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Crop residue addition is a way to increase soil organic matter (SOM) level in croplands. However, organic matter
input and SOM stocks are not linearly related. Consequently, adding high amounts of residues, such as straw,may
increase SOM to only a small extent, and an alternative use of the residues may be justified. The objective of this
study was to test how the level and type (above- or belowground) of residue addition affect SOM stabilization.
We hypothesise that (1) root residues will be mineralised slower than leaf and stalk residues, (2) soil aggregate
formation will increase with high additions, and (3) wheat residue addition will induce positive priming, with
the magnitude depending on the residue level and type. Homogeneously 13C-labelled wheat residues (leaves,
stalks, roots) were added to a silt-loam soil at levels of 1.40 and 5.04 g DM kg−1 and CO2 release and δ13C signa-
ture were measured over 64 days at 20 °C. Water-stable macroaggregates (N250 μm), microaggregates (53–
250 μm) and silt plus clay size fractions (b53 μm)were separated and 13C incorporation from residue was quan-
tified in each fraction after 64 days. Aggregate formation generally increasedwith added residue amount, but the
proportion of residues occludedwithin aggregates decreasedwith increasing addition level. The occlusion of res-
idues from aboveground biomass was more reduced with addition level than that of roots. Residue
mineralisation increased with the addition level, but this increase was less for roots compared to stalks and
leaves. Priming effects were similar between residue types and mainly depended on the added amount: SOM
mineralisation increased by 50% and 90% at low and high addition levels, respectively.We conclude that the pro-
portion of residues physically protectedwithin aggregates decreases and priming effects increasewith increasing
C input leading to decreasing rate of long-term C stabilization within SOM by increasing residue addition.

© 2016 Elsevier B.V. All rights reserved.
Keywords:
Root mineralisation
Straw residue
Soil organic matter
Carbon sequestration
Priming effect
Water stable aggregates
1. Introduction

Globally, anthropogenic loss of carbon (C) from terrestrial ecosys-
tems is estimated from 48 to 114 Pg before the industrial revolution
(Houghton, 2012). Since 1850, another 108 to 188 Pg C has been lost,
which mostly stems from biomass but about 25% of this loss is contrib-
uted by soil organic matter (SOM)mineralisation (Houghton, 2012; Lal,
2004). The soil C losses can be mitigated by recarbonisation using rec-
ommended management practices thereby increasing food security
(Lorenz and Lal, 2012; Sauerbeck, 2001). However, somemitigation op-
tions in agriculture are in direct competitionwith each other, e.g., use of
crop residue for 2nd generation bioenergy crops versus residue incorpo-
ration into the soil for maintenance or build-up of SOM.

The incorporation of crop residues, such as cereal straw, is an impor-
tant measure to maintain or increase SOM levels under cropland
(Lugato et al., 2014). Recent studies on long-term field experiments,
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however, show that incorporation of cereal straw is often not very effec-
tive in terms of SOM increases (Heitkamp et al., 2012b; Poeplau et al.,
2015; Powlson et al., 2011). Resultantly, the efficiency (i.e. the increase
of SOM per unit of input) of residue incorporation decreases with the
amount added, as shown in a long-term experiment on a silty Luvisol
(Heitkamp et al., 2012b). Reasons for thismay be (1) a lower proportion
of belowground plant biomass, which is supposed to be more recalci-
trant and have longer mean residence time in soil (Rasse et al., 2005),
(2) a finite capacity of aggregates, which provide physical protection
of SOMagainstmineralisation, and (3) priming of SOMby incorporation
of plant residues.

The biochemical composition and physical structure of crop residue
affect mineralisation (Prescott, 2010). Plant parts differ in chemical
composition and physical structure, especially roots are more recalci-
trant and so, have a longer mean residence time in soil (Heitkamp et
al., 2012a; Rasse et al., 2005). For instance, a meta-analysis showed
that roots of herbaceous species decompose 1.8 times slower than
leaves (Freschet et al., 2013). Therefore, increasing aboveground input
by crop residue shifts the input away from below-ground sources and
can decrease the average litter mean residence time in soil. Occlusion
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within aggregates is another important mechanism to protect litter
from mineralisation (Six et al., 2004; von Lützow et al., 2008).

