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Abstract Over 50 % of soil carbon (C) is stored in

subsoil (below 30 cm). Inputs of labile C and nutrients

can stimulate soil organic carbon (SOC) mineraliza-

tion priming effect (PE) and subsequently affect

subsoil C dynamics. However, little is known about

the magnitude and mechanism of the PE occurring in

subsoil, which complicates the prediction of subsoil C

dynamics. Using a lab incubation experiment, the

effects of glucose and nitrogen (N) addition on SOC

mineralization were studied for three soil layers (0–10,

10–30, and 30–60 cm) from a subtropical forest. Five

glucose (5.16 atom % 13C) levels were applied

according to soil microbial biomass in each soil layer.

Meanwhile, community-level physiological profiling

was conducted to reflect microbial functional diversity

and activity. We found positive PE for all soil layers.

The PE magnitude in subsoil was about two times

higher than that in topsoil with stronger increase in the

microbial activity in mining components of SOC. N

addition led to a reduction of 45 % in the PE

magnitude in topsoil with relatively lower microbial

activity in mining N-containing substrates (amino

acids and amines) but caused an increase of 18 % in

subsoil PE. Soil C and N availability were associated

with microbial functional activity, the shifts of which

then mediated the SOC mineralization in the presence

of labile C and nutrient. These results suggested that

mineralization of subsoil C was more sensitive to

labile C and N addition. Any future changes in

environmental conditions that affect the input and

distribution of labile C and N in soil profiles could

affect C dynamics in deep soil.
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Introduction

Over 50 % of soil organic carbon (SOC) is stored in

subsurface soil horizons (below 30 cm) (Rumpel and

Kögel-Knabner 2011). Although the mineralization

rate of subsoil organic carbon (C) is much lower than

that in topsoil, the amount of CO2 released in deeper

soil layers can be substantial because of its large stock

Responsible Editor: Kate Lajtha.

Electronic supplementary material The online version of
this article (doi:10.1007/s10533-016-0198-4) contains supple-
mentary material, which is available to authorized users.

Q. Tian � X. Yang � X. Wang � C. Liao �
Q. Li � M. Wang � Y. Wu � F. Liu (&)

Key Laboratory of Aquatic Botany and Watershed

Ecology, Wuhan Botanical Garden, Chinese Academy of

Sciences, Wuhan 430074, China

e-mail: asherliu@gmail.com;

liufeng@wbgcas.cn

X. Wang � C. Liao � Q. Li � M. Wang � Y. Wu

University of the Chinese Academy of Sciences,

Beijing 100049, China

123

Biogeochemistry (2016) 128:125–139

DOI 10.1007/s10533-016-0198-4

http://dx.doi.org/10.1007/s10533-016-0198-4
http://crossmark.crossref.org/dialog/?doi=10.1007/s10533-016-0198-4&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10533-016-0198-4&amp;domain=pdf


size. Thus, small changes in subsoil C cycling have

significant effects on the global C budget. Global

change factors, such as climate warming, nitrogen

(N) deposition, and precipitation pattern change, can

alter terrestrial ecosystem productivity, species com-

position, and nutrient cycling (Nemani et al. 2003;

Sala et al. 2000). However, these factors do not

directly act on subsoil because of the barrier and buffer

effect of topsoil. Instead, they alter the labile C and

nutrient input to subsoil through deep root system and

flow path (Chabbi et al. 2009; Kaiser and Guggen-

berger 2005; Marin-Spiotta et al. 2011), which subse-

quently affect subsoil organic C mineralization and

immobilization. Knowledge on how subsoil organic C

responds to labile C and nutrient supply is essential to

better understand how subsoil C pool may respond to

global change.

Addition of labile C or N to soil can increase SOC-

derived CO2 release, which is refered as the priming

effect (PE) (Blagodatskaya and Kuzyakov 2008;

Kuzyakov 2010). Although PE was well studied in

topsoil, the magnitude and direction of PE occurring in

subsoil are less known, especially in forest soils.

Earlier studies have indicated that the magnitude and

direction of PE are mainly affected by microbial

community, SOC stability, and nutrient availability

(Chowdhury et al. 2014; Fontaine et al. 2011; Sullivan

and Hart 2013), which all vary with soil layers

(Goberna et al. 2006; Kramer et al. 2013; Vancamp-

enhout et al. 2012). How the differences of these

factors between topsoil and subsoil may influence PE

remains unclear. The few previous comparative PE

studies between topsoil and subsoil reported inconsis-

tent results and showed that PE in subsoil is either

higher (Hamer and Marschner 2005; Wang et al.

2014b) or lower (Paterson and Sim 2013; Salomé et al.

2010) than topsoil. More studies are needed to

examine the causes and consequences of this incon-

sistency, which will improve our understanding of

how subsoil may respond to future changes and of the

underlying ecological processes and regulating

mechanisms.

The types and levels of added C substrate can

influence the responses of SOC mineralization. For

example, glucose or fructose has similar effects on soil

microbial growth, whereas cellulose and fresh litter can

stimulate fungi growth, which then causes stronger

SOC decomposition by hyphae (Fontaine et al. 2011).

Here we choose the widely used glucose as the labile C

substrate to add to soils. In addition to substrate types,

the amount of substrate addition also affects the PE

magnitude, and this response is shown to be soil-

specific (Blagodatskaya and Kuzyakov 2008; Guenet

et al. 2010b; Paterson and Sim 2013). The amount of

added substrate is suggested to be based on the

microbial biomass C (MBC) (Blagodatskaya and

Kuzyakov 2008). Soils from different layers have

different MBC amounts, so we selected a range of C

addition levels based on their respective MBC values.

