primer combinations based on taxon-characteristic internal 

transcribed spacer (ITS) regions (Table S1).  The total end volume of the qPCR assays 

was 20 µl containing: 3 µl of 100 times diluted DNA, 1 µl of each primer (final 

concentration: 10ng/ µl), 5 µl of Milli-Q water and 10 µl iQ SYBR Green Supermix 

(BioRad). The following temperature profile was run on a Biorad iQ5 thermal cycler: 95°C 

for 3 min followed by 40 x (95°C, 30 s; 60 °C, 30 s; 72 °C, 30 s). To establish the 

relationship between Ct-values and the concentration of target fungal DNA (ng/ µl), a 

calibration curve was made for each primer combination using a dilution series of the 

corresponding DNA as a template. The concentration of DNA was measured using a 

NanoDrop ND-1000 UV–VIS spectrophotometer (NanoDrop Technologies).  

 

Ergosterol and growth efficiency 

Ergosterol, a sterol found in fungal membranes, was used as a biomarker for fungal 

biomass in the sand (de Ridder-Duine et al., 2006). Briefly, 4 g of moist sand was shaken 

with 6 ml of methanol in the presence of glass beads, to disrupt the fungal mycelium and 

to release the ergosterol into the extractant. After centrifugation and filtration, ergosterol 

was measured on a 1260 Bio-inert LC coupled with a 6460 QQQ (Agilent, Santa Clara, 

USA).  

We calculated the growth efficiency for each fungus on basis of the amount of ergosterol 

or ITS copy numbers per amount of CO2 released. Growth efficiencies were expressed as 

relative growth efficiencies where efficiencies of the C:N = 8 treatments were set at 100%. 
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Statistical analyses 

Differences in respiration, ergosterol, DNA copy numbers and growth efficiencies between 

treatments were tested with one-way ANOVA followed by post-hoc Tukey’s test, using 

IBM SPSS Statistics 22. In some cases, due to unequal variances, Tukey’s test was not 

possible and statistical comparisons were performed by Tamhane’s T2 test. We used 

linear regression analysis to test the relationship between the different amounts of added 

N and ergosterol concentrations, and the DNA copy numbers. 

 

Results  

For both fungi, CO2 production strongly increased in treatments with extra N additions 

during the first 2 to 4 days of incubation followed by a gradual increase until the end of 

incubation (Fig. 1A). The CO2 production in sand microcosms without extra N addition was 

gradually increasing throughout the whole incubation period. Total amount of accumulated 

CO2 was significantly stimulated by extra addition of nitrogen (P < 0.05; Fig. 1B).  Yet, 

increasing doses of nitrogen did not result in increasing amounts of total CO2 accumulation 

(Fig. 1B). For both fungi, ergosterol concentrations in the sand microcosms showed a 

significant increase (P < 0.05) with an increasing amount of added nitrogen (Fig. 2A). 

There was no significant difference between M. hiemalis and T. harzianum in the amount 

of ergosterol produced in sand for any of the C: N treatments. 

 

 
Fig. 1: A) Accumulation dynamics of CO2 during 14 days of incubation of M. hiemalis and T. harzianum in sand 

microcosms at different C:N ratios; B) Total accumulated CO2 concentrations after 14 days of incubation. 
Statistically significant differences (P < 0.05) between treatments are indicated with different letters. MH: M. 

hiemalis; TH: T. harzanium. No-N: no addition of N; 50:1 is C:N = 50; 15:1 is C:N = 15; 8:1 is C:N = 8. Vertical 
bars represent standard errors. 
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DNA copy numbers for both fungal species showed an overall decrease with a decreasing 

amount of N (Fig. 2B). However, when tested with one-way ANOVA, only M. hiemalis 

grown in sand with C:N ratios 8 and 15 had significant higher DNA copy numbers (P < 

0.05). 

