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Abstract

The response of soil organic carbon (SOC) pools to globally rising surface temperature crucially determines the feed-

back between climate change and the global carbon cycle. However, there is a lack of studies investigating the tem-

perature sensitivity of decomposition for decadally cycling SOC which is the main component of total soil carbon

stock and the most relevant to global change. We tackled this issue using two decadally 13C-labeled soils and a much

improved measuring system in a long-term incubation experiment. Results indicated that the temperature sensitivity

of decomposition for decadally cycling SOC (>23 years in one soil and >55 years in the other soil) was significantly

greater than that for faster-cycling SOC (<23 or 55 years) or for the entire SOC stock. Moreover, decadally cycling

SOC contributed substantially (35–59%) to the total CO2 loss during the 360-day incubation. Overall, these results

indicate that the decomposition of decadally cycling SOC is highly sensitive to temperature change, which will likely

make this large SOC stock vulnerable to loss by global warming in the 21st century and beyond.
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Introduction

Soils constitute the largest carbon reservoir in terrestrial

ecosystems, two or three times larger than vegetation

and atmospheric carbon pools (Jobb�agy & Jackson,

2000). Therefore, a small change in soil organic carbon

(SOC) stock can remarkably affect atmospheric CO2

concentration. If climate warming enhances SOC

decomposition and release of CO2 to the atmosphere,

atmospheric CO2 concentration will increase, which

will further exacerbate global warming, forming a posi-

tive feedback (Jenkinson et al., 1991; Trumbore et al.,

1996; Bond-Lamberty & Thomson, 2010). The intensity

of this feedback is largely dependent on the tempera-

ture sensitivity of SOC decomposition (Davidson &

Janssens, 2006; Heimann & Reichstein, 2008).

Currently, the issue of the temperature sensitivity of

SOC decomposition remains controversial, even though

much research has been carried out (Conant et al.,

2011). For example, some studies showed that warming

accelerated SOC decomposition and resulted in an

increase in net SOC loss to the atmosphere (Trumbore

et al., 1996; Knorr et al., 2005; Conant et al., 2008).

Others indicated that the response of SOC decomposi-

tion to climate warming was short-lived or weak (Giar-

dina & Ryan, 2000; Melillo et al., 2002; Tang & Riley,

2015). This controversy is rooted, in part, in the absence

of an adequate understanding about the temperature

sensitivity of SOC stocks with different turnover times

(Knorr et al., 2005; Karhu et al., 2010; Hopkins et al.,

2012; Lefevre et al., 2014).

Soil organic carbon stocks are comprised of many

components with different physical–chemical proper-

ties, stabilities, and turnover times (Trumbore & Czim-

czik, 2008). According to their turnover times, SOC

stocks have been conveniently divided into three com-

ponents: annually cycling, decadally cycling, and mil-

lennially cycling, each contributing to approximately 0–
5%, 60–85%, and 10–40% of total SOC stocks, respec-

tively (Davidson & Janssens, 2006). Annually cycling

SOC (aSOC) is mainly consisted of microbial biomass

and breakdown residues, which would not contribute

to the above-mentioned positive feedback in a signifi-

cant way because of its much smaller size and very fast

turnover. Appreciable change in millennially cycling

SOC in response to the current global warming is much

beyond the concerned time frame of a few centuries

(Dungait et al., 2012). More importantly, decadally

cycling SOC (dSOC) with turnover times of
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10–100 years is the dominant component of SOC stocks,

and its response to global change will significantly alter

global C cycle and its positive feedback to climate

(Jones et al., 2005). Therefore, it is crucial to gain a bet-

ter understanding about the temperature sensitivity of

dSOC decomposition (Townsend et al., 1997; Knorr

et al., 2005; Conant et al., 2011; Hopkins et al., 2012).

Reliably assessing the temperature sensitivity of

dSOC decomposition has been a challenging task due to

methodological difficulties. Four kinds of approaches

have been attempted in published reports so far. The

first one relies on soil respiration data from incubations

at different temperatures over a period of time (several

months to a year), and is based on the assumptions that

the temperature sensitivity (often in the form of a Q10

value) of soil respiration at the early part of the incuba-

tion period reflects labile SOC (or aSOC) decomposition,

and later periods represent recalcitrant SOC (or dSOC)

decomposition (e.g., Fang et al., 2005; Conant et al.,

2008). This approach stems from the belief that the labile

SOC pool is small and exhausted by microbial decom-

position quickly during the early part of the incubation

while the decadally cycling SOC pool is large and domi-

nates microbial substrates during later part of the incu-

bation. The major drawbacks of the first approach are as

follows: (i) the key assumptions are difficult to quantita-

tively validate and (ii) the results are only approxima-

tions because the turnover times of different SOC pools

cannot be determined (Li et al., 2013). The second

approach also uses soil incubation data similar to the

first approach, but relies on model fitting by assuming

that different SOC pools are associated with certain

turnover times and decomposition rates (e.g., Knorr

et al., 2005). The major issue of the second approach is

that the same set of data may support opposing

hypotheses by models with different parameters and

assumptions (Reichstein et al., 2005; Fang et al., 2006);

therefore, reliable conclusions are difficult to obtain.

