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a b s t r a c t

Decomposition of soil organic matter (SOM) protected within aggregates can be accelerated via priming
effect (PE) by the addition of fresh substrates. However, the knowledge of the sources of mineralization
and PE in aggregate size classes is absent. We applied the three-source-partitioning isotopic (14C þ d13C)
approach to determine how aggregate size classes affect the contribution of three C sources (substrate
added, recent and old SOM) to CO2 efflux and PE depending on the amount of added primer. Soil from a
field with 3 years of maize cropping (C4 plants) after long-term C3 vegetation was used to differentiate
between recent C (C4eC; < 3 years) and old C (C3eC; >3 years). Soil samples were separated into three
aggregate size classes (>2 mm, 2e0.25 mm macroaggregates and <0.25 mm microaggregates) and were
incubated for 49 days after being amended with two levels of 14C labeled glucose.

The proportion of glucose mineralized to CO2 increased with decreasing aggregate size, but 14C
incorporation into microbial biomass decreased, indicating higher C use efficiency in macroaggregates
compared with microaggregates. The short-time PE was positive and was accompanied by a rapid
reduction of dissolved organic C. After 49 days, the PE was higher in macro-versus microaggregates at
both glucose levels. Positive PE induced by a low glucose level was observed only in large macroag-
gregates (>2 mm), but was observed in both macroaggregates (>0.25 mm) and microaggregates
(<0.25 mm) after high glucose amendment. These results indicate that SOM pools are more decom-
posable in macro-versus microaggregates and that the SOM pools are involved in PE according to their
biochemical availability. More primed CO2 originated from recent C4eC than old C3eC in larger mac-
roaggregates under a low glucose level. The relative contribution of recent C4eC to primed CO2 increased
from macroaggregates (37.8%) to microaggregates (100%) after high glucose amendment. Therefore,
increasing glucose addition stimulated the decomposition of old C3eC in macroaggregates, but not in
microaggregates. This indicates that microaggregates protect SOM against decomposition better than
macroaggregates, and consequently, microaggregates can be considered as a potential reservoir for long-
term C sequestration.

Concluding, aggregate size is crucial for SOM decomposition, and it determines the source of PE and
thus the protection of sequestrated C. The effects of the added primer on C sources involved in PE depend
on the aggregate size.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

The input of readily available substrates to the soil can alter
carbon (C) sequestration by modifying the mineralization of the
native soil organic matter (SOM) pool via priming effect (PE)
(Kuzyakov, 2010). The SOM is not chemically uniform and consists
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Table 1
SOC and d13C content in aggregate size classes in the reference and maize soils.

Soil type Aggregate size classes SOC (g kg�1) TN (g kg�1) d13C[‰]

C3 reference soil >2 mm 13.0 1.29 �26.45
2e0.25 mm 13.6 1.39 �26.51
<0.25 mm 12.4 1.27 �26.34

C3eC4 soil >2 mm 12.3 1.26 �23.81
2e0.25 mm 13.7 1.30 �23.87
<0.25 mm 11.5 1.20 �23.20
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of various pools with varying levels of degradability and turnover
rates (Stevenson, 1994; Von Lützow et al., 2007). Therefore, it is
important to consider the contribution of individual SOM pools to
CO2 release and to investigate the extent to which various pools are
involved in PE.

Soil organic matter occlusion within aggregates is one of the
most important physical preservation mechanisms because there
are physical barriers between microorganisms, enzymes and their
substrates (Six et al., 2002). Using the “aggregate hierarchy” hy-
pothesis, it is generally accepted that microaggregates (<0.25 mm)
can afford the most protection to associated SOM. This is because
the SOM associated with microaggregates is formed by primary
particles coupled together by plant and microbial debris and by
humic materials or polysaccharide polymers, which better protect
SOM against decomposition than macroaggregates (>0.25 mm)
(Elliott, 1986; Six et al., 2002; Denef et al., 2007; Kimura et al.,
2012). Additionally, SOM preferentially stabilized in micro-
aggregates can be better protected against decomposition within
stable macroaggregates (Six et al., 2000; Six and Paustian, 2013).
Turnover of SOM is assumed to be more rapid in macroaggregates
than in microaggregates (Besnard et al., 1996; Six et al., 2002;
Gunina and Kuzyakov, 2014). This assumption was confirmed
with more SOM mineralized from macroaggregates (>0.25 um)
versus microaggregates (<0.25 mm) (Gregorich et al., 1989; Mutuo
et al., 2006), with higher PE also observed in macroaggregates
(>0.25 um) compared with microaggregates (<0.25 mm) (Tian
et al., 2015). However, there is no consensus on the effects of
aggregate size classes on SOM decomposition because the greatest
CO2 production is from the microaggregates (Seech and
Beauchamp, 1988; Drury et al., 2004; Sey et al., 2008), and no dif-
ferences between macro- and microaggregates have been reported
(Rabbi et al., 2014). Furthermore, an increase in PE intensity with
decreasing particle size has been observed, which has shown not
only that the labile pools in aggregates are affected but also that
more stable pools are characterized by higher 14C ages (Ohm et al.,
2007; Negassa et al., 2015).

