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A B S T R A C T

A general occurrence of the phenomenon of priming effect (PE) across varying land use and soil types has not
been established so far, particularly on a large geographical scale. Moreover, the impacts of soil properties and
soil organic matter (SOM) distribution among physical fractions on the magnitude of PE are still unclear. We
addressed these knowledge gaps by incubating thirty five soils with or without addition of 13C labeled cellulose
for 262 days. The soils were sampled from different land uses and depths of contrasting soil types from five
continents (Asia, Europe, America, Australia and Africa). Results showed positive PE in all soils including
grassland, cropland, forest, savannah and orchard. On average, the cumulative PE represented 27.0 ± 28.7% of
the CO2 efflux in control soils and 28.48 ± 21.08% of the remaining/unrespired cellulose-C. The PE was 72.1%
higher in surface than deep soils suggesting that surface soils are more prone to PE induced by cellulose addition.
Variations in PE were mainly explained by soil characteristics and not by land use. We found that the PE
increased with the relative abundance of SOM not associated with minerals and rich in nitrogen (N). The ob-
servation of systematic positive PE in all soils suggested that microbial co-metabolism to decompose SOM is a
widespread microbial strategy. Our results also support the idea that microorganisms use co-metabolism to mine
nutrients in SOM since they target N-rich fractions. However, other mechanisms are also at play since positive PE
was maintained despite the high availability of mineral nutrients. Overall, PE is a worldwide process playing a
major role for soil C dynamics, especially in N-rich soils.

1. Introduction

Mineralization of soil organic matter (SOM) is the first source of
available nutrients for plant uptake in ecosystems and leads to a global
carbon (C) flux equivalent to 7 times the anthropogenic emissions of
CO2 (Prentice, 2001; Solomon et al.,. 2007). Therefore, improved un-
derstanding of drivers of SOM mineralization, including the priming
effect (PE) could help design sustainable agricultural practices (reduce

fertilizer, conservation of SOM etc.) and mitigate global warming by
sequestering soil C (Perveen et al., 2014; Paustian et al., 2016; Dignac
et al., 2017). The PE corresponds to the change in the rate of SOM
mineralization by microorganisms in response to the fresh organic
matter (FOM) input to soil, i.e. plant litter, rhizodeposition etc.
(Kuzyakov, 2010; Shahzad et al., 2012; Cheng et al., 2014; Finzi et al.,
2015; Keiluweit et al., 2015, Shahbaz et al., 2017, 2018). The PE studies
require addition of uniformly labeled 13C or 14C labeled FOM, in the
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form of plant litters (e.g., Magid et al., 1999; Bell et al., 2003; Luna-
Guido et al., 2003), easily degradable C sources such as glucose, alanine
or fructose, plant-originated C polymers such as cellulose, or cocktails
of substrates mimicking plant exudates (Wu et al., 1993; De Nobili
et al., 2001; Hamer and Marschner, 2005; Fontaine et al., 2004a,
2004b; 2007, 2011; Lynch et al., 2018).

The supply of FOM can either increase (positive PE), decrease (ne-
gative PE) or have no effect (no PE) on SOM mineralization (Zhang
et al., 2013). Overall, the PE is most frequently reported increasing
SOM mineralization (Fontaine et al., 2004a, 2004b; 2011; Shahzad
et al., 2012; Tian et al., 2016), by 37% on average (Luo et al., 2016).
However, the magnitude of PE is extremely variable ranging from
95.1% inhibition to 1207% stimulation. The origins of these variations
are not well understood since studies differ in many aspects: experi-
mental conditions (temperature, soil moisture, nutrient availability),
soil type, as well as the quantity and quality of added FOM (Kuzyakov
et al., 2000; Fontaine et al., 2004a, 2004b; 2011; Hamer and
Marschner, 2005; Ohm et al., 2007; Zhu and Cheng, 2011; Fang et al.,
2015; Wang et al., 2016; Liu et al., 2017). Therefore, it is important to
determine whether PE is a ubiquitous process or restricted to some soils
and how its direction and magnitude changes among soils and with soil
characteristics.

Several mechanisms have been proposed to explain positive and
negative PE. Positive PE is explained by an overall stimulation of en-
zymatic activities of soil microorganisms or a co-metabolism developed
by a specific microbial group named K-strategists (Kuzyakov et al.,
2000; Fontaine et al., 2003). This group uses FOM as a source of energy
to produce enzymes that degrade the energy-poor SOM compounds
(Blagodatskaya and Kuzyakov, 2008; Dorodnikov et al., 2009; Fontaine
et al., 2003, 2011; Chen et al., 2014). Although the strategies behind
this co-metabolism might be diverse, K-strategists mine the nutrients
they physiologically need from nutrient-rich SOM (Fontaine et al.,
2003, 2004a; 2011; Chen et al., 2014). The r-strategist microorganisms
are also present in soils and are specialized in the decomposition of
FOM. Therefore, the magnitude of PE depends on competition between
K-strategists and r-strategists for FOM (Fontaine et al., 2003; Pascault
et al., 2013; Chen et al., 2014). Negative PE can be explained by the
preferential substrate utilization (PSU) hypothesis: when FOM is
available, in some cases, microorganisms focus their dietary and en-
zymatic activities on this energy-rich substrate leading to a decrease in
SOM mineralization (Fontaine et al., 2003; Kuzyakov, 2010;
Blagodatskaya et al., 2014; Qiao et al., 2014). However, the negative PE
is generally of short duration and followed by positive PE (Cheng, 1996;
Kuzyakov and Cheng, 2001, 2004; Wang et al., 2016). Taken together,
the intensity and direction of PE should depend on the abundance of
microorganisms responsible for PE, e.g., r- and K-strategists, and the
structure of their communities. This indicates that chemical and phy-
sical soil properties could potentially indirectly impact PE through their
effects on microbial communities and the relative abundance of r and K
microorganisms.

