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Abstract. The change in native soil organic carbon (SOC) decomposition caused by plant roots or the rhi-
zosphere priming effect (RPE) is a common phenomenon. Although most of the SOC is stored in aggre-
gates with different size classes, the RPE in aggregates and the underlying mechanisms remain unclear. In
a 35-d pot experiment, we grew Agropyron cristatum (C3 plant) in pots containing large macroaggregates
(LMA), small macroaggregates (SMA), and microaggregates (MA) separated from a C4 soil. We quantified
the RPE and measured microbial biomass C (MBC), oxidase activity, soil net nitrogen (N) mineralization,
and aggregate dynamics at the end of the experiment. The positive RPEs ranged from 47% to 106% and
were significantly lower in the SMA treatment than in the LMA and MA treatments. Planting significantly
increased microbial N immobilization in all treatments, particularly in the SMA treatment. Furthermore,
the positive relationship between RPE and plant-induced changes in net N mineralization suggests that
increasing microbial N immobilization could reduce RPE. Planting significantly increased MBC and oxi-
dase activity, and the positive relationships between SOC decomposition and MBC and oxidase activity
suggest that microbial activation may play an important role in the positive RPEs. Planting significantly
reduced aggregate destruction in the SMA treatment but increased aggregate destruction in the MA treat-
ment, supporting the aggregate destruction hypothesis. Overall, our results showed for the first time that
the RPEs varied among aggregate size classes, with potentially important consequences for SOC dynamics
in soils that have a high capacity for aggregation.
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INTRODUCTION

Soil organic carbon (SOC) is the largest C pool
in terrestrial ecosystems, and small fluctuations
in SOC decomposition can cause a drastic
variation in atmospheric CO2 concentration
(Bond-Lamberty and Thomson 2010, Lehmann
and Kleber 2015). One of the pivotal mechanisms
for the fluctuation is the priming effect,

particularly, the rhizosphere priming effect
(RPE), that is, the change in native SOC decom-
position caused by plant roots (Cheng et al.
2014). Recent syntheses and experiments showed
that the RPE can retard SOC decomposition up
to 50% or accelerate it up to 455% (Cheng et al.
2014, Yin et al. 2019). Therefore, the RPE (espe-
cially the positive RPE that is often observed) has
been increasingly considered as a pivotal
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component of the ecosystem feedback to climate
change (Finzi et al. 2015, Huo et al. 2017).

Although numerous studies have focused on
the potential factors influencing the RPE (Cheng
et al. 2014), the effect of soil aggregates (struc-
ture) is still unknown. As summarized in Cheng
et al. (2014), the factors can be classified into
plant- and soil-derived variables. For the plant
variables, for example, plant biomass and root-
derived CO2 (which tend to relate positively to
the quantity of rhizodeposits) have been found
to be positively related to the RPE (Dijkstra et al.
2006, Zhu and Cheng 2013, Shahzad et al. 2015,
Yin et al. 2018), while plant N acquisition has
also been observed to be significantly related to
the RPE (Dijkstra et al. 2009, Lu et al. 2018, Yin
et al. 2018). However, less attention has been
paid to soil variables (Dijkstra and Cheng 2007,
Zhu and Cheng 2013). Particularly, there is a
knowledge gap with regards to soil aggregates
(structure; Cheng et al. 2014). Soil aggregates,
which not only influence microbial accessible
substrates through physical protection, but also
influence microbial biomass distribution and
activity, plant growth, and nutrient acquisition
(Six et al. 2004), may therefore cause different
RPEs.

There are potentially different mechanisms by
which aggregate size class can influence RPEs.
Firstly, aggregate size class can alter plant
growth and N acquisition (Donald et al. 1987,
Alexander and Miller 1991, Passioura 1991) and
consequently influence RPE through altering the
release and diffusion of rhizodeposits and soil N
mineralization. The release of rhizodeposits as a
readily available C and energy source can stimu-
late microbial activation and subsequently
increase enzyme activity, leading to increased
decomposition of native SOC (Cheng and Kuzya-
kov 2005). Furthermore, plant N acquisition can
lead to competition for N between plants and
microbes, thereby influencing plant growth and
rhizodeposition (Murphy et al. 2017, Lu et al.
2018). If a high proportion of available N derived
from an RPE-induced increase in N mineraliza-
tion is re-immobilized by microbes rather than
taken up by plants, that is, microbial net N
immobilization, the RPE may be slowed down
(Lu et al. 2018, Yin et al. 2018).

