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Abstract Crop residue quality and quantity have contrasting
effects on soil organic matter (SOM) decomposition, but the
mechanisms explaining such priming effect (PE) are still elu-
sive. To reveal the role of residue quality and quantity in SOM
priming, we applied two rates (5.4–10.8 g kg−1) of 13C-labeled
wheat residues (separately: leaves, stems, roots) to soil and
incubated for 120 days. To distinguish PE mechanisms, la-
beled C was traced in CO2 efflux and in microbial biomass
and enzyme activities (involved in C, N, and P cycles) were
measured during the incubation period. Regardless of
residue type, PE intensity declined with increasing C
additions. Roots were least mineralized but caused up to
60% higher PE compared to leaves or stems. During intensive

residue mineralization (first 2–3 weeks), the low or negative
PE resulted from pool substitution. Thereafter (15–60 days), a
large decline in microbial biomass along with increased en-
zyme activity suggested that microbial necromass served as
SOM primer. Finally, incorporation of SOM-derived C into
remaining microbial biomass corresponded to increased en-
zyme activity, which is indicative of SOM cometabolism.
Both PE and enzyme activities were primarily correlated with
residue-metabolizing soil microorganisms. A unifying model
demonstrated that PEwas a function of residuemineralization,
with thresholds for strong PE increase of up to 20% root, 44%
stem, and 51% leaf mineralization. Thus, root mineralization
has the lowest threshold for a strong PE increase. Our study
emphasizes the role of residue-feeding microorganisms as ac-
tive players in the PE, which are mediated by quality and
quantity of crop residue additions.

Keywords 13C-labeled crop residues . Enzyme activities .
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Introduction

Soil organic matter (SOM) is primarily formed through the
partial degradation and transformation of crop residues by
microorganisms (Castellano et al. 2015). The quality and
quantity of crop residues influence the microbial decomposi-
tion processes, which may affect residue and SOM minerali-
zation rates, leading to a priming effect (PE). The PE repre-
sents the changes of native SOM decomposition as a result of
exogenous substrate inputs such as crop residues (Jenkinson
et al. 1985; Kuzyakov 2010). As soil microorganisms are
mostly C-limited, input and/or high availability of substrates
may alter their activities, resulting in a PE (Blagodatskaya and
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Kuzyakov 2008). While increasing amounts of substrate ad-
dition can decrease PE, the effect, however, depends on the
substrate quality (Guenet et al. 2010). If substrate composition
and availability are heterogeneous (e.g., crop residues), then a
cascade of apparent (due to microbial turnover) and real (due
to SOM decomposition) PE can be induced over time at var-
ious stages of substrate decomposition (Kuzyakov 2010; Xu
et al. 2011).

Crop residues vary in their structural and chemical compo-
sition (Aber and Melillo 1982; Adair et al. 2008). Residue
decomposition rates are generally negatively related to the
amount of recalcitrant compounds present in their biomass,
such as lignin, phenols, and tannins (Aber and Melillo 1982;
Bertrand et al. 2006; Castellano et al. 2015). Aboveground
crop residues (e.g., leaves and stems) are considered of high
quality compared with belowground residues, which are rela-
tively recalcitrant to decomposition, e.g., roots (Bertrand et al.
2006; Rasse et al. 2005). The role of residue quality in SOM
formation is currently under debate. The common view on
recalcitrant root residues, which are decomposed slowly and
therefore contribute largely to SOM (Berg and McClaugherty
2014; Johnson et al. 2014; Rasse et al. 2005), contradicts the
view of the great contribution of easily decomposable residues
in SOM formation (Cotrufo et al. 2013, 2015; Lehmann and
Kleber 2015). The latter concept is mainly associated with the
microbial by-products, which are released and stabilized in the
soil mineral fraction during crop residue decomposition
(Cotrufo et al. 2013; Ladd et al. 1996; Shahbaz et al. 2016b)
and microbial turnover (Ladd et al. 1996; Miltner et al. 2012).

The soil microbial turnover depends on substrate quality
and availability (Leifeld and von Lützow 2014; Nguyen and
Marschner 2016). If substrate availability or input is
interrupted, microorganisms may respond by a switch to dor-
mancy or their biomass decreases after microbial cell death.
Such a relatively fast decrease of substrate-dependent micro-
bial biomass (MB) was already detected in several laboratory
incubation experiments (e.g., Blagodatskaya et al. 2011a;
Jiang-shan et al. 2005; Tian et al. 2015; Wang et al. 2016).
The decrease in MB results in accumulation of microbial
necromass (after their cell death), which is already considered
as an important source for stable SOM (Miltner et al., 2009,
2012; Wagner 1968). Due to its heterogeneous nature, micro-
bial necromass may serve as labile substrates for living micro-
organisms and its reutilization can represent SOM priming.

The PE has often been explained by the microbial acti-
vation hypothesis (Chen et al. 2014). Instead of total mi-
croorganisms, the active microbial fraction is considered to
be more important (Blagodatskaya and Kuzyakov 2013).
The active fraction mostly consists of the growing portion
of microorganisms, which respond rapidly to substrate ad-
dition, e.g., by producing enzymes (Blagodatskaya and
Kuzyakov 2013; Fontaine et al. 2007). Depending on sub-
strate quality (i.e., labile substance or C/N ratio), the active

microbial fraction produces enzymes either to degrade
added organics or to decompose SOM to meet their nutri-
tional demands (Schnecker et al. 2014; Wang et al. 2015).
This, again, may result in variable successions of PE over
time. The changes in microbial activity due to substrate
decomposition (rapidly or slowly) can therefore be recog-
nized, for example, by the changes in enzyme activities
(Burns et al. 2013; Nannipieri et al. 2002, 2012;
Schnecker et al. 2014).