Soil organic matter is made up of different pools with different
physical structure and chemical composition, levels of protection from
decomposition and turnover rates (Stevenson, 1994; von Lützow et al.,
2007). These pools can be isolated based on the size and density of
organic matter particles. As particle density increases, their size and C:
N ratio decreases; from partially decomposed plant derived SOM frac-
tions, such as the light fractions, to microbial-derived mineral-asso-
ciated SOM fractions. Given that the PE-inducing K-strategists would
decompose SOM to get nutrients (Fontaine et al., 2011; Chen et al.,
2014), we expect PE to preferentially affect the fine N-rich soil organic
fractions. However, organic matter in these fine fractions can be pro-
tected from microbial degradation due to their adsorption and chemical
linkage to minerals (Elliott, 1986; Six et al., 2002; Denef et al., 2007).
The organic matter is retained on minerals with different forces de-
pending on mineral size (soil texture) and composition (mineralogy)
(Keil et al., 1994; Baldock and Nelson, 2000). These forces could

prevent the priming of organic matter mineralization or reduce its rate
due to high microbial energetic costs for microorganisms to produce
enzymes and/or organic acids releasing organic matter from minerals
(Baldock and Nelson, 2000). Soil Fe- and Al-oxide content negatively
correlated to rhizosphere PE due to strong linkages with organic matter
(Rasmussen et al., 2007; Thurgood et al., 2014). Therefore, we expect
that the SOM pools that mostly contribute to PE are N-rich pools that
are either unprotected or linked to silt particles.

Mineral N addition tends to reduce the intensity of PE by alleviating
microbial N limitation and reducing the need for N mining
(Liljerothet al., 1994; Fontaine et al., 2004a, 2011; Chen et al., 2014;
Kaneez-e-Batool et al., 2016). However, response of PE to bulk soil N
content, and thus to organic N, is unknown. Assuming that organic N
decomposition is co-limited by microbial enzymes and organic N con-
tent, soils with higher N content could have higher and longer PE be-
cause they sustain higher enzyme activities and consequently microbial
populations, over time. However, this effect could be counteracted by
the higher N release that might reduce the necessity of microorganisms
for N mining. So far, there is no experimental study that investigated
the effect of soil N content on the magnitude of PE.

The objectives of this study were to quantify the PE across a wide
range of soils and explore the influence of soil properties on PE. Soils
were sampled from nineteen countries representing five continents
(Asia, Europe, America, Australia, and Africa) and five land uses
(grassland, cropland, forest, savannah, and an orchard). Thirty five soils
from nineteen countries were collected representing contrasted soil
properties in terms of texture, pH, SOM content and quality. The PE was
measured for 262 days during incubations after the addition of 13C
labelled cellulose (the major chemical form of C entering into soils). A
nutrient solution was applied to all soils to ensure an unlimited avail-
ability of nutrients to soil microorganisms. Hence, the difference in PE
among soils could be interpreted as the result of differences in soil
properties or soil microbial community structure. The effect of mineral
nutrient additions on PE amplitude has been extensively studied
(Fontaine et al., 2004a, 2011; Chen et al., 2014; Dimassi et al., 2014)
and is beyond the scope of this study. Taken together we, (1) assessed
the magnitude and direction (positive or negative) of PE, (2) compared
PE magnitude between land uses and soil depths, (3) determined the
impact of each soil property on PE and assessed the best multiple re-
gression model to predict the intensity of PE from measured soil
properties.

2. Materials and methods

2.1. Description of the soils

The soil collection was made within three months thanks to an in-
ternational network of collaborators who performed the soil sampling
(Table 1). Most of these collaborators are working in public Research
Institutes and Universities but private persons from Vietnam and Pa-
kistan also participated. All persons were contacted before sampling
and informed to follow the specific/same procedure of sampling in
order to start the incubation experiment shortly after soil collection.
Soils were sampled from fields which had been under the same land use
for several years. The type of land use, the depth of sampling and all
available information about the sampling sites were collected. Soil
samples were immediately stored at 5 °C after their sampling. Thirty
five soils were collected from nineteen countries belonging to five
continents (Asia, Europe, America, Australia and Africa) and in various
depths (0–5, 0–10, 0–15, 0–20, 15–20 and 40–60 cm).

All soil samples were homogenized and sieved (2mm). The soils
were analyzed for the following physico-chemical properties: bulk soil
C, bulk soil N, pH, cation exchange capacity (CEC), Al-oxides, Fe-
oxides, soil texture (clay, silt and sand) and soil moisture at −100 kPa
(Table 1).
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2.2. Incubation experiment

Experimental units consisted of 15 g (oven-dried basis) of soil placed
in 500ml flasks. A sufficient number of flasks was prepared for two
substrate treatments (with and without cellulose) with three replicates
per treatment for each soil. After 14 days of pre-incubation, half of the
incubated samples were amended with 1g cellulose-C kg−1 dry soil and
mixed to homogenize distribution (soil with cellulose). The other half
(control samples) was also mixed to apply the same physical dis-
turbance. The cellulose was extracted from a uniformly 13C labeled
wheat straw (INRA Laon, France) by the method of Wise (1944). Its
isotopic composition was δ13C=1860‰ (atom% excess= 1.983).
Since sampling was performed on various soils with different land uses;
the mineral nutrient content was highly variable among soils.
Therefore, a nutrient solution (NH4NO3, 66mgN kg−1 soil;
KH2PO4,12.5 mg P kg−1 soil; MgSO4, 6.66mg S kg−1 soil) was added to
all soils to avoid nutrient limitation of cellulolytic micro-organisms. In
this way, we also mitigated the influence of the short term variability in
the concentration of nutrients in the soil solution at the moment of
sampling. For incubation, small vials with 10ml of 1M NaOH solution
were placed in the incubation flasks (including three blanks i.e. without
soil) to trap released CO2. The jars were immediately closed air-tight
and incubated in the dark at −100 kPa and 20 °C for 262 days. The
vials were replaced with fresh NaOH when the production of CO2 in
flasks approached 2–3% of total air (measured on a separate set of
samples) at intervals of 20, 60, 160, 195 and 262 days of incubation.