Microbial community in soil and their activity

control SOC turnover and dynamics. Research through

d13C differences of phospholipid fatty acid indicated

that microorganisms in deeper soil tend to use decade-

old SOC, and topsoil microorganisms tend to use

newly plant-derived C (Kramer and Gleixner 2008).

Because of the low input of root residues and exudates

in deep layer, subsoil SOC mineralization is often

constrained by the lack of C source and energy (Fierer

et al. 2003; Fontaine et al. 2007). Thus, we hypothe-

sized that once labile C as source of energy is added to

soil, degradation of these complex components will be

stimulated by the increasing activity of old SOC-

preferring microorganisms, which will probably cause

stronger SOC mineralization in subsoil than in topsoil.

The degradation of native SOC is modulated by N

availability. In general, the magnitude of positive PE

will decrease if the added N is available for microor-

ganisms (Chowdhury et al. 2014; Fontaine et al. 2011;

Wang et al. 2014a). This negative effect of added N on

native SOC decomposition supports ‘‘microbial N

mining’’ theory. The theory assumes that decomposers

utilize recalcitrant soil C to mine N to meet their

growth needs (Craine et al. 2007). Given that added N

is easily available, the decomposition of recalcitrant

soil C will decline. However, in N poor soils, some

studies found that N addition enhances SOC mineral-

ization through increased oxidase enzyme activity

(Nottingham et al. 2012; Sistla et al. 2012; Waldrop

and Firestone 2004). This positive effect on native

SOC decomposition supports the ‘‘stoichiometric

decomposition’’ hypothesis (Chen et al. 2014), which

assumes that optimal C and N stoichiometry can match

microbial demand and lead to maximal microbial

activity and decomposition rate. Thus, we hypothe-

sized that N addition will increase PE in N-poor

subsoil and decrease PE in topsoil because of ‘‘stoi-

chiometric decomposition’’ and ‘‘microbial N min-

ing’’ theories, respectively.
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Previous studies on the role of soil microbial

community in priming mainly focused on which

microbial groups governed the magnitude and direc-

tion of priming, and results showed that either fungi or

Gram-positive bacteria, or no specific microbial group

responded to PE (Bird et al. 2011; Fontaine et al. 2011;

Nottingham et al. 2012; Sullivan and Hart 2013). This

approach of detecting taxonomic microbial commu-

nity may not reflect their actual functional activity.

Thus, functional rather than taxonomic information

can provide greater insight into the microbial roles in

SOC mineralization (Pignataro et al. 2012; Zak et al.

1994). Derrien et al. (2014) found the substrate

utilization pattern of microorganisms changed after

labile C addition. Therefore, in this study, we used soil

microbial community-level physiological profiles to

trace the shifts of functional diversity and activity of

microbial communities with the addition of labile C

and N.

In this study, three soil layers (0–10, 10–30, and

30–60 cm) were incubated with addition of 13C-

labeled glucose and NH4NO3. Efflux rates of CO2 and

their corresponding d13C were measured to test

whether the addition of labile C and N stimulates

SOC mineralization. The objectives of this study were:

(1) to compare the magnitude and direction of PE in

topsoil and subsoil; (2) to examine the effects of N

addition on PE in topsoil and subsoil; and (3) to

understand how microbial community is associated

with the observed SOC mineralization patterns and

changes.

Materials and methods

Soil collection

Soils were collected from the Badagongshan National

Nature Reserve, Hunan Province (29�46.040N,

110�5.240E), in north of the Wuling Mountain in the

mid-subtropical zone in China. The climate is sub-

tropical mountain humid monsoon with an average

annual rainfall of 2100 mm. The mean temperature

ranges from 0.1 �C in January to 22.8 �C in July, with

an annual mean of 11.5 �C. Topography is character-

ized by deep valleys, steep slopes, and flat tops. The

vegetation is dominated by evergreen and deciduous

broad-leaved mixed forests. Dominant trees include

Fagus lucida, Carpinus fargesii, Schima parviflora,

Sassafras tzumu, Castanea seguinii, Cyclobalanopsis

multinervis, and Cyclobalanopsis gracilis.

The study soil was collected at elevation of 1400 m.

The soil is classified as Hapludalfs, consisting of a thin

mineral A horizon (about 10 cm) and a Bts horion

(about 60 cm). Leaching, clay accumulation, and litter

deposition are the main soil genesis processes caused

by humid and warm climate conditions. To collect soil

from different layers, a trench was dug, and soil was

collected with a shovel from three depth intervals:

0–10 (topsoil), 10–30 (midsoil), and 30–60 cm (sub-

soil). The three soil samples were immediately

brought to the laboratory and passed through a 4 mm

sieve. Roots and visible residues were removed

manually. Soils were stored in a refrigerator (\4 �C)

until further incubation.

Soil incubation

Two incubation experiments were designed to exam-

ine soil responses to labile C and N addition. The first

experiment aimed to examine the effects of glucose

addition levels and soil layers on SOC mineralization.

The second experiment was carried out to test the

effects of N addition on the PE of topsoil and subsoil

(with or without labile C addition).

Experiment 1: Glucose addition

This experiment included five glucose addition levels

according to the MBC (results from soils after 2 weeks

of pre-incubation) percentage in each soil: control,

10 %, 50 %, 100 %, and 200 % of MBC with six

replicates. For each replicate, about 30 g of dry soil

was weighed into individual 250 ml triangular flasks.