Aggregates, which protect SOM by physical occlusion, are formed by
biological and physico-chemical processes (Six et al., 2004). Aggregates
are often classified according to stability (e.g. resistance against slaking)
and size. The addition of residue forms hotspots of microbial activity
triggering the formation of aggregates. The amount and type of organic
matter input having differential decomposition rates can affect aggre-
gate dynamics (Gunina et al., 2015). However, due to the limited capac-
ity of storage, some studies showed that residue addition levels had
little effect on aggregate C contents (Andruschkewitsch et al., 2014;
Stewart et al., 2008). In consequence, a higher proportion of crop resi-
due would remain physically unprotected when incorporation of resi-
dues is increased. In contrast Poirier et al. (2014) observed
macroaggregates formation was leveled off at increasing residue
input, however, residue kept accumulating in aggregates due to occlu-
sion and adsorption mechanisms.

In the soil, labile substances can cause positive priming, i.e. addition-
al (compared to without substrate addition soil) CO2 release by acceler-
ated SOM mineralisation. Many experiments on priming were
performed with glucose because the most plant polymers will be
decomposed to monosaccharides rapidly (Gunina and Kuzyakov,
2015). Only a few studies investigated priming effects of crop residue
on SOM (Guenet et al., 2010; Moreno-Cornejo et al., 2015). These stud-
ies show contrasting results:whereas Guenet et al. (2010) reported that
priming of SOM by wheat residues is a non-linear function which satu-
rates with the addition of 2.2 g straw kg−1 soil, Poirier et al. (2013)
showed an almost linear increase up to 40 g maize residue C kg−1 soil.
Xiao et al. (2015) suggested that priming increases linearly with litter
addition upon the response of enhancedmicrobial biomass and activity.
Residues with lower C/N ratio or mineral N addition decreased the
priming effect slightly (Guenet et al., 2010; Moreno-Cornejo et al.,
2015; Wang et al., 2015).

Summarising, with increasing levels of residue incorporation the in-
crease of SOM per unit of input may decrease 1) due to a shift from re-
calcitrant below to labile aboveground input, 2) by a lower proportion
of fresh residues protected within aggregates or 3) by inducing positive
priming of SOM. In a controlled experiment, we tested these three pos-
sibilities by incorporation of 13C labelled wheat plant parts (leaves,
stalks and roots) at two levels into a silt-loam soil during 64 days of in-
cubation.We hypothesise that (1) regardless of addition level, root res-
idue will be mineralised slower than leaves and stalk residue, (2)
aggregate formation will increase with addition level, but the propor-
tion of residue C stabilized within aggregates will decrease, and (3)
wheat residue additionwill induce positive priming, with itsmagnitude
depending on the level of addition and the type of residue.

2. Materials and methods

2.1. Soil and wheat residue

The soil (Haplic Luvisol) samples were taken from the Ap horizon
(0–25 cm) of an experimental field, located on a terrace plain of the
river Leine in the North West of Goettingen, Germany (51°33′36.8″ N,
9°53′46.9″ E). The soil had silt-loam texture (clay: 7.0%, silt: 87.2%,
sand: 5.8%) and was carbonate-free with a mean organic C (with stan-
dard error) content of 12.6 (0.4) g kg−1, a C/N ratio of 9.7 and pH
(CaCl2) of 6.0. Since more than 25 years the field has been cultivated
with annual C3 crops (predominantly wheat; Kramer et al., 2012). The
soil was air dried after sampling. Larger clods were crushedwithmortar
and pestle, sieved (b2mm) and fine roots and other visible plant debris
were carefully removed.

The wheat (Triticum aestivum L.) plants were labelled with 13C every
week after emergence for at least 8 h in a growth chamber. Seeds were
planted into pots filled with quartz sand, were watered regularly and
once a week Hoagland's nutrient solution (N: 210, K 235, Ca 200, P 31,
S64, Mg: 48 ppm plus micronutrients) was added. Labelled (98 At%)
NaH13CO3 was injected into H2SO4 positioned in the chamber. In the
night (dark period) the chamber was left closed and was opened in
the morning after respired CO2 was taken up again. Further details are
presented by Bromand et al. (2001). Plants were harvested after senes-
cence, where roots were washed free from the sand with tap water.
Wheat biomass was carefully separated into leaves, stalks and roots.
Each part was chopped and sieved (b2 mm) to achieve more homoge-
neous mixing with soil for incubation. The content of C, N and 13C
Atom% (At%)wasmeasuredwith an isotope ratio spectrometer coupled
to an elemental analyzer (Delta plus, EA-IRMS, see detail Section 2.6).
The mean C concentrations of leaves, stalk and roots were in the
order: 391.9 ± 6.1 (C/N: 17.2 ± 0.3), 409.6 ± 8.7 (C/N: 21.5 ± 1.17)
and 278.3 ± 5.9 (C/N: 15.5 ± 0.5) g kg−1, respectively. The At%13C
values for the residue types were 1.55 ± 0.00 (leaves), 1.34 ± 0.01
(stalks) and 1.51 ± 0.03 (roots).