After each replacement of NaOH solution, the flasks were flushed with
water-saturated CO2-free air (19% O2, 81% N). For each sampling of
NaOH, an aliquot of 2ml was sub-sampled to analyze the C content
with a total inorganic-C analyser (TNM-L Shimadzu). To analyze the 13C
abundance of trapped CO2, a precipitate of BaCO3 was produced by
adding 2ml aliquots of the NaOH with 3ml of 1M BaCl2 in vials
(Aoyama et al., 2000). The BaCO3 precipitates were then filtered, rinsed
and dried overnight at 60 °C. The precipitates were scraped off the fil-
ters, weighed (5mg) into tin capsules and analyzed for δ13C on an
elemental analyser-isotope ratio mass spectrometer (IRMS, Thermo
Fisher Scientific, Bremen, Germany). This method of estimation of soil
respiration and its partitioning into soil and plant C (with NaOH trap-
ping) used in numerous studies is robust (Mary et al., 1993; Fontaine
et al., 2007; Liu et al., 2017; Shahbaz et al., 2018; Shahzad et al., 2015,
2018) because > 99% of the released CO2 is trapped in NaOH
(Shahzad et al., 2012). The amount and 13C abundance of C trapped in
flasks with soils were corrected in order to take into account for the C
trapped in blanks.

2.3. Fractionation

Bulk soils from the initial sampling (not the incubation), were se-
parated into four physical fractions by size and density: free light
fraction (LF, lighter than 1.85 g cm−3), particulate organic matter
(POM, heavier than 1.85 g cm−3, and>53 μm), and silt and clay sized
minerals associated to organic matter as described in Soong and Cotrufo

Table 1
Properties of the soils used in the incubation experiment.

Soil
Code

Country Depth cm C
%

N
%

C: N pH Clay
%

Silt
%

Sand
%

Soil Type Aloxides
%

Feoxides
%

CEC cmol+/kg

(a) Grassland
G1 Austria 0–20 5.6 0.67 8.42 6.6 16.3 41.1 42.6 Loam 0.46 2.1 20.7
G2 Brazil 0–20 1.5 0.12 12.14 7.0 14.3 6 79.7 Sandy loam 0.48 2.1 3.9
G3 France Laqueuille 0–20 12.2 1.66 7.34 5.3 19.3 55 25.7 Silt loam 1.88 3.2 25.1
G4 France Laqueuille 40–60 1.8 0.29 6.21 6.4 7 48.1 44.9 Loam 0.91 2.3 11.3
G5 Hungary 0–20 4.4 0.56 7.79 8.6 10 4.9 85.1 Loam fine sand 0.01 0 10.2
G6 New Zealand 0–20 4.3 0.30 14.41 6.5 29.7 48.1 22.2 Clay loam 0.49 1.5 25.2
G7 UK 0–20 2.3 0.21 10.86 6.3 17.5 24.4 58.1 Sandy loam 0.21 1.4 10.4
G8 USA 0–20 1.9 0.31 6.19 6.7 23.4 66.9 9.7 Silt loam 0.49 2.7 11.7
G9 France Theix ORE 0–20 3.9 0.52 7.51 6.2 25.8 25.4 48.8 Sandy clay loam 0.74 2.8 21.5
G10 France Limagne 0–15 4.3 0.73 5.92 7.2 42.2 21.6 36.2 Clay 0.11 0.3 31.3
G11 Russia 0–10 2.2 0.33 6.63 7.2 24.9 63.8 11.3 Silt loam 0.09 0.6 16.7
G12 UK 0–20 22 3.30 6.67 4.8 30.5 36.2 33.3 Clay loam 4.8 38 38
(b) Cropland
C1 France Grignon 0–20 1.7 0.37 4.64 7.8 15.3 74.7 10 Silt loam 0.11 0.9 13.3
C2 France Grignon 40–60 0.7 0.10 6.88 8 27.6 66.2 6.2 Silty clay loam 0.13 1.1 12.5
C3 Fance Guadeloupe 0–20 1.2 0.20 5.95 4.9 67.2 23.6 9.2 Clay 1.08 7 12.3
C4 Niger 0–20 0.1 0.02 4.69 6.8 4.8 5.4 89.8 Fine sand 0.04 0.5 1.2
C5 Pakistan 0–20 1.2 0.07 16.79 9.1 8.8 20.3 70.9 Sandy loam 0.11 0.5 3.7
C6 USA 0–20 1.9 0.26 7.20 7.4 22.6 69.1 8.3 Silt loam 0.37 2.7 10.8
C7 France Boigneville 0–5 1.1 0.19 5.78 5.7 23.5 66.6 9.9 Silt loam 0.19 1 12.1
C8 France Boigneville 15–20 0.9 0.15 6.05 6.8 23.3 67.4 9.3 Silt loam 0.19 1 11.7
C9 France Boigneville 0–5 1.8 0.28 6.54 4.5 24.1 67.7 8.2 Silt loam 0.18 1.1 12.7
C10 France Boigneville 15–20 0.9 0.16 5.66 7 26.2 65.2 8.6 Silt loam 0.2 1.1 12.7
C11 France Limagne 0–15 1.9 0.32 5.95 6.5 38.8 20.7 40.5 Clay loam 0.15 0.3 26.7
(c) Forest
F1 Denmark 0–20 3.4 0.37 9.20 4.3 10.1 22.4 67.5 Sandy loam 0.18 0.6 9.5
F2 Denmark 40–60 0.3 0.03 9.14 6.4 14.7 16.1 69.2 Sandy loam 0.19 0.7 7.3
F3 Finland 0–20 2.6 0.30 8.62 5.5 6.4 27.3 66.3 Sandy loam 1.04 1.3 9.9
F4 Germany 0–20 2.6 0.14 18.85 4.2 19.4 38.4 42.2 Loam 0.22 0.8 10.5
F5 Netherlands 0–20 6 0.64 9.41 3 6.2 17.4 76.4 Sandy loam 0.01 0.1 8
F6 Italy 0–20 4.1 0.51 8.11 7.9 29.8 43.3 26.9 Clay loam 0.01 0.3 17.6
F7 Canada 0–20 6.7 1.04 6.44 3.9 14.8 46.7 38.5 Loam 0.62 1.6 20.9
F8 Russia 0–20 5.1 0.80 6.40 7.3 49.3 48.7 2 Silty loam 0.3 1 40
(d) Savannah
S1 South Africa 10–40 1.4 0.17 8.25 7.9 23.8 12.4 63.8 Sandy clay loam 0.29 2.6 20.8
S2 Senegal 0–20 0.6 0.08 7.57 7.2 7.5 6.9 85.6 Loamy fine sand 0.05 0.4 5.3
S3 Senegal 40–60 0.4 0.06 7.10 7.6 6.4 3.6 90 Fine sand 0.05 0.4 3.5
(e) Orchard
O Vietnam 0–20 2.3 0.27 8.39 5.3 68 19 13 Clay 1.06 8.8 9.7

