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a b s t r a c t

Determining soil respiration from croplands is necessary for evaluating the global terrestrial carbon budget and how it is altered in future climates. This study explored seasonal characteristics and controlling

factors of soil respiration in a typical cropland area in the North China Plain. Total soil respiration (RS) was

partitioned into heterotrophic (RH) and autotrophic (RA) components using the root exclusion method.

The experiments showed that the seasonal average RS values were 5.25 
molm−2

s−1

for the wheat

growing season and 6.00 
molm−2

s−1

for the maize growing season. Seasonal average RH and RA values

were 3.34 
molm−2

s−1

and 1.91 
molm−2

s−1

, respectively, for wheat, and were 4.25 
molm−2

s−1

and

1.75 
molm−2

s−1

, respectively, for maize. The seasonal average ratio of RA to RS (RA/RS) was 36% for

wheat and 29% for maize. Over a whole year, RH was the dominant component of RS in both the wheat

and maize growing seasons. RH increased exponentially with the average soil temperature collected in

the upper 10 cm (TS0–10), with a Q10 value of 1.65. Soil water content (
) had no discernible inﬂuence on

RH when 
 was between wilting point (
wp) and ﬁeld capacity (
fc

). A value of 
 larger than 
fc

suppressed

RH, which can be characterized by a quadratic curve. RA increased exponentially with TS0–10 in both of the

wheat and maize growing seasons, and the corresponding Q10 values were 2.69 and 2.85, respectively.

However, the temperature dependence of RA in the two crop seasons cannot be explained by a single

temperature response curve. Moreover, the RA values for the wheat and maize growing seasons were

more sensitive to temperature changes than RH at the study site. Soil water content had no discernible

inﬂuence on RA in the wheat growing season but suppressed RA when water logging occurred in themaize

growing season. However, RA recovered afterwards even when the soil water content was high. Comparisons between wheat respiration values collected at different sites showed that the seasonal average RS,

RH and RA all correlate positively with mean air temperature, indicating that air temperature remains a

good indicator for variations in soil respiration in different climates.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Soil is a large carbon pool containing approximately two to

three times the amount of carbon in the atmosphere (Batjes, 1996;

Abbreviations: RH, heterotrophic respiration; RHC, temperature-corrected heterotrophic respiration; RA, autotrophic respiration; RS, total soil respiration; TS, soil

temperature; TS0–10, average soil temperature of the upper 10 cm; TCOM, soil temperature at comparative treatments (with roots); TCON, soil temperature at control

treatments (without roots); 
, soil volumetric water content; 
wp, wilting point; 
fc

,

ﬁeld capacity; 
s, saturated soil water content; SOC, concentration of soil organic

carbon; Q10, temperature sensitivity coefﬁcient of soil respiration; LAI, leaf area

index; NEE, net ecosystem exchange; Reco, ecosystem respiration; GPP, gross primary productivity; NCP, the North China Plain.
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Eswaran et al., 1993; Post et al., 1982). Soil respiration is an

important carbon ﬂux between the terrestrial ecosystem and the

atmosphere, estimated at 68 ± 4 Pg C yr−1

(Raich and Schlesinger,

1992) or 98 ± 12 Pg C yr−1

(Bond-Lamberty and Thomson, 2010),

indicating large uncertainties in its estimation. Despite recent

advancements in observational techniques, uncertainty in soil

respiration estimations remains far greater than that in other components ofthe carbon cycle (Bond-Lamberty et al., 2004; Trumbore,

2006). To reduce this uncertainty, observations of soil respiration

across ecosystem types are becoming critical, and intensive observations remain essential for developing simpliﬁed soil respiration

models (Vargas et al., 2011b).

Among all ofthe factors controlling soil respiration, soiltemperature (TS)(Lloyd and Taylor, 1994; Raich and Schlesinger, 1992) and

soil water content (
) (Davidson et al., 2000; Manzoni et al., 2012;

Mielnick and Dugas, 2000; Moyano et al., 2013) remain dominant,

but their effects interact (Davidson et al., 1998; Rey et al., 2002).

0168-1923/$ – see front matter © 2013 Elsevier B.V. All rights reserved.
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A majority of studies support that TS controls soil respiration in an

exponential manner (Kirschbaum, 1995; Lloyd and Taylor, 1994;

Luo et al., 2001). Soil water content controls CO2 production process and alters CO2 diffusivity by altering the soil effective porosity

(Daly et al., 2008, 2009; Riveros-Iregui et al., 2007). In particular,

low
 limits respirationsubstrate availability, and therefore reduces

soil respiration(e.g.,CurielYuste et al., 2007; Talmonet al., 2011;Xu

et al., 2004), while high 
 reduces soil respiration by blocking CO2

transport because of low soil effective porosity (e.g., Bowden et al.,

1998; Davidson et al., 2000; Gaumont-Guay et al., 2006). In addition

to TS and 
, soil respiration is also controlled by other factors, such

as the concentration of soil organic carbon (SOC) (Talmon et al.,

2011; Wan and Luo, 2003) which supplies substrate to microorganism respiration, photosynthetic activity (Ekblad and Högberg,

2001; Kuzyakov and Cheng, 2001; Palmroth et al., 2006; Tang et al.,

2005) which supplies substrate to root respiration, and vegetation type (Barron-Gafford et al., 2011; Raich and Schlesinger, 1992;

Raich and Tufekcioglu, 2000) which regulates soil microhabitat.