2.2. Incubation and sampling

Maximumwater holding capacity (WHC) of the soil was determined
by soaking for 24 h, subsequent free drain for 1 h and weighing in the
wet and dry state. A hundred grams of sieved and dried soil was
weighed into 750-ml incubation jars. The soil was then preincubated
at 50% of its WHC for seven days, because rewetting and sieving affect
the availability of SOM for microorganisms and may cause a respiration
flush (Blagodatskaya and Anderson, 1999). The pre-incubated soil was
amended with labelled wheat leaves, stalks or roots with low or high
amounts and one control was left without residue addition (n = 4).
The added residues were thoroughly mixed with incubated soil. Water
contents were then adjusted to 70% of WHC before starting the incuba-
tion for 64 days. Residues were added at rates of 1.40 and
5.04 g DM kg−1 as low and high addition level, respectively. These
amounts correspond to 5 and 18Mg ha−1 of residues under field condi-
tions assuming 25 cmdepth and a bulk density of 1.5 g cm−3.We added
residues on a dry matter base, however, C input by roots with lower C-
contents corresponds to ca. 70% of the C amount added with leaves or
stalks.

2.3. CO2 efflux

Released CO2 was trapped in small bottles with 10 mL of 1 M NaOH
placed in the incubation jars (including 4 controls without soil) which
were closed air-tight. The NaOH traps were replaced after 2, 6, 11, 17,
27, 51 and 64 days. Therefore, jars were not closed longer than
14 days and the capacity of NaOH was never used up to more than
60%. To quantify respired CO2, NaOH was titrated with 0.1 M HCl until
pH 8.2 using phenolphthalein as indicator. Excess 0.5 M BaCl2 was
added to precipitate CO3

2– before titration. Another aliquot of NaOH
wasmixedwith 1MSrCl2 in a 15ml centrifugation tube and centrifuged
for 5 min at 2000 rpm (Blagodatskaya et al., 2011). The centrifugation
process was repeated until the pH level of the aliquot reached 7. The
SrCO3 pellets were dried at 60 °C and stored for δ13C analysis.

2.4. Fractionation of soil aggregates

Water stable aggregates were separated at the end of incubation. The
soil was oven-dried at 40 °C for 24 h. Then, 70 g of dry soil was placed on
a 250 μm sieve and submerged in ca. 1.5 l distilled water for 5 min to
allow slaking (Six et al., 1998). Thereafter, the sieve was moved up and
down into the water with 50 repetitions in 2 min. Water-stable
aggregates remaining on the mesh (macroaggregates N 250 μm) were
collected in pre-weighed aluminium foil then dried and weighed.
Aggregates which passed the 250 μm-sieve were poured onto the
next smaller mesh size (microaggregates: 53–250 μm) and the
fractionation-procedure was continued as described above. Finally, the



Fig. 1. The relative distribution of aggregate size classes (Macro N 250 μm, Micro 53–
250 μm and silt plus clay b 53 μm) after 64 days of incubation depending on type and
level of crop residue additions. Means and standard errors (n = 4). The probability
levels of the ANOVA for accepting the null hypothesis that the factors have no effect are
as follows: macroaggregates (type b 0.001; level b 0.001; type × level = 0.068),
microaggregates (type b 0.001; level = 0.001; type × level = 0.349), b53 mm (type =
0.034; level = 0.116; type × level = 0.003).
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silt and clay size fraction together with the finest microaggregates
b53 μm was collected in a pre-weighed container, dried and weighed.