Secondly, aggregates with different size classes
differ in microbial activities. Microbes may

benefit from the higher quantity and quality of
SOC and the limited protection in macroaggre-
gates (Tisdall and Oades 1982, Jastrow et al.
2007), resulting in higher microbial biomass and
enzyme activity compared to microaggregates
(Dorodnikov et al. 2009, Gupta and Germida
2015). Therefore, rhizodeposition (labile C) may
cause different responses in microbial activities
among different aggregates and thus different
RPEs. For example, Kumar et al. (2017) found
that planting significantly increased MBC in the
large macroaggregates while hydrolytic enzyme
activities increased in microaggregates.
Thirdly, aggregates with different size classes

differ in physical stability (Rabot et al. 2018),
which can lead to different dynamics (destruc-
tion and formation) in response to the distur-
bance of living roots (Six et al. 2004). The
destruction of macroaggregates caused by living
roots may release previously protected C, result-
ing in a positive RPE, that is, the aggregate
destruction hypothesis (Cheng and Kuzyakov
2005). However, microaggregates are hard to
disrupt due to their higher stability and smaller
size, but often bind together to build macroag-
gregates by living roots (De Gryze et al. 2005).
This information suggests that there may be dif-
ferent RPEs in microaggregates relative to
macroaggregates.
Overall, our main goal of this study was to

investigate whether there is a difference in RPEs
in aggregates with different size classes and to
determine the possible reasons behind potential
differences. We hypothesized that (1) planting
would cause positive RPEs and that the RPEs
may vary among aggregates with different size
classes; (2) the positive RPE would be positively
related to plant growth, plant-induced changes
in net N mineralization, and microbial activities;
and (3) the RPE would be higher in the treatment
where planting increased aggregate destruction
than in the treatment where planting increased
aggregate formation or stabilization. To accom-
plish this goal and verify these hypotheses, we
conducted a 35-d pot experiment by growing a
C3 plant (Agropyron cristatum) in pots filled with
large macroaggregates (LMA), small macroag-
gregates (SMA), and microaggregates (MA),
respectively. These soil aggregates were sepa-
rated from a C4 soil using a wet-sieving method
(Elliott 1986).
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MATERIALS AND METHODS

Soil and experiment design
The experimental soil (C4 soil, with a 13C value

of �20.54&) was collected from the plow layer
(0–20 cm depth) of a field soil continuously
cropped for 23 yr with maize at the experimental
station of Heilongjiang Academy of Agricultural
Sciences located near Harbin, Heilongjiang Pro-
vince. This C4 soil was sieved through a 4-mm
screen to homogenize and remove organic resi-
dues and other fragments.

The C4 soil was separated into three size classes
of water-stable aggregates by a wet-sieving
method (Elliott 1986), including large macroag-
gregates (LMA), small macroaggregates (SMA),
and microaggregates (MA). Briefly, 60 g air-dried
soil samples were placed on top of a stack of
sieves (1-mm and 0.25-mm aperture sieves) and
submerged in water for 5 min. Then, we manu-
ally moved the sieves up and down for 50 repeti-
tions in 2 min. The materials remaining on the 1-
mm and 0.25-mm sieves were transferred into
separate beakers, oven-dried at 50°C, and
weighed, representing the LMA (>1 mm) and
SMA (0.25–1 mm) fraction, respectively. Material
smaller than 0.25 mm was allowed to settle, cen-
trifuged, and oven-dried at 50°C, representing the
MA (<0.25 mm) fraction. Total N content, SOC
content, C:N ratio, and mineral N content of these
aggregates were measured on a elemental ana-
lyzer (Elementar III, Langenselbold, Germany),
and initial values are shown in Table 1.

Six treatment combinations were designed:
three aggregate size classes (LMA, SMA, and
MA) either with or without plants. There were
four replicates for each treatment; a total of 24
pots were used in this experiment: 12 pots were
unplanted, and another group of 12 pots was
planted with the C3 grass Agropyron cristatum.