 

 
Fig. 2:  Concentrations of ergosterol (A) and ITS rDNA copy numbers (B) of M. hiemalis and T. harzianum grown 
for 14 days in sand microcosms at different C:N ratios. Statistically significant differences (P < 0.05) are indicated 
with different letters. MH: M. hiemalis; TH: T. harzanium. No-N: no addition of N; 50:1 is C:N = 50; 15:1 is C:N = 

15; 8:1 is C:N = 8. Vertical bars represent standard errors. 

 

The linear regression analysis showed a significant positive linear relationship between 

the amount of added N and ergosterol concentrations (R2 = 0.8860; P < 0.0001 and R2 = 

0.8944; P < 0.0001, for M. hiemalis and T. harzanium respectively; Fig. 3A) and between 

the amount of added N and DNA copy numbers (R2 = 0.7609; P < 0.0001 and R2 = 0.3523; 

P = 0.006, for M. hiemalis and T. harzanium respectively; Fig. 3B). 

 

 
Fig. 3: Linear regression analysis between the different amounts of added ammonium nitrate (NH4NO3) and 

concentrations of ergosterol (A), and ITS rDNA copy numbers (B) of M. hiemalis and T. harzianum grown for 14 
days in sand microcosms. 
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Growth efficiencies, as based on both ergosterol and DNA copy numbers, showed the 

same trend for both fungal species, namely an increase with increasing N concentrations 

(Fig. 4A and 4B, P < 0.05).  

 

 
Fig. 4: Relative (%) fungal growth efficiencies in sand microcosms containing different C:N ratios after 14 days of 
incubation. Growth efficiency for each fungus is based on the amount of ergosterol (A) or ITS copy numbers (B) 

per amount of CO2 released. Growth efficiencies of the C:N = 8 treatments were set at 100%. Statistically 
significant differences (P < 0.05) are indicated with different letters. MH: M. hiemalis; TH: T. harzanium. No-N: no 

addition of N; 50:1 is C:N = 50; 15:1 is C:N = 15; 8:1 is C:N = 8. Vertical bars represent standard errors. 

 

Discussion 

To test the effect of different C:N ratios on fungal growth and growth efficiency, we cultured 

two different fungal species in cellobiose-containing sand with different concentrations of 

mineral nitrogen. For both M. hiemalis and T. harzanium, biomass production and growth 

efficiency increased with decreasing C:N ratios. On the other hand, respiration fluxes did 

not decrease with increasing C:N ratios. This indicates that more C-cellobiose was 

metabolized at lower C:N ratio, implying that not all C-cellobiose has been metabolized in 

the treatments C:N = 15 and C:N = 50, and certainly not in the control treatments, where 

there was no addition of mineral N. Our results are in line with our hypothesis, namely that 

the highest growth efficiency is expected with higher nitrogen availability. A similar growth 

efficiency pattern was observed for a litter-decomposing fungus grown on maize litter, 

where the efficiencies decreased accordingly with decreasing N availability in the plant 

material (Lashermes et al., 2016). In addition, our results suggest that when N becomes 

a limiting factor, fungi invest extra energy to obtain N, for instance by recycling their cellular 

N via controlled autolysis (Santamaria and Reyes, 1988) or allocating N to essential 

metabolic processes (Wicklow, 2006). In nature, another possible solution to N limitation 
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is to recruit extra N while mining the soil organic matter (Craine et al., 2007; Moorhead 

and Sinsabaugh, 2006).  