To identify the SOM pools responsible for mineralization and PE,
more than two C sources should be labeled (Kuzyakov, 2010).
Despite recent progress in the partitioning of three C sources
(added substrate, recent and old C) in SOM (Kuzyakov and Bol,
2006; Fontaine et al., 2007; Blagodatskaya et al., 2011, 2014;
Derrien et al., 2014), there is still a lack of information on such
partitioning within aggregate size classes.

Generally, a positive correlation between the amount of an
added labile substance and its microbial mineralization has been
observed (Bremer and van Kessel, 1990; Mary et al., 1993;
Schneckenberger et al., 2008). In addition, it has been shown that
the priming of SOM decomposition increased with the increased
addition of labile substrates until saturation of the microbial utili-
zation capacity (Blagodatskaya and Kuzyakov, 2008; Paterson and
Sim, 2013). However, it is not only the labile pools of SOM that
are easily affected by PE, but also the SOM pools with low de-
gradability (Hamer and Marschner, 2005). The SOC fractions with
low degradability can be affected by PE after repeated substrate
inputs (Fontaine et al., 2007; Mau et al., 2015) and high amounts of
primer (Blagodatskaya et al., 2011). In addition to the recalcitrance
of SOM pools, all these studies have suggested that the availability
of the primer is a limitation for the degrading microorganisms and
that this is a major factor controlling the extent of SOM
decomposition.

We hypothesized that (1) more C would be mineralized and a
higher PE would be observed in macroaggregates because SOM is
less recalcitrant and more easily decomposable than in micro-
aggregates (Elliott, 1986; Six et al., 2002; Denef et al., 2007) and,
consequently, the SOM pools involved in PE vary according to their
biochemical availability (Blagodatskaya et al., 2011); (2) compared
with macroaggregates, the PE in microaggregates would require
higher levels of primer addition; (3) the relative contribution of
recent C sources to the PE would be greater in macro-versus
microaggregates. This hypothesis is because macroaggregates
have more easily decomposable C (e.g., recent C) (Elliott, 1986; Six
et al., 2002; Denef et al., 2007) and microorganisms will prefer-
entially utilize labile substrate (Paterson et al., 2007; Kuzyakov,
2010), but the extent may depend on the primer amount. To test
these hypotheses, we combined the recently developed isotopic
approach for three-C-source-partitioning (substrate added, recent
and old SOM) with fractionation of aggregate size classes and
measured three fluxes and pools: CO2, microbial biomass C (MBC)
and dissolved organic C (DOC).
2. Materials and methods

2.1. Soil sampling and aggregate preparation

Soil (loamy Haplic Luvisol originated from loess) was sampled in
April 2012 from the upper layer (0e10 cm) of a maize field as well
as from an adjacent wheat field located northwest of G€ottingen,
Germany. The soil had 5.8% sand, 87.2% silt and 7.0% clay according
to the German classification system. The C4 plant maize (Zea mays)
was grown for three years after long-term C3 cropping with wheat
(Triticum aestivum). The experimental design was described in
detail by Kramer et al. (2012) and Pausch and Kuzyakov (2012).

The soil samples were transported to the laboratory, where
plant roots and leaves were carefully removed by hand picking, and
the soil samples were then stored at 4 �C for no longer than one
week before aggregate processing. The soil was sieved to separate
large macroaggregates (>2 mm), small macroaggregates
(2e0.25 mm) and microaggregates (<0.25 mm) according to Tian
et al. (2015). Soil was first gently manually crumbled to approxi-
mately 5mmpieces, transferred to two sieves (2 and 0.25mm), and
shaken for 2min. Thereafter, the aggregates remaining on top of the
sieves were collected. Large macroaggregates were collected from
the 2 mm sieve, small macroaggregates from the 0.25 mm sieve,
and microaggregates that passed through the 0.25 mm sieve. The
soil aggregates were then spread out in a thin layer and air-dried.
Preliminary tests showed that the sieving duration was sufficient
to separate the various aggregates size classes while minimizing
aggregate abrasion during the sieving process (Dorodnikov et al.,
2009).