Most of the studies investigating PE used labeled low mo-
lecular weight substances such as glucose and amino acids
(e.g., Blagodatskaya et al. 2011a; Hoyle et al. 2008; Tian
et al. 2015). Only a few studies have distinguished PE using
labeled crop residues, mostly with contrasting results depend-
ing on the residue type. PE proves to be a linear function of
MB but is also a saturation function of the substrate’s C
amount (Guenet et al. 2010; Xiao et al. 2015). Although the
effect of residue quality on PE is not obvious, the role of
residue-decomposing microbial fractions in PE is highlighted
based on the contrasting quality of substrate additions (Wang
et al. 2015). We lack information explaining the mechanisms
of PE under contrasting quality and quantity of crop residue C
based on the active residue-feeding microbial fraction.

The present study is designed to explain the mechanisms of
PE induced by crop residues varying in their amount and
quality. Here, we used homogeneously 13C-labeled wheat
(Triticum aestivum L.) biomass to partition residue- and
SOM-derived C within total CO2 andMB.We added contrast-
ing quality wheat residues from both aboveground (leaves,
stems) and belowground (roots) parts to soil at two levels.
We hypothesized that (i) the intensity of SOM decomposition
will be affected by the residue mineralization rates, i.e., SOM
decomposition will be dependent on residue type; (ii) regard-
less of residue type, the intensity of PE will decrease with
increasing C addition. We assumed that microorganisms
decomposing added residues will represent the most active
fraction of soil microflora. Therefore, we further hypothesized
that (iii) the PE will be the main function of the soil microor-
ganisms feeding on residues and of its enzyme activities.

Materials and methods

Study area and soil

The soil used for the incubation was sampled from the Ap
horizon (0–25 cm) of an experimental field located on a ter-
race plain of the Leine River northwest of Goettingen,
Germany (51° 33′ 36.8″ N, 9° 53′ 46.9″ E). Since more than
25 years, the field has been cultivated with annual C3 crops,
predominantly wheat (Kramer et al. 2012). The soil was clas-
sified as Luvisol and had a silt-loam texture (6% sand, 87%
silt, 7% clay). The pH and a test with 10% hydrochloric acid
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indicated the absence of carbonates. The carbonate-free soil
had the following characteristics: MB 0.40 ± 0.0 g C kg−1 soil,
organic C 12.8 ± 0.4 g kg−1; total N 1.3 ± 0.0 g kg−1, pH
(CaCl2) 6.0; and δ13C −26.8‰. After sampling, the soil was
air-dried and sieved (<2 mm) and fine roots and other visible
crop debris and small stones were carefully removed.

Production of 13C-labeled crop residues

Wheat plants were grown to produce 13C-labeled residues as
described in detail by Bromand et al. (2001). Briefly, wheat
(T. aestivum L.) seeds were grown in pots filled with quartz
sand and were watered regularly once a week with Hoagland
nutrient solution (N 210, K 235, Ca 200, P 31, S 64, Mg
48mg l−1 plus micronutrients). Following seedling emergence
(11 days after seeding), plants were placed inside a transparent
closed chamber (120 cm wide × 104 cm high × 60 cm deep)
enclosed within a climate-controlled growth cabinet with the
following conditions: 16/8-h photoperiod, light intensity at
approximately 600 μmol m−2 s−1, and mid day and night
temperatures of 25 and 15 °C, respectively. The plants were
labeled (for at least 8 h) continuously with 13C every week
until harvesting. The intended enrichment of CO2 in the cham-
ber was ∼99 atom% 13C. To accomplish this, the CO2 concen-
tration was first allowed to fall to 327 ppmv in the chamber.
Thereafter, 13C-labeled CO2 was generated by injecting
NaH13CO3 (as ∼99 atom% 13CO2 source) solution through a
septum into a generation flask containing 1 M H2SO4. The
evolved CO2 was swept into the sealed chamber with a small
pump through a closed loop of tubing, and a fan circulated the
CO2 inside the chamber. Wheat plants continued to grow in
the chamber until maturity (120 days of growth). Thereafter,
the plants were harvested and roots were gently washed to
remove the sand particles.

To avoid any preferred decomposition of aboveground and
belowground parts of the wheat biomass, plant residues were
carefully separated into leaves, stems, and roots. For homoge-
neous mixing of residues within the soil, each part of the
residues was chopped and sieved (2 mm). Carbon and N con-
tents of applied residues varied between residue types, where-
by leaves, stems, and roots had C contents of 391.9 ± 6.1 (C/N
17.2 ± 0.3), 409.6 ± 8.7 (C/N 21.5 ± 1.17), and
298.3 ± 5.9 g kg−1 (C/N 15.5 ± 0.5), respectively. The atom%
13C values were measured with an isotope ratio spectrometer
coupled to an elemental analyzer (Delta plus, EA-IRMS, see
detail BIsotopic analysis^ section) (Table 1).

Incubation and sampling

For incubation, 50-g soil (dry weight basis) were weighed into
250-ml incubation bottles. The soil was then preincubated (at
22 °C) at 50% water holding capacity (WHC) for 1 week.
Thereafter, the 120-day full-factorial incubation experiment

with two factors—wheat residue type and residue addition
level—was designed. Accordingly, eight treatments were in-
cluded: three 13C-labeled wheat residue types (leaves, stem,
roots), two addition levels (low and high, respectively, 5.4 and
10.8 g dry mass kg−1 soil), and one control without residue
addition. A reference treatment with the decomposition of
crop residues in autoclaved sand was also conducted to con-
sider isotopic fractionation during incubation. All treatments
were set with three replicates. The added residues were thor-
oughly mixed in the soil, and the water contents were then
adjusted to 70% WHC. Note, the control soils (without resi-
due addition) also treated in the same way as those with res-
idue addition. The residues were added on a dry matter basis.
Accordingly, the C input by roots (with lower C content) cor-
responds to ca. 70% of the C amount added with leaves or
stems.