Briefly, a sandbag filled with 50 g sand was
placed at the bottom of each polyvinyl chloride
(PVC) pot (5 cm in diameter, 15 cm in height, fit-
ted with an inlet tube at the bottom for aeration
and CO2 trapping). We then carefully filled each
PVC pot with 250 g dried soil aggregates of cer-
tain size. All pots were watered with deionized
water to 60% soil water-holding capacity (equiv-
alent to 18.8% gravimetric soil moisture content)
and maintained at this soil moisture content
throughout the experiment by daily watering. In
the planted treatment, we sowed four seeds of
Agropyron cristatum and thinned to two plants
per pot after seedlings emerged. Anaerobic con-
ditions in all pots were prevented by forcing
ambient air into the soil for 10 min every 6 h
with an aquarium air pump and a digital timer.
The experiment was conducted for 35 d in a
greenhouse with air temperature ranging from
15°C to 35°C.

CO2 trapping
We measured soil respiration of each treatment

at 35 d after planting (DAP35) by a CO2 trapping
method (Keith et al. 2015) with some modifica-
tions. Briefly, we sealed each pot with nontoxic
silicone rubber on the soil surface with a flexible
plastic tube (3 cm depth) protruding through the
seal. After testing for air leakage, a soda lime col-
umn, a pump, a needle valve, and a one-way
valve were connected to the tube at the bottom of
each pot in sequence to remove the CO2 inside
the pots for 1 h. Then, CO2 produced in each pot
during a 48-h period was trapped by connecting
a CO2 trapping bottle with 22 mL of 0.5 M
NaOH solution and an airstone for producing
fine air bubbles. During CO2 trapping, the air
inside the soil–roots system was circulated for
15 min every 3 h using pumps controlled by a
digital timer, and the air-flow rate was kept at

Table 1. Initial values of total N (TN, g/kg aggregate), soil organic C (SOC, g/kg aggregate), C:N ratio, and d13C
(&) in the three aggregate treatments at the start of the experiment.

Treatment TN SOC C:N ratio d 13C

LMA 1.45 � 0.01 b 17.51 � 0.28 b 12.10 � 0.23 a –20.03 � 0.12 b
SMA 1.52 � 0.01 a 18.55 � 0.16 a 12.22 � 0.20 a –20.64 � 0.09 a
MA 1.36 � 0.02 c 15.74 � 0.09 c 11.61 � 0.18 a –20.90 � 0.06 a

Notes: LMA, large macroaggregates; SMA, small macroaggregates; and MA, microaggregates.
Different lowercase letters indicate significant differences in the same column (P < 0.05). Values represent mean � SE; n = 3

for each size of aggregate.
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90–100 mL/min controlled by the needle valve.
We also used three extra pots with plants to mea-
sure 13C isotopic fractionation (Wang et al. 2016).
We removed whole soils from the pots and
cleaned roots carefully by washing. Then, each
plant was planted into pots with 250 g glass
beads (0.25–0.3 mm diameter) and added water.
We used the same CO2 trapping method as men-
tioned above. An aliquot of each NaOH solution
was analyzed for total inorganic C using a multi
N/C 2000 TOC analyzer (Analytik, Jena, Ger-
many). Another aliquot was analyzed for d13C
using cavity ring-down spectroscopy (CRDS)
with the Automate Module (Picarro G2131-i
Analyzer, Picarro, Santa Clara, California, USA).

Measurements after harvest
Immediately after CO2 trapping, plant shoots

were cut off at the soil surface. In order to reduce
the effects of destructive sampling on aggregates,
the soil was slipped out by gently beating the pot
with a hammer, and then, roots were collected
carefully by hands, without destructing soil
aggregates, that is, using a 4-mm screen. Shoots
and roots were cleaned and oven-dried at 60°C
for 48 h and weighed, and then ground by a ball
mill for C and N analyses on an elemental ana-
lyzer (Elementar III). Soil samples were homoge-
nized for measuring soil moisture, microbial
biomass carbon (MBC), potential extracellular
enzyme activity, and water-stable aggregates
immediately after harvesting.