The vegetation change from C3 to C4 crops caused a shift in the
d13C values of soil and of the aggregates (Table 1). Hence, through
the vegetation change from C3 to C4 crops, a distinct isotopic signal
was introduced into the soil that allowed for partitioning of old
SOM (C3eC) and recent SOM (C4eC). Hereafter, C4-derived C is
referred to as “recent” C (<3 years), and C3-derived C, which
entered the soil before maize cropping, is referred to as “old” C (>3
years).
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2.2. Incubation and sampling

Soil samples (20 g dry weight) of each aggregate size class from
both maize (C3MACROBUTTON InsGlyph eC4) and wheat (C3) plots
were placed in a thin and loose layer on the bottom of 250 ml jars.
The moisture content was adjusted to 50% of the water holding
capacity (WHC), and the soil was then pre-incubated at 22 �C for
one week because sieving affects the availability of SOM for mi-
croorganisms (Hartley et al., 2007) and may cause a temporal
respiration flush (Blagodatskaya and Anderson, 1999). The
following levels of glucosewere added: 1) without glucose (control,
addition of water only), 2) low glucose (GL, corresponding to
20.4 mg C g�1 soil), and 3) high glucose (GH, corresponding to
204 mg C g�1 soil). The added glucose was prepared from unlabeled
glucose mixed with uniformly labeled 14C-glucose (99 530 DPM per
jar) and water (G0). The appropriate glucose solutions were then
added to the pre-incubated soils, which reached a final soil mois-
ture content of 70%WHC. Thewater content was maintained at 70%
WHC throughout the experiment. In total, a 3 � 3 � 2 factorial
experiment was established corresponding to three levels of
aggregate sizes, three levels of glucose addition and two soils. Each
treatment had three replicates. The C content was 12.3 g kg�1 in the
>2 mm aggregate size, 13.7 g kg�1 in the 2e0.25 mm aggregates
size and 11.5 g kg�1 in the <0.25 mm aggregates size before incu-
bation (Table 1).

Small vials with 3 ml of 1 MNaOHwere placed in the incubation
jars to trap CO2 after adding distilled water (control treatment) or
the glucose solution (GL and GH treatments) to the soil. The jars
were immediately sealed air-tight and were incubated for 49 days
at 22 �C and at 70% WHC. The NaOH solution was exchanged 6 h, 1,
3, 7, 14, 21, 36 and 49 days after glucose addition. Each time after
changing the NaOH solution, the incubation jars were kept open for
30 min to maintain an adequate O2 level. In addition, three incu-
bation jars containing only NaOHwere used as blanks to correct for
the CO2 trapped from the air inside the vessels. Another three vials
of NaOH for each treatment were used for sampling 13CO2 at 3, 14
and 49 days of incubation. Three replicates of each treatment were
destructively sampled at days 3, 14 and 49 to analyze the microbial
biomass C and dissolved organic C and their d13C signatures.

2.3. Chemical analyses

The amount of trapped CO2 was determined by the titration of
1 ml of the NaOH solution with 0.1 M HCl against phenolphthalein
after adding 1 ml of 0.5 M BaCl2 solution. Another 1 ml of the NaOH
solution was added to 6 ml Rothiscint scintillation cocktail (Roth
Company, Germany) and was well mixed by vortexing. After the
decay of chemiluminescence (after 24 h), the 14C activity was
determined by a liquid scintillation counter (LS6500 Multi-Purpose
Scintillation Counter, 217 Beckman, USA). The 14C counting effi-
ciency was approximately 92% and the 14C activity measurement
error did not exceed 2%. To determine the d13C values of CO2
trapped in NaOH, the solution was first precipitated with 4 ml of
0.5 M SrCl2 aqueous solution and then centrifuged four times at
3000 rev min�1 for 10 min and washed in between with deionized
and degassed water to remove NaOH and to reach a pH of
approximately 7 (Blagodatskaya et al., 2011). After washing, the
SrCO3 was dried and analyzed for d13C values on the IRMS (Delta
plus, Finnigan MAT, Bremen, Germany).