2.5. Microbial biomass

The fumigation extraction method was used to measure microbial
biomass C, as described by Vance et al. (1987). Briefly, 10 g of moist
soil was divided and one subsample was fumigated for 24 h at 25 °C
with ethanol-free CHCl3. Both subsamples were shaken for 1 h at 175
rev. min−1 with 20 ml of 0.05 M K2SO4. The obtained extracts were
kept cold (b4 °C) and analyzed the next day for total C concentration
(Multi N/C 2100, Analytik Jena, Germany). Microbial biomass C was cal-
culated as EC/kEC, where EC = (organic C from fumigated
soils)–(organic C from non-fumigated soils) and kEC = 0.45 (Wu et
al., 1990).

2.6. Isotopic analysis and calculations

At the end of incubation period, soil aggregates size classes were
ground to a fine powder using a ball mill for 3 min and then analyzed
for carbon concentration as well as 13C/12C ratios. The analyses were
performed at the Centre for Stable Isotope Research and Analysis
(KOSI) University of Goettingen, Germany, using an isotope ratio mass
spectrometer (Delta plus, IRMS; Thermo Fisher Scientific, Bremen, Ger-
many), coupled to an elemental analyzer (NC 2500; CE Instruments,Mi-
lano, Italy). The values were calibrated with reference to the
international VPDB (Vienna Peedee Belemnite) standard. For 13C/12C
ratio measurements in microbial biomass, the extracts from fumigated
and nonfumigated samples were freeze-dried and weighed in capsules.
As incorporatedwheat residueswere highly enriched, residue derived C
in all pools was calculated by using At%13C values. At%13C values origi-
nated from the incubated soil were calculated according to the follow-
ing Eq. (1):

At%13C ¼ no:of13Catoms= no:of 12Cþ13C
� �

atoms
� �h i

� 100 ð1Þ

In the various pools, the fraction of total C (f C) derived from residues
was calculated using Eq. (2):

f C ¼ Attr−Atcð Þ= Atr−Atcð Þ½ � ð2Þ

Where Attr represents At%13C values of, aggregate size fractions,
CO2-C trapped in NaOH, extracted C, derived from the residues
amended soil.While Atr represents At%13C values of initially incorporat-
ed wheat residues (leaves, stalk or roots), Atc represents At%13C values
of each corresponding pool coming from the unamended sample.
Thus, the amount of residue derived C (Cres-derived) in various pools,
was computed using Eq. (3) (Poirier et al., 2013).

Cres‐derived ¼ f C � A½ � ð3Þ

Where [A] represent either total organic C in aggregates size classes
(g kg−1 soil) measured by a dry combustion method, total respired CO2

(mg C kg−1) measured by titration method, C contents of fumigated or
non-fumigated K2SO4 extract (mg kg−1).

Similarly, the amount of SOMderived C (CSOM-derived) was calculated
by subtracting Cres-derived from total C of the corresponding pool. The
amount of priming effect (PE, mg C kg−1) was calculated according to
the following equation (Blagodatskaya et al., 2011).

PE ¼ CO2�total−CO2�res�derivedð Þ|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
Soil with residues addition

− CO2−control|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}
Soil without addition

ð4Þ

For the estimation of total residues derived C incorporation inmicro-
bial biomass, firstly residues derived C was calculated separately from
fumigated and non-fumigated samples by using Eq. (3), thereafter
values of the non-fumigated sample were subtracted from fumigated.

2.7. Statistical analysis

The experiment was laid out as a full-factorial, fully randomized de-
sign. The factor “type” had three levels (leaves, stalks, roots) and the fac-
tor “level” had three (no addition, 1.4. and 5.04 g kg−1) or two levels.
Two levels were used when comparing residue-derived C in fractions,
where inclusion of “no addition” was not suitable. Statistical analyses
were performed with SPSS 11 using a two-way ANOVA with “level”
and “type” as fixed effects. When significant (p ≤ 0.05) effects were
found, post hoc comparisons of means were performed using Fisher's
Least Significant Difference (Webster, 2007). A student's t-test was
used to test whether the increase in mineralisation was different from
the increase in additionwithin the different residue types. Assumptions
of a normal distribution were tested by the Kolmogorov–Smirnov test
while homoscedasticity was checked using Levene's test. When as-
sumptions were not met, a logarithmic transformation was used. The
results are presented as means of 4 replicates for non-isotopic, and 3
replicates for isotopic measurements.