However, the impacts of these factors on soil respiration may vary

across ecosystems in different regions. Quantitatively describing

the impacts of main biotic and abiotic factors on soil respirations of

different ecosystems is therefore necessary to accurately estimate

soil respiration.

Carbon dioxide efﬂux from the soil surface into the atmosphere

is deﬁned as total soil respiration (RS), which consists mainly of

heterotrophic respiration (RH) and autotrophic respiration (RA)

(Buchmann, 2000). Changes in RS result from both changes in RH

and RA, which are two completely different processes that react

differently to biotic and abiotic factors (Baggs, 2006; Carbone et al.,

2011; Sulzman et al., 2005). RH originates from the decomposition

of soil organic carbon and is determined mainly by SOC and the

metabolic rate of organisms (Davidson et al., 2006; Jiang and Boyd,

2006). RA originates from root metabolism, which is connected

with the substrate consumption of photosynthesis (Horwath et al.,

1994). RA is therefore supposed to be dependent on the time history of photosynthetic activities (Högberg et al., 2001; Stoy et al.,

2007; Vargas et al., 2011a) as well as other processes related to

crop. Therefore, partitioning RS into RH and RA is an ecologically

meaningful step to quantify the mechanisms controlling RS.

The carbon cycle of agro-ecosystems can signiﬁcantly affect the

global carbon balance (Foley et al., 2005), and soil respirations

of agro-ecosystems may vary substantially around the world due

to numerous types of cropland management. Soil respiration in

agro-ecosystems has been studied for several decades, and recent

progresses have consisted mainly of (1) partitioning RS into RH

and RA to explore underlying mechanisms of soil respiration (e.g.,

Moyano et al., 2007; Suleau et al., 2011) and (2) exploring the

dependence of soil respiration on soil type, crop type and fertility

management practice (e.g., Amos et al., 2005; Hernandez-Ramirez

et al., 2011; Lohila et al., 2003). However, the ﬁndings from these

studies were mainly derived in Europe and the USA where the

cropping system and cropland management are signiﬁcantly different from those employed in China where croplands comprise

the third largest land use type, following forests and grasslands

(Liu et al., 2005). A change in the carbon balance of croplands will

unquestionably affect the carbon cycle in China.

Previous studies on soil respiration in agro-ecosystems of China

were conducted mainly in the Loess Plateau (e.g., Li et al., 2010;

Liu et al., 2010; Zhang et al., 2011), the Tibetan Plateau (e.g., Shi

et al., 2006; Xu et al., 2010), and the Northeast China Plain (e.g.,

Han et al., 2007). In the North China Plain (NCP), although characteristics of soil respiration have been reported previously, only

short-term observations were conducted in these studies (e.g.,

Chen et al., 2004; Huang et al., 2006), and only a few studies partitioned RS into RH and RA for wheat (e.g., Deng et al., 2009; Zhang

et al., 2009). In addition, the closed static chamber method or a gas

chromatographic method was commonly used in these studies

(Han et al., 2008). However, these two methods have no standard

measuring protocols, and as a result, their accuracy depends on the

equipment design, measurement duration, and experimental condition (Healy et al., 1996; Hutchinson and Rochette, 2003; Kabwe

et al., 2002; Pumpanen et al., 2004). Because of these limitations,

questions underlying the mechanisms controlling soil respiration

in this region remain unanswered. Long-term measurements of RS

and its components (i.e., RH and RA) with new standard instruments are needed to explore the characteristics of soil respiration

and their dependence on the corresponding controlling factors over

long time scales.

In the present study, three years of soil respiration measurements are reported for a typical cropland area in the NCP. The main

objectives of this study are to (1) quantify the seasonal variations

in RS, RH and RA and to (2) quantitatively investigate the responses

of RH and RA to their dominant biotic and abiotic factors.

2. Materials and methods

2.1. Site description

Experiments were conducted in a typical cropland (Weishan

ﬂux site, N36

◦

39




, E116

◦

03




) in the NCP, China. The climate in this

region is temperate as affected by the Asian monsoon. From 1984

to 2007, the mean annual total precipitation was 532mm, and the

mean annual air temperature was +13.3

◦

C. The soil texture is silt

loam according to the World Reference Base (WRB), consisting of

32% sand and 10% clay. In 2011, the SOC and total nitrogen concentration were measured at 11.32 gC kg−1

soil and 1.16 gN kg−1

soil, respectively, in the upper 20 cm and were 5.71 gC kg−1

soil and

0.55 gN kg−1

soil, respectively, in the depth from20 cmto 40 cm. For

the soil ofthe upper 5 cm,thewilting point(
wp), ﬁeld capacity (
fc

)

and saturatedsoilwater content(
s) are 0.10, 0.33 and 0.45m3

m−3

,

respectively. The pH values ﬂuctuated between 7.2 and 7.6 in 2010.