The soil MBC was determined by chloroform fumigation
extraction. The procedure (Wu et al., 1990; Vance et al., 1987) was
adapted according to Malik et al. (2013). The non-fumigated and
fumigated soil extracts were passed through a 0.45-mm membrane
filter and the dissolved organic C concentration of the extracts was
measured with a TOC/TIC analyzer (Dimatec, Essen, Germany).
Microbial biomass C was calculated as the difference between the C
content of the fumigated and non-fumigated soil and divided by a
kEC factor of 0.45. The extract from the non-fumigated soil was used
as a measure of the DOC. The 14C activities of MBC and DOC were
measured in 3 ml aliquots added to 6 ml Rothiscint scintillation
cocktail (Roth Company, Germany) after the decay of chem-
iluminescence using a liquid scintillation counter (see above).
Fumigated and non-fumigated extracts were dried at 60 �C and
were analyzed for d13C values on the IRMS (Delta plus, Finnigan
MAT, Bremen, Germany).
2.4. Calculations and statistics

The d13C values of total MBC (d13CMB) were determined using a
mass balance equation:

d13CMB¼(d13Cf � Cf�d13Cnf � Cnf) (Cf�Cnf) (1)

where d13Cf and d13Cnf are the d13C values of the fumigated and
non-fumigated samples, respectively, and Cf and Cnf are the
amounts of C in the fumigated and non-fumigated samples,
respectively.

We separated three sources of C in CO2, MBC and DOC following
the detailed method of Blagodatskaya et al. (2011).

First, the glucose-derived C in each pool (CG-derived) was calcu-
lated according to the specific 14C activity of the added glucose
(14Cglucose; DPM), the amount of added glucose (Cglucose) and the
current 14C radioactivity of the corresponding pool (14Ccurr; DPM):

CG-derived ¼ Cglucose � 14Ccurr/14Cglucose (2)

The SOM-derived C was then calculated as follows:

CSOM-derived ¼ Ctotal�CG-derived (3)

where Ctotal is the total amount of C in the corresponding pool (CO2,
MBC and DOC).

Second, we calculated the d13C value of SOM-derived C in each
pool (d13CSOM-derived) based on a mass balance equation. Therefore,
the d13C signature of glucose-derived C was subtracted from the
d13C signature of each pool:

d13CSOM-derived¼(d13Ctotal � Ctotal�d13CG-derived � CG-derived)/
(C total�CG-derived) (4)

where d13Ctotal and d13CG-derived are the d13C values of the total and
glucose-derived C, respectively. d13Ctotal are the measured values of
the corresponding pool (CO2, MBC and DOC). The d13CG-derived was
assumed to be equal to d13C of glucose (�9.905‰).

The contribution of recent C and old C to each pool of the C3eC4
soil was then calculated based on the glucose-corrected d13C
signature of each pool. The amount of recent C4-derived C in each
pool was:

CC4-derived ¼ CSOM-derived � (d13CSOM-derived�d13CC3-ref)/
(d13CC4�d13CC3) (5)

where d13CC3-ref is the d13C value of the corresponding pool in the
reference C3 soil at the corresponding sampling data calculated
according to Eq. (3).

The C4 source (d13CC4), i.e., soil CO2, MBC and DOC, developed
under permanent C4 vegetation, was calculated based on the
assumption of an equal isotopic fractionation within permanent C4
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and C3 systems (Werth and Kuzyakov, 2010). The isotopic frac-
tionation factor for the C3 system was:

FSOM ¼ d13CC3-plant�d13CC3 (6)

d13CC4 ¼ d13CC4-plant�FSOM (7)

where d13CC3-plant was equal to �27.893‰ and d13CC4-plant was
equal to �12.221‰ in this study.

Third, the CC3-derived in each pool was then calculated by sub-
tracting the CC4-derived from the total amount of C in the corre-
sponding pool.

Fourth, the PE and contributions of recent and old C to the PE
were calculated based on the changes in the d13C signature and the
amount of extra C in the three pools after 14C-glucose addition.

The cumulative PE was calculated as the difference of SOM-
derived C (in CO2, MBC and DOC) from soil with a glucose addi-
tion and from soil without a glucose addition (Blagodatskaya et al.,
2007):

PE (mg C g�1 soil) ¼ SOM-derived Camended�SOM-derived
Cunamended (8)
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Fig. 1. CO2 dynamics and priming effects during incubation for individual aggregate size clas
glucose levels in C3eC4 soil. Error bars represent standard error of the means (n ¼ 3).
where SOM-derived Camended was SOM-derived C (in CO2, MBC and
DOC) from the jar with glucose addition, and SOM-derived C was
from the jar without glucose addition.