Moisture, microbial biomass carbon (mg C/kg
soil) was measured by the chloroform fumiga-
tion-extraction method (Vance et al. 1987).
Briefly, 20 g fresh soil was fumigated with etha-
nol-free chloroform for 24 h; then, fumigated
and non-fumigated soils were extracted with
60 mL 0.05 M K2SO4. The extracts were mea-
sured for total organic C (TOC) using the multi
N/C 2000 TOC analyzer. Moisture, microbial bio-
mass carbon was calculated as the difference in
TOC between fumigated and non-fumigated soil
extracts with a conversion factor of 0.45. Soil
mineral N (sum of NH4

+ and NO3
�) in treat-

ments at the start (initial) and at the end of the
experiment (final) was measured by extracting
20 g fresh soil with 40 mL of 2 M KCl solution
and was analyzed for NH4

+ and NO3
� on a con-

tinuous flow analyzer (AA3, Bran + Luebbe,
Norderstedt, Germany).

Two oxidative enzymes were measured using
the fluorogenically labeled substrates method
(Zhu et al. 2014). Briefly, phenol oxidase (PO)
and peroxidase (PER) activity were measured
with L-3, 4-dihydroxyphenylalanine as a sub-
strate. 1.5 g fresh soil was dispersed by thor-
oughly mixing in 125 mL buffer (50 mM Tris,
pH = 6.7 according to soil pH). Then, 50 lL ali-
quots were dispensed in 96-well microplates
(Brand pure Grade, black), followed by appropri-
ate standards, homogenates, and substrates.
Microplates were placed in the dark at 20°C for
24 h, and the absorbance was measured at
460 nm wavelength on a microplate reader (Bio-
Tek Synergy HT MultiMode; BioTek Instrument,
Winooski, Vermont, USA). Oxidase activity (PO
+ PER) was expressed in lmol�g�1 soil�h�1.

Calculations
We calculated soil-derived CO2 (Csoil, mg

C�kg�1 soil�d�1) by using a two-source mixing
model (Cheng et al. 2003):

Csoil ¼ Ctotal � ðd13Croot � d13CtotalÞ=ðd13Croot

� d13CsoilÞ (1)

Croot ¼ Ctotal � Csoil (2)

where d13Ctotal is the measured d13C value of total
soil respiration, d13Csoil is the mean d13C value of
soil-derived CO2 in the unplanted treatment, and
d13Croot is the d13C value of root-derived CO2 in
the planted treatment, which was calculated by
adding the d13C value caused by isotopic fraction-
ation (mean � standard error: �1.96 � 0.32&) to
the d13C value of root biomass. We calculated the
d13C fractionation (&) as the difference between
d13C values in CO2 produced from the rhizo-
sphere and root biomass of the plants trans-
planted into pots with glass beads.
The RPE was calculated as the difference in

soil-derived CO2 between planted and unplanted
treatments, and the magnitude of the RPE (%)
was quantified as follows:

RPE ¼ ½CsoilðplantedÞ � CsoilðunplantedÞ�=CsoilðunplantedÞ
� 100

(3)

Based on the plant N acquisition and mineral
N remaining in soil, we calculated net N
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mineralization rate (Nnet, mg N�kg�1 aggre-
gate�d�1) during the 35-d period as follows (Dijk-
stra et al. 2009):

Nnet ¼ Nacq þNsoilðfinalÞ �NsoilðinitialÞ
� �

=Dtime

(4)

where Nacq is plant N acquisition, that is, the
sum of N content in shoot and root biomass,
Nsoil (final) and Nsoil (initial) are the soil mineral N
content at the end and start of the experiment,
respectively, and Δtime is the time interval, that
is, 35 d. For the planted treatments, we also
calculated the plant-induced changes in net N
mineralization by subtracting the average net N
mineralization rate in the unplanted control from
the net N mineralization rate in the correspond-
ing planted treatment (Dijkstra et al. 2009).

Statistical analysis
One-way ANOVA with a Turkey-Kramer hon-

est significant difference (HSD) test was used to
assess the effect of aggregate size on plant shoot,
root, and the ratio between them; 13C of shoot
and root; plant N uptake; RPE; and soil proper-
ties of aggregates. Two-way ANOVA was used
to assess the effects of planting, aggregate size
and their interaction on soil-derived CO2, MBC,
oxidase activity, and mineral N. t-Test was used
to compare the aggregate amount between the
unplanted control and planted treatment. Simple
linear regression was used to examine the rela-
tionships between soil-derived CO2 and MBC
and oxidase activity, and between primed net N
mineralization and primed C across all treat-
ments. All statistical analyses were performed by
SPSS Statistic 20.0, and the significance level was
set at P < 0.05. Origin 8.5 was used to create
figures.