The third approach uses soil samples that may contain

contrasting ‘quality’ SOC (e.g., topsoil vs. subsoil, soils

from long-term bare fallow vs. vegetated soils, soils of

different physical or chemical protections) in incuba-

tions at different temperatures (Winkler et al., 1996;

Fierer et al., 2003; Plante et al., 2010; Benbi et al., 2014;

Lefevre et al., 2014). This approach has a key assump-

tion which is difficult to validate: the presumed SOC

qualities of the chosen soils represent either aSOC (la-

bile SOC) or dSOC (recalcitrant SOC) in the case of top-

soil (or vegetated soil) in comparison with subsoil (or

bare fallow soil). This approach also has the drawback

of not knowing the actual turnover times of different

SOC stocks. The fourth approach measures the temper-

ature sensitivity of aSOC and dSOC decomposition by

incubating soils with carbon isotope tracers (13C or 14C)

which were introduced at a known time point. These

isotopically labeled soils may come from: (i) sites that

had experienced a period (from a few years to several

decades) of C3-to-C4 (or vice versa) vegetation switch

(e.g., continuous maize cropping of fields previously

dominated by carbon input from C3 vegetation; Wal-

drop & Firestone, 2004; Vanhala et al., 2007); (ii) samples

that have different levels of 14C (or ‘bomb carbon’) (e.g.,

Briones et al., 2010; Hopkins et al., 2012); and (iii) FACE

(free-air CO2 enrichment) sites that used CO2 source

mostly originated from 13C-depleted natural gas (e.g.,

Hopkins et al., 2012). The fourth approach has the

advantage of knowing definite timing of different SOC

stocks so that the turnover times of the SOC pools are

not ambiguous as for the other approaches. However,

the fourth approach also has the major drawback of rel-

atively weak isotope signals and high measurement

errors, which may result in uncertain interpretations

(e.g., Conen et al., 2006; Vanhala et al., 2007). The fourth

approach also has a theoretical concern raised from a

study by model simulation (Conant et al., 2010). Clearly,

research on the temperature sensitivity of dSOC decom-

position requires methodological improvement.

In this study, we determined the temperature sensi-

tivity of dSOC decomposition using two 13C-labeled

soils with decadal timescales and a much improved

measuring system in a 360-day incubation experiment.

The two soils were taken from sites that had experi-

enced C3-to-C4 vegetation switch for 23 and 55 years,

which permits separately measuring the temperature

sensitivities of SOC pools with different ages. The

improved measuring system substantially reduced

experimental errors (Table S1), especially during the

later period of the incubation. The main objectives of

this study were (i) to investigate whether temperature

sensitivity of decomposition differs between dSOC and

aSOC along the entire incubation period and (ii) to

determine the relative proportions of dSOC and aSOC

in their contribution to soil respiration as incubation

proceeds. Our overall goal was to improve the predic-

tion of the fate of SOC stocks in a future warmer world.

Materials and methods

Site description and soil sampling

We used two 13C-labeled soils in the experiment. One was

taken from the plow layer (0–20 cm depth) of a 23-year contin-

uous maize (a C4 crop) field (planted C3 crops before maize) at

the experimental station of Heilongjiang Academy of Agricul-

tural Sciences located near Harbin, Heilongjiang Province,

Northeast China (hereafter this soil is referred to as HA). The

other soil was obtained from the plow layer of a 55-year con-

tinuous sugarcane (a C4 crop) field (paddy rice, a C3 crop,
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before cane) in the agricultural region of Guigang, Guangxi

Province, Southwest China (hereafter this soil is referred to as

GG). Physical and chemical properties of the two ‘C4 soils’ are

given in Table 1. To obtain reference soils (i.e., soils that did

not experience vegetation change) for the two C4 soils, we col-

lected soils under continuous C3 vegetation (wheat, fescue,

and rice) from three nearby sites (Table 1): Heihe (HH, wheat),

Hailun (HL, fescue), and Yingkou (YK, rice). The mean d13C
value of HH and HL soils (�25.2&) was used as the reference

d13C value for soil collected at the HA site (C3 crops to maize),

and the d13C value of YK soil (�25.6&) was used as the refer-

ence d13C value for the soil collected at the GG site (C3 rice to

sugarcane). Continuous maize (d13C = �13.9&) mono-crop-

ping for 23 years on a field previously managed with mixed

C3 crops shifted the d13C of SOC from �25.2 & to �20.4& in

HA soil, and continuous sugarcane (d13C = �13.0&) cropping

for 55 years on a former rice paddy field changed the d13C of

SOC from �25.6& to �15.4& in GG soil. These differences in

d13C values were used to distinguish CO2-aSOC (C4 signal)

from CO2-dSOC (C3 signal, more than 23 or 55 years for HA

soil or GG soil, respectively).