The changes in the d13C signature caused by preferential sub-
strate utilization of easily available and 13C-enriched recent C
(comparedwith 13C depleted old C), were considered for the correct
assessment of PE in all pools (Connin et al., 2001; Crow et al., 2006;
Blagodatskaya et al., 2011; Ngao and Cotrufo, 2011). The dynamic
changes in d13C caused by preferential utilizationwere estimated in
control C3eC4 soil treated solely with H2O. Therefore, for each pool
(CO2, MBC and DOC), the PE was calculated separately for C3 and C4
carbon sources (C3_PE and C4_PE, respectively) considering the
changes in the contribution of old and recent C in controls for each
sampling data:

C3_PE ¼ C3_Camended�C3_C
unamended (9)

C4_PE ¼ C4_Camended eC4_Cunamended (10)

The data were analyzed using a two-way or three-way analysis
of variance (ANOVA) with SAS (SAS Inc. 1996). Differences were
considered significant at p < 0.05, with a separation of mean values
by a least significant difference (LSD) test.
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3. Results

3.1. Sources partitioning for C pools in aggregate size classes
depending on glucose levels

3.1.1. CO2 efflux
The total CO2 efflux during the intensive decomposition stage

(the first 3 days) was mainly affected by the level of glucose addi-
tion (accounting for 96% variance; p < 0.05; Fig. 1 and Table S1). In
contrast, the effect of aggregate size classes on total CO2 production
increased over 49 days compared with the first 3 days (p < 0.05;
Fig. 1 and Table S1).

CO2 originating from glucose increased with the glucose addi-
tion rate but decreased with time (p < 0.05; Fig. 2; Table S2). The
glucose-derived CO2 production was 26% higher for the GH treat-
ment than for the GL treatment after day 3, while it was 14% higher
Table 2
Production of glucose-derived CO2, C3-derived CO2 and C4-derived CO2 after 49 days acr

Treatments Glucose-derived CO2 C4-derived CO2

(mg C g�1 aggregate)

>2 mm 59.0(28.7)b 234(2.71)b
2e0.25 mm 60.9(29.6)b 319(22.5)a
<0.25 mm 66.3(32.1)a 128(2.70)c
GL 9.87(0.28)b 216(29.9)
GH 114(2.52)a 239(41.2)

Numbers in bracket represent standard error of the means (n ¼ 3).
GL: low glucose addition, GH: high glucose addition.
Different low-case letters indicate significant differences among across aggregate size cl
after day 49 (p < 0.05; Fig. 1; Table 2; Table S1 and S2). The glucose-
derived CO2 increased with decreasing aggregate size classes
(p < 0.05; Fig. 2; Table S2). Glucose-derived CO2 production after 3
days was 16.4% higher in the microaggregates (<0.25 mm) than in
the macroaggregates (>0.25 mm), while it was 11.5% higher after
day 49 (p < 0.05; Fig. 1; Table 2; Table S1).

The CO2 originating from recent C4eC was affected by aggregate
size classes, while CO2 originating from old C3eC was influenced by
glucose levels (p < 0.05; Fig. 2; Table S2). The CO2 originating from
recent C4eC and old C3eC were both influenced by the interactions
between aggregate size classes and glucose levels (p < 0.05;
Table S2). The contribution of recent C4eC to CO2 was 45.7e58.7%
higher in the macroaggregates (>0.25 mm) than in the micro-
aggregates (<0.25 mm; p < 0.05; Fig. 2; Table s2). The contribution
of old C3eC to CO2 was 10.3e31.1% higher under GH than GL levels
(p < 0.05; Fig. 2; Table S2). The contribution of recent C4-derived
oss aggregate size classes and glucose amendment treatments.

C3-derived CO2 C4-derived CO2 C3-derived CO2

(% of SOC content in aggregate)

392(15.0) 1.91(0.02)b 3.19(0.12)ab
404(35.7) 2.33(0.16)a 2.95(0.26)b
397(15.7) 1.12(0.02)c 3.45(0.14)a
367(11.7)b 1.70(0.19) 2.96(0.17)b
429(13.7)a 1.87(0.27) 3.44(0.07)a

asses or glucose amendment treatments.
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CO2 and old C3-derived CO2 to SOC in aggregate size classes fol-
lowed a similar trend as that to total CO2 (Table 2).

3.1.2. Microbial biomass C
The level of glucose addition explained most of the differences

in glucose-derived microbial biomass C, accounting for 73.1% vari-
ation (p < 0.05; Table S2). The glucose-derived microbial biomass C
was 5.3 times higher under GH than GL levels (p < 0.05; Fig. 3;
Table S2). When averaged across all glucose levels and sampling
dates, glucose-derived microbial biomass C was 29.9% higher in the
macroaggregates (>0.25 mm) than in the microaggregates
(<0.25 mm; p < 0.05; Fig. 3; Table S2).