It is well known that N stimulates fungal respiration (Boberg et al., 2008, 2011) as well as 

growth (Rousk and Bååth, 2007) and enhancing N availability strongly increases fungal 

degradation of organic carbon substrates (Allison et al., 2009; Boberg et al., 2008; 

Koranda et al., 2014; van der Wal et al., 2007). Soils with a higher fungal biomass have 

lower N losses than soils with a lower fungal biomass (de Vries et al., 2006) and, 

consequently, a higher fungal biomass in soils can be considered as an indicator of higher 

soil N retention (de Vries et al., 2011). Applications of fertilizers to agricultural soils can 

result in N losses when crops are not actively taken up the added N  or after heavy rain 

fall, and part of the N can be lost via leaching and denitrification (de Vries and Bardgett, 

2012). Our study indicates that when N is applied concurrently with a degradable C 

source, a higher amount of N is built into fungal biomass, thereby possibly reducing N 

losses (Liang and Balser, 2011; Simpson et al., 2007). Furthermore, considering that 

competitive interactions between fungal species for resources are very common in litter 

and soil (Boddy, 2000), we can reasonably expect that the outcome of these interactions 

will impact growth efficiency and release of mineral N as well (Baldrian, 2004; Hiscox et 

al., 2015; Maynard et al., 2017; Song et al., 2012; Tiunov and Scheu, 2005). 

Saprotrophic fungi are influenced by plant-derived carbon (Buée et al., 2009; Christensen, 

1989). When root-derived products enter the soil, they can be rapidly metabolized by fungi 

(Hannula et al., 2012). Root exudates containing N and C can alleviate the stoichiometric 

constraint for fungi, possibly increasing exoenzyme production that will cause a change in 

the turnover of SOM, known as the priming effect (Drake et al., 2013). Furthermore, adding 

N together with labile C can result in higher microbial growth rates and efficiencies, likely 

resulting in more priming (Di Lonardo et al., 2017; Fontaine et al., 2011). 

Carbon use efficiency (CUE) is defined as the ratio of C invested in biomass and total C 

uptake (Sinsabaugh et al., 2013). Despite the relative simple definition, CUE estimations 

are complex, since they are mediated by multiple factors (Manzoni et al., 2018). 

Furthermore, absolute values of CUE are not so easy to calculate when they are based 

on chemical indicators. For instance, there are uncertainties with respect to applying the 

right conversion factors to define fungal C on basis of ergosterol content and DNA copy 

numbers (Baldrian et al., 2013; Fierer et al., 2005; Klamer and Baath, 2004). The amount 

of ergosterol in fungal cells is dependent on the growth conditions and it can vary when 

fungal strains are cultured in liquid media or in soil (Montgomery et al., 2000). Therefore, 

we calculated the relative growth efficiency based on ergosterol and DNA copy numbers 

without conversion to fungal C. The general picture remains the same, namely that higher 

efficiency is related to lower C:N ratios.  
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Our study provides information on how nitrogen influences fungal biomass production and 

growth efficiency. Knowledge on this influence is critical for the assessment of soil C and 

N budgets. A better understanding of fungal biomass dynamics upon C and N additions 

might be helpful to reduce the losses of N fertilizers in agricultural soils.  
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Supplementary information 

 

Table S1: Primers used for the qPCR assay. Fungal primers are based on taxon-characteristic internal 
transcribed spacer (ITS) regions. 

Target 
Primer sequence (5’-3’) 

 
F: forward, R: reverse 

Reference 
Ta 

 

Parameters defining the linear 
relationship between Ct and 

DNA concentration 
(Ct = a x 10log [concentration] + b) 

    a b R2 

Ascomycota 
F  GGAAGTAAAAGTCGTAACAAGG Nikolcheva et al., 

2005; White et al., 
1990 

60 
ºC 

-3.04 18.73 0.981 
R  CGTTACTRRGGCAATCCCTGTTG 

Zygomycota 
(Mucorales) 

F CAGTTAAAACGTCCGTAGTCAA 
Harkes et al., 2017 

60 
ºC 

-4.55 14.56 0.988 
R CACCACCACCCATAGAATCTA 
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Priming effects are ubiquitous and yet a thorough comprehension of the mechanisms is 

lacking. With this thesis research, I have tried to increase understanding of the 

mechanisms underlying soil priming, with a focus on the roles of the properties of PE-

trigger substrates, the availability of nitrogen and soil microbial characteristics. Moreover, 

I studied the influence of different nitrogen concentrations on fungal growth efficiencies to 

obtain a better understanding of the influence of soil organic matter quality on carbon flows 

during decomposition.  