To estimate MB and enzyme activities, samples were de-
structively harvested at days 15, 30, 60, and 120 of incubation.

To prove that crop residue was homogeneously labeled, we
sampled the partially decomposed residues during the incuba-
tion period (destructive sampling). A portion of the incubated
soil (ca. 20 g, having residues) was submerged into distilled
water; thereafter, the floating material was collected, dried
(60 °C), and analyzed for 13C values at IRMS (BIsotopic
analysis^ section). The isotopic signature of partially
decomposed residues revealed that after 2 weeks (intensive
residue mineralization), the differences in 13C values for the
rest of incubation period did not exceed 0.03 atom% in all
treatments (Table 1). This indicated that possible error due to
the inhomogeneous (non-uniform) labeling of the residues
was minimal and that it did not exceed the variation in 13C
between the replicates. The isotopic signature was used as the
residue reference material for the mass balance equation.

CO2 efflux

In order to measure soil respiration, CO2 was trapped in 5-ml
1-M NaOH trap solution. The trap solution was replaced with
fresh 1 M NaOH aliquot at days 2, 4, 7, 11, 23, 30, 36, 46, 60,
81, 101, and 120 of incubation. Therefore, incubation bottles
were not closed longer than 21 days and the capacity of NaOH
was never used up by more than 60%. An aliquot of sampled
NaOH was immediately used to measure total soil and
residue-derived CO2. The total amount of CO2 trapped in
the NaOH solution was determined by titration with 0.05 M
HCl against phenolphthalein, after addition of 0.5-M BaCl2
solution.

Microbial biomass

To determine the C content in MB at all destructive sampling
periods, the chloroform fumigation-extraction method was
used as already described by Makarov et al. (2015) and
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Vance et al. (1987). Briefly, 6-g (moist) soil was extracted with
24 ml of 0.05M K2SO4 for 1 h. The other 6-g soil were firstly
fumigated with ethanol-free CHCl3 for 24 h at 22 °C and then
extracted in the same way. The obtained extracts were ana-
lyzed for total C content using a TOC/TIC analyzer (Multi N/
C 2100, Analytik Jena, Germany). TheMB-C (K2SO4 extract-
able) was calculated as EC/KEC, where EC is the difference
between extracted organic C of fumigated and non-
fumigated soils and KEC = 0.45 (Wu et al. 1990).

Enzyme assays

The enzyme activities at all sampling periods (15, 30, 60, and
120 days) were measured using fluorogenically labeled sub-
strates (Pritsch et al. 2004; Sanaullah et al. 2016). Five
fluorogenic enzyme substrates based on 5-methylumbelliferone
(MUF) were used: MUF-β-D-cellobiohydrolase (MUF-C; EC
3.2.1) for cellobiohydrolase, MUF-β-D-xylopyranoside (MUF-
C; EC 3.2.1) for xylanase, MUF-N-acetyl-β-D-glucosaminide
dehydrate (MUF-NAG; EC 3.2.1.14) for chitinase, MUF-β-D-
glucopyranoside (MUF-G; EC 3.2.1.21) for β-glucosidase, and
MUF-phosphate monoester (EC 3.1.3.2) for acid phosphomono-
esterase (Nannipieri et al. 2011). L-Leucine-7-amino-4-
methylcoumarin (AMC) substrate was used to estimate L-leucine
aminopeptidase (LAP) activity. All enzyme substrates were pur-
chased from Sigma (Germany).

Briefly, 0.5 g of soil (dry weight basis) was dispersed in
50 ml of deionized water for 2 min using low-energy sonica-
tion (40 J S

−1). Then, 50 μl of the suspension was pipetted into
150-μl specific enzyme substrate solution (containing 50μl of
MES or Trizma buffer for MUF or AMC substrates, respec-
tively) having a final concentration of 200 μmol g−1 soil.
Fluorescence was measured by incubations of soil suspension
(for 2 h at 22 °C) in 96-well microplates (Puregrade,
Germany) with fluorogenic substrates at an excitation wave-
length of 355 nm and an emission wavelength of 460 nm and
slit width of 25 nm, with a Victor R3 1420 Multilabel Counter
(PerkinElmer, Waltham USA).

Isotopic analysis

Since we used 13C-enriched plant material, the CO2-trapped
NaOH samples were specifically prepared for isotopic analy-
sis. For this, 3 ml of CO2-trapped NaOH solution was precip-
itated with an equal volume of 1-M SrCl2 solution. The NaOH

solution containing SrCO3 precipitates was then centrifuged
for 5 min at 2680×g. The process was repeated with distilled
water to remove excess NaOH and to reduce pH to 7. After
removing water, SrCO3 pellets were dried at 60 °C and stored
for 13C analysis by an isotope ratio mass spectrometer (Delta
plus, IRMS; Thermo Fisher Scientific, Bremen, Germany).
The 13C values were expressed as atom%. The estimations
were calibrated with reference to the international Vienna
Peedee Belemnite (VPDB) standard. For 13C measurement
of MB, an aliquot (ca. 10 ml) of the K2SO4 extract was
freeze-dried, and thereof, solid material was analyzed.

Calculations

To partition residue- and SOM-derived C in total CO2 and
microbial C, calculations were done step by step as suggested
earlier (Blagodatskaya et al. 2011a; Poirier et al. 2013).

Firstly, the 13C values (atom%) were calculated according
to the following equation.

Atom% 13C ¼ number of13C atoms=number of 12Cþ13C
� �

atoms
� � � 100

ð1Þ

Then, the fraction of residue-derived C (f·Cres) was calcu-
lated according to the mass balance equation (Hayes 2004):

f � Cres ¼ Atmix‐Atconð Þ= Atres‐Atconð Þ ð2Þ
where Atmix represents 13C atom% values of the residue-
amended soil evolved as CO2 (trapped in NaOH) or present
in fumigated or non-fumigated K2SO4 extracts. Atres repre-
sents specific 13C atom% values of the corresponding residue
source (i.e., leaves, stems, roots). Atcon shows 13C atom%
values of each corresponding pool of soil without residue
addition.