Before incubation, soil moisture was adjusted to 65 %

water-holding capacity by adding deionized H2O. All

samples were pre-incubated at 20 �C for 2 weeks.

After pre-incubation, 3 ml of the appropriate glucose

solutions (unit labeled, 5.16 atom % 13C) was added to

each sample. Meanwhile, 3 ml of deionized H2O was

added to the control soil samples. CO2 efflux rates

from soil were measured at 1 and 12 h after treatment

additions and on days 2, 3, 4, 5, 7, 10, 15, 22, and 30.

At each time period, three replicates from each

treatment were used to measure CO2 efflux rates from

soils and 13C composition in CO2. The three other

replicates were under incubation before they were used

to measure microbial biomass on the seventh day after
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glucose addition. When measuring CO2 efflux rates,

incubation flasks were flushed with CO2-free air for

5–10 min (air through a soda-lime column), during

which the outflow was connected to an infrared gas

analyzer (IRGA; EGM-4, PP Systems, Amesbury,

MA, USA). The flushing reduced CO2 concentration to

less than 5 lmol mol-1. The ports were then closed,

and flasks were returned to the 20 �C incubator for

0.5–3 h (depending on the CO2 efflux rate to make sure

CO2 concentration reaches at least 50 lmol mol-1).

Approximately 10 ml of headspace was extracted from

each flask and injected into the IRGA to determine the

CO2 concentration (to calculate CO2 efflux rates).

Another gas sample was collected in an evacuated gas

vial for 13C composition (Carbon Isotope Analyzer,

912-0003, LGR, USA) to partition CO2 between

sources.

Experiment 2: Effects of N addition on PE

This experiment included four treatments with six

replicates: control, soil with mineral N (N), soil with

glucose (Glu), and soil with glucose and mineral N

(Glu ? N). Based on the results of the first experi-

ment, we used the glucose addition level of 200 %

MBC. Mineral N was applied at 200 lg N g-1 soil to

increase soil N availability. Soil samples were pre-

pared as the same as the first experiment. CO2 efflux

rates and 13C composition of CO2 were measured over

a seven-day period. At the end of the seventh day of

incubation, the microbial biomass and community

level physiological profiles of each treatment were

determined.

Laboratory analyses

Soil samples were tested for the presence of inorganic

soil carbon and no inorganic carbon was found. SOC,

total N, and d13 C of SOC were measured with an

elemental analyzer (Thermo Fisher Flash 2000, USA)

interfaced with a Delta Plus Advantage mass spec-

trometer (Thermo Finigan, Bremen, Germany). Dis-

solved organic C was extracted on a paste of 1:5

(weight: volume) of air-dried soil and deionized water.

The mixed paste was shaken for 0.5 h at 250 rpm at

25 �C and then centrifuged for 10 min at 4000 rpm.

Subsequently, the supernatant liquid was filtered

through a 0.45 mm filterable membrane. Dissolved

organic C and N in extracts were measured by a TOC

Analyzer (Vario TOC, Elemental, Germany). The

light and heavy fractions of SOC were separated using

NaI solution (von Lützow et al. 2007), with a density

of 1.7 g cm-3. Each fraction was analyzed for the C

and N contents as described above. Meanwhile, soil

texture was determined by laser particle size analysis.

Soil available phosphorous was extracted with

0.03 mol l-1 NH4F, and the absorbance was detected

using a spectrophotometer at 700 nm. Soil pH was

measured with a calomel electrode on a paste of 1:2.5

(weight: volume) of air-dried soil and deionized water.

Microbial biomass was measured by substrate-

induced respiration technique (Anderson and Domsch

1978). First, glucose solution (60 g L-1) was added to

each soil sample using a 5 mL syringe with a needle

tip. In this study, 6–10 mg of glucose g-1 soil

(depending on SOC content) was used to ensure

excess carbon for the use by microorganisms. CO2

efflux rate was then measured at 25 �C within 2 h after

glucose addition when CO2 efflux rate remained

nearly constant during the initial 4 h period before

any notable microbial growth (Lin and Brookes 1999).

Glucose solution was evenly applied to avoid saturat-

ing the soil with liquid, which would restrict CO2

evolution from the sample.

Community level physiological profiles (CLPPs) of

microbial communities were assessed using the

BIOLOG Eco-Plates TM system (Biolog, Hayward,

CA, USA). BIOLOG ECO-plates have been used in

ecological studies to estimate metabolic potential of

microbial communities, thus develop a fingerprint of

the microbial community’s substrate use (Derrien

et al. 2014). This technique is based on tetrazolium dye

reduction as an indicator of sole-C-source utilization.

Utilization of 31 widely used C sources is reflected by

the color developments after application of soil

solution. About 5 g of fresh soil was suspended in

50 ml of 0.85 % sterile NaCl solution and shaken for

30 min on a reciprocal shaker. 1 ml of soil solution

was taken out immediately after soil shaking. The soil

solution was cleaned and purified for three times by

vortex and centrifugation for 20 min at 10,000 rmp.