Experimental design and soil incubation

Each soil used in the experiment was passed through a 2-mm

sieve, thoroughly homogenized, air-dried in the field, and

then brought to the laboratory. Visible roots and stones were

carefully removed prior to the incubation experiment. We put

300 g of the homogenized soil into each polypropylene col-

umn (5 cm in diameter, 25 cm in height). The bottom end of

the column was tightly plugged with a silicone rubber stopper

which was connected with flexible plastic tubing for aeration,

and the top end was covered with Parafilm with many small

pin holes for aeration and to prevent evaporative water loss.

Before starting the incubation, soil moisture was adjusted to

60% of water-holding capacity (WHC) through the addition of

deionized H2O. During the 360-day incubation period, soil

moisture was monitored by weighing and frequently adjusted

by adding deionized water. To avoid anaerobic condition,

fresh air was pumped through each column for one hour per

day during the entire 360-day incubation. To avoid pseu-

doreplication for the two temperature treatments (20 and

30 °C), three replicate incubators (SHELLAB LI20-2, Sheldon

Manufacturing Inc., Cornelius, OR, USA, with a temperature

control accuracy and evenness of �0.02 °C) were used for

each temperature treatment.

Soil respiration and d13C-CO2

We modified and improved the continuous airflow measuring

system of Cheng & Virginia (1993) (Fig. 1). At each predeter-

mined time of respiration measurement, one column from

each replicate incubator was quickly transferred into a water

bath (with the same water temperature as the incubator air

temperature). Before submerging each column into the water

bath, we capped both ends of the column with silicone rubber

stoppers connected with flexible plastic tubing for airflow.

Then, each sealed column was ventilated with CO2-free air at

a constant flow rate of 60 � 2 mL min�1 for one hour, which

ensured that the CO2 concentration in the air outlet tubing

reached an equilibrium before soil respiration was measured

using an infrared CO2 analyzer (LiCOR 6262, Lincoln, NB,

USA) coupled to a digital massflow meter (GFM17, Aalborg

Instruments and Control Inc., Monsey, NY, USA). Right after

respiration measurements, the CO2 flowing out of the air out-

let tubing from each column was trapped for 24 h in 12 mL of

0.5 M NaOH solution in the glass tube CO2 trap by connecting

the air outlet tubing to the air stone in the CO2 trap. Using the

air stone in the 0.5 M NaOH solution enhanced the CO2 trap-

ping efficiency to >99.9% (Cheng & Coleman, 1989), which

eliminated possible preferential sorption of 13CO2 vs. 12CO2.

After CO2 trapping, the NaOH solution was directly analyzed

for d13C by cavity ring-down spectroscopy (CRDS) with Auto-

mate Module (Picarro G2131-i Analyzer, Picarro Inc., Santa

Clara, CA, USA). Blanks without soil were included as refer-

ence to correct for handling errors. The effect of the contami-

nant C on the d13C value of each sample was corrected

according to Cheng et al. (2003). The CO2-free air was gener-

ated and pushed using an air pump through a soda lime col-

umn which completely removed CO2 in the ambient air.

Before reaching the column, the CO2-free air traveled through

a copper coil submerged in the water bath, thereby equilibrat-

ing the temperature of the air traveling through the system to

the temperature of the water bath. Using a large amount

(300 g) of soil in each column, we ensured high-quality mea-

surement of soil respiration rates, and using the continuous

airflow trapping for 24 h significantly improved measure-

ments of d13C values of the respired CO2 from each column.

Calculations and statistical analysis

To calculate the respiration rate of the soil samples, we used

the formula:

Table 1 Organic C (g kg�1), total N (g kg�1), C:N ratio, pH, soil texture (% of sand, silt, or clay), and d13C of soil organic carbon

(&) of soils used in this study

Site Organic C Total N C:N pH Sand Silt Clay d13C Vegetation history

HA 17.0 1.4 12.6 6.7 43 22 35 �20.4 Grass to Maize, 23 years

GG 22.6 2.0 11.3 6.9 24 35 41 �15.4 Paddy to Cane, 55 years

HH 21.9 1.9 11.6 6.1 37 31 33 �25.6 Wheat, C3, reference

HL 35.8 2.8 10.7 6.8 – – – �24.8 Fescue, C3, reference

YK 21.7 1.0 12.7 8.2 – – 35 �25.6 Paddy, C3, reference
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R ¼ 12� 24� 60� 0:001� C� C0ð Þ � F

22:4�W
ð1Þ

where R is soil CO2 efflux (lg CO2–C g�1 dry soil day�1), C is

the recorded CO2 concentration (lmol CO2 mol�1) in the sam-

ple jar, C0 is the recorded CO2 concentration in the blank jar, F

is the recorded flow rate (mL min�1), and W is gram dry

weight of the soil sample.