The double cropping systemofwinterwheat and summermaize

is the farming style at this site, as well as the dominant farming

style in the NCP. Winter wheat is usually sowed in October and

harvested in June of the following year. The wheat residuals are

smashed onto the ﬁeld surface by the harvester, leaving stubble of

about 10 cm high. Summer maize is sowed in June without tillage

and harvested in October. Between harvesting maize and sowing wheat, a thorough plowing is conducted with a tillage depth

of about 40 cm. Meanwhile, the maize residuals are completely

smashed and mixed with soil through tillage. In the wheat growing

season, the plant density was about 775 plantsm−2

, with a ridge

spacing of 0.24m. In the maize growing season, the plant density

was about 4.9 plantsm−2

, with a ridge spacing of 0.63m.

Wheat is irrigated in winter and spring when precipitation

is scarce. The irrigation amount ranges from 100mmyr−1

to

200mmyr−1

, depending on soil water status. No irrigation is

conducted in themaize growing seasonwhen precipitation is abundant. Nitrogen fertilizer is applied three to four times during the

wheat growing season, and two to three times during the maize

growing season. The total annual nitrogen application ranges from

50 gNm−2

to 60 gNm−2

(through our inventory from2005 to 2011).

2.2. Experimental design

Aﬂux towerwas setupatthe site (Fig. 1)in2005.Aneddy covariance system and a micrometeorological station were installed on

this tower. Soil respiration was measured with a portable soil respiration system LI-8100 (LI-COR, Inc., Lincoln, NE, USA), which was

calibrated regularly (i.e., once or twice per year depending on the

operating frequency). The measured soil CO2 efﬂux was assumedAuthor's personal copy
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Fig. 1. Schematic representation of the experimental design. Regular treatment is

plot setup for regular measurement sub-period.

to be soil respiration, consistent with previous studies (e.g., Tang

and Baldocchi, 2005; Yan et al., 2010).

Soil respiration measurements were conducted during cropgrowing seasons, from March 2009 to October 2011, except for the

period from June to October 2010 when maize was not sowed in

that season. The research period was divided into two sub-periods.

The ﬁrst sub-period (regularmeasurement period)was fromMarch

2009 to October 2010 when only RS wasmeasured. The second subperiod (intensive measurement period) was from March 2011 to

October 2011 when comparative experiments were conducted to

partition RS using the root exclusion method.

In the ﬁrst sub-period, four plots were selected randomly as four

replicates (i.e., regular treatment in Fig. 1) around the ﬂux tower.

In each plot, a poly vinyl chloride (PVC) collar (12 cm in length and

10 cm in inner diameter) was inserted into the soil between two

ridges at a depth of 9 cm. The offset between the upper edge of the

collar and the ground surface was 3 cm. All weeds within the collar were completely removed. In the maize growing season, wheat

residuals within the collar were kept approximately equal to the

ﬁeld average value (i.e., 0.95 kgm−2

through biomass sampling).

All collars were ﬁxed in the same position in the ﬁeld throughout

the experiment season. The measurement of each replicate was

repeated three times, and their average was treated as the measured value. Measurements were conducted between 13:00 and

15:00 (UTC + 8) approximately every three days, on sunny days.

In the second sub-period, three pairs of plots were selected

around the ﬂux tower (Fig. 1) to conduct comparative experiments,

namely,the controltreatment(without roots) and the comparative

treatment (with roots). For each control treatment, a bare soil plot

of 4m× 4m was selected before sowing crop to prevent any possible effects of roots. A PVC collar was then inserted in the center of

this plot, and the collar was setto correspond with the regularmeasurement period. When the leaf area index (LAI) was greater than

1m2

m−2

, frameworks were applied to cover the bare soil in control treatments to maintain a light and water environment similar

to that in comparative treatments (Nakane et al., 1996). One controltreatmentin themaize growing season failed because of excess

crop residuals in the soil under the collar found atthe end ofthe season, which caused RH to be unreasonably higher than RS. Data from

this control treatment was not used. In each comparative treatment, a PVC collar was inserted into the soil between two ridges

soon after sowing crop to prevent any disturbance of the soil and

roots, and the collar was also set to be consistent with the regular

measurement period. The measurement for each replicate was also

repeated three times in the intensive measurement period, and the

average was treated as the measured value. Measurements were

conducted between 13:00 and 15:00 (UTC + 8) every day except for

days with irrigation and rain events.

Note that the root exclusion method has known drawbacks,

which our study may not be able to avoid. The primary drawback is

that this method does not consider the organic carbon input from

root exudation (Suleau et al., 2011), which is one of the causes of

the priming effect (Kuzyakov et al., 2000). Liljieroth et al. (1994)

reported that the priming effect was not signiﬁcant in a maize ﬁeld.

However, the effect of the priming effect in croplands is still under

debate (Kuzyakov and Cheng, 2004). Nevertheless, the root exclusion method is still a simple and effective way to partition RS and

has been used in many previous studies (e.g., Suleau et al., 2011;

Yan et al., 2010), even though this drawback may cause uncertainty

in the discrimination between RH and RA.