RESULTS

Chemical properties in each aggregate size class
The total N and SOC in each aggregate size

class significantly decreased from SMA to MA at
the beginning of the experiment (P < 0.05,
Table 1), while there was no significant differ-
ence in C:N ratio (P > 0.05). The d 13C value was
slightly higher in LMAs than in SMAs and MAs
with the largest difference being less than one
per mil (P < 0.05, Table 1).

Plant biomass, shoot:root ratio, and d 13C value
Shoot and root biomass of Agropyron cristatum

were on average 64% and 19% higher in the
SMA treatment than in the MA and LMA treat-
ments, respectively (P < 0.05, Table 2). Shoot:-
root ratio was on average 39% higher in the LMA
treatment than in the other two aggregate treat-
ments (P < 0.05, Table 2).

Root-derived CO2, Soil-derived CO2, and RPE
Root-derived CO2 was on average 51% higher

in the MA treatment than in the LMA and SMA
treatments (P < 0.05, Fig. 1a). Soil-derived CO2

was similar among aggregate size classes in
unplanted controls or in planted treatments
(P > 0.05). Planting significantly increased soil-
derived CO2 compared to the unplanted controls
(i.e., positive RPEs). The RPE, ranging from 47%
to 106%, was on average 117% lower in the SMA
treatment than in the other treatments (P < 0.05,
Fig. 1b).

Plant N acquisition, soil mineral N, net N
mineralization
At harvest time, plant N acquisition ranged

from 25 to 40 mg N/kg aggregate and signifi-
cantly decreased with a decrease in aggregate
size (P < 0.05, Fig. 2a). Compared to the mineral
N in the unplanted controls (with a range of 32–
53 mg N/kg aggregate), planting drastically
decreased the mineral N by 93% on average, par-
ticularly in the SMA treatment where the mineral
N was decreased by 96% (planting 9 aggregate
size class, P < 0.05, Fig. 2b). Net N mineraliza-
tion was mostly negative, except for the LMA
treatment without plants, which suggests

Table 2. Plant shoot and root biomass, shoot:root ratio,
and their d13C values in the three aggregate treat-
ments at the end of the experiment.

Size Shoot Root Shoot:root ratio

Biomass
(g/kg
aggregate)
LMA 0.93 � 0.05 b 0.57 � 0.05 c 1.66 � 0.09 a
SMA 1.24 � 0.04 a 1.09 � 0.04 a 1.14 � 0.02 b
MA 1.10 � 0.05 ab 0.87 � 0.01 b 1.27 � 0.07 b

Notes: Different lowercase letters indicate significant dif-
ferences in the same column (P < 0.05). Values represent
mean � SE; n = 4 for each size of aggregate. For the abbrevi-
ations of soil aggregates, please see Table 1.
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microbial net N immobilization (Fig. 2c). Fur-
ther, net N mineralization was more negative in
the planted treatments than in the corresponding
unplanted controls, particularly in the SMA
treatment (planting 9 aggregate size class,
P < 0.05, Fig. 2c). In the planted treatments, the
plant-induced changes in net N mineralization
were significantly more negative in the SMA
treatment than in the LMA and MA treatments
(P < 0.05, Fig. 2d).

Microbial biomass C and oxidase activity
Moisture, microbial biomass carbon slightly

decreased with decreasing aggregate size class in
the unplanted controls (P > 0.05). Compared to
the unplanted controls, planting significantly
increased MBC by 46% on average, particularly
in the MA treatment (increase of 87%; plant-
ing 9 aggregate size, P < 0.05, Fig. 3a). Oxidase
activity increased with decreasing aggregate size
class in the unplanted controls (P > 0.05,
Fig. 3b). Compared to the unplanted controls,
planting significantly increased oxidase activity
by 129% on average, particularly in the LMA
treatment (increase of 272%; planting 9 aggre-
gate size class, P < 0.05, Fig. 3b).