The temperature sensitivity (Q10) of dSOC or aSOC decom-

position was calculated using three approaches (Rey & Jarvis,

2006; Hamdi et al., 2013): (i) using the respiration rate mea-

sured at the same incubation time (hereafter is referred to as

the ‘equal-time method’), (ii) using the length of time during

which the same amount of SOC has been respired (hereafter is

referred to as the ‘equal-C method’) (Conant et al., 2008), and

(3) finding the decay constant (kj) by fitting a first-order kinetic

model to the respiration data through time (hereafter is

referred to as the ‘first-order fitting method’).

‘Equal-time’ method. We first calculated the fraction (f) of C4-

derived C (maize- or sugarcane-derived C) in the respired

CO2 from each soil sample using the following equation based

on the ‘two-source mixing’ principle (Amelung et al., 2008):

f ¼ d13Ct � d13C3

� �
= d13C4 � d13C3

� � ð2Þ
where d13Ct is the d13C value of the respired CO2–C. d

13C3 is

the d13C value of the corresponding CO2 respired in reference

soil with continuous C3 vegetation, which is assumed to be

equal to the d13C value of SOC of the reference soil as evi-

denced by an incubation study of two soils from a forest and a

rice paddy ecosystem (Fig. S1). d13C4 was calculated based on

the d13C value of maize (HA soil) or sugarcane (GG soil).

The cumulative amount of soil respiration (CR) originating

from C4- and C3-derived C was calculated as:

CRc4;jþ1 ¼
Rjþ1fjþ1 þ Rjfj

� � � tjþ1 � tj
� �

2
þ CRc4;j ð3Þ

CRc3;jþ1 ¼
Rjþ1 1� fjþ1

� �þ Rj 1� fj
� �� � � tjþ1 � tj

� �

2
þ CRc3;j

ð4Þ
where Rj+1 is soil respiration rate on the j+1 sampling time

(j = 1, CRc4,j = 0, CRc3,j = 0). CRc4 j+1 and CRc3,j+1 are the

cumulative C respired from C4- and C3-derived SOC on the

j+1 time sampling. All results were expressed on a per unit of

initial SOC basis. The Q10 values for C4-derived aSOC and C3-

derived dSOC by this ‘equal-time method’ were calculated as

(Vanhala et al., 2007):

Q10ðC4;jþ1Þ ¼
CRC4;jþ1 30ð Þ
CRC4;jþ1 20ð Þ ð5Þ

Q10ðC3;jþ1Þ ¼
CRC3;jþ1 30ð Þ
CRC3;jþ1 20ð Þ ð6Þ

‘Equal-C’ method. We continuously calculated Q10-q of C4-

derived C (aSOC), C3-derived C (dSOC), and total SOC by

dividing time taken to respire each 1% of C for each fraction

(aSOC, dSOC, or total SOC) at the colder temperature (tc) by

time taken at the warmer temperature (tw) and correcting for

the actual incubation temperature differential (Tw-Tc, 10 °C in

this study) (Conant et al., 2008):

Q10�q ¼ tc=twð Þð10=ðTw�TcÞÞ ¼ tc=tw ð7Þ
Data from the plot of cumulative soil respiration vs. incuba-

tion time were used to calculate the time taken to respire each

1% of C for each fraction.

‘First-order fitting’ method. First, the mean cumulative car-

bon loss from respiration (CR) from C4- or C3-derived SOC for

each soil and temperature was fitted individually to the fol-

lowing model (Rey & Jarvis, 2006) using Sigmaplot V10:

CRðtÞ ¼ Ci 1� e�kit
� � ð8Þ

where Ci is the potential mineralizable C3- or C4-derived SOC

(mg g�1 initial C) which was calculated by ‘two-source’ mix-

ing method based on the C3-to-C4 vegetation switch (see

Eqn 2); ki is the decomposition constant (day�1) for C3- or C4-

derived SOC at the incubation temperature; and t is the time

since the start of the incubation. Q10 by the ‘first-order fitting

method’ is calculated as the ratio of kj at 30 °C to kj at 20 °C
for either dSOC (C3-derived) or aSOC (C4-derived) decompo-

sition.

Statistical analyses for all data were performed using SPSS

Statistics 20. The Fischer LSD test was used for mean compar-

isons. Curve fitting was performed using SigmaPlot10 (Systat

Software Inc., San Jose, CA, USA). We calculated the total

respired C from each soil sample for the period of measure-

ment (Fig. 3) by integrating the area under the curve of instan-

taneous respiration rate vs. time (Fig. 2).