In this chapter, I start with summarizing the results obtained during my thesis research. 

Next, after comparing the results with the existing ideas on PEs, I propose a new 

conceptual model on PEs. Finally, I discuss the thesis results in the context of global 

change scenarios and give an outlook on future research directions.  

 

New insights on priming effects  

The physicochemical properties of PE-trigger substrates have been indicated to be 

important for the direction and magnitude of PEs. In particular, two properties that have 

received attention are the chemical resemblance to recalcitrant fractions of SOM and the 

metabolic usable energy for microbes (Brant et al., 2006; Fontaine and Barot, 2005; van 

der Wal and de Boer, 2017). The results described in Chapter 2 indicated that the effect 

of chemical structure of added compounds on PEs is much larger than the effect of 

energy-content. When corrected for energy available for microbial growth, the highest 

stimulation of priming was seen for addition of vanillic acid, which is a phenolic compound. 

Phenolic compounds are part of the recalcitrant fractions of soil organic matter (SOM). 

Hence, the structural resemblance of PE-trigger substrates to recalcitrant fractions of 

SOM may indeed be an important factor in PEs. Similar observations were made in 

Chapter 3 where different plant litter types were used as PE-trigger compounds. Beech 

litter, which was the most complex litter type (e.g., litter rich in lignin), had a stronger impact 

on PEs (highest ratio of primed C to litter derived C) as compared to other less recalcitrant 

litter types. Altogether, these results point at the relevance of specialized soil decomposer 

communities in PEs, producing enzymes that are involved in the decomposition of both 

the added substrates and SOM. When only one type of trigger-substrate is used, as was 

done with glucose in Chapter 4, the amount of energy obtained is also an important factor 

in PEs. Low concentrations of glucose may not provide enough energy for the activation 

of extracellular enzyme production by soil microbes (Liu et al., 2017), whereas high 

concentrations may cause reduced activities due to osmotic problems (Chapter 4). The 

optimum concentration of glucose which results in the highest PE is somewhere between 

these extremes but appears to be different for different ecosystems (Chapter 4). An 

optimum concentration of PE-trigger substrates is in line with the meta-analysis of 

Blagodatskaya and Kuzyakov (2008). However, unlike the suggestion made by 



Discussion 

 
 

103 

 

Blagodatskaya and Kuzyakov (2008), this optimum concentration seems not to be 

determined by the amount of microbial biomass.  

One of the hypotheses of my thesis study was that the contribution of fungi to PEs was 

more important than that of bacteria because of their ability to penetrate solid SOM 

fractions (hyphal growth)  and  to produce a range of SOM-degrading enzymes (Fontaine 

et al., 2011). However, this was not confirmed. Results of Chapter 2 showed that bacteria 

and fungi were equally important for PEs. This was also the case for the most recalcitrant 

trigger-substrate, vanillic acid, indicating that bacteria were well able to decompose 

phenolic compounds. Hence, in general, soil C additions may trigger both bacteria and 

fungi to switch from a dormant to an active state (Blagodatskaya and Kuzyakov, 2008). 

A comparison of studies using different soils and trigger compounds indicates that several 

microbial groups, including Gram-negative bacteria, Gram-positive bacteria, 

actinomycetes and fungi, can take the lead in PEs (e.g., Dungait et al., 2013; Garcia-

Pausas and Paterson, 2011; Sullivan and Hart, 2013; Whitaker et al., 2014) and this can 

change over time (Blagodatskaya et al., 2014). However, in Chapter 2, the addition of 

different substrates to an ex-arable soil did not stimulate the growth of different bacterial 

classes, although differences in PEs among the treatments were observed. These 

differences in PEs could be due to stimulation of different enzyme systems within similar 

bacterial taxa. 