3. Results

3.1. Effect of residue addition on aggregates and C distribution

The distribution of the water-stable macroaggregates (N250 μm)
was strongly affected by both residue level (p ≤ 0.001) and type
(p ≤ 0.001). The interaction of level and type showed a strong tendency
(p= 0.068) to affect macroaggregate distribution, meaning that the ef-
fect of residue type tended to bemore pronounced at high level (Fig. 1).
At high addition level, the proportion of macroaggregates decreased
with residue type in the order: leaves (45 ± 2.9%), stalk (37.3 ± 3.8%)
and roots (28.2 ± 2.4%). Correspondingly, the proportion of
microaggregates increased in the same sequence (Fig. 1). The propor-
tion of macroaggregates (17–23%) at low addition level did not differ
from unamended soil. Proportions of microaggregates were inversely
related to macroaggregates.

The formation of aggregates was accompanied by incorporation of
wheat residues. Up to 58% of the residue C was incorporated in all
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aggregate fractions and about 37% was protected in macroaggregates
(Table 1, Fig. 2). A much lower portion of residue derived C was ob-
served in the microaggregates (7–15%) and in the silt plus clay fraction
(1.5–2.7%, Fig. 2). Absolute amounts of residue C were higher at high
level throughout all size classes. However the portion of residue derived
C (% of initial input) incorporated into aggregates was smaller at high
addition level in macro- and microaggregates (Fig. 2). Moreover, the
portion of root-derived C in microaggregates was significantly higher
compared to stalk and leaves (Fig. 2).
3.2. Microbial biomass

Residue-derived C in microbial biomass was affected both by type
(p= 0.001) and level (p b 0.001) of addition. More C was incorporated
at high level of all residue types (2–3 times), and incorporation was
highest from leaves followed by stalks and roots (Fig. 3).

Microbial biomass C derived from SOMwas affected by the interac-
tion of residue type and level (p = 0.001, Fig. 3). Addition with leaves
and stalks decreased C contents of microbial biomass by 24 and
45 mg kg−1 at high compared to low addition level, respectively.
3.3. Mineralisation

Residue mineralisation (Fig. 4) after 64 days depended on the type
and level of the addition (for both p b 0.001). For instance, residue
mineralisation at high addition level was 3.4 times higher for leaves
(230 and 790 mg CO2-C kg−1, low and high level, respectively) and
4.1 times higher for stalks (200 and 820 mg CO2-C kg−1, low and high
level, respectively) than at low level. Therefore, the increase in
mineralisationwas in the samemagnitude as to the increase in addition
level, which was 3.6 times higher (t-values 1.4 and 2.1 for leaves and
stalks, respectively, critical t-value: 4.3). CO2 efflux derived from roots
was lower (150 and 370 mg kg−1, low and high level, respectively;
p b 0.001) as compared to leaves or stalks (Fig. 4). CO2 evolution at
low addition level was 65 to 75% compared to leaves and stalks and is
fully explained by the lower C content of roots. At high level, however,
mineralisation of roots is less than 50% of leave and stalks. The increase
ofmineralisation from low tohigh levelwas only 2.4 times (significantly
different from 3.6, t-value: 7.0). Therefore, the type of residues was
more important at high input level (type × level p b 0.001).

Mineralisation of SOM (Fig. 4) increased (p b 0.001)with the level of
residue addition. Consequently, SOM mineralisation was 50 to 90% in-
creased due to the addition of field-equivalent amounts of 5 and
18 Mg ha−1 crop residue (Fig. 4).
Table 1
The contribution of residue-C (as % of initial input) protected in different soil aggregate fraction
mineralised as CO2, in total recovery of added residue after 64 days of incubation, depending
aggregates and removed from samples. Numbers in the brackets represent SE (n = 3).

Treatment Residue C (% of initial input)

Aggregate classes

Low addition level
Leaf 47.3 (3.9)
Stalk 55.2 (1.5)
Root 58.6 (0.9)

High addition level
Leaf 34.0 (0.3)
Stalk 38.2 (0.7)
Root 47.6 (5.2)

ANOVA results (p values)
Type 0.003
Level b0.001
Level × type 0.567
4. Discussion