2.3. Auxiliary measurements

Soiltemperature (109-L Temperature Probe, Campbell Scientiﬁc

Instruments Inc., Logan, UT, USA) and soil water content (CS616

Water Content Reﬂectometers, Campbell Scientiﬁc Instruments,

Inc.) were measured at the depths of 5 cm and 10 cm every 30min

at two soil proﬁles near the ﬂux tower (Fig. 1). Rainfall was measured with a tipping bucket gauge (TE525MM, Campbell Scientiﬁc

Instruments, Inc.). The irrigation amount was measured with an

ultrasonic ﬂowmeter (TDS-100P, Haozhixinyuan Science and Technology Development Co., Ltd., Beijing, China). Accompanying soil

respiration measurements, mean soil temperature of the upper

10 cm (TS0–10) (8100-203 soil temperature thermistor, LI-COR, Inc.)

and average 
 of the upper 5 cm (ML2x theta probe soil moisture

sensor, Delta-T Devices Ltd., Cambridge, England) were measured

concurrently next to the collar. Net ecosystem exchange (NEE)

was measured by the eddy covariance technique (Baldocchi, 2003),

which consists of an open-path infrared gas analyzer (LI-7500,

LI-COR, Inc.) and a three-dimensional sonic anemometer (CSAT3,

Campbell Scientiﬁc Instruments, Inc.). The post-processing of eddy

covariance measurement included ﬂux calculation, quality control,

and gap ﬁlling (Lei and Yang, 2010a). NEE was then partitioned

into gross primary productivity (GPP) and ecosystem respiration

(Reco),which has already been documented in Lei and Yang (2010b).

Brieﬂy, daytime Reco was estimated with a regression model based

on nighttime observations of NEE and soil temperature, GPP was

then obtained as the residual of observed NEE and estimated Reco.

To trace crop development, LAI was measured weekly using a plant

canopy analyzer (LAI-2000, LI-COR, Inc.). Ten measurement points

uniformly distributed around the ﬂux tower were selected, and the

corresponding average was treated as the measured LAI value.

2.4. Data analysis method

Instantaneous RS and RH were computed as the average of measurements in comparative replicates (i.e., with roots) and control

replicates (i.e., without roots), respectively. Theoretically, RA is the

difference between RS and RH (Hanson et al., 2000). However, a

minor temperature difference existed between the top soil layers

in the pair of treatments (see Fig. 2), introducing systematic bias in

RA computation. In our research, the seasonal average of TS0–10 and


 in control treatments were higher than that of comparative treatments by 1.35

◦

C and 0.032m3

m−3

, respectively, in wheat growing

season, and by 0.75

◦

C and 0.012m3

m−3

, respectively, in maize

growing season.

A temperature correction method was applied to determine

the temperature-corrected heterotrophic respiration (RHC), and

RA was then computed as the difference between RS and RHC. TheAuthor's personal copy
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Fig. 2. Comparisons of seasonal variations in soil temperature of the upper 10 cm

(TS0–10) and soil water content of the upper 5 cm (
) in control and comparative

treatments. HW, harvesting wheat; PM, planting maize.

correction method (i.e., Suleau et al., 2011) is expressed by the

following equation:

RHC = RHQ

(TCOM−TCON)/10

10

(1)

where TCOM and TCON are the soil temperature of the upper 10 cm

in comparative treatment (i.e., with root) and in control treatment

(i.e., without root), respectively; Q10 is the temperature sensitivity

coefﬁcient of RH and is computed as:

Q10 = e

10B

(2)

where B is a parameter in the van’t Hoff equation:

RH = Ae

BTCON (3)

where A is the other parameter.

Note that throughout our analysis, the least square method was

applied for regression, and the F-test was applied to test the statistical signiﬁcance.

3. Results and discussion

3.1. Seasonal variations in RS, RH and RA

Fig. 3 shows seasonal variations in TS0–10 and 
, water supply

from precipitation and irrigation, GPP and LAI. GPP was used as

a surrogate to processes related to total carbon uptake by crops,

and LAI was an indicator of crop development. Soil water content

remained relatively high during the growing seasons because of

sufﬁcient water supply. Fig. 4 shows seasonal variation in RS. Over

the course of a year, RS had three peaks, appearing at the boot

stage of wheat in the middle of May (about 8 
molm−2

s−1

), at the

start of the maize growing season in June (about 9 
molm−2

s−1

),

and at the start of the wheat growing season in October (about

6 
molm−2

s−1

), while TS0–10 had only one peak at about the

beginning of July (Fig. 3(a)). The seasonal variation in RS was not

completely consistent with that in TS0–10, indicating that, alone,

soil temperature cannot fully explain the seasonal variation in RS.

The variation in RS followed GPP during most of the growing seasons (Figs. 3(c) and 4), but the relation became less tight in June

when wheat started to mature. In addition, we found a step change

in RS after each crop rotation (i.e., planting wheat (PW) and planting maize (PM) in Fig. 4) as RS ﬂushed dramatically, which may be

attributed to the increase of SOC as a result of crop residual input

(Vanlauwe et al., 1994; Zhang et al., 2011). Overall, the seasonal

Fig. 3. Seasonal variations in (a) daily mean soil temperature of the upper 10 cm

(TS0–10), (b) daily mean soil water content at 5 cm (
), daily total rainfall and

irrigation, (c) daily total gross primary productivity (GPP), and (d) leaf area index

(LAI).

variation in RS is a result of impacts by multiple factors, implying that the responses of RH and RA to dominant factors must be

examined separately.