Results

Rates and d13C of soil respiration

Temperature substantially influenced the instantaneous

respiration rates for both HA and GG soils (Fig. 2), each

showing a higher respiration rate at warmer tempera-

ture. Temporally, the respiration rate of GG soil

declined sharply during the initial 150 days and then

decreased slowly later, while the respiration rate of HA

soil declined and fluctuated during the initial 60 days

and then decreased slowly afterward (Fig. 2). More-

over, the cumulative C loss from soil respiration signifi-

cantly increased with incubation time and temperature

(Fig. 3). Over the 360-day incubation period, total C

respired ranged from 159 to 288 mg C g�1 of initial C

and followed this order: GG-30 > GG-20 > HA-

30 > HA-20.

The d13C values of respired CO2 (Fig. 4) declined

with increasing temperature, indicating a shift in the

relative contribution of aSOC vs. dSOC to total respired

CO2 with warming. Moreover, the d13C values of
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CO2–C became more negative over the duration of

incubation, confirming a switch of the source of CO2

from aSOC (C4, less
13C-depleted) to dSOC (C3, more

13C-depleted) over time. In contrast, temperature and

duration of incubation do not alter the d13C of CO2–C
from reference soils under continuous C3 vegetation

(Fig. S1).

Relative contribution of dSOC to soil respiration

We quantified the relative contributions of dSOC (C3-

derived C) and aSOC (C4-derived C) to total respiration

at different temperatures and incubation times using

Eqn (2). The contribution of dSOC to total respiration

from HA soil increased from 26.4% at the beginning to

66.8% at the end of incubation at 20 °C, while it

increased from 34.2% at the beginning to 75.0% at the

Fig. 1 Improved continuous airflow CO2 trapping system.

Fig. 2 Respiration rates from two soil samples (GG and HA) at

two temperatures. The number of replicates gradually reduced

from 36 at the beginning to 3 at the end of the 360-day incuba-

tion due to destructive samplings at 14, 28, 45, 60, 90, 120, 180,

320, and 360 days. Error bars show �1 SD.

Fig. 3 The effect of temperature and incubation time on the

cumulative respiration (CR, mg C g�1 initial C) of the two soils

(GG and HA). Error bars show �1 SD.

© 2015 John Wiley & Sons Ltd, Global Change Biology, 21, 4602–4612
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end of incubation at 30 °C (Table 2). Similarly, the con-

tribution of dSOC to total respiration from GG soil

increased from 8.6% at the beginning to 53.9% at the

end of incubation at 20 °C, while it increased from

23.9% at the beginning to 67.3% at the end of incubation

at 30 °C (Table 2). Clearly, dSOC made a larger contri-

bution to soil respiration at higher temperature (than at

lower temperature), at the end (than at the beginning)

of incubation, and in GG soil (than in HA soil).

The contribution of dSOC to total soil C loss (CRC3/

CR(C3+C4)) was significantly increased from 50.3% to

58.7% in HA soil and from 35.2% to 54.0% in GG soil

with 10 °C warming. Moreover, the proportion of CRC3

to total SOC stock (CRC3/SOC) increased from 8.0% to

12.9% in HA soil and from 8.5% to 15.5% in GG soil

with 10 °C warming.

Q10 of dSOC and aSOC decomposition

We first calculated the temperature sensitivity of dSOC,

aSOC, and total SOC decomposition by the traditional

‘equal-time’ method using Eqns (5) and (6) (Q10,

Fig. 5). For both soils, the Q10 values of dSOC decom-

position were significantly greater than those of aSOC

and total SOC decomposition throughout the entire

incubation. The average Q10 values of aSOC and dSOC

were 1.1 and 1.7 for HA soil, and 0.9 and 2.0 for GG

soil, respectively.

In order to account for the higher substrate loss due

to respiration at higher temperature, we also calculated

the temperature sensitivity of dSOC, aSOC, and total

SOC by the ‘equal-C’ method using Eqn (7) (Q10-q,

Fig. 6). Similar to the results of the ‘equal-time’ method,

Q10-q of dSOC was consistently higher than that of

aSOC in both soil types throughout the entire incuba-

tion. The mean Q10-q of dSOC and aSOC was 1.5 and

1.2 for HA soil, and 1.9 and 0.8 for GG soil.