Sample suspension was then centrifuged for 1 min at

2000 rmp, and decanted and diluted to 1/10 with a

NaCl solution (0.85 %). Each well of the Eco-plates

was inoculated with 150 ll of the sample supernatant,

and then incubated at 20 �C in the dark. Color

developments were measured as the absorbance

readings at 590 and 750 nm after inoculation and at
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12 h intervals for 204 h using a microplate reader

(Multilabel Plate Readers, M200 PRO, Tecan, Aus-

tria). The absorbance measurements with BIOLOG

Eco-Plates for individual substrates were corrected

against the control well containing water only. The

absorbance reading at 590 nm was subtracted by the

reading at 750 nm to eliminate turbidity. The average

well color developments (AWCD) were calculated

according to Garland (1996) to represent soil micro-

bial activity. To obtain information about the substrate

utilization pattern, the 31 substrates were assigned into

six groups according to their chemical nature: amines,

amino acids, carbohydrates, carboxylic acids, miscel-

laneous, and polymers (Derrien et al. 2014).

Calculations and statistical analyses

The amount of CO2–C derived from SOC was

calculated as follows

Csoc ¼ Cmeasured �
A13Cmeasured � A13Cglucose

A13Csoc � A13Cglucose

� �

ð1Þ

where CSOC is the soil CO2 efflux rate derived from

SOC, Cmeasured is the overall measured CO2 efflux

rate, A13Cmeasured is the isotopic abundance (13C

atom %) of the released CO2, A13CSOC is the isotopic

abundance of the decomposed SOC and is equal to the

isotopic abundance of the released CO2 in control, and

A13Cglucose is the isotopic abundance of the glucose C

added to the samples (13C atom % = 5.16 %). The

isotopic signatures of glucose and SOC were assumed

to be homogeneous, and the isotopic fractionations

were not considered.

The PE induced by glucose was calculated by the

percentage change in SOC mineralization compared

with the control

PE ¼
CSOC treatmentð Þ � CSOCðcontrolÞ

CSOCðcontrolÞ
� 100% ð2Þ

where CSOC(treatment) is the soil CO2 efflux rate derived

from SOC with glucose addition, and CSOC(control) is

the SOC mineralization rate in control.

The effect of glucose addition on SOC balance was

calculated as follows:

Carbon balance ¼ Cinput

Coutput

ð3Þ

where Cinput is the glucose-C immobilized into soil at

the end of the incubation period, and Coutput is the

amount of stimulated SOC mineralization by PE at the

end of the incubation period. A ratio higher than one

means a net C sequestration.

Microbial biomass carbon was calculated using

substrate induced respiration according to (Anderson

and Domsch 1978) and adjusted to account for use at

25 �C (West and Sparling 1986):

MBC ¼ 32:8 � RGlþ þ 3:7 ð4Þ

where MBC is microbial biomass carbon (lg C g-1

soil), RGl? the soil substrate induced respiration rate at

25 �C (lL CO2 g-1 soil h-1).

Microbial diversity was evaluated by calculating

Shannon’s index:

H0 ¼
X

piðln piÞ ð5Þ

where pi is the ratio of optimal density reading on the

ith substrate to the sum of absorbance on the all

substrates. At an incubation time of 120 h, the highest

rate of microbial growth was observed, thus diversity

indexes were based on the Eco-plates readings at

120 h.

Principal component analysis (PCA) was carried

out to analyze substrate utilization pattern of soil

microbial community. The color development read-

ings of the wells in the ECO-Plates from 72 h

(microorganisms began to grow) to 204 h were used

to record the successions of substrate utilization

patterns during BIOLOG ECO-Plates incubation. To

standardize the data, the readings of each well were

relativized by dividing the average absorbency for the

whole plate. The PCA analysis was conducted using

PC-ORD v.6 for Windows.

The differences in soil characteristics and base

respiration were compared using one-way ANOVA. In

the first experiment, two-way ANOVA was used to

test the effects of soil layers and glucose levels on PE

and SOC-derived CO2 efflux rate. Significant differ-

ences in PE and SOC-derived CO2 efflux rate, along

the incubation time, were determined by repeated

ANOVA measurements. For the second experiment,

the effects of N addition and soil layers on PE were

also analyzed by two-way ANOVA. The effects of N

addition, glucose addition and soil layers on soil

microbial activity (AWCD) and diversity (Shannon

index) were analyzed by three-way ANOVA. Tukey’s
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post hoc test was used to identify significant differ-

ences among the treatments at P\ 0.05. Statistical

analyses were performed using SPSS version 13.0 for

Windows.

Results

Soil properties

SOC and total N, dissolved organic C and N, light

fraction C, and available phosphorous decreased

significantly (P\ 0.001) with soil layers (Table 1).

The d13C value of SOC in topsoil was significantly

lower (P\ 0.01) than that in subsoil. C/N showed no

difference among the three soil layers. Topsoil had

significantly higher (P\ 0.05) clay and sand particle

fractions than subsoil but lower silt fraction. After

2 weeks of pre-incubation, soil respiration reached

steady rates, which remained constant throughout the

experimental period. The soil respiration rate and

microbial metabolic quotient (represented as respira-

tion rates per MBC) declined significantly (P\ 0.001)

with soil layers. Although SOC decreased with soil

layers, the SOC-specific respiration rate in subsoil was

significantly lower (P\ 0.001) than that in topsoil.

Effects of glucose addition on SOC mineralization

Following glucose addition to the soils, the 13C

atom % of the total released CO2 was used to partition

CO2 efflux into SOC-derived and glucose-derived

components (Eq. 1). SOC-derived CO2 efflux rate to

glucose addition strongly depended on the glucose

addition levels (P\ 0.001) and soil layers

(P\ 0.001) (Fig. 1). SOC-derived CO2 efflux rate in

topsoil was significantly (P\ 0.001) higher than

subsoil for all glucose addition levels. The SOC-

derives CO2 efflux rate increased with increasing

glucose addition levels for all soil layers. At 10 % of

MBC addition level, the SOC-derived CO2 efflux rate

reached the maximum at 12 h. At higher addition

levels, the rate reached its maximum at 24 h. How-

ever, for 200 % of MBC addition level, the maximal

rate appeared at 48 h. After reaching the maximum,

the rate declined sharply in 1 or 2 days and then

declined slowly over the later period.