Finally, the amount of residue-derived C (Cres, g kg
−1) was

calculated according to Eq. (3):

Cres ¼ f � Cres � TC½ � ð3Þ
where [TC] represents the total C amount of the corresponding
pool (i.e., CO2, fumigated, and non-fumigated K2SO4

extracts)
The amount of SOM-derived C (CSOM, g kg

−1) was simply
calculated by subtracting Cres from the total C of the corre-
sponding pool.

Table 1 The 13C values (atom%)
of leaves, stems, and roots of
wheat residues at different
decomposition stages over the
incubation period at days 0, 15,
30, 60, and 120

Residue type 0 day 15 days 30 days 60 days 120 days

Leaves (13C atom%) 1.54 (0.00) 1.41 (0.01) 1.43 (0.00) 1.40 (0.02) 1.41 (0.01)

Stems (13C atom%) 1.36 (0.00) 1.32 (0.00) 1.33 (0.00) 1.31 (0.00) 1.31 (0.01)

Roots (13C atom%) 1.51 (0.00) 1.46 (0.00) 1.47 (0.01) 1.40 (0.04) 1.45 (0.01)

Numbers in brackets: ±SE of mean
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The amount of primed C released as total CO2, i.e., PE (g
C kg−1), was calculated according to the following equation.

PE ¼ CO2 � Ctotal‐CO2 � Cres−CO2 � Ccontrol ð4Þ

To estimate the residue-derived C fraction present as MB
(Res_CMB) in each destructive sampling and at the end of
incubation, firstly, residue-derived C was calculated separate-
ly for fumigated and non-fumigated samples using
Eq. 3. Then, calculations were done according to the
following equation.

Res CMB ¼ f � Cres−nf � Cresð Þ
.

f � C−nf � Cð Þ ð5Þ

where f·Cres and nf·Cres are the Cres values of fumigated
and non-fumigated samples, respectively, calculated ac-
cording to Eq. 3. f·C and nf·C are the amounts of total
C in fumigated and non-fumigated samples, respective-
ly, determined as discussed in BMicrobial biomass^
section.

The relationship of both CO2 efflux and enzyme activities
was highly positively correlated with the Res_CMB instead of
total MB-C. Therefore, to estimate specific PE and enzyme
activities (in relation to Res_CMB), the absolute amounts of PE
(calculated according to Eq. 4) and enzyme activities (as de-
scribed in BEnzyme assays^ section) were divided by the total
amounts of Res_CMB, which was calculated according to
Eq. 5.

Threshold values for PE increase

The relationship between the fraction of mineralized residue, x
(as % of initial input), and specific priming effect (PE) was
best explained and fitted by a unifying model (combining
logistic and power functions):

PE xð Þ ¼ a � x2 þ b
.

1þ exp −c � x−dð Þð Þ½ � þ e ð6Þ

where PE(x) represents the specific PE, x the value of
mineralized fraction of crop residues, a the residue qual-
ity coefficient, b the maximal PE value, c the residue-
specific maximal rate of PE increment, d the mineral-
ized fraction of residues at maximal rate of PE incre-
ment, and e the minimal PE value. Model parameters
were optimized for best fitting of the model output to
experimental data. All fits were done with Excel Solver
facilities. For all the types of crop residues, the model
demonstrated an excellent goodness of fit with r2 above
0.98. The model enabled estimation of the threshold
value of the mineralized fraction of crop residues when
maximal changes in PE increment occur. That corre-
sponds to the point where the second derivative of the
function (6) has its maximum.

Statistical analysis

The experiment was carried out as a full-factorial, completely
randomized design. The factor Btype^ had three levels (leaves,
stems, roots) and the factor Baddition^ had two or three levels
(no, low, and high addition). Timewas considered as a random
factor where applicable. Two addition levels were used when
comparing residue-derived C where inclusion of Bno
addition^ was not suitable. Statistical analyses were per-
formed with SPSS 11 using a two-way ANOVA (when the
time was not considered) and three-way ANOVA with
Baddition level,^ Btype^ as fixed effects, and Btime^ as a ran-
dom effect. When significant (p ≤ 0.05) effects were found,
post hoc comparisons of means were performed using
Fisher’s least significant difference test (Webster 2007).
The error propagation was calculated when the mean
values were used for determining PE (Meyer 1975).
Correlations (r) between MB (derived from residue and
SOM) values and CO2 or potential enzyme activities in soils
were analyzed by Pearson’s correlation method.

Results

13C in crop residues during incubation

The 13C values of incorporated residues were specific to res-
idue type; i.e., leaves, stem, and root had 1.54, 1.36, and 1.51
13C atom%, respectively. During the incubation period, the
13C values of partially decomposed residues mainly declined
until day 15 and thereafter remained nearly constant for the
rest of incubation period, indicating that residues were homo-
geneously labeled (Table 1). The averaged (±SD) 13C (at-
om%) values of partially decomposed residues of leaves,
stem, and roots across all sampling period were 1.41 ± 0.01,
1.32 ± 0.01, and 1.44 ± 0.03, respectively (see BIncubation
and sampling^ section). Accordingly, very similar 13C values
of the CO2 evolved from reference treatments with sand were
detected. The average (±SD) values of 13C (atom%) across
sampling periods were 1.41 ± 0.03, 1.30 ± 0.02, and
1.42 ± 0.01 for leaves, stems, and roots, respectively.