We also derived the temperature sensitivity of dSOC

and aSOC by fitting the one-pool first-order kinetic

model (Table 3). With the initial parameters Ci (the

potential mineralizable C) fixed for each soil and at

each temperature (CC3 574.5 and CC4 425.5 mg C g�1

initial C for HA soil, CC3 189.8 and CC4 810.2 mg C g�1

initial C for GG soil) by two-source mixing model from

C3 to C4 vegetation switch, the decay constants ki of

both dSOC and aSOC were fitted for each soil and at

each temperature. In general, k was higher at 30 °C
than at 20 °C except for kC4 of GG soil. The Q10 of dSOC

(1.7) was higher than that of aSOC (1.2) for HA soil,

and the Q10 of dSOC (2.3) was much higher than that of

aSOC (0.9) for GG soil. Thus, based on the one-pool

first-order kinetic model, the Q10 of dSOC was clearly

higher than that of aSOC for both soils.

Discussion

The temperature sensitivity of decadally cycling SOC

(dSOC) has received much attention as it largely deter-

mines the strength of carbon–climate feedback. How-

ever, whether decadally cycling SOC is more

temperature sensitive compared with annually cycling

SOC (aSOC) is still a topic of debate, possibly due to

different approaches used in those studies. Here, we

used a much improved approach of measuring CO2

and 13C of respiration of two soils that had vegetation

Fig. 4 Variations in d13C values of respired CO2–C for two soil

types (GG and HA) at 20 and 30 °C during the 360-day incuba-

tion. Error bars show �1 SD.

Table 2 The contribution of decadally cycling soil C (dSOC)

pool to total soil respiration and to total soil organic C stock

(%, mean � 1 SD, n = 3). CRC3 refers to cumulative respiration

from C3-derived dSOC

Days

HA soil GG soil

20 °C 30 °C 20 °C 30 °C

14 26.4 � 1.9 34.2 � 1.6 8.6 � 2.7 23.9 � 1.4

45 32.6 � 0.6 41.9 � 1.7 21.6 � 4.6 35.0 � 1.1

60 33.7 � 0.6 44.7 � 2.8 25.6 � 2.2 40.8 � 1.4

120 47.9 � 1.6 58.2 � 3.0 35.2 � 1.3 57.7 � 0.8

180 52.1 � 1.6 59.4 � 2.3 35.7 � 1.4 58.9 � 0.9

240 60.6 � 1.5 66.8 � 1.5 44.4 � 1.2 62.2 � 0.7

320 61.0 � 1.4 67.9 � 1.5 48.2 � 0.9 66.5 � 0.6

360 66.8 � 0.7 75.0 � 2.1 53.9 � 0.8 71.8 � 0.3

CRC3/

CR(C3+C4)

50.3 � 0.7 58.7 � 1.1 35.2 � 1.1 54.0 � 0.1

CRC3/SOC 8.0 � 0.5 12.9 � 0.4 8.5 � 0.1 15.5 � 0.2
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switch from C3 to C4 plants 23 and 55 years ago, and

adopted three ways of calculating Q10 values of dSOC

and aSOC. We made two key findings: (1) the tempera-

ture sensitivity of dSOC is significantly higher than that

of aSOC or total SOC, which is observed in all three

methods and both soil types, and (2) dSOC made a sig-

nificant contribution (up to 75%) to total respiration

throughout the 360-day incubation period in both soil

Fig. 5 The Q10 values of dSOC (C3), aSOC (C4), and total SOC (CT) decomposition by the ‘equal-time’ method. Error bars show �1 SD.

Fig. 6 The Q10-q values for the two soils in relation to cumulative C loss (% soil C respired) from dSOC (C3-derived, C3), aSOC (C4-

derived, C4), and total SOC (CT) estimated by the ‘equal-C’ method.
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types. Overall, our study showed that the major pool of

SOC (dSOC) is vulnerable to future warming due to its

high temperature sensitivity and large contribution to

total soil CO2 flux.

We used a critically improved method to measure

CO2 and its 13C value in this experiment (modified

from Cheng & Virginia, 1993; Gershenson et al., 2009).

Specifically, we used a continuous airflow system to

measure soil respiration (Cheng & Coleman, 1989), and

a 24-h dynamic NaOH trapping system to measure 13C

value of soil respiration (Cheng et al., 2003). The contin-

uous airflow system can avoid the problem of high

experimental errors of CO2 evolution associated with

high pH (pH > 6.5) in static gas accumulation system.

The 24-h NaOH trapping system ensures a high trap-

ping efficiency of CO2 (>99.9%) and thus an accurate

measurement of the 13C value of soil respiration,

whereas the static gas accumulation and direct gas

extraction system used in many previous studies may

cause error in measured 13C value of soil respiration

due to isotopic fractionation in the equilibrium between

gaseous CO2 and aqueous bicarbonate (Deuser &

Degens, 1967). Moreover, we used a much higher

amount of soil sample in the incubation (300 g vs. 5–
140 g in other studies, Table 4 and Table S1), which sig-

nificantly improves the sensitivity of the CO2 and 13C

measurement, especially for samples at colder tempera-

ture and at the later stage of long-term incubation with

much lower respiration rates.