The microbial biomass C originated from old C3eC (66.3%)
nearly doubled recent C4eC (33.7%) before adding glucose (Fig. 3).
Adding glucose did not increase the microbial biomass after day 3
but resulted in a 13e17.3% increase in the microbial biomass C in
the 2e0.25 mm aggregate size class after day 14 (p < 0.05; Fig. 3).
This increase was mainly due to an increase in recent C4eC (16.8%)
under GL, while old C3eC was increased under GH (42.7%) (Fig. 3).

3.1.3. Dissolved organic C
Dissolved organic C originating from glucose was nearly tenfold

higher under GH than GL treatments (p < 0.05; Fig. 4; Table S2).
Glucose-derived 14C in dissolved organic matter was 14.6% higher
in the microaggregates (<0.25 mm) than in the macroaggregates
(>0.25 mm) under GL, while it was 28.4% higher under GH
(p < 0.05; Fig. 4; Table S2).

Initially, the dissolved organic C pool consisted mainly of old
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Fig. 5. The contribution of recent (C4) and old (C3) SOM to the cumulative priming effects in
amendment with low (top) and high (bottom) glucose levels. Error bars represent standard
C3eC (89.4%), while recent C4eC was only 19.6% (Fig. 4). The dis-
solved organic C content after glucose amendment was always
lower than before adding glucose (p < 0.05; Fig. 4). For example,
dissolved organic C decreased almost 39.2% during the first 3 days
after glucose addition (Fig. 4). This decrease was due to 20.1% and
34.9% reduction of recent C4 and old C3eC, respectively, under GL,
while the decrease was 60.9% and 43.1% under GH, respectively
(Fig. 4). The portion of recent C4eC in dissolved organic matter
decreased by 69.0% after 49 days of incubation compared to day 0,
while old C3eC was decreased by 61.8%.
3.2. Sources of priming effects

The cumulative PE in CO2 was mainly positive during the
experiment for all treatments, except for the 2e0.25 mm and
<0.25 mm aggregate size classes with GL addition, where negative
PE was detected (Figs. 1 and 5). The cumulative PE in CO2 increased
with glucose levels (p < 0.05; Fig. 5, Table S3). The positive PE
during the first 3 days originated mainly from the C3eC. However,
the portion of recent C4eC in cumulative PE increased during the
course of further incubation, except the 2e0.25 mm and <0.25 mm
aggregate size classes with GL addition, where a negative PE was
measured (Fig. 5).

The increase in microbial biomass after glucose addition after
day 14 originated by 84.4e96.1% from SOC. This resulted in
increased PE in MBC (Fig. 6). This increased PE was mainly due to
old C3eC under GH, while both recent C4eC and old C3eC
contributed to PE under GL. At the end of incubation, the portion of
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C4eC in PE of microbial biomass C was higher in the macroaggre-
gates (>0.25 mm) than in the microaggregates (<0.25 mm) under
both glucose levels (p < 0.05; Fig. 6; Table S3).

The reduction in DOC content after glucose addition resulted in
positive PE (Fig. 7). The portions of C4eC and C3eC in PE of DOC
were both influenced by aggregate size classes, incubation time and
the interactions between them (p < 0.05, Table S3). The portions of
C4eC and C3eC in PE of DOC were both higher in the macroag-
gregates (>0.25 mm) than in the microaggregates (<0.25 mm)
before day 14 (p < 0.05, Fig. 7; Table S3). The contribution of old
C3eC in PE of DOC in all aggregates size classes decreased from day
3 to day 49 (p < 0.05, Fig. 7).
4. Discussion

4.1. CO2 efflux as affected by aggregate size class and the amount of
primer

The level of glucose had the greatest effect on the total and
glucose-derived CO2 production during the intensive decomposi-
tion stage (before day 3, Table S1). This finding is in line with
previous studies (Saggar et al., 1999; Ohm et al., 2007; Hill et al.,
2008). Generally, high amounts of glucose can stimulate more
microorganisms to grow and mineralize the “new” added C to CO2
(Schneckenberger et al., 2008). As microbial biomass did not in-
crease after day 3 (Fig. 3), the higher proportion of mineralized 14C-
glucose under high versus low glucose treatments may indicate
decreased C use efficiency (CUE) (Creamer et al., 2014). Indeed, we
found that the CUEwas 1.4e2.0 times higher under low versus high
glucose treatment in individual aggregates and across all aggregate
-50 

0 

50 

100 

150 

200 

250 

>2mm 2-0.25mm <0.25mm >2mm 2-0.25mPr
im

in
g 

ef
fe

ct
 in

 M
B

C
 (μ

g 
C

 g
-1

ag
gr

eg
at

e)

-100 

-50 

0 

50 

100 

150 

200 

250 

>2mm 2-0.25mm <0.25mm >2mm 2-0.25

Pr
im

in
g 

ef
fe

ct
 in

 M
B

C
 (μ

g 
C

 g
-1

ag
gr

eg
at

e)

day 3 da

Low glucose

High glucose
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size classes (Table S4), showing that CUE increased with rising C
limitations (Nguyen and Guckert, 2001; Bremer and Kuikman,
1994).