N. Perveen, et al. Soil Biology and Biochemistry 134 (2019) 162–171

164



(2015). Briefly, a 6 g sample of oven dried soil (105 °C), 30ml of
1.85 g cm−3 sodium polytungstate (SPT) and twelve glass beads were
shaken for 18 h to fully disperse the soils. The samples were then
centrifuged at 20 °C for 60 min. The floating material (free light frac-
tion, LF) was aspirated onto a 20 μm nylon filter and rinsed three times
with deionized water to remove SPT. The resulting soil pellet was wa-
shed with water and centrifuged three times to remove excess SPT.
Finally, the resulting pellet was dispersed in water and poured over a
53 μm sieve, rinsed thoroughly to isolate sand + particulate organic
matter (POM) (> 53 μm). Material ˂ 53 was centrifuged for 15 min at
2500 rpm, the supernatant was poured off and washed into another
aluminum pan and silt-sized (> 2 μm) and clay-sized (< 2 μm) frac-
tions were separated based on Stokes’ law. All the fractions were oven
dried at 50 °C, weighed and ground prior to analysis. Mass balances
were used to determine the efficiency of the fractionation procedure,
and ranged between 0.96 and 1.08, with an average of 1.02 ± 0.027.
All bulk soils and soil fractions were analyzed for their C and N con-
centrations on a Carlo Erba NA 1500 CN analyzer (Carlo Erba, Milan,
Italy) and bulk soils also for 13C abundance by EA-IRMS (Micromass VG
isochrome-EA mass spectrometer, Micromass UK Ltd., Manchester, UK).

2.4. Priming effect calculations

The respiration of unlabeled soil C (Rs, mg CO2-C kg−1dry soil) and
labeled cellulose C (Rc, mg CO2-C kg−1dry soil) were separated using
the following mass balance equations:

= +R R Rt c s (1)

× = × + ×R R Rt c s (2)

Where Rt was the total respiration of cellulose amended soil (mg CO2-C
kg−1 dry soil) and Ft

13 its 13C fractional abundance (i.e., 13C/
(12C + 13C)), FS

13 the 13C fractional abundance of soil C and FC
13 the

fractional abundance of cellulose, assuming negligible fractionation
during respiration when one end member is enriched. The two un-
knowns, Rc and Rs can be determined by solving the equations (1) and
(2):

−

−

= −=R R where R R R( ) ;S
t

c t s (3)

The priming effect (PE, mg CO2-C kg−1 dry soil) induced by cellu-
lose addition was calculated as:

= −PE R cellulose amended soil R control soil( ) ( )s s (4)

Where R control soil( )s corresponds to the CO2 emission from un-
amended control soil.

2.5. Statistical analyses

All statistical analyses were performed in R 3.5.0. (R Core Team,
2016) using specific packages. Where noted and prior to analyses, data
for PE were log transformed in order to satisfy the assumptions of
normality. The sampling sites were classified into five groups based on
their land use: a) grassland, b) cropland, c) forest, d) savannah, and e)
orchard. Cumulative PE for the whole duration of incubation (262 days)
was calculated by adding the PE measured at each interval of incuba-
tion. A one way mixed effect analysis of variance (ANOVA) was used to
determine the effects of land use on: 1) cellulose-C respiration and the
cumulative PE obtained at the end of incubation, and 2) bulk soil C,
contribution of each fraction to the bulk soil C stock and their re-
spective C: N ratios. The soil core was used as random effect to take into
account the dependency of the results between the two soil depths of
the same soil core. The orchard land use was not included in this
ANOVA since it contains only one soil. The soil G12 with very high bulk
C (22%, Table 1) was excluded from all the statistical analyses. The
effect of soil depth (0–20 vs 40–60 cm) on cumulative PE, cellulose-C
respiration, soil properties and SOM fractions was tested using linear

mixed effect models (LMEM) with soil core as a random effect for the
following four soils: France Laqueuille (G3 & G4), France Grignon (C1 &
C2), Denmark (F1 & F2) and Senegal (S2 & S3).