It is largely assumed that lack of N in soils will induce high PEs since soil microbes are 

triggered to mine SOM to acquire this nutrient (Dijkstra et al., 2013; Liu et al., 2017). 

Following this so-called microbial N mining theory, a less strong PE is expected when C 

substrate is added together with N. In Chapter 2, 3 and 4, the results of co-addition of N 

to soils did not support this theory. Indeed, the simultaneous addition of mineral N with 

organic C had generally little or no impact on PEs. In Chapter 5 it was shown that adding 

N together with labile C results in higher fungal growth rates and efficiencies, possibly 

increasing exo-enzyme production and PEs since the stoichiometric constraint for fungi is 

released. Several other studies did also show that simultaneous addition of C and N can 

increase or have no effect on PEs (Chowdhury et al., 2014; Tian et al., 2016). In line with 

these studies, the N mining theory was recently challenged since in its current form it 

cannot represent a universal explanation for PEs (Mason-Jones et al., 2018). Finally, in 

Chapter 3 and 4, C:N ratio of the soil organic matter could not explain the differences in 

PEs after the addition of mineral N. Hence, for a greater understanding of the role played 

by N on PEs our attention should move to other SOM properties, such as the chemical 

structure of the compounds present in SOM (Schmidt et al., 2011).  

Overall, the results of this thesis indicate that 1) increasing the resemblance of the 

chemical structure of the added substrates to SOM fractions and 2) providing conditions 

for the optimal use of energy of the added substrates by soil microorganisms will stimulate 
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the growth and activity of SOM degrading community, resulting in positive priming effects 

(Fig. 1).  

 

 
 

Fig.1: Conceptual model for increasing positive priming effects by stimulating the production of extracellular 
enzymes that will cause an extra decomposition of SOM. Use of 1) trigger substrates that resemble fractions of 

SOM and 2) supply the optimal concentration of trigger substrate for microbial growth. 

 

It has been suggested that plants stimulate SOM mineralization via priming by a regular 

and slow exudation of rhizodeposits (Fontaine et al., 2003). It has been estimated that 

20% to 50% of the carbon obtained by plants via photosynthetic assimilation is transferred 

to the roots and about half of this is further released into the soil (Kuzyakov and Domanski, 

2000). This release of root exudates strongly affects the soil microbial composition and 

activity close to the roots (D. L. Jones et al., 2009). Therefore, in terms of the conceptual 

model proposed here, more complex organic rhizodeposit compounds that induce the 

production of enzymes able to decompose SOM and rhizodeposits with high energetic 

contents, will result in higher priming effects. It will also be interesting to study how 

combinations of both compound classes affect PEs. An optimal composition of PE-trigger 

compounds in root exudates will be of benefit for plants to obtain mineral nutrients from 

SOM. 

 

Priming effects in the context of global change  

Human activities are greatly impacting ecosystems to the extent that much of the planet 

surface has been totally transformed by a series of global change phenomena (Steffen et 

al., 2015). As part of the global change scenario, increased atmospheric CO2 levels and 

increasing rates of N enrichment to soils affect ecosystem C dynamics through their 
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indirect effects on soil biota and the processes they drive. It was argued that many aspects 

of the structure and functioning of soils cannot be totally understood if we do not take into 

account the anthropogenic influence on them (Bardgett, 2005). 