Fig. 5(a) shows the seasonal variation in RH in 2011. The seasonal

patterns of RH for both seasons were almost a unimodal curve, with

Fig. 4. Seasonal variation in total soil respiration (RS). Error bars indicate the

standard deviation of four replicates (in 2009 and 2010) and three replicates (in

2011). PM, planting maize; PW, planting wheat.Author's personal copy
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Fig. 5. Seasonal variations in (a) heterotrophic respiration (RH) and (b) autotrophic

respiration (RA)in 2011. Error bars indicate the standard deviation ofthree replicates

for wheat and two replicates for maize. HW, harvesting wheat; PM, planting maize.

the peak appearing in June. After maize was sowed, RH was pretty

low because of water stress in themiddle of June. RH then exhibited

a dramatic increase when 
 recovered following precipitation (see

Fig. 3(b)). Note that RH exhibited a decline at about May 1 (see

Fig. 5(a)) because of low temperature in inclement weather. Across

the whole growing seasons of wheat and maize, the variation in

RH correlated well with that in TS0–10 except during two periods

(see Figs. 2 and 5(a)). The ﬁrst period was from June 15 to July 15,

when the decomposition of wheat residuals on ﬁeld surface was

supposed to alter the temperature dependence of RH. The second

period was in August and September when water logging occurred,

and the high 
 was supposed to inﬂuence organism metabolism as

well as CO2 transport.

In contrast to RH, the seasonal pattern of RA was approximately a bimodal curve, corresponding to the growing seasons of

wheat and maize (Fig. 3(d)). RA ranged from 0.3 
mol m−2

s−1

to

4.4 
molm−2

s−1

and from 0.1 
molm−2

s−1

to 3.4 
molm−2

s−1

in the wheat and maize growing seasons, respectively. RA also

Fig. 6. The contribution ratios of autotrophic respiration (RA) and heterotrophic

respiration (RH) to total soil respiration (RS). HW, harvesting wheat; PM, planting

maize.

exhibited a decline similar to that of RH at aboutMay 1 (see Fig. 5(b))

because of the decrease of GPP and/or TS in inclement weather.

The ratio of RA to RS (i.e., RA/RS) is used to characterize the components of soil respiration. The seasonal pattern of RA/RS resembled

that of RA and corresponded clearly to the development of crop

(Fig. 3(d)). RA/RS for wheat exhibited a decline at about May 1

(Fig. 6). At that time, both RH and RA declined, and RA decreased

more than RH, which resulted in a decrease in RA/RS. These results

indicate that RA is more sensitive to temperature changes than RH

over certain temperature ranges. The difference in RA/RS of the two

crop seasons indicates that RA/RS can vary with crop types and/or

environmental conditions even at the same site.

3.2. Responses of RH to environmental variables

From March to September in 2011, RH correlated exponentially

with TS0–10 (Fig. 7(a)). Themeasurements inwheat andmaize growing seasons were ﬁtted on the same curve, as the root effect on RH

(also priming effect) was excluded. When exploring the temperature dependence of RH, data points with extreme 
 (i.e., less than


wp or larger than 
fc

) obviously deviated fromthe regression curve,

indicating that extreme 
 can affect the temperature dependence

of RH. These samples were not used when ﬁtting the temperature

dependence curve, similar to the treatment applied by Ruehr et al.

(2010). Samples taken within 3 weeks following the return of crop

residuals (indicated as “period after residual return” in Fig. 7(a))

were also not used because the easily decomposable fresh matter

increased dramatically during that period (Vanlauwe et al., 1994;

Zhang et al., 2011). For the whole growing season, the Q10 value of

RH was 1.65 (95% conﬁdence interval [1.58, 1.73]).

Fig. 7(b) shows the relation between RH and 
. To eliminate

the effect of temperature when exploring the dependence of RH

on 
, RH was temperature-standardized (the ratio of observed RH

to the value estimated from Eq. (3), i.e., RH/RH(TCON)) (Davidson

et al., 1998; Liang et al., 2010). RH exhibited no discernible dependence on 
 between 
wp and 
fc

(Fig. 7(b)). However, RH decreased

with 
 when 
 was higher than 
fc

. This decrease can be described

by a quadratic curve. The decrease of RH is attributed to the low

soil effective porosity when 
 is high. This effect can also partially explain the decrease of RH during water logging in August

and September of 2011 (see Fig. 5(a)). Two data points with very

low RH were recorded at the end of June and corresponded to low


, suggesting that RH also decreases under water stress. SimilarAuthor's personal copy
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Fig. 7. (a) Relation between heterotrophic respiration (RH) and soil temperature

of the upper 10 cm (TS0–10) (b) relation between temperature-standardized heterotrophic respiration (RH/RH(TS0–10)) and mean soil water content of the upper

5 cm (
), vertex of the ﬁtting quadratic curve was set to 1.0 at 
fc

. Dashed line in (a)

was the ﬁtting temperature dependence curve for the period of 3 weeks following

the crop residual return.

effects of 
 on soil respiration were also found in other studies

(e.g., Gaumont-Guay et al., 2006;Mielnick and Dugas, 2000; Suseela

et al., 2012). However, parameters characterizing the dependence

of RH on 
 were site-speciﬁc in these studies, probably because of

the differences in soil texture and microorganism at different sites.