Overall, results confirmed, at least in parts, all of our hypotheses. Our
first hypothesis assumed that root residue mineralisation will be lower
than of stalk and leaf. This was confirmed at least at high addition level
(Table 1, Fig. 4) and is corroborated by previous work (Bertrand et al.,
2006; Freschet et al., 2013; Rasse et al., 2005). The lower root
mineralisation is generally explained by biochemical composition
(more lignin, suberin, and less N) of roots being more recalcitrant
(Bertrand et al., 2006; Rasse et al., 2005). It is, however, noteworthy
that residue-derived CO2-C efflux increased less with addition level for
roots as compared to stalks and leaves (Fig. 4). Whereas residue input
increased 3.6 fold, mineralisation of leaves increased 3.4 fold, of stalks
4.1 fold and of roots only 2.4 fold. The mechanisms explaining the mi-
crobial activity with root input at high level cannot be elucidated un-
equivocally from our experiment. On the one hand, some compounds
in roots may directly affect microbial activity negatively (e.g. phenolic
compounds, Bertrand et al., 2006). On the other hand, interactions
with themineral soil matrix, such as aggregation, could protect residues
from mineralisation. For instance, the proportion of root-derived C in
microaggregates and the fraction b 53 μm is significantly higher for
roots than for stalks and leaves (Fig. 2).

The secondhypothesis assumed that formation of aggregateswill in-
crease with the residue input level, but the proportion of residue-C in-
corporated within aggregates will decrease. The increase in
macroaggregate formation was strikingly demonstrated (Fig. 1), as re-
ported before in other studies using various organic additions (Abiven
et al., 2009; Andruschkewitsch et al., 2014; Helfrich et al., 2008; Six et
al., 2004). Correlation of microbial respiration with macroaggregate
portion (Andruschkewitsch et al., 2014) confirms the contribution of ac-
tivemicroorganisms to aggregate formation. The correlation of themass
of macroaggregates with the CO2 release was better with residue-de-
rived CO2 (r = 0.8) than with SOM-derived CO2 (r = 0.5). The propor-
tion of protected residue-derived C was smaller at high addition level
for all types of residue (Table 1, Fig. 2). Thus, increasing addition level
promotes macroaggregate formation. However, the low proportion of
physically protected residues at high addition levels leads a decreasing
C-stabilization rate within SOM. Only in case of high addition with
roots, however, we found a potentially protecting effect of occlusion
within aggregates. For instance, if occlusion within aggregates protects
residues from mineralisation (Six et al., 2002) then residue
mineralisation (as a proportion of total input) should be lowerwhen ag-
gregate occlusion is higher. Table 1 clearly shows that this was only the
case when roots were added at high level, whereas there was no
significant difference for any other treatment in the proportion of
mineralised residue. Therefore, physical protection did not play a
s (macroaggregates N 250 μm,microaggregates 53–250 μmand silt plus clay b 53 μm), and
on the level and type of addition. Unrecovered plant residues were not incorporated into

Total recovery (%)

CO2

42.6 (0.8) 89.9 (4.7)
34.7 (2.2) 89.8 (3.5)
37.1 (1.4) 95.7 (2.3)

40.2 (0.9) 74.2 (0.9)
39.0 (1.6) 77.2 (2.2)
25.6 (1.4) 73.2 (4.3)

b0.001 0.758
0.018 b0.001
0.001 0.332



Fig. 2. Residue-derived C in the soil aggregate size classes (Macro N 250 μm,Micro 53–250 μm and silt plus clay b 53 μm). Upper subfigures present total aggregate protected C in soil and
lower subfigures showprotected C portion of initially added residue-C. Means and standard errors (n= 3). The p-values calculated by an ANOVA showprobability levels for accepting the
null hypothesis that the factors have no effect.
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marked role in C stabilization of aboveground residues. Although there
are widespread assumptions that aggregates protect organic matter
from mineralisation, this may not necessarily apply to freshly
incorporated aboveground residues within macroaggregates
(Andruschkewitsch et al., 2014). Microaggregates may be more effec-
tive in stabilizing C (von Lützow et al., 2008) because sorption instead
of physical occlusion may be the prevailing process (Lehmann et al.,
2007). At high addition level of roots,we found not only a lower propor-
tion of mineralisation (Table 1) but also a higher association of root C
with microaggregates and the b53 μm fraction (Fig. 2). Overall there
was no evidence for physical short-term stabilization of aboveground
plant parts and higher association of large amounts of roots may
Fig. 3. The contribution of residue derived and soil organic matter (SOM) derived C to microb
addition (right). Means with standard errors (n = 3). The probability levels of the ANOVA for
C (type b 0.001; level= 0.001; level × type= 0.001), residue derived C (type= 0.001; level b 0
indicate preferential long-term stabilization under field conditions
(Baldock and Skjemstad, 2000; Six et al., 2002; von Lützow et al., 2008).