The influence of aggregate size classes on total CO2 and glucose-
derived CO2 emission increased by a factor of 10 after 49 days
compared with 3 days (Fig. 1 and Table S1), indicating that the
starving microorganisms switched to utilization of SOM after the
easily available glucose was consumed (Dungait et al., 2012). The
observed increase in total CO2 in themacro-versusmicroaggregates
can be explained by stronger protection of SOC within micro-
aggregates (Elliott, 1986; Six et al., 2002; Denef et al., 2007; Kimura
et al., 2012). This is inconsistent with a greater CO2 production
observed from the smallest aggregates (Seech and Beauchamp,
1988; Drury et al., 2004; Sey et al., 2008) or with no difference
between macro- and micro-aggregates (Rabbi et al., 2014). The
observed inconsistency on the effects of aggregate sizes on
mineralizationmay be due to differences in the organic C content or
the microbial community composition in various soils (Kimura
et al., 2012). In addition, according to the aggregate hierarchy
model, because microaggregates form inside macroaggregates (Six
et al., 2000; Six and Paustian, 2014), the SOC mineralization in
macroaggregates also includes C mineralization from the micro-
aggregates that are embedded in them. Thus, macro- and micro-
aggregates in the same soil could have similar chemically stable
SOC, leading to no difference of mineralization between them
(Rabbi et al., 2014).

The lower proportion of mineralized 14C-glucose, along with the
higher proportion of added glucose incorporated into the microbial
biomass in macro-versus microaggregates (Figs. 1 and 3), indicates
greater CUE with increasing aggregate size. The higher
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(22.1e84.9%) CUE in macro-versus microaggregates may be
explained by differences in the microbial community structures in
various aggregate size classes. Generally, the fungal population
utilizes the substrate more efficiently than bacteria (Otten et al.,
2001; Keiblinger et al., 2010), while fungi occur mainly in macro-
aggregates (Guggenberger et al., 1999; Zhang et al., 2014). Differ-
ences in nutrient availability between macro- and microaggregates
can also affect the CUE because soil organic materials can decom-
pose more efficiently (i.e., less CO2 is emitted per unit of C incor-
porated in microbial biomass) in N and P amended soil (Li et al.,
2014). Macroaggregates usually represent an important site of
nutrient (e.g., N, P) accumulation (Green et al., 2005; Fonte et al.,
2014).

4.2. Priming effect as affected by aggregate size class and primer
amount

The short-term positive PE in CO2 accompanied by a rapid DOC
reduction (Figs. 4 and 5) is in line with the pattern observed after
application of either easily available substrates (Blagodatskaya
et al., 2011) or less available cellulose (Blagodatskaya et al., 2014).
Despite glucose being incorporated within 3 days, microbial
biomass only increased 14 days after glucose amendment (Fig. 3),
reflecting faster microbial turnover. The microbial loop phenome-
non, i.e., grazing of bacterial cells by protozoans in short-term soil
amendment with substrate, may be another reason for the
remaining constant level of microbial biomass (Clarholm, 1985;
Coleman, 1994; Blagodatskaya et al., 2014). As the increase in
SOM-derived microbial biomass and in primed CO2 induced by
glucose was higher than the decline in SOM-derived DOC, the PE in
CO2 originated not only from DOC but also from SOM. This also
corresponds well with the finding that primed CO2 mainly origi-
nated from old C3eC.