Our objective was double: 1) to progress in the understanding of
priming effect (PE) mechanisms and, 2) present the best empirical
model to predict the PE. Therefore, firstly we explored the individual
effect of each soil property including bulk soil C, bulk soil N, LF-C, LF-N,
POM-C, POM-N, silt-C, silt-N, clay-C, clay-N, pH, CEC, Al-oxides, Fe-
oxides, the contents of sand, silt and clay on cellulose-C respiration and
PE using LMEM with soil core as a random effect. The collective impact
of soil properties on priming effect was evaluated by putting all the soil
properties in multiple regression mixed effects model and the “best”
model was derived using backwards elimination. In this multiple re-
gression model, soil core was again used as a random effect. In pre-
liminary analyses, we used the continent and the country as nested
random effects in addition to the soil core in ANOVA and regression
models. The results showed that the country and continent effect are
not significant so that these effects were not kept in analyses.

3. Results

3.1. Cellulose carbon mineralization

The percentage of added cellulose-C respired was highly variable,
from 17 to 74% (Fig. S1). The average percentage of respired cellulose-
C for thirty five soils was 47.45 ± 10.29%. Generally, soils showed the
same pattern of cellulose-C respiration with a fast stage from 0 to 60
days and a slow continuous cellulose-C respiration thereafter (Fig. S1).
The cellulose-C respiration started late (after about 60 days of incuba-
tion in two deep soils (G4 & F2), the poorest soil (C4) (soil having the
lowest C content) and one boreal soil (F3) (p < 0.05, Figs. S1 and S2).
Land use did not affect the cellulose-C respiration (Fig. 1a, p > 0.05),
however, it was significantly different between the two studied soil
depths (0–20 vs 40–60 cm) (Fig. 1b, p < 0.05). Cellulose-C respiration
increased with POM-N, silt-C, silt-N and CEC (p < 0.05, Table S1).

3.2. Priming effect

The addition of cellulose induced a positive priming effect (PE) in
all soils (Figs. S3 and S4). In most soils, PE started during fast stage of
cellulose decomposition and persisted until the end of incubation. The
magnitude of PE highly varied among soils, from 27.9 ± 16.0 to
445.3 ± 101.7 mg C-CO2 kg−1 soil (Fig. S3). The average value of PE
in the thirty five soils was 136.9 ± 76.9mg C-CO2 kg−1 soil. The PE
represented 27.0 ± 28.7% of the CO2 efflux in control soils and
28.48 ± 21.08% of the remaining/unrespired cellulose-C. Land use did
not significantly impact PE (p > 0.05, Fig. 2a). A significant effect of
depth on PE was observed for the sites where soil had been sampled
from two depths (0–20 vs 40–60 cm) (p < 0.05, Fig. 2b). PE was 72.1%
higher in the surface (150.5 ± 24.0mg C-CO2 kg−1 soil) than in deep
soils (87.4 ± 10.6 mg C-CO2 kg−1 soil).

3.3. Soil properties and SOM fractions

Most of the soils were neutral except some soils which were char-
acterized by an acidic (G3, G12, C3, C9, F1, F3, F4, F5, F7, O) and basic
pH (G5, C2, F6) (Table 1). Grassland had higher contents of bulk soil C,
LF-C, POM-C and silt-C than cropland (p < 0.05) and forest had higher
LF-C and LF C:N ratio than cropland (p < 0.05) (Table 2). The bulk soil
C: N ratio was almost similar in all land uses (n= 35) with a general
mean of 8.2 ± 3.1 (p > 0.05) (Table 2). Soil depth did not impact the
content of bulk soil C, N and its corresponding C: N ratio (p > 0.05).
However, LF-C was higher in the surface compared to the deep soil
layers for the four studied sites (p < 0.05) (Data not shown).

On average for all soils, the C mass recovery (sum of C stock of all
isolated fractions) was 88.9 ± 0.21% of the bulk soil C (Table 2),
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indicating small losses of C during the fractionation procedure, likely as
dissolved organic C. The contribution of each C fraction to the bulk soil
C stock and their respective C: N ratio is presented by land use and for
all soils in Table 2. For grassland, forest and orchard, the average C: N
ratio was ranked as: LF > POM > silt > clay.

The average C: N ratio of LF and POM fractions were almost similar
in cropland and savannah soils. The contribution of LF-C to the bulk soil
C stock was 33% in soils obtained from forest (Table 2). This value was
the highest of all ecosystems (p < 0.05, Table 2). The contribution of
POM-C to the bulk soil C stock was almost similar in all ecosystems
(p > 0.05, Table 2). Grassland had the higher C contribution in silt

fraction than forest and savannah (p > 0.05) but similar to cropland
(p < 0.05). Savannah and cropland soils had the higher contribution of
clay-C to the bulk soil C stock than grassland and forest (Table 2)
(p < 0.05).

3.4. Relationship between priming effect and soil properties

Since land use did not significantly impact PE, all soils were con-
sidered together for further statistical analyses. The results of linear
mixed effects models analyzing separately the impact of each soil
variable on PE showed that priming effect increased significantly with

Fig. 1. Cumulative respiration of 13C-labelled cellulose in studied land uses (a) and soil depths (b).

Fig. 2. Cumulative priming effect in studied land uses (a) and soil depths (b).
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bulk soil C and N, LF-N, silt-C, silt-N and CEC (p < 0.05) (Table 3). The
results of the multiple regression mixed effects model are shown in
Table 4. Bulk soil N and POM-N had significant positive effects while
POM-C had significant negative effects on PE (p < 0.05).