Aggregate size redistribution
Each aggregate treatment was initially com-

prised by their sole aggregate size, but was
finally redistributed into several size classes
(Fig. 4). Compared to the initial percentage
(100%), the average loss of LMA and SMA was
82% and 72% percent in the corresponding treat-
ments, respectively (Fig. 4a, b), while the change
in the percentage of MA in the MA treatment
was small, both in planted and in unplanted
treatments (Fig. 4c). Compared to the unplanted
control, planting did not cause a significant
change in aggregate size redistribution in the
LMA treatment (Fig. 4a), but significantly
increased the percentage of SMA by 30% in the
SMA treatment (Fig. 4b) and significantly but
weakly decreased the formation of SMA in the
MA treatment (Fig. 4c).

Relationships between variables
We found a significant positive relationship

between the plant-induced changes in net N min-
eralization and RPE in the planted treatments
(R2 = 0.36, P = 0.04, Fig. 5a) and significant posi-
tive relationships between the soil-derived CO2

and MBC (R2 = 0.55, P < 0.01, Fig. 5b) and

Fig. 1. CO2 efflux of soil-derived CO2 and root-derived CO2 (a) and the magnitude of the rhizosphere priming
effect (RPE, %, b) in the three aggregate treatments with or without planting. Two-way ANOVA P-values are
shown when significant (P < 0.05), and planting and size represent the main effect of planting and aggregate size
class, respectively. Different lowercase letters indicate significant differences in soil-derived CO2 (including
planted or unplanted treatments) or RPE among aggregate size classes; different uppercase letters indicate signif-
icant differences in root-derived CO2 among aggregate size classes (P < 0.05). Error bars indicate standard errors
of the mean, n = 4 for each treatment. For the abbreviations of soil aggregates, please see Table 1.
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oxidase activity across all treatments (R2 = 0.55,
P < 0.01, Fig. 5c).

DISCUSSION

Variation in RPEs among aggregate size classes
In the current study, RPEs were measured in

aggregates with different size classes by growing

Agropyron cristatum. The range of RPEs (47–
106%) obtained in these aggregates was within
the range (�50% to 380%) summarized by Cheng
et al. (2014) and similar to values reported in
recent studies using grass species (Shahzad et al.
2015, Lu et al. 2018, 2019). RPEs in different
aggregates were studied in the current study
because aggregates play a key role in storing

Fig. 2. Plant N acquisition (a), soil mineral N content (b), net N mineralization (c), and excess net N mineraliza-
tion (d) in the three aggregate treatments with or without planting at the end of the experiment. Two-way
ANOVA P-values are shown when significant (P < 0.05), and planting and size represent the effect of planting
and aggregate size, respectively. Different lowercase letters indicate significant differences across all aggregates
(P < 0.05). Error bars indicate standard errors of the mean, n = 4 for each treatment. For the abbreviations of soil
aggregates, please see Table 1.
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SOC (Jastrow et al. 2007). Supporting our first
hypothesis, the lower RPE in the SMA treatment
than in the other treatments for the first time pro-
vides empirical evidence that RPEs vary among
aggregate size classes. While in a recent study
the priming effects in aggregate size classes were
explored by adding glucose (Tian et al. 2015), to
our knowledge, our study is the first investiga-
tion on the effect of living roots.

Effects of plant-induced changes in net N
immobilization and microbial activities on RPE

In contrast to several previous studies (Dijkstra
et al. 2006, Zhu and Cheng 2012, Shahzad et al.
2015, Yin et al. 2018), we did not find any posi-
tive relationship between the plant biomass and
root-derived CO2 and RPE. In line with previous
studies (Donald et al. 1987, Alexander and Miller
1991), the aggregate size class treatments altered
plant growth. Plant biomass was highest in the
SMA treatment (Table 2), and we therefore
expected the highest rhizodeposition and RPE in
this treatment. However, we actually observed
the opposite result (Fig. 1b). This result suggests
that the difference in RPEs among different
aggregates could not be simply explained by the
altered plant growth.