The magnitude of PE was significantly (P\ 0.001)

influenced by the levels of glucose addition and soil

Table 1 Characteristics of the profiled soil samples

Variable Topsoil (0–10 cm) Midsoil (10–30 cm) Subsoil (30–60 cm)

SOC (mg g-1) 105.5 56.3 41.3

Total N (mg g-1) 7.89 4.75 3.87

C/N 13.4 11.9 10.7

d13C (%) -27.5 -25.9 -25.6

Dissolved organic C (lg g-1) 279.7 139.9 77.4

Dissolved N (lg g-1) 50.6 21.2 14.5

Light fraction C (%) 11.4 5.0 2.6

Soil available phosphorous (lg g-1) 5.56 1.96 2.23

pH 5.05 5.00 5.08

Clay% (\0.002 mm) 17.6 13.1 10.6

Silt% (0.002–0.05 mm) 60.7 73.4 77.7

Sand% (0.05–2 mm) 21.7 13.5 11.8

Basal respiration rate (lg CO2–C g-1 soil h-1) 0.864 ± 0.030a 0.217 ± 0.008b 0.097 ± 0.005c

Microbial biomass (lg C g-1 soil) 682.4 ± 36.9a 383.8 ± 11.0b 210.8 ± 23.3c

Microbial metabolic quotient (lg CO2–C g-1 MBC h-1) 1.27 ± 0.08a 0.57 ± 0.03b 0.46 ± 0.05c

Soil microbial biomass (MBC), basal soil respiration rate and microbial metabolic quotient were results after two weeks of pre-

incubation. Soil microbial metabolic quotient represented as respiration rate per MBC. These values are means ± SD (n = 3).

Different letters indicate a significant difference among three soil layers

130 Biogeochemistry (2016) 128:125–139
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layers (Fig. 1). The PE magnitude increased with

increasing glucose addition levels for all soil layers.

The maximal PE appeared earlier for lower glucose

addition levels and later for higher glucose addition

levels. After the maximal magnitude, the PE quickly

decreased in 2–4 days to a much lower level and was

relatively constant over the remaining incubation

period.

The PE magnitude showed no difference among the

three soil layers at 10 % glucose addition level. At 50 %

and 100 % of MBC addition levels, the PE in subsoil

was significantly higher (P\ 0.001) than that in topsoil

and midsoil. At 200 % of MBC level, the PE increased

significantly (P\ 0.001) with the soil layers. These

response ranks were consistent during incubation. The

results of the seventh day were shown in Fig. 2.

Glucose-C mineralization and sequestration

into soil

Glucose-derived CO2 efflux was significantly

(P\ 0.001) affected by glucose addition levels and

soil layers (Online Resource 1). At the end of

incubation, the accumulated percent of mineralized

glucose-C ranged from 35 to 48 %, 25–42 %, and

21–41 % of the glucose added in topsoil, midsoil, and

subsoil, respectively. The remaining glucose-C in soil

was thought to be immobilized into soil.

The ratio of immobilized glucose–C and stimulated

SOC mineralization reflected the net sequestration of

C into soil or net SOC release. The ratio was higher

than one (positive C sequestration) in all treatments,

except in subsoil at the lowest glucose addition level
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Fig. 1 SOC-derived CO2 efflux rates (a–c) and priming effect

(PE) expressed as the percentage increase in SOC mineraliza-

tion (d–f) with glucose addition for the different soil layers of (a,

d) topsoil, (b, e) midsoil, and (c, f) subsoil during the incubation

period (30 days). Results are means (n = 3) ±SD
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(Fig. 3). The ratio was significantly (P\ 0.001)

affected by soil layers. Glucose addition levels showed

no effect (P = 0.237) on the ratio. However, signif-

icant (P\ 0.001) interaction effect between glucose

addition levels and soil layers was found for the ratio.

Positive C sequestration in subsoil was significantly

(P\ 0.001) lower than that in topsoil and midsoil at

the same glucose addition level. The magnitude of

positive C sequestration in topsoil and midsoil showed

little variation with increasing glucose addition levels.

In subsoil, the magnitude of positive C sequestration

increased (P\ 0.01) with increasing addition levels.

Effects of N addition on PE

N addition showed significant (P\ 0.05) interaction

effects with glucose addition and soil layers to SOC-

derived CO2 efflux rate. When N was added alone,

SOC-derived CO2 efflux rate in topsoil showed no

difference with the control, whereas the rates in

midsoil and subsoil were 20 % and 37 % higher

(P\ 0.01) than the control, respectively (Fig. 4a).

When N was added with 200 % of MBC glucose, N

significantly decreased (P\ 0.01) SOC-CO2 efflux

rate in topsoil, whereas no effect was shown in the

other two soil layers on the seventh day of incubation.

The effect of N addition on the PE induced by glucose

depended on soil layers (Fig. 4b). The PE decreased

significantly (P\ 0.05) in topsoil with N addition. By

contrast, the PE increased in midsoil (P\ 0.05) and

subsoil (P\ 0.01) with N addition.