4. Discussion

4.1. Generalization of priming effect and consequences for soil C dynamics

One important finding of this study is that the PE is a general
phenomenon that affects SOM dynamics at global scale. We observed
PE in all soils despite a large diversity of soil textures (Loam, clay, fine
sand, clay loam, sandy clay loam, silt loam), SOC content (0.1–22%),
land uses (grassland, cropland, forest, savannah, orchard) and soil
depths (0–5, 0–10, 0–15, 0–20, 15–20 and 40–60 cm). Undoubtedly, PE
has been previously studied in soils of various ecosystems, such as
grasslands (Fontaine et al., 2007, 2011; Hovenden et al., 2008; Shahzad
et al., 2012, 2015, 2018), croplands (Szolnoki et al., 1963; Sauerbeck
and Fiihr, 1966; Vanlauwe et al., 1994; Vasconcellos, 1994; Bell et al.,
2003; Aoyama et al., 2000; Mazzilli et al., 2014; Dimassi et al., 2014;
Shahzad et al., 2018Shahzad et al., 2019), forests (Ohm et al., 2007;
Tian et al., 2015; Karhu et al., 2016; Dijkstra and Cheng, 2007) and
savannahs (Fontaine et al., 2004a). However, most of the PE studies
were conducted under variable environmental conditions (e.g., addition
of fresh C substrates of different solubility and concentration, incuba-
tion temperature, soil moisture contents and mineral N availability) and
often produced contradictory results (no, positive or negative PE).
These different experimental conditions can strongly affect the intensity
and direction of PE and impede comparisons between soils (Zhu and
Cheng, 2011; Fang et al., 2015; Thiessen et al., 2013).

Our study directly allows comparing PE of many soils observed
under the same experimental conditions and using the same protocol.
The first conclusion that can be drawn is that the supply of cellulose,
one of the main components of plant litter, systematically leads to po-
sitive PE (Fig. 2a). Contrary to a common idea that the PE is a short
term phenomenon (Kuzyakov et al., 2000), we found that the PE is a
long-term change in SOM decomposition persisting for several months
(Fig. S3) after exhaustion of added organic matter (plateau of labelled C
respiration; Fig. S1). Overall, the amount of labelled C remaining in the
soil at the end of incubation was higher than the amount of unlabeled C
lost by the PE (Table S4). This result suggests that, when fresh C and
nutrients are simultaneously incorporated into the soil, the formation of
new soil C as a consequence of the microbial turnover and release of
microbial wastes offsets the loss of pre-existent soil C via the PE, con-
firming PE modelling studies (Fontaine and Barot, 2005; Perveen et al.,
2014). This result can explain why the management practices pro-
moting the combined input of organic C and nutrients to soil (e.g.
permanent vegetation cover including legumes, application of farmyard
or mineral nutrients such as P when they are limiting) promote the
long-term accumulation of soil organic matter ((Sierra and Nygren,
2005; Van Groenigen et al., 2006). However, the quantitative im-
portance of PE in a final C balance requires further studies by in-
cubating the soils after addition of C substrates of different quality and
quantity (Liang et al., 2018).

Table 2
Bulk soil C, contribution of each fraction to the bulk soil C stock and their respective C: N ratios (LF= Light fraction; POM = Particulate organic matter). The values
are given as mean ± standard deviation. NA indicates the standard deviation for the group having only one soil.

Land use Bulk soil C g kg−1

soil
LF-C
%

POM-C
%

Silt-C
%

Clay-C
%

Bulk soil
C: N ratio

LF
C: N ratio

POM
C: N ratio

Silt
C: N ratio

Clay
C: N ratio

a Grassland 40.3 ± 28.9a 9.6 ± 4.7b 21.0 ± 12.1a 57.7 ± 13.8a 11.7 ± 7.8b 8.5 ± 2.6a 14.6 ± 6.2b 9.7 ± 3.1a 9.1 ± 2.3a 5.9 ± 2.8
b Cropland 12.2 ± 5.3b 11.8 ± 6.8b 10.4 ± 5.6a 48.0 ± 12.3 ab 29.9 ± 12.9a 7.0 ± 3.1a 11.5 ± 7.1b 11.4 ± 2.8a 8.2 ± 2.7a 6.6 ± 1.1a
c Forest 38.6 ± 19.4 ab 33.0 ± 19.9a 21.7 ± 25.4a 36.9 ± 17.8b 8.4 ± 5.5b 9.7 ± 3.7a 24.3 ± 7.1a 14.2 ± 3.8a 13.0 ± 6.7a 10.9 ± 5.5a
d Savannah 8.1 ± 4.4 ab 15.9 ± 7.1 ab 3.2 ± 2.3a 31.4 ± 9.1 ab 49.6 ± 16.4a 7.7 ± 0.55a 11.6 ± 3.4b 11.7 ± 3.5a 10.5 ± 0.6a 8.9 ± 1.4a
e Orchard 23.4 ± NA 12.1 ± NA 39.6 ± NA 31.8 ± NA 16.5 ± NA 8.6 ± NA 19.0 ± NA 12.2 ± NA 9.0 ± NA 9.0 ± NA

All soils 28.2 ± 23.7 16.6 ± 14.6 17.2 ± 16.3 47.4 ± 16.3 18.7 ± 13.9 8.2 ± 3.1 15.8 ± 8.3 11.4 ± 3.6 9.8 ± 4.3 7.6 ± 3.8

Different small letters indicate significant differences at 0.05 (Tukey test) probability level between the land uses. The values containing the same letters are not
significantly different from each other.

Table 3
Summary of linear mixed effects models (anova, Type III) of the effects of each
individual soil property on priming effect (PE). Bulk soil C: N ratio, LF-C, LF C:
N ratio, POM-C, POM-N, POM C: N ratio, Silt C: N ratio, Clay-C, Clay-N, Clay C:
N ratio, pH, the contents of Clay, Silt and Sand, Al-oxids and Fe-oxides did not
show a significant effect and are therefore not displayed. For all variables the
soil core was used as a random effect.