3.3. Response of RA to environmental variables and GPP

Fig. 8(a) shows the temperature dependence of RA. In the analysis for temperature response of RA in the wheat growing season,

only samples before May 31 were used, because wheat was mature

after May 31. Temperature dependences of RA in wheat and maize

cannot be explained by a single temperature response curve, indicating that the temperature dependence of RA is inﬂuenced by

processes related to crop. This ﬁnding also illustrates that large

Fig. 8. (a) Relation between autotrophic respiration (RA) and mean soil temperature of the upper 10 cm (TS0–10); (b) relation between temperature-standardized

autotrophic respiration (RA/RA(TS0–10)) and soil water content of the upper 5 cm (
).

The two samples in the dashed line box were recorded at the start of water logging

in August, while those in the dotted line box were under high soil water content

after water logging in September.

uncertainty in modeling soil respiration can appear if only one

temperature response curve for RA is applied for different crops in

a model (a unique parameterization of the temperature response

curve for soil respiration is usually adopted in current ecosystem

models, and more often an even simpler parameterization scheme

is applied by considering only the total soil respiration without discriminating RH and RA (e.g., Biome-BGC, Hunt et al., 1996; TEM, Tian

et al., 1999)). For instance, if RA ofwheat growing season ismodeled

by the temperature response curve for maize, the systematic bias

can reach −68% (i.e., (sim − obs)/obs, where sim is the average of

simulations and obs is the average of observations). Similarly, if

RA in the maize growing season is modeled by the temperature

response curve for wheat, the systematic bias can reach 233%.

Parameterizations of the temperature response curve for different

crops are therefore extremely critical for accurate soil respiration

estimation.Author's personal copy
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Table 1

Comparisons of RS, RH, RA and RA/RS with identical crops in different climates.

Crop Item Site Latitude Precipitation (mmyr−1

) Air temperature (

◦

C) Period of respiration Seasonal range Seasonal average Source

Wheat RS Tibet, China 29

◦

41




N 425

a

7.7

a

Sep. 1999–Sep. 2001 0.11–3.95

b

1.53

b

Shi et al. (2006)

Gansu, China 35

◦

57




N 382 6.7 Jun. 2007–Oct. 2007 0.52–1.43 0.98

c

Li et al. (2010)

Weishan, China 36

◦

39




N 63

d

15.0

d

Mar. 2011–Jun. 2011 1.57–7.61 5.25 This study

Ottawa, Canada 45

◦

22




N 583

e

17.8

f

May 1989–Aug. 1989 2.71–11.87 6.5

g

Rochette et al. (1991)

Lonzée, Belgium 50

◦

33




N 800 10 Nov. 2004–Aug. 2005 0.96–3.86

h

1.82

i

Moureaux et al. (2008)

Jülich, Germany 50

◦

52




N 698 9.9 Mar. 2009–Jul. 2009 1.06–5.04 2.68 Prolingheuer et al. (2010)

RH Gansu, China 35

◦

57




N 382 6.7 Jun. 2007–Oct. 2007 0.12–0.45 0.30

c

Li et al. (2010)

Weishan, China 36

◦

39




N 63

d

15.0

d

Mar. 2011–Jun. 2011 1.3–5.7 3.34 This study

Jülich, Germany 50

◦

52




N 698 9.9 Mar. 2009–Jul. 2009 1.32–2.81 2.07 Prolingheuer et al. (2010)

Lonzée, Belgium 50

◦

33




N 772 9.1 Apr. 2006–Jul. 2006 – 1.28

j

Suleau et al. (2011)

RA Gansu, China 35

◦

57




N 382 6.7 Jun. 2007–Oct. 2007 0.12–1.08 0.68

c

Li et al. (2010)

Weishan, China 36

◦

39




N 63

d

15.0

d

Mar. 2011–Jun. 2011 0.3–4.4 1.91 This study

Jülich, Germany 50

◦

52




N 698 9.9 Mar. 2009–Jul. 2009 0–2.59 0.93 Prolingheuer et al. (2010)

Lonzée, Belgium 50

◦

33




N 772 9.1 Apr. 2006–Jul. 2006 – 1.04

j

Suleau et al. (2011)

RA/RS Varanasi, India 25

◦

18




N 12.8

k

19.9

k

Dec. 1979–Apr. 1980 – 21.8%

l

Singh and Shekhar (1986)

Tibet, China 29

◦

41




N 425

a

7.7

a

Sep. 1999–Sep. 2001 – 45% Shi et al. (2006)

Gansu, China 35

◦

57




N 382 6.7 Jun. 2007–Oct. 2007 22.3–86.6% 67.3% Li et al. (2010)

Weishan, China 36

◦

39




N 63

d

15.0

d

Mar. 2011–Jun. 2011 6–55% 36% This study

Lonzée, Belgium 50

◦

33




N 800 10 Nov. 2004–Aug. 2005 – 56% Moureaux et al. (2008)

Jülich, Germany 50

◦

52




N 698 9.9 Mar. 2009–Jul. 2009 – 31% Prolingheuer et al. (2010)

Maize RS Weishan, China 36

◦

39




N 594

d

23.9

d

Jul. 2011–Sep. 2011 0.17–9.70 6.00 This study

Lincoln, US 40

◦

50




N 596m

22.9

n

May 1999–Aug. 2001 – 3.05

o

Amos et al. (2005)

Jinzhou, China 41

◦

09




N 568.8 20.1

p

May 2005–Sep. 2005 1.32–4.87 3.16 Han et al. (2007)