Effects of C and N addition on soil microorganisms

Soil MBC were significantly affected by glucose

addition levels (P\ 0.001) and soil layers

(P\ 0.001) (Table 2). Soil MBC in topsoil was

significantly (P\ 0.001) higher than subsoil for all

glucose addition levels. Soil MBC increased

(P\ 0.001) with increasing glucose addition levels
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for all soil layers. This increase was higher in topsoil

than that in deeper soils. At the 200 % of MBC glucose

addition level, soil MBC was 135 %, 69 %, and 60 %

higher than the control from topsoil to subsoil. The

effects of N addition on soil MBC were depended on

glucose addition and soil layers (Table 3). N addition

alone decreased soil MBC for all three soil layers,

especially in subsoil. When 200 % of MBC glucose

was added with N, soil MBC decreased in topsoil, but

no difference was observed in the two deeper soils.

Glucose addition and soil layers showed significant

effects (P\ 0.001) on overall substrate utilization

(AWCD) and diversity index (Table 3). Total AWCD

was significantly higher (P\ 0.001) in topsoil than

that in deeper soils (Table 3). Glucose addition

increased the total AWCD and diversity index

(P\ 0.001) for all soil layers, and the increase was

more pronounced in topsoil. N addition alone showed

no effect on AWCD for all soil layers and no effect on

diversity index in topsoil, but increased diversity index

(P\ 0.05) in deeper soils. In general, addition of N

with glucose significantly increased MBC, AWCD

and diversity index for all soil layers compared with

control and N addition alone. However, addition of N

with glucose only significantly decreased MBC in

topsoil compared with addition of glucose alone, but

no effects on MBC, AWCD and diversity for other

layers.

PCA ordination of the substrate utilization pattern

revealed that subsoil microbial community had a

greater relative utilization of amino acids and mis-

cellaneous, and topsoil used relatively more car-

boxylic acids, carbohydrates, and polymers (Fig. 5).

In topsoil, glucose addition alone mainly increased

the relative utilization of simple substrates, such as

carboxylic acids (Fig. 6). In subsoil, glucose addition

Table 2 Soil microbial biomass (MBC, lg C g-1 soil) of the different soil layers at five glucose addition levels on the seventh day

of incubation

Treatments Topsoil Midsoil Subsoil

Control 682.4 ± 36.9a 383.8 ± 11.0a 210.8 ± 23.3a

10% MBC C addition 711.5 ± 39.5a 404.9 ± 10.8ab 219.3 ± 10.3ab

50% MBC C addition 887.3 ± 37.5b 430.5 ± 20.0b 251.3 ± 8.8b

100% MBC C addition 1166.7 ± 96.0c 519.9 ± 27.9c 286.2 ± 15.1c

200% MBC C addition 1610.3 ± 82.3d 649.4 ± 13.8d 336.6 ± 16.7d

Results are means (n = 3) ± SD. Different letters indicate a significant difference within the same column

Table 3 Soil microbial

biomass (MBC, lg C g-1

soil), the average well color

developments (AWCD)

from BIOLOG Eco-Plates,

and Shannon index of soil

microbial community with

200 % of MBC glucose and

N addition to the different

soil layers on the seventh

day of incubation

Results are means

(n = 3) ± SD. Different

letters indicate a significant

difference within the same

column

Treatments MBC AWCD Shannon index

Topsoil

Control 682.4 ± 36.9a 0.30 ± 0.01a 2.63 ± 0.01a

N 649.3 ± 47.8a 0.31 ± 0.02ab 2.61 ± 0.05a

Glu 1540.7 ± 82.7c 0.37 ± 0.01bc 2.77 ± 0.02b

Glu ? N 1161.2 ± 75.7b 0.35 ± 0.01b 2.81 ± 0.02b

Midsoil

Control 383.8 ± 11.0ab 0.13 ± 0.01ab 2.36 ± 0.02a

N 270.0 ± 34.0a 0.12 ± 0.01a 2.46 ± 0.02b

Glu 519.7 ± 55.0c 0.15 ± 0.01b 2.74 ± 0.03c

Glu ? N 401.36 ± 47.8bc 0.17 ± 0.01c 2.79 ± 0.02c

Subsoil

Control 210.8 ± 23.3a 0.05 ± 0.01a 2.02 ± 0.07a

N 145.5 ± 2.0b 0.04 ± 0.00a 2.14 ± 0.02b

Glu 279.0 ± 16.1c 0.12 ± 0.00b 2.66 ± 0.04c

Glu ? N 280.5 ± 17.9c 0.12 ± 0.00b 2.70 ± 0.03c
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increased the relative utilization of simple carboxylic

acids and carbohydrates, as well as complex poly-

mers. The relative utilization of amino acids and

amines decreased in both topsoil and subsoil after

glucose addition (Fig. 6; Online Resource 2). N

addition alone had a slight effect on substrate

utilization pattern and decreased the relative utiliza-

tion of carbohydrates for all soil layers. Similar

relative substrate utilization patterns were found

between glucose addition and glucose plus N addi-

tion; nevertheless, slight differences were observed

for the three soil layers. Compared with glucose

addition alone, addition of N with glucose decreased

the relative utilization of amino acids and amines in

topsoil and midsoil. However, in subsoil, the substrate

utilization pattern shifted toward higher amino acid

and amine utilization.

Discussion

SOC mineralization in topsoil versus subsoil

We found significant differences in soil properties

among the three soil layers. Compared with topsoil,

subsoil had a much lower organic C density. The

relatively smaller portion of active C (dissolved

organic C and light fraction C, Table 1) in subsoil

indicated that subsoil contained more recalcitrant C

(carbon pool with a slow turnover rate) than topsoil.