Variable Estimate Standard t-value significance

error value

Intercept 1.964 0.056 35.091 0.000***
Bulk soil C 0.004 0.002 2.644 0.013*

Intercept 1.954 0.052 37.503 0.000***
Bulk soil N 0.034 0.010 3.215 0.004**

Intercept 1.967 0.047 42.084 0.000***
LF-N 0.389 0.113 3.433 0.002**

Intercept 1.973 0.054 36.455 0.000***
Silt-C 0.009 0.003 2.647 0.013*

Intercept 1.989 0.054 36.707 0.000***
Silt-N 0.066 0.029 2.216 0.034*

Intercept 1.908 0.072 26.416 0.000***
CEC 0.011 0.004 2.692 0.011*

F values are displayed together with an indication of the significance of the test
(*P < 0.05; **P < 0.01; ***P < 0.001 and ns = no significant effect).

Table 4
Summary of stepwise multiple regression mixed effect model for the effects of
soil properties and SOM fractions on priming effect (PE). Bulk soil C, LF-C, LF-
N, Clay-C, Clay-N, Silt-C, Silt-N, pH, CEC, the contents of Clay, Sand, Al-oxides
and Fe-oxides were included in model selection but were not kept in the final
model. The soil core was used as a random effect.

Variable Estimate Standard t-value Significance

error

Intercept 1.945 0.046 42.110 0.000***
Bulk soil N 0.056 0.014 4.068 0.000***
POM-C −0.029 0.010 −2.825 0.035*
POM-N 0.097 0.043 2.213 0.008**
AIC= 13.99 BIC=22.97

F values are displayed together with an indication of the significance of the test
(*P < 0.05; **P < 0.01; ***P < 0.001 and ns = no significant effect).
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4.2. Priming effect, land use and soil depth

Priming effect was highly variable in intensity between soils but this
variability was related to soil properties (Tables 3 and 4) and not to
land use. The lack of significant effect of land use (p > 0.05) can be
explained by the high variability in physical and chemical character-
istics among soils of the same land use (Table 1). This result suggests
that PE, at least for a wide range of soil types (Table 1), depends more
on soil characteristics than on the vegetation type and soil manage-
ment. However, it cannot be excluded that at small scales (e.g. regional
or landscape scale) PE also depends on land use and soil management.

PE was 72.1% higher in the surface (0–20 cm) than in the deep soil
layer (40–60 cm) (Fig. 2b). This could suggest that the organic C present
in deep soil layers (below 20 cm) is less prone to PE likely due to more
organo-mineral association, as shown by the significantly lower LF-C in
our deep soils. However, the lower PE in deep soils could also be due to
the delayed or partial decomposition of cellulose (G4 & F2, Fig. S2),
resulting from the general lower densities of microorganisms in deep
soils (Taylor et al., 2002; Fierer et al., 2003; Fontaine et al., 2007). The
specific microbial communities along soil profiles may also be an im-
portant factor influencing the magnitude of PE (Fierer et al., 2003;
Kramer et al., 2013). The abundance of fungi and Gram-negative bac-
teria substantially decreases while Gram-positive bacteria and actino-
mycetes tend to increase with soil depth (Fierer et al., 2003; Shahzad
et al., 2018; Shahzad et al., 2019), which could potentially influence
PE.

4.3. Impact of soil properties on priming effect

The results of the individual and combined mixed effect models
indicate that the cumulative PE over the incubation significantly in-
creases with SOM content (Tables 3 and 4). It is remarkable that clay-
SOM fraction did not affect PE in the both mixed effect models (Tables 3
and 4). This finding supports our initial hypothesis that organic matter
associated to active minerals is more protected against microbial de-
gradation and poorly contributes to PE. The results of individual mixed
effect models suggest that PE is mainly determined by organic N of light
fraction (LF) and organic N of bulk soil (Table 3) while the multiple
regression analysis suggests the dominant role of N in bulk soil and
organic N of particulate organic matter (POM-N) (Table 4). The mul-
tiple regression analysis also showed a negative effect of POM-C sug-
gesting that the C:N ratio of POM is an important regulating factor of
PE. This negative effect is possible because the multiple regression
analysis takes into account the correlations between soil properties
(Tables S2 and S3). Therefore, the significance and direction of the
effect of a variable can change when another variable has already been
included in the statistical model. We conclude that the soil fractions
that contribute most to PE are free of minerals (more likely POM) and
rich in nitrogen. Further investigations are needed to confirm these
findings by directly incubating the organic fractions isolated from soils
of contrasted mineralogy.

4.4. Underlying microbial mechanisms

Preferential substrate utilization hypothesis. The supply of cellulose
systematically induced positive PE (Fig. 2) confirming the trend ob-
served in literature that positive long-term PE is more frequent than
short duration negative PE. This finding suggests that preferential
substrate utilization is not widespread among soil microbial commu-
nities. Moreover, the common pattern of PE in soils with diverse phy-
sicochemical properties indicates that the negative PE observed in some
studies should likely be ascribed to specific experimental conditions
(nature of added substrate, moisture & temperature, homogeneous la-
belling of C substrate) (Sparling et al., 1982; Cheng, 1996; Kuzyakov
et al., 1997; Saggar et al., 1999) and not to soil type or properties.
Further investigations are needed to better define the conditions of PE

occurrence and underlying mechanisms.
Co-metabolism and co-limitation. The systematic positive PE suggests

that the co-metabolism developed by some microorganisms to decom-
pose SOM is a widespread microbial strategy (Kuzyakov et al., 2000;
Fontaine et al., 2003). The microbial metabolism of cellulose accel-
erates the mineralization of SOM until cellulose exhaustion that slows
down SOM mineralization (Figs. S1 and S2). The rate of SOM miner-
alization generally tapers to that in the control soils (without cellulose)
long after cellulose exhaustion (from weeks to months). Thus SOM
mineralization depends on the availability of fresh C that is the driving
force of degradation activities for soil microorganisms. The corollary of
this dependence is that SOM is not a sufficient source of energy to
maintain the activity of microbial populations over the long-term. The
paradox is that soil respiration (and hence soil C mineralization) can
maintain over years without any external input of fresh C (Wadman and
de Haan, 1997). The long-term maintenance of soil C mineralization
might be explained by the non-cellular soil metabolisms that slowly
transforms organic C in CO2 using stable catalyzers (e.g. Maire et al.,
2013; Kéraval et al., 2016).