Ottawa, Canada 45

◦

22




N 583

e

17.8

f

Jun. 1996–Oct. 1996 1.35–5.77

q

3.6

q

Rochette et al. (1999)

RH Weishan, China 36

◦

39




N 594

d

23.9

d

Jul. 2011–Sep. 2011 0.6–10.9 4.25 This study

Ottawa, Canada 45

◦

22




N 583

e

17.8

f

Jun. 1996–Oct. 1996 1.17–3.86

q

2.6

q

Rochette et al. (1999)

RA Weishan, China 36

◦

39




N 594

d

23.9

d

Jul. 2011–Sep. 2011 0.1–3.4 1.75 This study

Ottawa, Canada 45

◦

22




N 583

e

17.8

f

Jun. 1996–Oct. 1996 0.84–3.43

q

1.0

q

Rochette et al. (1999)

RA/RS Varanasi, India 25

◦

18




N 1102.2

k

25.8

k

Jun. 1980–Sep. 1980 – 16.8%

l

Singh and Shekhar (1986)

Fengqiu, China 35

◦

00




N 615 13.9 Jun. 2004–Sep. 2004 0–70% 43.6%

r

Ding et al. (2007)

Weishan, China 36

◦

39




N 594

d

23.9

d

Jul. 2011–Sep. 2011 6–54% 29% This study

Ottawa, Canada 45

◦

22




N 583

e

17.8

f

Jun. 1996–Oct. 1996 0–45% 28.0%

s

Rochette et al. (1999)

Stuttgart, Germany 48

◦

43




N – – Jul.2004 and Sep. 2004 – 22% and 29%

t Werth and Kuzyakov (2009)

–, data not available or difﬁcult to obtain.

a

Data from http://english.igsnrr.cas.cn/fs/ss/200704/t20070423 8868.html.

b

Unit converted from gCO2 m−2

d−1

.

c

Obtained as the average of corresponding data in Table 2 in Rochette et al. (1991).

d

Data for wheat covered the period from Mar. 1 to Jun. 15, 2011; maize was from Jun. 16 to Sep. 30, 2011.

e

Obtained as the average from Jul. to Sep. in 1994 and 1995 from Fig. 1 in Reid et al. (2002).

f

Obtained with reference to Ma et al. (2001).

g

Obtained as the average of “mean soil respiration” in Table 2 in Rochette et al. (1991).

h

Obtained from Fig. 6 of the source, unit converted from gCm−2

d−1

.

i

Computed as the average of the growing season, unit converted from kgCm−2

(275 days)−1

.

j

Data from Table 2 in Rochette et al. (1991), unit converted from gCm−2

d−1

.

k

Obtained with reference to Fig. 1 of the source.

l

Obtained from Table 2 in Rochette et al. (1991), value is the ratio of RA to RS in the laboratory.

m

The average from 2003 to 2005 with reference to Adviento-Borbe et al. (2007).

n

The average from May to Sep. from 2003 to 2005 with reference to Adviento-Borbe et al. (2007).

o

Unit converted from kgC ha−1

d−1

.

p

The average from May to Sep. 2005.

q

Obtained from the root exclusion method in Fig. 5 of the source, unit converted from gCm−2

d−1

.

r

Obtained as the average of samples excluding negative values in Fig. 6 of the source.

s

Obtained as the average of samples excluding negative values for 40 cm in Fig. 4 of the source.

t

22% was for Jul., 2004, and 29% was for Sep., 2004.Author's personal copy
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Fig. 9. Relations between RA and GPP that shifted 1 h in the wheat growing season

and 2 h in maize growing season.

Q10 of RA was 2.69 (95% conﬁdence interval [1.95, 3.71]) for

wheat and 2.85 (95% conﬁdence interval [1.66, 4.91]) for maize.

Both Q10 of the two crops were higher than that of RH, indicating that RA is more sensitive to temperature changes than RH.

Compared to the temperature sensitivity of RH, higher temperature sensitivity of RA has also been found in forests (e.g., Boone

et al., 1998; Epron et al., 2001), possibly because the temperature

dependence of RA is further driven by the seasonality of the belowground carbon allocation (Högberg, 2010) that is often in phase

with temperature, and GPPmay also alter the temperature dependence of RA (Kuzyakov and Cheng, 2001; Tang et al., 2005).In terms of

soil water content, no discernible dependence of RA on 
 was found

across the whole wheat growing season, because 
 was within the

range of 
wp and 
fc

.Inthemaize growing season,the response of RA

to 
 was difﬁcult to discern. High 
 suppressed RA at the beginning

of water logging, but RA recovered afterwards though soil water

content was still high (see Fig. 8(b)). In contrast to RH, these results

in RA indicate that the response of RA to soil water content may be

additionally modulated by processes related to crop, among other

factors.

The dependence of RA on GPP was investigated using linear

regressions between RA and time-shifted GPPs. A relation between

RA and shifted GPP was indeed found (Fig. 9). The time lag of RA to

GPP was 1 h for wheat and 2 h for maize, comparable to that of a

wheat (Dilkes et al., 2004). The slope (=0.0407) of RA against GPP

for wheat is within the range of 0.021–0.070 previously observed

for wheat cropland (Suleau et al., 2011). However, the interactive

impacts of environmental factors (i.e., soil temperature and soil

water content) and processes related to crop on RA are complex

(Bahn et al., 2008; Suleau et al., 2011) because processes related to

crop interact simultaneously with environmental factors. Distinguishing impacts of environmental factors and processes related

to crop on RA requires additional controlled experiments and perhaps analyzing methods (Detto et al., 2012) beyond the scope of

this study.