The lower d13C value of SOC, also indicated the

organic matter in subsoil was more processed and

humified through longer period of microbial action

(Rumpel and Kögel-Knabner 2011). Meanwhile, soil

total N and available phosphorous were also much

lower in subsoil, thereby showing a nutrient-limiting

condition in subsoil compared with topsoil.

The SOC mineralization rate was significantly

higher in topsoil than that in subsoil, thereby suggest-

ing that decomposability decreased with depth, which
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was consistent with other studies (Rumpel and Kögel-

Knabner 2011). Generally, SOC mineralization is

affected by several factors, including substrate quality

and quantity, nutrient and O2 availability, microbial

activity, and physical protection (Fierer et al. 2003;

Salomé et al. 2010). In this study, as soil structure was

completely destroyed by sieving (4 mm), physical

protection of SOC was not considered. Our d13C data

and light fraction C data suggested that subsoil had a

more recalcitrant SOC pool than topsoil. The observed

differences in the SOC mineralization rates between

topsoil and subsoil were likely caused by the differ-

ences in substrate quality and quantity, and the

associated differences in microbial activities.

Microorganisms are the key drivers of SOC min-

eralization. Compared with topsoil, subsoil not only

had a much lower MBC, but also had significantly

lower microbial metabolic quotient (Table 1), which

indicated that a higher proportion of microbial

decomposed SOC was used in micro-synthesis than

their own maintenance activity. This result was

probably caused by two reasons: (1) subsoil had a

higher proportion of recalcitrant C, which was hardly

utilized by microbial community; this finding was

supported by our dissolved organic C and light

fraction C data (Table 1); (2) the microbial commu-

nity in subsoil had a large percentage of dormant

microbes which was supported by our microbial

biomass and microbial activity (AWCD value) data,

and the lower ratio of microbial activity/microbial

biomass in subsoil (Table 3). Our observed microbial

metabolic quotient trend was consistent with Moritz

et al. (2009), who also found that the contribution of

microbial-derived C increases with increasing soil

layers.

Labile C addition induced PE

Labile C addition increased native SOC mineraliza-

tion for all three soil layers, causing a positive PE. The

PE magnitude increased with increasing glucose

addition levels (Fig. 2). In general, the PE curve

increases at low C addition level, peaks when C

addition level approaches the decomposing capacity

of the whole microbial community, and finally

decreases at higher C addition level when most

microorganisms utilize only labile C instead of SOC

(Blagodatskaya and Kuzyakov 2008; Paterson and

Sim 2013). However, no decrease or peak value was

observed for PE, even at 200 % of MBC glucose

addition level. A probable reason for the continued PE

increase was that the amount of added glucose was not

too high to inhibit SOC utilization by the microor-

ganisms in this experiment (Blagodatskaya and

Kuzyakov 2008; Paterson and Sim 2013).

An important finding of our study was the strong

difference of PE with soil layers. Negative PE has

been found in soil pre-treated with black C and soil

free of vegetation for 80 years where SOC was

supposed to be stable (Chowdhury et al. 2014; Guenet

et al. 2010a; Zimmerman et al. 2011). Therefore, SOC

with lower decomposability would be less susceptible

to priming (Jenkinso 1971). However, we observed the

opposite trend, in which PE was most pronounced in

subsoil horizons where SOC decomposability was

much lower. Thus, in addition to SOC stability, other

factors (such as microbial functional community and

nutrient availability) might affect PE more strongly.

Microorganisms mediated PE in topsoil

and subsoil

Compared with topsoil, subsoil microbial community

had a lower biomass and lower activity. When labile C

was added, the formation of microbial biomass was

lower in subsoil than that in topsoil (Table 2).

However, the increase in microbial activity after

glucose addition in subsoil was stronger than that in

topsoil (Table 3), which indicated a trade-off between

the formation of microbial biomass and the mainte-

nance of microbial activity. More SOC-degrading

enzymes were possibly released in deeper soil and led

to an increase in SOC mineralization.

In addition to the changes in microbial activity, we

also found distinct soil microbial substrate utilization

patterns in different soil layers (Fig. 6). In topsoil,

glucose addition mainly increased the relative utiliza-

tion in carboxylic acids, which are simple and more

easily decomposable. In subsoil, glucose addition

increased not only the relative utilization in carboxylic

acids, but also polymers, which are regarded as more

complex and recalcitrant. These results indicated that

glucose addition in subsoil increased the microbial

activity in degrading recalcitrant substrates. Chemical

composition studies demonstrated that complex com-

ponents, such as long-chain aliphatics and cellulose-

derived anhydrosugars, accumulated in deep soil

(Vancampenhout et al. 2012). Thus, these complex
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components in deep soil can be easily degraded when

glucose is added, thereby inducing stronger SOC

mineralization than topsoil.

It’s notable that soils in this study were taken out

from soil profile and incubated in the laboratory. The

changed environment and destruction of soil physical

structure might cause a different SOC mineralization

patterns and dynamics than their in situ conditions

(Salomé et al. 2010). The destruction of physical

structure and improved air condition in subsoil are

likely to increase base SOC mineralization, and thus

potentially cause an underestimation of the effect of

labile C addition on SOC mineralization. However,

field experiments of such is impossible given difficul-

ties in treatments and monitoring.

The effect of N addition on PE

N addition was shown to affect the SOC mineraliza-

tion rates (Janssens et al. 2010) and the priming

response to labile C (Chen et al. 2014; Hartley et al.