In addition to using a much improved method for

measuring CO2 and
13C of soil respiration, we also used

three different methods to calculate Q10 values of

dSOC, aSOC, and total SOC: ‘equal-time’, ‘equal-C’,

and ‘model’ (Rey & Jarvis, 2006; Hamdi et al., 2013).

The ‘equal-time’ method calculates Q10 of CO2 respira-

tion from dSOC, aSOC, or total SOC by comparing the

cumulative flux from each pool at both high and low

temperatures at the same timing after incubation

started. This method was widely used in the literature

of parallel incubation experiments (e.g., Holland et al.,

2000; Dalias et al., 2001). In this study, we found that

the temperature sensitivity of dSOC (1.61–2.49) was sig-

nificantly higher than that of aSOC (0.84–1.16) or total

SOC (1.18–1.38) throughout the entire incubation per-

iod and in both soil types (Fig. 5). Moreover, the differ-

ence in Q10 between dSOC and aSOC is more than 0.6

units (or >50%), much higher than the potential error of

Q10 calculation by the ‘equal-time’ method in parallel

incubation experiments (Leifeld, 2003). Therefore,

results of the ‘equal-time’ method clearly show that

dSOC is more temperature sensitive than aSOC.

We also calculated Q10-q of dSOC, aSOC, and total

SOC using the ‘equal-C’ method for comparing temper-

ature sensitivity of different SOC pools (e.g., Rey & Jar-

vis, 2006; Conant et al., 2008). Similar to the results of

‘equal-time’ method, dSOC has significantly higher

Q10-q compared to aSOC or total SOC, which is consis-

tent across the incubation time (normalized by the same

amount of C respired) and both soil types (Fig. 6). In

addition, the difference in Q10-q between dSOC and

aSOC using the ‘equal-C’ method is higher than that

using the ‘equal-time’ method. Taken together, both

methods provide strong evidence that dSOC is more

temperature sensitive than aSOC.

We further used the first-order decay model (Eqn 8)

to estimate Q10 of dSOC and aSOC based on the cumu-

lative soil respiration data (Fig. 4). The results (Table 3)

are consistent with results by the ‘equal-time’ and

‘equal-C’ methods: dSOC (Q10 1.7–2.3) is significantly

more sensitive to temperature than aSOC (Q10 0.9–1.2),
and the difference in Q10 between dSOC and aSOC was

higher in GG soil (where vegetation switch occurred

Table 3 Parameters obtained for the fitted one-pool first-order kinetic model to cumulative carbon mineralization (CR) data from

C3 and C4 measured at two temperatures. CR = Ci(1-e
-kit) Eqn (8); where Ci is the potential mineralizable C from C3 or C4-derived

SOC, and ki is the decomposition constant (day�1) for C3- or C4-derived SOC. By doing this, we made the assumption that the

potential mineralizable C from C3- or C4-derived SOC was not affected by the incubation temperature. Q10 values with different let-

ters in the superscripts are statistically different at P < 0.05 level for each soil type

Soils T (°C) C pools

Parameters

Ci (mg g�1 initial C) ki (10
�4) R2 P Q10

HA 30 C4 425.5 7.00 � 0.12 0.991 <0.0001 1.2a

20 C4 425.5 6.03 � 0.47 0.989 <0.0001
30 C3 574.5 6.51 � 0.33 0.966 <0.0001 1.7b

20 C3 574.5 3.86 � 0.27 0.964 <0.0001
GG 30 C4 810.2 5.47 � 0.07 0.938 <0.0001 0.9a

20 C4 810.2 6.43 � 0.36 0.974 <0.0001
30 C3 189.8 33.10 � 0.72 0.948 <0.0001 2.3b

20 C3 189.8 14.34 � 0.54 0.948 <0.0001
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55 years ago) than in HA soil (where vegetation switch

occurred 23 years ago). Therefore, three different

methods all unequivocally show that dSOC is more

sensitive to temperature than younger organic carbon

stocks.

What potential mechanisms could explain the

observed higher temperature sensitivity of dSOC com-

pared to aSOC in this study? Our finding tends to sup-

port the ‘carbon-quality’ hypothesis (Bosatta & Agren,

1999; Davidson & Janssens, 2006) which states that the

chemically recalcitrant compounds (supposedly older,

slower turnover) require higher activation energy to be

decomposed and thus have higher temperature sensi-

tivity compared to the chemically more labile com-

pounds (apparently younger, faster turnover). This

hypothesis has received some support in the literature

(e.g., Leifeld & Fuhrer, 2005; Feng & Simpson, 2008;

Craine et al., 2010). However, older and stable SOC

(dSOC in this study) is not necessarily more chemically

recalcitrant than younger and active SOC (aSOC in this

study) (Kleber et al., 2011), and the emerging paradigm

suggests that the persistence of SOM is more deter-

mined by the ecology and environment, rather than by

the chemical composition of SOM (Schmidt et al., 2011;

Dungait et al., 2012). For example, the old organic mat-

ter stored in permafrost is not chemically recalcitrant,

but is protected from decomposition by the freezing

condition. Thus, the ‘carbon-quality’ hypothesis may

not be the only mechanism for the observed higher Q10

of dSOC in this study. In addition to substrate quality,

substrate availability can also determine the tempera-

ture dependence of soil respiration (Davidson & Jans-

sens, 2006; Gershenson et al., 2009; Zhu & Cheng, 2011).