Residue and soil organic matter mineralization

Residue addition caused a significant increase in total soil
CO2 efflux compared to the control without additions. At
low additions, the amount of total CO2 efflux was higher in
leaves and stems (for both, up to 1.9 g C kg−1) than in roots
(1.5 g C kg−1) (Fig. S1 Supplementary Material). At the high
residue addition level, absolute CO2 efflux also in-
creased. Similar to low additions, no differences in total
efflux between leaves and stems (3.3 g C kg−1) were
also found at high additions.
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The total amount of SOM-mineralized C in the control was
0.65 g C kg−1 soil over 120 days of incubation. Mineralization
of SOM significantly increased with residue addition depend-
ing on the type and amount of residue (Fig. 1a). At the dou-
bled amount of residue addition, the cumulative SOM miner-
alization remained similar between low and high addition
levels of leaves (up to 0.9 g C kg−1) and stems (1.1 g
C kg−1). In contrast, SOM mineralization under high root
addition increased up to 15% compared with low additions
(Fig. 1a).

The residue mineralization rate was significantly affected
by both type and level of additions. Total mineralization was
highest in leaves and lowest in roots (Fig. 1b). Depending on
the quality and on the added amount, two distinct residue
mineralization phases (intensive and slow) were observed.
Remarkably, during the intensive phase, the residue decom-
position was proportional to the added amount (for leaves and
stems, ca. 2–3 weeks) (Fig. 1b). During the slow phase (after
2–3 weeks), residue mineralization was disproportionally
stronger for high versus the low amount of leaves and stems,
but not for roots.

Therefore, at the end of the experiment, at low addition, the
leaf-, stem-, and root-derived CO2 reached 1.0, 0.9, and 0.4 g
C kg−1, corresponding to 46, 38, and 29% of their initial

additions, respectively (Fig. 1b). Relative root mineralization
after intensive phase was similar at high and low addition (i.e.,
29% of initial input), whereas the leaf and stemmineralization
rate were up to 17 and 30% faster at high than at low additions,
respectively (Fig. 1b).

Priming effect

A significant increase in the SOM-originated CO2 efflux after
residue addition caused a positive PE, but the PE intensity was
strongly affected by residue quality and amount (Fig. 1c). The
maximum PE was recorded for root (increase with the addi-
tion level 0.42 to 0.58 g C kg−1) and lowest (even negative) for
leaf addition (0.20 to 0.27 g C kg−1). Remarkably, larger PE
was observed at low versus the high amount of stems and
leaves during the intensive phase of decomposition.
Furthermore, the cumulative PE remained negative under high
leaf addition during the initial ca. 6 weeks of incubation
(Fig. 1c).

As the added residues varied in their C contents (see
BProduction of 13C-labeled crop residues^ section), the spe-
cific PE was calculated based on C addition (Fig. 1d). The
amount of specific PE (per unit of C) in root treatments was
significantly higher than that of leaves and stems at both

c

0 20 40 60 80 100 120

C
u

m
u

la
ti
v
e

 P
E

 (
g

 C
 k

g
-
1
 s

o
il
)

0.0

0.2

0.4

0.6

d

Incubation days

0 20 40 60 80 100 120

S
p

e
c
if
ic

 P
E

 (
g

 C
 k

g
-
1
 C

 a
d

d
it
io

n
)

0

100

200

300

a

C
u

m
u

la
ti
v
e

 S
O

M
 C

O
2
(
g

 C
 k

g
-
1
 s

o
il
)

0.0

0.3

0.6

0.9

1.2

High roots

High stems

High leaves

Low roots

Low stems

Low leaves

Without addition
b

R
e

s
id

u
e

 m
in

e
r
a

li
z
a

ti
o

n
 (

%
 o

f 
a

d
d

e
d

)

10

20

30

40

50

60
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residue addition levels (Fig. 1d). The total amounts of specific
PE in root treatments were 300 and 200 g C kg−1 at low and
high root C addition, respectively.

Regardless of residue type, specific PE decreased at high
versus low C addition (Fig. 1d), suggesting that the PE
depended on the amount of decomposed residues. To clarify
this relationship, we plotted the cumulative specific PE against
residue-originated CO2 (Fig. 2). After a lag period, the PE
increased strongly over the course of residue decomposition.
This demonstrates that during the initial intensive phase, the
decomposition rate of residues exceeded the PE. During the
slow phase of residue decomposition, however, the PE in-
creased drastically. A threshold (calculated by the second de-
rivative, see BThreshold values for PE increase^ section) of
the decomposition function indicated that such a drastic in-
crease in PE occurred when ca. 20, 29–44, and 39–51% of
(low and high) roots, stems, and leaves were decomposed,
respectively (Fig. 2).

To differentiate the contribution of various sources of CO2

efflux from soil (within residue additions), respired from soil
over 120 days, total respiration was partitioned (% contribu-
tion) into basal respiration, residue originated, and PE (Fig. 3).
The basal respiration (from the control 0.65 g C kg−1) was
assumed to be constant for all residue additions. At the end
of the experiment, 53–73, 43–66, and 28–40% of added
leaves-, stems-, and roots-originated CO2 contributed to their
corresponding total CO2 efflux. At high addition, the percent-
age of primed C in total CO2 efflux was lower in the leaves
and stems versus their low addition level. At high additions,
root-induced primed C percentage of total respiration

remained the same as at its low addition levels, but the con-
tribution of basal respiration was reduced, which was
substituted by residue-originated C (Fig. 3).