2010; Kuzyakov 2010). The negative effect of N

addition on PE in topsoil was consistent with previous

findings (Garcia-Pausas and Paterson 2011; Hartley

et al. 2010). Microbial N mining theory assumes that

microorganisms tend to decompose recalcitrant SOC

to acquire N (Moorhead and Sinsabaugh 2006). In this

experiment, when N was added concurrently with

glucose, the relative utilization in N-containing sub-

strates (amino acids and amines) decreased in topsoil

(Fig. 6), indicating that an increase in N availability

reduced microbial activity in mining SOC (N-con-

taining substrates in soil) to meet N requirement and

reduced the magnitude of PE. Moreover, N salt

addition could also cause a cytotoxic effect on

microbial communities, thereby reducing their activity

for SOC decomposition (Enrique et al. 2008; Geisseler

and Scow 2014). The lower microbial biomass and

activity (Tables 2, 3) after N addition at glucose

treatment indicated that the latter effect might also

contribute to the decrease of PE in topsoil.

Conversely, this situation changed in deep soil.

Although subsoil microbial biomass declined after N

addition at glucose treatment, which was the same as

topsoil, the activity showed no change, and the relative

utilization in N-containing substrates relatively

increased. This result cannot be explained by ‘‘micro-

bial N mining’’ theory, and ‘‘stoichiometric decom-

position’’ theory seemed to be reasonable to explain

this result (Chen et al. 2014; Janssens et al. 2010).

Previous reports have indicated that nutrient supply in

nutrient-poor soils can increase microbial activity

(Kirkby et al. 2013; Waldrop et al. 2004). The

stimulation of organic C mineralization after single

N addition in our subsoil (Fig. 4) suggested that N was

a major limiting factor on subsoil C dynamics

(Fontaine et al. 2007). Subsoil microbial communities

were also more efficient in decomposing N-containing

substrates, such as amino acids (Fig. 5), which further

indicated that subsoil was more N-limited. Thus,

addition of N with glucose could further stimulate

microorganisms in this N-poor soil (Chowdhury et al.

2014). This positive effect on PE even suppressed the

negative effect caused by the decreasing microbial

biomass with N addition. In contrast to our results, in a

coniferous forest deep soil, N addition negatively

affects PE induced by fresh litters (Wang et al. 2014b).

This result might be due to the fact that the soil in the

latter study was not nutrient-poor, because N addition

alone showed no effect on CO2 production.

Based on our findings and previous studies, we

proposed a conceptual model that soil C and N

availability were associated with microbial functional

activity, the shifts of which then mediated PE in

different soil layers in the presence of labile C and N

(Fig. 7). When labile C was added, the changes in soil

microorganism’s functional diversity and activity

were much stronger in subsoil than in topsoil, which

then led to higher PE. Simultaneously, the shifts of

microbial functional activity in further N input were

governed by soil natural N availability. In N-normal

soil at surface layer, the lower relative microbial

activity in mining N-containing substrates (recalci-

trant SOC holding N in soil) after N addition decreased

the positive PE, which was supported by ‘‘microbial N

mining’’ theory. However, in N-poor soil at deeper

layer, the stronger microbial activity in mining

N-containing substrates (recalcitrant SOC holding N

in soil) increased the positive PE, which was supported

by ‘‘stoichiometric decomposition’’ theory.

C sequestration after substrate addition

To evaluate the impacts of the observed PE on soil C

pool, C balance was calculated. The PE was generally

neglected in soil C balance calculation in previous

studies because C balance was generally positive, even

in treatments with positive PE (Fontaine et al. 2011;
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Wang et al. 2014b). However, a recent study indicated

that labile C input can destabilize SOC because the

newly incorporated substrate-C is more decomposable

than the old stimulated mineralized SOC (Derrien

et al. 2014). More importantly, we found a negative

balance with the remaining glucose-C lower than the

stimulated mineralized SOC at the deepest soil, with

the lowest C addition level. Therefore, the quantity of

labile C input might determine the direction of soil C

storage at deep soil. In situ, organic C input into

subsoil mainly occurred as dissolved organic C from

the upper soil layers, root litter and exudates, and

bioturbation (Rumpel and Kögel-Knabner 2011).

Considering the pulse input of these labile C sources,

the amount of input substrates in single incidents in

deep soil would be tiny, which then probably impact

soil C storage negatively. This result concurred with

the recent report that greater C input in soil during

reforestation increases topsoil C storage but decreases

the amount of subsoil C pool (Mobley et al. 2015).

Conclusions

Deep soil was both energy and N limited, and either

glucose or N addition could stimulate native SOC

mineralization. We found a higher PE in subsoil than

topsoil at the same glucose addition level (%MBC).

The effects of N addition on the PE magnitude varied

with soil natural N availability: (1) increasing the PE

magnitude in N-poor soil at deeper layer, (2) reducing

the PE magnitude in N-normal soil at surface layer.

Soil C and N availability were associated with

microbial functional activity, the shifts of which then

mediated the SOC mineralization in the presence of

labile C and nutrient. The deep soil organic C pool is

more vulnerable to fresh C and N input, which then

probably impacts soil C storage. Any changes in

environmental conditions that influence distribution of

labile C and N in soil profiles could affect C dynamics

in deep soil, which could have significant implications

on terrestrial C cycling under global change.

It’s notable that the quantity and quality of C input

in the field is more complex than laboratory condi-

tions, and the soil responses to the C input may be

different from our laboratory results. In future

researches, we should give more attention to condi-

tions of how the soils are typically exposed to in the

field.
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