Supporting our second hypothesis, the positive
relationship between the RPE and plant-induced
changes in net N mineralization (Fig. 5a) sug-
gests that an increase in microbial net N immobi-
lization could decrease the positive RPE. Similar
results were also found by Yin et al. (2018) and
Lu et al. (2018). Lu et al. (2018) proposed a
hypothesis that when soil is dominated by N
immobilization, the RPE could decrease with
increasing rhizodeposition. The highest plant-
induced changes in net N immobilization and
plant biomass, and the lowest RPE observed in
the SMA treatment (Table 2, Figs. 1b, 2d) con-
firmed this hypothesis.
By providing labile C to rhizosphere microbes,

it has been suggested that plants can accelerate
microbial decomposition of N-enriched SOM
(particularly of mineral associated organic mat-
ter) and convert the unavailable organic N into
available inorganic N forms to plants (i.e., prim-
ing on gross N mineralization; Cheng et al. 2014,
Jilling et al. 2018). Several studies have found a
positive relationship between the primed gross
N mineralization and RPE (Dijkstra et al. 2009,
Bengtson et al. 2012, Zhu et al. 2014, Yin et al.
2018). However, an increased primed gross N
mineralization does not always lead to positive

Fig. 3. Soil microbial biomass C (MBC, a) and oxidase (PO + PER) activity (b) in the three aggregate treat-
ments with or without planting at the end of the experiment. Two-way ANOVA P-values are shown when signif-
icant (P < 0.05), and planting and size represent the effect of planting and aggregate size, respectively. Different
lowercase letters indicate significant differences across all aggregates (P < 0.05). Error bars indicate standard
errors of the mean, n = 4 for each treatment. For the abbreviations of soil aggregates, please see Table 1.
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Fig. 4. Aggregate size redistribution (%) in each
aggregate treatment. Error bars indicate standard
errors of the mean, n = 4 for each treatment. For the
abbreviations of soil aggregates, please see Table 1.

Fig. 5. Relationships between excess net N mineral-
ization and RPE (log10 transformed, a), soil-derived
CO2 and MBC (b), and oxidase (PO + PER) activity (c).
For the abbreviations of soil aggregates, please see
Table 1. Data for (a), (b), and (c) include the unplanted
controls (open symbols) and planted treatments (filled
symbols), respectively (n = 4 for each treatment).
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plant-induced changes in net N mineralization,
since microbes have a higher efficiency in com-
peting for N than plants, which can result in net
N immobilization (Cheng 2009, Dijkstra et al.
2009, Yin et al. 2018). In our current study, the
enhanced net N immobilization in all planted
treatments indicates that the potential increased
available N is more assimilated by microbes
rather than taken up by plants (Fig. 2c). There-
fore, in the SMA treatment, plants experienced a
relatively higher N limitation, which may have
to increase belowground C investment (Lu et al.
2018), that is, increases in root biomass. How-
ever, the RPE, plant-induced changes in net N
mineralization, and rhizodeposition showed dis-
cordant changes in all aggregate treatments (e.g.,
the MA and LMA treatments, Table 2, Figs. 1b,
2d), suggesting that other factors like microbial
activities may have regulated the variation in
RPEs.

As expected, the microbial biomass and oxi-
dase activity in all aggregate treatments were
increased by planting (Fig. 3) and these increases
positively influenced the RPEs (Fig. 5b, c), sup-
porting our second hypothesis. The positive rela-
tionships have also been found by Lu et al.
(2019) and can be explained by the microbial acti-
vation hypothesis: root-released labile C provid-
ing a readily C source for microbial growth,
which then can accelerate SOM decomposition
through the co-metabolism (Cheng and Kuzya-
kov 2005).

Noticeably, our results suggest that the differ-
ence in RPEs among different aggregates could
partly be attributed to the various increases in
MBC and oxidase activity (Fig. 3a, b). The largest
increase in MBC induced by plants was found in
the LMA treatment, while the largest oxidase
activity was observed in the MA treatment
(Fig. 3a, b). Rhizodeposition can be rapidly
adsorbed to the surface of microaggregates due to
their larger specific surface area (Totsche et al.
2018), which not only can directly relieve micro-
bial C limitation and activate microbes in microag-
gregates, but also can liberate mineral-protected C
and N through organic acids (e.g., oxalic acid)
breaking the mineral–organic compounds (Keilu-
weit et al. 2015, Jilling et al. 2018). These processes
may substantially enhance SOC decomposition
through microbial activation (Cheng and Kuzya-
kov 2005). However, the highest increase in oxi-
dase activity, accompanied by smaller increases in
MBC in the LMA treatment, suggests that micro-
bial assimilated rhizodeposits were used to syn-
thesize oxidase to depolymerize recalcitrant SOM
rather than to increase biomass, which can also
lead to the relatively higher RPE (Zhu et al. 2014,
Yin et al. 2018). Possibly, because of the relative
lower MBC and oxidase activity, the RPE was
lower in the SMA treatment (Figs. 1b, 3).