It has been increasingly recognized that the tempera-

ture response of substrate availability and microbial

physiology may determine the long-term fate of soil

carbon in a warmer world (Conant et al., 2011; Schmidt

et al., 2011; Hopkins et al., 2012; Tang & Riley, 2015).

Further studies are needed to investigate the underly-

ing mechanisms of the higher Q10 of dSOC compared

to aSOC observed in this study, especially the tempera-

ture dependence of the various physical and chemical

processes that protect soil organic carbon from micro-

bial access and decomposition (Conant et al., 2011).

Results of our study indicated that the decomposition

of decadal-aged SOC was significantly more sensitive

to warming than the decomposition of younger SOC.

Data from published studies using the similar natural

abundance 13C approach (C3–C4 vegetation switch or

FACE labeling) (Table 4) also indicated that old SOC

could be equally (Townsend et al., 1997; Conen et al.,

2006; Conant et al., 2008; Hopkins et al., 2012) or more

(Waldrop & Firestone, 2004; Vanhala et al., 2007) tem-

perature sensitive than young SOC. Hopkins et al.

(2012) argued that higher temperature sensitivities of

intermediate-aged SOC (7–13 year) provided a poten-

tial explanation for the inconsistent results of previous

studies that used different definitions of old vs. young

SOC (i.e., whether the intermediate-aged SOC was cate-

gorized as old or young SOC affected the conclusion).

However, in the studies with evidence for a higher tem-

perature sensitivity of old SOC, the age of old SOC var-

ied from >5 year (Vanhala et al., 2007), >14 year

(Waldrop & Firestone, 2004), to >23 and >55 year (this

study). Therefore, other reasons, such as different

experimental settings and methods (Conen et al., 2008),

might be responsible for the apparent inconsistencies

on the relative temperature sensitivity of young and

old SOC in the literature (Table 4).

Decadally cycling SOC not only has high temperature

sensitivity but also makes a large contribution to total

respiration. In this study, dSOC accounts for 35–54% of

total respiration from GG soil and 50–59% of total respi-

ration from HA soil during the 360-day incubation per-

Table 4 Experimental design and methods of a few similar studies that use the natural abundance 13C method to investigate the

temperature sensitivity of dSOC (old) vs. aSOC (young)

Study Soil type Method

Soil

mass (g)

Incubation

length (d)

Q10

calculation

Age of

dSOC

dSOC

vs.

aSOC Reference

1 C3 to C4 switch Static alkaline trapping 10 225 Equal-time >40 year = Townsend et al. (1997)

2 C3 to C4 switch Direct gas extraction 5 6 Equal-time 26 and

45 year

= Conen et al. (2006)

3 C3 to C4 switch Direct gas extraction 80 336 Equal-C 33 year = Conant et al. (2008)

4 FACE Direct gas extraction 140 40 Equal-C 10 year = Hopkins et al. (2012)

5 C3 to C4 switch Direct gas extraction 50 103 Equal-time 14 year > Waldrop & Firestone

(2004)

6 C3 to C4 switch Direct gas extraction na 60 Equal-time 5 year > Vanhala et al. (2007)

7 C3 to C4 switch Dynamic alkaline

trapping

300 360 3 methods 23 and

55 year

> This study
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iod. Due to its high temperature sensitivity and large

contribution to total soil respiration, dSOC plays an

important role in determining the strength of carbon-

climate feedback. Although the mechanisms underly-

ing the higher temperature sensitivity of dSOC

compared to aSOC are not fully understood, the fact

that we had similar findings from two soil types and

using three different methods to calculate Q10 in a 360-

day incubation suggests that the pattern we observed

may apply more broadly. The consistency between our

results and few other studies (e.g., Waldrop & Fire-

stone, 2004; Craine et al., 2010; Karhu et al., 2010;

Lefevre et al., 2014) strongly suggests that dSOC is

highly temperature sensitive and vulnerable to loss

with global warming. Further experimental and model-

ing studies on the mechanistic relationships between

turnover time and temperature sensitivity of soil

organic matter, particularly the temperature sensitivity

of various processes controlling substrate supply to

microbial metabolism, will lead to more accurate pre-

dictions of the fate of decadally cycling soil organic car-

bon in a warmer world.
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