The SOM content also limits SOMmineralization as suggested by the
positive correlation between PE and SOM content (Tables 3 and 4). We
conclude that SOM mineralization is co-limited by microbial enzymes
(depending on energy-rich substrates available for microorganisms) and
SOM content.

Microbial strategies behind co-metabolism. To explain how evolution
may have selected microbial populations capable of co-metabolism, it is
frequently proposed that the populations of K-strategists take advantage
of this metabolism to mine the nutrients they physiologically need in
nutrient-rich SOM compounds (Fontaine et al., 2003, 2004a, 2011;
Chen et al., 2014). The positive correlation between PE and nitrogen-
rich soil fractions (Tables 3 and 4) suggests that microorganisms target
soil nutrient reserves for their degradation activities, which supports
the mining hypothesis. However, the rationale behind the co-metabo-
lism is complex. Indeed, in our study, soil microorganisms were un-
likely limited by available nutrients since large amounts of mineral
nutrients were added at the beginning of the experiment. Several hy-
potheses may explain that microorganisms did trigger PE, although
they were not limited by mineral nutrients. First, it might be nu-
tritionally beneficial for microorganisms to mineralize SOM instead of
using the added mineral N because mineralization of SOM releases
organic compounds that can be directly incorporated in their metabo-
lism (like amino acids, pyruvic basis etc) (Fontaine et al., 2003;
Blankinship et al., 2014; Chen et al., 2014). This mineralization of SOM
would also help the K-strategists to maintain their population by pro-
viding the required energy in periods when fresh organic matter is not
available.

The second hypothesis is related to the “stoichiometric decom-
position” theory. This hypothesis assumes that the microbial activity is
highest, and decomposition rates are maximal, if the substrate com-
position corresponds to the stoichiometric C and N ratios of soil mi-
crobes (Hessen et al., 2004). Under this situation, r-strategists out-
compete K-strategists by producing extracellular enzymes that
decompose SOM through co-metabolism and induce strong priming
because the availability of C and mineral nutrients is high and somehow
matches their stoichiometric requirements. On the other hand, by uti-
lizing a large proportion of the added mineral N, r-strategists would
compel K-strategists to mine organic nutrients to maintain their stoi-
chiometric ratios and would maintain PE although mineral nutrients
are available. Therefore, both the “stoichiometric decomposition” and
“microbial N mining” hypotheses may operate individually or in com-
bination depending on the availability of soil C and N at different
spatial and temporal scales (Cheng & Kuzyakov, 2005). We suggest that
“stoichiometric decomposition” and “co-metabolism” drive the initial
priming stage, while “microbial N mining” drives priming at the later
stage after C and N addition. These two non-exclusive hypotheses
should be experimentally tested in the future.

N. Perveen, et al. Soil Biology and Biochemistry 134 (2019) 162–171

168



4.5. Limitations of the study

As with any experimental work, our study is not without certain
limitations. The main objective of this study was to investigate the
general occurrence and direction of PE (increase or decrease of SOM
mineralization). Therefore, our sampling strategy was to maximize the
diversity of land uses, soil types and climatic conditions. We found that
PE is a general phenomenon and exerts a strong effect on SOM dy-
namics partly predictable by analyzing some soil properties. The
drawback of this sampling strategy is that the effect of land use and soil
depth was tested in soils with very different properties otherwise. This
drawback might have hampered the detection of an effect of land use on
the magnitude of PE and limit the extrapolation of findings regarding to
the effect of soil depth. From an applied perspective, understanding the
effect of land use on PE is important since it can help to adopt or design
land uses promoting soil fertility and soil C storage. The effect of land
use on the magnitude of PE should be studied in more controlled way
(e.g. by collecting the soils with similar properties and climatic condi-
tions).

4.6. Perspectives

In our incubation, a major part of the variability in PE remains
unexplained by the studied soil properties indicating the influence of
factors that were not studied here. We assume that the microbial
community composition associated to each soil may be an important
factor controlling the magnitude of PE. This assumption is supported by
our results showing that cellulose was mineralized to very different
degrees in the studied soils (Fig. S1). The abundance and composition
of the microbial community varied between soils and therefore, a
precise prediction on the magnitude of PE based only on measured soil
properties is not possible. Consequently, the simultaneous documenta-
tion of soil properties and activity and dynamics of microbial commu-
nities should be a priority for future PE investigations.

The existence of positive PE in the surface and deep horizons of a
variety of soils used in this study suggests that PE exerts a strong effect
on SOM dynamics. In particular, our study shows how fresh C inputs
maintain the healthy cycling of SOM through PE while at the same time
sustaining or accumulating/increasing SOM content. The fraction of the
added C (as cellulose) remaining in the soil at the end of incubations
always largely exceeded C losses (from SOM) through PE again in-
dicating soil as net C sink after addition of fresh C and mineral nutrients
to soil.

The general occurrence of PE across continents, land uses and soil
types that we demonstrated suggests that ecosystem and Earth system
models need to incorporate PE in order to better predict the long term
changes in SOM dynamics under the future climate. Such integration is
highly challenging at the current stage because our basic understanding
on the controlling factors of the magnitude of PE is limited. The findings
of this study contribute to filling this gap by providing an insight of the
soil variables that significantly influence the magnitude of PE. This
knowledge will also help to improve the parameterization of already
existing large scale PE models (e.g. Guenet et al., 2018).
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