 

Increasing atmospheric CO2 levels 

Higher atmospheric CO2 levels lead to increased photosynthesis, with a subsequent 

increase in above- and belowground plant biomass (Ainsworth and Long, 2005). As shown 

in this thesis (Chapter 3, 4 and 5), increased allocation of C to the soil, in the form of plant 

litter or labile organic C, can stimulate microbial activity, generating positive PEs that will 

enhance SOM turnover, thereby reducing soil C storage (Dijkstra and Cheng, 2007; 

Fontaine et al., 2004a). More specifically, the intensity of PEs controls the response of 

ecosystem C fluxes to global change (Heimann and Reichstein, 2008), as microbial 

priming of SOM can be responsible for the lack of SOM accumulation in ecosystems 

exposed to elevated CO2 (Drake et al., 2011; Hoosbeek et al., 2004; Iversen et al., 2012; 

Talhelm et al., 2009). Natural and managed terrestrial ecosystems can act as a sink for 

C. Managing soils for C sequestration is most relevant for agricultural and degraded soils, 

which offer great potential to act as C sinks under considerate management (Lal, 2004).  

Several strategies have been proposed for long-term increase of the C pool in agricultural 

and degraded soils, such as adoption of no tillage agriculture and the use of cover crops. 

In this respect, it is important to consider how the quality and quantity of the addition of 

organic substrates to agricultural soils as well as root exudates of cash crops and cover 

crops can affect PEs, in order to improve agronomical practices that will steer the balance 

between mineralization of organic compounds to C sequestration to mitigate climate 

change. 

 

Nitrogen enrichment to soils 

Depending on the ecosystem, N enrichments can have a positive, neutral or negative 

effect on soil C sequestration (Hobbie, 2000; Mack et al., 2004; Nadelhoffer et al., 1999; 

Ramirez et al., 2012; Resh et al., 2002). N enrichment can increase both the quantity and 

quality of litter inputs to soils, thereby promoting soil biological activity and nutrient cycling 

(Knorr et al., 2005). Microbial activity and their enzyme production in ecosystems with high 

quality litter (litter with a low C:N ratio) respond positively to N deposition, whereas in 

ecosystems with more recalcitrant litter (litter with higher lignin content) microbial activity 

tend to respond negatively (Waldrop et al., 2004). These differences are a consequence 

of the effect of N enrichment on the activities of extracellular enzymes involved in cellulose 

and lignin degradation, as the microbial synthesis of cellulases is usually enhanced by N 

enrichment, whereas the synthesis of ligninolytic enzymes can be suppressed (Carreiro 
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et al., 2000; Frey et al., 2004). In this thesis, I showed that the positive relationship 

between litter HFA and priming HFA disappeared when N was added (Chapter 3). This 

indicates that N amendments decoupled the link between accelerated litter decomposition 

and enhanced SOM mineralization. Indeed, microbial communities are functionally 

different and specialized to break down litter from plants with which they are associated 

(Gholz et al., 2000). Moreover, the differences in C:N ratios between SOM and litter and 

the higher amount of easy degradable compounds in litter as compared to SOM are 

important factors that can help explaining the different effects of N amendments (Qiao et 

al., 2016). Such findings have a clear implication for soil C sequestration, suggesting that 

N enrichment influences C storage. 

One of the effects of soil N enrichment is a depression in the biomass of decomposer 

fungi, leading to a shift towards a bacterial-dominated food web (de Vries et al., 2007, 

2006). Yet, in Chapter 4, soil N addition did not affect fungal biomass while bacterial 

biomass was decreased. In addition, as shown in Chapter 5, fungi grown under low C:N 

conditions had the highest biomass production as well as the highest growth efficiency. 

Therefore, knowledge on the influence of N on fungal growth is critical for the assessment 

of soil C and N budgets. In fact, a better understanding of fungal and bacterial biomass 

dynamics upon C and N additions might be helpful to reduce losses of N fertilizers in 

agricultural soils.  

 

Future research directions 

I suggest that future studies should focus on the enzymes degrading both the added 

compounds and SOM (Chapter 2). The dynamics of the pool of such enzymes seems to 

be essential to understand PEs. Extracellular enzymes are directly responsible for SOM 

decomposition (Burns et al., 2013). Yet, the factors regulating their production and activity 

in soils are not completely clear (Allison et al., 2010).  