Microbial biomass

Consistent with the CO2 efflux, adding residues significantly
(28–85%) increased MB-C compared with control. This high-
lights the microbial demands for C and nutrients. The MB-C
significantly increased (compared to the control) during the
intensive decomposition phase of the residues (during the first
2 weeks), with an average of 42–85, 42–53, and 28–54% due
to leaf, stem, and root addition, respectively (Fig. 4a).
Remarkably, the increase of MB-C was solely (intensive
phase) or mainly (slow phase) due to residue-feeding micro-
organisms, because the differences in SOM-decomposed bio-
mass were insignificant (except at day 120). The amount of
residue-derived C present as MB (Res_CMB) was the highest
under leaves (0.07 to 0.37 g C kg−1 soil) and the lowest under
root additions (0.02–0.17 g C kg−1 soil) across all sampling
periods (Fig. 4a). Despite a major overall drop (15–60 days) in
biomass during the slow decomposition phase, the MB in
residue-treated soil still remained higher than in the control
(exception: low root treatment at days 30 and 60). This again
was mainly due to residue-decomposing microorganisms.
Remarkably, the percentage of SOM-derived C in MB in all
residue treatments exceeded the control, only at day 120 indi-
cating a relative increase of SOM-C incorporation in MB. A
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stronger positive correlation between 13C-labeled MB
(Res_CMB) than SOM was found with total CO2 and
residue-originated CO2 effluxes, at all sampling periods
(Table S1, Supplementary Material). Similarly to specific
PE, the PE calculated per unit of Res_CMB was greater at
low than at high residue addition (Fig. 4b). At both addition
levels, the PE per unit Res_CMB from roots was significantly
higher than that of leaves and stems.

Enzyme activities

The activities of all tested enzymes increased significantly
after residue addition. Enzyme activity highly depended on
residue type and the amount of addition (generally increasing
with addition level) and sampling time (Fig. S2,
Supplementary Material). The correlation between enzyme
activity and MB-C was relatively weak, but it was highly
strengthened when it correlated with 13C MB-C (Res_CMB)
(Table 2, Supplementary Material). The correlation between
enzyme activity and SOM-derived MB was mainly negative
or insignificant. Therefore, enzyme activities are presented as
specific activity per unit of Res_CMB (Fig. 5).

Overall, the specific enzyme activities (nmol μg−1

Res_CMB h−1) were lowest on incubation day 15 (Fig. 5). At
both addition levels, the activities involved in the C-cycle (β-

glucosidase, β-cellobiohydrolase, chitinase, xylanase)
remained stable. The acid phosphomonoesterase and leucine
aminopeptidase activity increased until day 60 and then de-
creased again (Fig. 5). Enzyme-specific activity was signifi-
cantly higher under root than under both leaf and stem addi-
tion at all sampling periods. With the increase of residue ad-
dition level, however, the specific activity significantly de-
creased compared with low residue addition (Fig. 5). No sig-
nificant differences in enzyme activities between leaf and stem
additions were observed at both addition levels. The positive
correlation between the specific PE and enzyme activities con-
sistently increased with the increased specific PE and was the
strongest for β-glucosidase, acid phosphomonoesterase, and
leucine aminopeptidase activity (Table 2).

Discussion

Residue and soil organic matter decomposition

Residue quality effects

Our first hypothesis (i.e., SOM decomposition dependence on
residue type) was confirmed by the simultaneous but inverse
intensity of CO2 efflux originating from SOM and from crop
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residues. SOM decomposition was very low during the inten-
sive phase of residue mineralization (up to 3 weeks) and there-
after increased when residue mineralization rate declined.
Roots had a lower and shorter intensive mineralization phase
than leaves and stems, but relatively intensive SOM decom-
position indicated high SOM vulnerability (Chen et al. 2015;
Shahbaz et al. 2016a). Note, however, that a twofold increase
of residue addition triggered an up to 2.3 and 2.6 times higher
mineralization of leaves and stems, whereas SOM decompo-
sition remained unaffected. This demonstrated that high rates
of residue mineralization reflect great substrate C availability,
which did not cause an increase in SOM decomposition.
Microorganisms preferably utilize substrates if their availabil-
ity is high, and therefore, SOM decomposition is not neces-
sarily to be increased (Nottingham et al. 2009; Wang et al.
2015). In contrast to this, SOM decomposition was substan-
tially increased (up to 15%) at the doubled amount of root
additions. This proved the high susceptibility of SOM to de-
composition in the presence of decaying roots (Shahbaz et al.
2016a). Despite roots were characterized by the C/N ratio
close to leaves, the roots were least decomposed. This can
be attributed to the biochemical composition: root contains
relatively less readily decomposable compounds and high
amount of recalcitrant substances such as lignin, suberin, phe-
nols, and tannin (Aber and Melillo 1982; Bertrand et al. 2006;
Lian et al. 2016; Rasse et al. 2005). Soil microorganisms feed-
ing on such slowly decomposable substances produce en-
zymes able to degrade similar compounds in SOM via
cometabolism (Horvath 1972; Kuzyakov et al. 2000). Here,
we extend the meaning of cometabolism assuming that micro-
organisms producing such enzymes can also utilize SOM de-
composition products.

Priming effect as a function of residue mineralization
threshold levels

The occurrence of PE after residue incorporation suggests that
substrate addition (C availability) changed microbial stoichi-
ometry that accelerated SOM decomposition for balanced mi-
crobial growth (Chen et al. 2014). This explains, in accor-
dance with the priming conceptual models, the development
of PE due to microbial C limitation (Blagodatskaya and
Kuzyakov 2008). Here, we further developed a concept on

the PE dynamics as depending on the quality and quantity of
crop residues.