Positive PE was observed only in larger macroaggregates
(>2 mm) over 49 days at a low glucose level (Fig. 8), thus sup-
porting our first hypothesis that SOM pools are involved in PE ac-
cording to their biochemical availability. This result indicates that
SOM is less recalcitrant and more decomposable in macro-versus
microaggregates (Elliott, 1986; Six et al., 2000; Denef et al., 2007;
Gunina and Kuzyakov, 2014). Microaggregates are formed during
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macroaggregates turnover, so they contained a relatively stable
mixture of highly processed organic matter and secondary mate-
rials (Six et al., 2000; Six and Paustian, 2014). However, under high
glucose amendment, positive PE was observed in all aggregate size
classes but was lowest in microaggregates (<0.25 mm; Fig. 8). This
confirms our second hypothesis stating that the amount of primer
was also responsible for PE. Therefore, old SOM mineralization can
be fueled by a larger amount of energy-rich substrates due to
stimulation of higher enzyme production to meet microbial
nutrient demands or higher bacterial diversity (Paterson et al,
2007; Mau et al., 2015). This result agrees with studies showing
that the SOM fractions with low degradability can be affected by PE
after repeated substrate inputs (Hamer and Marschner, 2005;
Fontaine et al., 2007; Mau et al., 2015) and high amounts of
primer (Blagodatskaya et al., 2011). As the lowest positive PE was
observed in microaggregates, our results confirms that micro-
aggregates afford the most biochemical protection to associated
SOM and can be considered a potential reservoir for C sequestration
(Six et al., 2002; Dungait et al., 2012). Notably, positive PE in
microaggregates was initiated by high primer amendment. This
finding becomes important when considering that glucose and
other substances with similar availability are added over some days
(or even weeks, e.g., in the rhizosphere and detritusphere) in the
field. More microbial groups will be involved and stimulated
because of longer input of available C under field conditions (Mau
et al., 2015). Therefore, we assume that PE under field conditions
will be even stronger than that obtained under the controlled
conditions with pulse glucose input in this study. This effect is
harmful to the environment in the long term because it stimulates
native soil C loss (Mau et al., 2015). In addition, frequent labile
substrate input may lead to destabilization of the relative stable
SOM pool (microaggregates in this study), which may cause more
severe environmental harm.
4.3. The contribution of recent and old C to PE in aggregate size
classes as dependent on primer amount

Partitioning of C sources revealed that a higher contribution of
recent C4eC to CO2 efflux and microbial biomass, and a lower
contribution to DOC, was independent of glucose levels and
aggregate size classes (Figs. 2e4). These results clearly illustrate the
rapid uptake of easily available substrates by microorganisms (Bol
et al., 2009; Fischer et al., 2010) and so the low contribution of
recent C to the DOC pool. In the same field, one year after conver-
sion, 27% of recent C4-derived C was observed in CO2 fluxes, while
this level was 5% in bulk soil, which indicates that the recently
introduced C4eC in the soil was more available for microorganisms
than old C3eC (Pausch and Kuzyakov, 2012).

The observation that there is more primed CO2 from recent
C4eC than old C3eC under low glucose level (Fig. 8) is in line with
previous isotope tracer studies, which demonstrated that more
recent fresh plant-derived C was initially incorporated in larger
macroaggregates (>2 mm) (Tian et al., 2013a). This effect can be
promoted by the presence of Lumbricid earthworms (Bossuyt et al.,
2005; Yavitt et al., 2015), which were abundant at the study site.
Therefore, microorganisms preferentially use recent plant material
consisting of relatively labile organic matter (Kramer and Gleixner,
2008; Salom�e et al., 2010; Tian et al., 2013b). The high glucose
stimulated the decomposition of old C3eC in macroaggregates that
contributed 66.7% to the total PE over 49 days in larger macroag-
gregates (>2 mm) and 57.8% in aggregates of 2e0.25 mm. This
showed that mineralization of old SOC can be fueled by a larger
amount of energy-rich substrates due to stimulation of higher
enzyme production to meet microbial nutrient demands (Paterson
et al, 2007) or higher bacterial diversity (Mau et al., 2015). However,
the relative contribution of recent C4eC in primed CO2 increased
frommacroaggregates (37.8%) to microaggregates (100%) after high
glucose input, suggesting that it was still not sufficient to trigger the
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decomposition of old SOM inmicroaggregates. Overall, our findings
agree well with observations that the biochemical recalcitrance of
SOM is proportional to decreasing aggregate size class (Poirier et al.,
2005; Sohi et al., 2005; Zimmermann et al., 2007) and that large
amounts of C with old radiocarbon ages occur in association with
size fractions < 0.02 mm (Marschner et al., 2008).

5. Conclusions

Aggregate size has a fundamental effect on the sources of CO2
released and the PE. The quantity of primer available is an impor-
tant factor influencing the intensity of mineralized C sources in PE
with in the aggregate size classes. At the end of the incubation,
positive PE at a low glucose level was induced only in large mac-
roaggregates (>2 mm). With increasing primer amount, positive PE
was initiated in both large and small macroaggregates (>2 and
2e0.25 mm) and also in microaggregates (<0.25 mm). High primer
amounts increased the contribution of old C3-derived C to primed
CO2 in macroaggregates (>0.25 mm). Future studies are required to
investigate how the soil microbial community structure and the PE
sources change under the influence of aggregate size classes and
primer addition.
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