Extracellular enzymes production brings high energetic costs for the microbial producers 

(Burns et al., 2013). Therefore, it is reasonable to expect that their synthesis is deeply 

controlled (Allison et al., 2010). Furthermore, taken into consideration the positive 

relationship between substrate mineralization and PE (Chapter 4), it is likely that 

production of SOM degrading enzymes is regulated by microbial energy status (Mason-

Jones et al., 2018). 

The importance of the physicochemical properties of trigger-substrates for PEs can be 

further examined. Combinations of trigger-substrates are also very interesting in this 

respect. To better explain PE mechanisms, fractions of SOM should be better described 

enabling the selection of substrates that chemically resemble SOM compounds.  In 

addition, substrates with high energetic content or C:N ratios that match microbial biomass 
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stoichiometry can be selected. The effects of combinations of these trigger substrates on 

PEs can then be experimentally tested. 

Microbial taxa contribute differently to extracellular enzyme activities and generally fungi 

have higher levels of enzyme production and complexity than bacteria (Baldrian et al., 

2010). Yet, in the research described in Chapter 2, differences in PEs appeared to be due 

to the stimulation of different enzyme systems within similar phylogenetic bacterial 

communities. Therefore, a closer inspection of specialization of the microbial decomposer 

communities and their enzyme productions is needed to understand when and where soil 

microbes will accelerate or decelerate soil C cycling.  
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Summary  

 

Priming effects (PEs) are defined as short-term changes in the turnover of soil organic 

matter (SOM) caused by the addition of easily degradable organic carbon. PEs can be 

positive (acceleration of SOM decomposition) but also negative (retardation of SOM 

decomposition). Furthermore, PEs can be classified as real or apparent, and the 

distinction is based on the origin of the extra CO2 released from the soil. In apparent PEs 

the increased CO2 originates from the turnover of microbial compounds such as reserve 

materials, whereas in real PEs it is due to the decomposition of SOM. The direction 

(acceleration or retardation of SOM decomposition) and magnitude of priming in response 

to organic carbon additions are not easy to predict. Several environmental factors are 

involved, such as the amount and quality of added substrates, the inorganic nutrient 

availability, soil microbial biomass and soil microbial community composition. Although 

PEs are recognized to be large enough to be taken into account into the ecosystem carbon 

balance, the exact mechanisms are still unknown. The main aim of this thesis was to 

increase the understanding of the mechanisms involved in soil priming effects. 

The effects of two characteristics of added compounds on PEs were examined in chapter 

2, namely the metabolic usable energy for microbes and the resemblance to recalcitrant 

fractions of SOM. For this purpose, glucose, cellobiose (energy rich compounds, low 

resemblance with recalcitrant SOM) and vanillic acid (energy-poor compound, higher 

resemblance with recalcitrant SOM) were selected. In addition, the effect of mineral 

nitrogen (N) on PEs was tested. 13C labelled compounds were mixed with sandy soil from 

an ex-arable site. To separate the effect of energy content from that of chemical 

composition, the amount of carbon and the amount of energy content of added 

compounds was kept constant in treatments, respectively. When corrected for energy 

content, vanillic acid induced the highest CO2 respiration and PEs. The analysis of the 

microbial community revealed that the contribution of fungi to PEs was minor, reflecting 

the low F:B ratio of the ex-arable soil. Although different substrates resulted in different 

PEs, they stimulated the growth of similar bacterial groups. This suggests that the added 

compounds induced different enzyme systems within similar bacterial taxa. Finally, 

combined addition of mineral nitrogen and organic C-compounds caused a slightly extra 

increase in PEs in most treatments. Overall these results indicate that the effect of 

chemical structure of added compounds on PEs is much larger than the effect of energy-

content. 