Our third hypothesis assumed that the incorporation of wheat resi-
duewill induce positive priming of SOM, with its magnitude depending
on the level of addition and the type of residue. The priming of added
residues was evident from increased mineralisation of SOM which
mainly depended upon the amount of addition. Regardless of residue
type, mineralisation of SOM increased up to from 50 to 90% due to addi-
tion of low and high levels, respectively, whereas residue addition was
increased 3.6 times. Therefore, the amount of primed CO2 decreased
per unit of applied residue. This was also reported by Guenet et al.
(2010) and Xiao et al. (2015). Generally, the addition of substrates
ial biomass (left) and the amount of primed C due to low and high level of crop residue
accepting the null hypothesis that the factors have no effect are as follows: SOM derived
.001; level × type= 0.118), primed C (type= 0.413; level b 0.001; level × type= 0.613).



Fig. 4.Cumulative CO2-C release during 64 days of incubation depending on type and level of crop residue additions. Left: release from crop residues; right: release from soil organicmatter
(SOM). Mean values with standard errors (n = 3). The p-values calculated by an ANOVA show probability levels for accepting the null hypothesis that the factors have no effect.

81M. Shahbaz et al. / Geoderma 304 (2017) 76–82
activatesmicrobial biomass, whose enhanced production of extra-cellu-
lar enzymes causes priming (Kuzyakov et al., 2009; Loeppmann et al.,
2016; Wu et al., 1993). This is shown in our study by a growing fraction
ofmicrobial biomasswhichpreferentially used residue C instead of SOM
(Fig. 3; Xiao et al., 2015). Indeed, primed C is related to residue-derived
microbial C (R2 = 0.47) and also to residue-derived C in
microaggregates (R2 = 0.80). We conclude that the intimate contact
of residue and soil in microaggregates promotes diffusion of enzymes
between the substrates (SOM and residues). Due to the smaller propor-
tion of residues in aggregates with high addition level (Fig. 2, Table 1),
the priming effect on a per-input-base levels off. This may also explain
the lack of an effect of residue type on priming. We expected that the
differentmineralisation of residue typeswould be reflected in the inten-
sity of priming. Roots at high level showed leastmineralisation, but sim-
ilar priming. Both findings can be linked to the higher incorporation of
root residues into aggregates.

5. Conclusions

Our initial hypotheses were not all fully confirmed. Firstly, we
hypothesised that mineralisation of root residues will be lower regard-
less of addition level. Root residues at the low addition level were
mineralised to a similar extent as leaves and stalks, and root
mineralisationwas lower only at high addition levels. Secondly, the por-
tion of residue-C as percent of initial input incorporated intomacro- and
microaggregates was decreased with increasing input level, as we
hypothesised. Roots at the high addition level, however, were incorpo-
rated into aggregates more effectively than leaves and stalks. Our third
hypothesis assumed that priming would depend on the type and addi-
tion level of residues. Mineralisation of SOM was accelerated by 50 to
90% and increasedwith residue addition levels. Contrary to our hypoth-
esis, the type of residue showed no effect on priming. Overall, SOM sta-
bilization decreased with increase in addition level. However, at the
high addition level a higher portion of roots, compared to stalk and
leaves, was incorporated into aggregates, which was accompanied by
decreased mineralisation. Priming induced by freshly incorporated res-
idues should be further investigated in aggregates with a special focus
on dynamics and enzyme activities. Feedbacks between incorporation
of fresh residues into aggregates and priming may be important under
field conditions. We conclude that the proportion of residues physically
protected within aggregates decreases and priming effects increase
with increasing C input leading to decreasing rate of long-term C stabi-
lization within SOM by increasing residue addition.
In order to sustain sufficient SOM levels in arable soils, an efficient
crop residue management under specific field conditions is required.
Our findings highlight the necessity to connect the quantity and quality
of crop residues for better predictingmineralisation and stabilization of
SOM. Specifically, thismay also help to resolve the global implications to
characterize and identify key soil and residue parameters for modelling
of greenhouse gas emissions from soil.
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