In accordance with our second hypothesis, specific PE (per
unit of residue C) was lower at high than at low residue addi-
tions. Such decrease in PE mostly occurs when the abundant
amount of easily decomposable substrate is available (Guenet
et al. 2010). This is often explained by the microbial substrate
C saturation and their preferential substrate utilization over
SOM (Blagodatskaya and Kuzyakov 2008; Xiao et al.
2015). The decrease of PE at high C additions highlights the
relation of PE with residue decomposition (Wang et al. 2015).
The PE was lowest during the intensive phase of residue min-
eralization and thereafter increased strongly. According to a
unifying model (logistic and power functions), a threshold of
ca. 20, 29–44, and 39–51%mineralization of roots, stems, and
leaves, respectively, exhibited the strong increase of PE at the
slow residue decomposition phase (Fig. 2). This showed that
the onset of strong priming growth was up to 2.5 times faster
(earlier) under root additions compared with leaf and stem
additions. Accordingly, at high crop residue addition, the start
of strong increase of PE was delayed by a factor of up to 1.5
for both leaves and stems (exhibiting quantity effect) versus
not for roots. This residue decomposition and PE phenomena
(depending on quality and quantity of input) indicated a
changing microbial substrate utilization pattern (Nguyen and
Marschner 2016; Wang et al. 2015), which may result in a
variable amount of apparent and real PE (Garcia-Pausas and
Paterson 2011; Blagodatskaya et al. 2014).

Mechanisms of priming effect

Apparent and real priming effect in relation to residue
mineralization

The mechanisms of PE relate the extra-CO2 emission with the
sources of the primed organic matter. During the intensive
residue mineralization phase: the low or even negative PE
suggested a preferential substrate utilization (or pool substitu-
tion) mechanism mainly for leaves (ca. 2–3 weeks) and stems
(Blagodatskaya and Kuzyakov 2008; Fontaine et al. 2003).
Importantly, this phase lasted much longer for leaf and stem
additions than for the roots, showing apparent PE (Figs. 2 and
6) (Paterson and Sim 2013). Afterward (15–60 days), the in-
crease in primed CO2 was accompanied by up to 60%

Table 2 The Pearson
correlations (r) between specific
priming effect and values of
specific enzyme activities at days
15, 30, 60, and 120 of incubation
in soils amended with residues

β-Glucosidase Acid phosphatase Chitinase Xylanase Cellubiosidase LAP

15 days 0.74 0.61 -0.19 0.43 0.27 0.71

30 days 0.69 0.78 0.66 0.66 0.40 0.67

60 days 0.82 0.80 0.64 0.69 0.68 0.82

120 days 0.90 0.82 0.77 0.72 0.74 0.81

LAP leucine aminopeptidase
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decrease in MB and by increased specific enzyme activities
(compared with at day 15). Surprisingly, no incorporation of
SOM-derived C into MB was detected during this period. This
suggested an occurrence of a newmechanism of real PE primar-
ily from reutilization of microbial necromass (produced after a
strong decrease in MB), indicating that necromass served as
SOM primer (Fig. 6) (Miltner et al., 2009, 2012). At a later
stage, the PE strongly exceeded residue decomposition and it
was accompanied by incorporation of SOM-derived C intoMB.
This indicated an occurrence of real PE, possibly due to micro-
bial shifts, i.e., from fast- to slow-growing (e.g., fungi) SOM-
feeding populations (Blagodatsky et al. 2010; Nannipieri et al.
1978). This phase of PE was much faster (started earlier) and
stronger under root versus leaf and stem addition (Figs. 2 and 6).
Therefore, the sequence of PE mechanisms was more complex

during decomposition of aboveground crop residues compared
with roots.

Priming effect mechanisms in relation to microbial biomass
and enzyme activities

The lower amount of root- than leaf- or stem-originated C in
MB confirms that root C was relatively less labile and its
decomposition was slower (Cotrufo et al. 2013; Stewart
et al. 2015). The MB peaked due to residue additions at day
15, without an increase in SOM-originated C compared to the
control. The correlation between the PE and enzyme activity
was relatively weak in that period. We, therefore, interpret the
PE occurring during the intensive decomposition phase as
apparent, mainly due to the pool substitution (or preferential

Fig. 6 Conceptual scheme of apparent and real priming effect (PE) in
soil after residue addition, explained by three main mechanisms: pool
substitution, reutilization, and cometabolism. Residue mineralization
threshold levels, as estimated by a unifying model (logistic plus power
functions), represent the shifts of PE from apparent to real when ca. 20%
(roots), 44% (stems), and 51% (leaves) of added residues (i.e., at high
additions) were mineralized. Mechanisms: 1—microbial uptake of plant
residues degraded by existing enzymes leads to initial increase of micro-
bial (active) biomass (MB), which is mainly due to the residue-feeding
population; 2—acceleration in enzyme production after residue-induced
increase in MB (depending upon residue type); 3—preferential substrate

utilization (under high substrate C availability) leading to pool substitu-
tion mechanism (1, 2, 3); 4—decrease of MB during slow residue de-
composition phase (after exhaustion of labile substrate), which results in
the accumulation of microbial necromass, i.e., after microbial starvation
and cell death; 5—reutilization (2,4,5) of microbial necromass under low
substrate availability; 6—direct contribution of microbial necromass and
plant compounds in soil organic matter (SOM) formation; and 7—in-
crease of enzymatic SOM decomposition by cometabolism under low
availability of labile crop residue compounds (depending on residue
quality)
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use) mechanism (Blagodatskaya and Kuzyakov 2008; Garcia-
Pausas and Paterson 2011). The fast decline of MB demon-
strates the exhaustion of the labile portion of residue and
SOM-originated C, which is often observed in other studies
(Blagodatskaya et al. 2011b;Wang et al. 2016). The decline of
MB during 15–30 days, e.g., by ca. 0.2 g C kg−1 in the without
addition control was confirmed by at least 0.1 g C kg−1 of
SOM-derived CO2-C emissions during that period (Fig. 4a).
Similar pattern was observed in the residue-treated soils where
SOM-derived CO2-C emission corresponded well to the
decline in SOM-originated microbial C. Such PE can
already be considered as real assuming extra CO2 orig-
inated from the labile SOM-fraction (i.e., microbial
necromass) and that the PE was accompanied by in-
creased enzyme activity (Blagodatskaya and Kuzyakov
2008; Miltner et al. 2009; Paterson and Sim 2013). The
specific PE and enzyme activities mainly correlated with
residue-metabolizing MB, indicating the link of the
residue-feeding microbial fraction to PE. Remarkably,
this PE mechanism has never been before experimental-
ly demonstrated. The significant increase of SOM-de-
rived C in MB after 120 days corresponded to the strong
correlation between the PE and enzyme activity (Fig. 4a and
Table 2). This suggests that the possible mechanism of real PE
was due to the cometabolism of recalcitrant SOM during the
decomposition of less labile crop residues.