Chapter 3 describes another approach to study the role of physicochemical similarity 

between added organic compounds to SOM fractions in PEs. More specifically, the 

relationship between home-field advantage of litter decomposition (acceleration of plant 

litter decomposition in soils that receive their indigenous litter) and PEs was investigated. 
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To study this, three 13C labelled litter types (maize, bent and beech) were reciprocally 

incubated in soils from ecosystems where these litters are abundantly produced (e.g., 

arable sites, grasslands and forests), with and without the addition of mineral N. Generally, 

respiration of both litter-derived and SOM-derived C were lowest when beech litter was 

added and were lower in forest soils than in arable or grassland soils. Nitrogen addition 

slightly increased the respiration of litter-derived C, but had no effect on SOM-derived C. 

All litter types induced a positive PE in all soils. A positive relationship between litter and 

priming HFA was found, indicating that the rates of both litter decomposition and PE may 

be affected in the same manner by home combinations of plant and litter versus away 

combinations. This positive relationship disappeared when N was added. These results 

provide a first indication that the extent to which indigenous soil microbes are specialized 

to breakdown home litter, not only accelerates or decelerates the decomposition of litter, 

but also affects the breakdown of SOM in the same way.  

Chapter 4 deals with another factor influencing PEs, namely the ratio between the amount 

of added labile organic compounds to the size of initial soil microbial biomass. To test this, 

three different amounts of 13C-glucose with or without addition of mineral N were added 

to soils collected from arable lands, grasslands and forests that differ in terms of amount 

of soil microbial biomass, soil microbial community composition and soil organic matter 

quality. The addition of 13C-glucose was equivalent to 15%, 50% and 200% of microbial 

biomass C. After one month of incubation, glucose had induced positive PEs for the 

majority of soils, with differences in magnitude related to the soil origin and the amount of 

glucose added. For arable and forest soils, the primed C increased with increasing amount 

of glucose added, whereas for grassland soils this relationship was negative. We found 

positive correlations between glucose-derived C and primed C and the strength of these 

correlations was different among the three ecosystems considered. Generally, the 

addition of N to our soil mesocosms had little effect on the flux of substrate-derived C and 

primed C. Overall, this research study does not support the hypothesis that the trigger-

substrate to microbial biomass ratio can be an important predictor of PEs. Rather the 

results indicate that the degree of microbial activity induced by the trigger substrate 

(glucose-derived C) is an important factor for the magnitude of PEs. 

Chapter 5 reports on the influence of different concentrations of mineral N on the growth 

efficiency of two common soil fungi, Trichoderma harzanium and Mucor hiemalis in a soil-

like environment. The contribution of fungi to C and N cycling is related to their growth 

efficiency. Growth efficiency is defined as the amount of biomass produced per unit of 

substrate utilized. Several environmental factors, such as the concentration and 

availability of N, influence the activity and growth efficiency of saprotrophic fungi. Hence 

to test the role of N, we measured fungal biomass production as well as the respiration 

fluxes in sand microcosms amended with cellobiose and mineral N at different C:N ratios. 

For both fungal species, lower C:N ratios resulted in the highest biomass production as 
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well as the highest growth efficiency. This may imply that when N is applied concurrently 

with a degradable C source, a higher amount of N will be temporarily immobilized into 

fungal biomass. Therefore, these results might suggest that the C and N contents of 

fertilizers applied to agricultural soils can be adapted in such a way that fungal biomass 

response is optimal, thereby reducing N losses. 

Taken together, the results of this thesis gave new insights into different aspects of soil 

priming effects. I integrated this in a conceptual model on PEs, mainly indicating that 1) 

increasing the resemblance of the chemical structure of the added substrates to SOM 

fractions and 2) providing conditions for the optimal use of energy of the added substrates 

by soil microorganisms will stimulate the growth and activity of SOM degrading microbes, 

resulting in positive priming effects. Moreover, simultaneous addition of mineral N with 

organic C had generally little or no impact on PEs. Soil priming effects in the context of 

global change and future research directions are discussed in chapter 6. 
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