Effects of aggregate dynamics on the RPEs
Planting caused various impacts on aggregate

dynamics differing in size classes (Fig. 4). As the

Fig. 6. Plant-induced changes in soil variables (net N mineralization, MBC, oxidase activity, and aggregate
destruction) and the RPE in different aggregate size classes. The signals (+ and �) in the circles indicate signifi-
cant positive and negative planting effects, respectively. The size of the circles reflects the relative magnitude of
the plant-induced changes.
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effect of living roots on aggregate dynamics is
mixed with formation, stabilization, and destruc-
tion (Six et al. 2004, Morris et al. 2019), our
results suggests that the final impact of living
roots on aggregate dynamics depends on aggre-
gate size class, which differs in stability, porosity,
and density (Materechera et al. 1994, De Gryze
et al. 2005). The reduced destruction of SMA in
the SMA treatment by planting (Fig. 4b) indi-
cates that the formation and stabilization by root
entanglement and rhizodeposition overcome the
destruction by root penetration and dry–wet
cycles. However, aggregates in the MA treatment
changed little, while living roots only slightly
reduced the formation of SMA (Fig. 4c). We spec-
ulate that the low SOC content in this treatment
(Table 1) may have led to this lack of change,
since organic matter is the main skeleton for
microaggregates to build macroaggregates (Tis-
dall and Oades 1982, Blanco-Canqui and Lal
2004).

In the presence of living roots, the effect of
aggregate dynamics on SOC decomposition lacks
empirical evidence and only one hypothesis has
been proposed, that is, the aggregate destruction
hypothesis (Kuzyakov 2002, Cheng and Kuzya-
kov 2005). The aggregate destruction hypothesis
suggests that an increase in aggregate destruc-
tion induced by living roots would enhance the
RPE because of the release of microbial inaccessi-
ble aggregate-protected C. In the current study,
the reduced destruction, the lower increase in
microbial activities, and the lower RPE in the
SMA treatment (Figs. 2b and 4b) than in the
other treatments indirectly supported this
hypothesis (Figs. 1b and 2). Furthermore, in the
MA treatment, although we were unable to iden-
tify whether living roots break the microaggre-
gates into even smaller aggregates (i.e., silt and
clay fraction), the reduced formation of SMA by
planting relative to the unplanted control in this
treatment (Fig. 5c) suggests that planting
destroyed some newly formed SMA, which indi-
rectly supports the aggregate destruction
hypothesis.

Although we have separately discussed the
effect of plant-induced changes in net N mobi-
lization, microbial activities, and aggregate
dynamics on RPE, we could not directly distin-
guish the relative importance of these alterations
in this study (Fig. 6). In reality, these plant-

induced changes may operate individually or in
combination, and there are most likely internal
linkages among these changes (Cheng and
Kuzyakov 2005, Lu et al. 2019). However, com-
bined with findings of previous studies (Yin
et al. 2018, Lu et al. 2019), our results suggest
that enhanced microbial activity may account for
variation in the RPE more than changes in net N
mobilization or aggregate dynamics, because
both changes in soil N mineralization and aggre-
gate dynamics would ultimately work by micro-
bial activities (Cheng et al. 2014).

CONCLUSION

Overall, by planting Agropyron cristatum in soil
aggregates of different size classes, our results
showed for the first time that positive RPEs
caused by living roots varied with aggregate size
classes. The lower RPE in the SMA treatment
than in other treatments could be a result of the
higher plant-induced net N immobilization, the
lower increase in microbial activity, and the
reduced aggregate destruction (Fig. 6). Given the
complex impacts of living roots, we suggest that
future studies should pay more attention to RPEs
caused by living roots rather than simple exoge-
nous C input. However, we only investigated the
RPE by one species in isolated aggregates with
different size classes. Under field conditions
where all aggregates coexist and interplay, the
role of aggregates on the RPE needs more speci-
fic research under different ecosystems. Our find-
ings (Fig. 6) also imply the importance of plant–
soil structure feedback in regulating soil C and N
cycling which has often been ignored using a
homogeneous soil.
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