Residue addition enhanced microbial activity, boosting en-
zyme production (Fig. S2, Supplementary Material)
(Blagodatskaya and Kuzyakov 2013; Fontaine et al. 2003).
Due to stronger positive correlations, the residue-originated
(Res_CMB) rather than the SOM-originated soil microflora
appeared to be mainly responsible for decompositions and
enzyme activities (Table S1, Supplementary Material), further
supporting our third hypothesis.

Residue addition stimulated specific activities (per unit of
Res_CMB) of all six tested enzymes (Fig. 5). The decrease of
specific enzyme activities at high residue additions can be due
to the decreasing rate of enzyme production because of lower
energy demands (microbial saturation by substrate) (Xiao
et al. 2015). The increase of these activities after the intensive
phase of residue decomposition confirms that microorganisms
were at a nutrient limitation, or starving stage, causing (real)
PE (Blagodatskaya et al. 2014). Accordingly, a strong inter-
action between specific enzyme activities and PE further sup-
ported microbial necromass reutilization mechanism, i.e., a
real PE.

At both addition levels, higher root-induced specific PE and
enzyme activities than leaves and stems may be due to the com-
plex root structure (less decomposability) and low C availability.
Thus, microorganisms synthesizedmore enzymes able to hydro-
lyze root components as well as similar compounds from SOM.
This caused real PE based on cometabolism (Kuzyakov et al.
2000; Paterson and Sim 2013). Although residue-originated C

in MB under root additions was lowered compared with
leaves and stems, microorganisms involved in root deg-
radation produced enzymes (specific activity): probably,
this community was more efficient due to substrate
quality (Fig. 5). Our study emphasizes the role of crop
residue-feeding microorganisms as active players
explaining the mechanisms and thresholds of PE, which
are induced by contrasting crop residue quality and
quantity.

Overall, we summarize that the partitioning of C sources
(residue and primed) during residue decomposition is com-
bined with residue-originated MB and specific enzyme activ-
ity (Figs. 4 and 5). The results demonstrated that instead of the
total MB, the crop residue-feeding microorganisms served as
the main player regulating PE mechanisms, which depended
on residue mineralization stage (threshold levels). Residue
quality and amount strongly influenced the MB and microbial
activity (high MB under leaf, low under root additions) in-
volved in crop residue and SOM decomposition (Fig. 6)
(Blagodatskaya et al. 2014). The increase in MB after residue
addition was mainly due to crop residue-feeding microbial
fraction. During intensive phase, crop residues preferably
decomposed due to accelerated enzyme production (specific),
which mainly correlated with the residue-feeding microbial
population. This caused apparent PE by a pool substitution
(roots and stems) and negative PE by preferential residue de-
composition mechanisms (Fig. 1d, stages 1, 2, and 3 in Fig. 6).
Later, a strong decrease in MB (resulted in an increase of
microbial necromass) and a high correlation of enzyme activ-
ity with PE occurred. This indicated real PE induced primarily
by the reutilization of microbial necromass (stages 2, 4, and 5
in Fig. 6, Miltner et al. 2012). Subsequently, cometabolism of
recalcitrant SOM was seen when an increase in SOM-
originated C in MB was accompanied by an increase in spe-
cific enzyme activities. The specific enzyme activity strongly
depends on crop residue C availability: unless the decompos-
ability or C availability is high, microorganisms will produce
less enzymes capable to cometabolize SOM and there will be
a less need for reutilization of microbial necromass (resulting
in low or negative PE). Under low residue decomposability,
i.e., less C availability (e.g., roots), microbial dynamics yield
only a brief pool substitution stage. Nonetheless, reutilization
and cometabolism will be the dominating processes, creating
real PE (Fig. 6).

Conclusions

Root residues induce faster and stronger PE than aboveground
plant parts. For all residue types, specific PE (per unit of C
addition) decreased with added residue amounts. The slow
root decomposition leads to stronger PE. The leaf and stem
residues were intensively mineralized and yielded negative or
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apparent PE for extended periods, due to preferential utiliza-
tion and pool substitution mechanisms. This resulted in a
shorter real PE compared to root addition. During the 15–
60 days, the MB declined strongly but specific enzyme activ-
ities increased. Remarkably, no incorporation of SOM-
derived C into MB was detected during up to 60 days.
Therefore, this suggests that the PE was primarily caused by
reutilization of microbial necromass; i.e., necromass served as
SOM primer. At the end of incubation, the incorporation of
SOM-originated C into MB and a corresponding increase in
enzyme activities indicated the cometabolism of SOM. The
amount of primed SOM correlated with the residue-feeding
microorganisms and depended on residue decomposition
phases, residue quality. and the added amounts. This under-
lines the role of residue-feeding microbial community as an
active player for PE that is responsible for the contrasting PE
mechanisms. We recorded threshold levels for the onset of
strong PE increase versus the fraction of mineralized residues
at ca. 20, 29–44, and 39–51% mineralization of low and high
input of root, stem, and leaves, respectively. We conclude that
for microbially mediated SOM decomposition, the residue
mineralization stage is crucial, which depends not only on
the quality but also on the quantity of added residues.
Further research efforts should focus on evaluating the role
of microbial necromass in stable SOM formation and PE un-
der contrasting substrate quality and on utilizing enzyme as-
says (e.g., for oxidative enzymes) to assess the recalcitrance of
newly formed SOM compounds.
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