3.4. Comparisons with other studies

The seasonal average values of RS were 5.25 
molm−2

s−1

in the wheat growing season (from March 13 to June 13) and

6.00 
molm−2

s−1

in the maize growing season (from July 7 to

September 30) in 2011. Comparisons of RS with identical crops of

different climates are shown in Table 1. RS appears higher than

values in most other studies for both wheat and maize, implying

that the soil respiration of the same crop in different regions can

be inﬂuenced by climate and/or cropland management practice.

A correlation analysis (data presented in Table 1) shows that seasonal average RS for wheat correlates linearly and positively with

the mean air temperature (R

2

= 0.98, p < 0.001), which can partially

explain the higher RS for wheat in our study.

The seasonal average values of RH were 3.34 
molm−2

s−1

and

4.25 
molm−2

s−1

in the wheat growing season (from March 13

and June 13) and maize growing season (from July 7 to September

30), respectively, in 2011. Comparisons showthat our RH ofwheatis

also higher than that reported in other studies (Table 1). The higher

value here can be attributed to the higher air temperature, as seasonal average RH correlates linearly and positively with the mean

air temperature (R

2

= 0.95, p < 0.05) (data presented in Table 1).

In 2011, the seasonal average values of RA were

1.91 
molm−2

s−1

and 1.75 
molm−2

s−1

in the wheat growing season (from March 13 to June 13) and the maize growing

season (from July 7 to September 30), respectively. Comparisons

show that our RA of wheat is higher than that reported in other

studies, which is again attributed to the higher temperature at our

site, as seasonal average RA correlates linearly and positively with

the mean air temperature (R

2

= 0.96, p < 0.05).

The seasonal average ratios of RA to RS (seasonal average RA

divided by seasonal average RS, i.e., RA/RS

) were 36% and 29% in

wheat growing season and maize growing season, respectively.

Comparisons show that our RA/RS of wheat is lower than that

reported in other studies (Table 1). A correlation analysis indicates

that seasonal average RA/RS correlates exponentially andnegatively

with the mean air temperature (R

2

= 0.69, p < 0.05) (data presented

in Table 1), implying thatwheatin awarmer region has lower RA/RS.

The lower average RA/RS in our study is therefore attributed to

the higher air temperature. The relatively low RA/RS for the wheat

growing season at our site indicates that RH is the dominant component of RS in the NCP, in comparison to other wheat croplands

(see Table 1). For maize, our RA/RS is comparable to other studies

(see Table 1).

4. Summary and conclusions

Based on a three-year experiment conducted from 2009 to

2011, the seasonal variations in RS, RH and RA, as well as their

corresponding controlling factors, were studied in a typical cropland area in the NCP. In a whole year, RS had three peaks, and

its value ranged from 1.57 
molm−2

s−1

to 7.61 
molm−2

s−1

in the wheat growing season and from 0.17 
molm−2

s−1

to

9.70 
molm−2

s−1

in the maize growing season. The seasonal pattern of RH was approximately a unimodal curve, while the seasonal

pattern of RA was a bimodal curve. During the wheat growing

season from March 13 to June 13 in 2011, the average values

of RS, RH and RA were 5.25 
molm−2

s−1

, 3.34 
molm−2

s−1

and

1.91 
molm−2

s−1

, respectively. During the maize growing season from July 7 to September 30 in 2011, the average values

of RS, RH and RA were 6.00 
molm−2

s−1

, 4.25 
molm−2

s−1

and

1.75 
molm−2

s−1

respectively. In both of the wheat and maize

growing seasons, RH was the dominant component of RS. The seasonal average ratios of RA to RS were 36% and 29% for wheat and

maize, respectively, and the difference in RA/RS between the two

crop seasons indicates that RA/RS varies with crop types and/or

environmental conditions at the site. Our seasonal average values

of RS, RH and RA ofthewheatwere higher than those of other studies

because of the higher air temperature at our site.

The dependence of RH on TS0–10 was well explained by an exponential curve, and the corresponding Q10 was 1.65 for the whole

crop growing season. During thewheat andmaize growing seasons,

RA correlated exponentially with TS0–10, and the corresponding Q10Author's personal copy
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were 2.69 and 2.85 for wheat and maize, respectively. However,

the temperature dependence of RA for the two crops cannot be

explained by a single temperature response curve, indicating that

the temperature dependence of RA is inﬂuenced by processes possibly related to crop. In addition, RA for wheat and maize were both

more sensitive to temperature changes than RH. Soil water content

had no discernible effects on either RH or RA when 
 was within the

range between 
wp and 
fc

. However, RH was notably suppressed

when 
 was higher than 
fc

, while RA was only suppressed at the

start of water logging, but recovered afterwards. Our study demonstrates that parameterizations for temperature response of RA are

signiﬁcantly different for wheat and maize even at the same site,

possibly resulting in uncertainty in soil respiration estimation if

parameterizations are not distinguished in the model. Our results

also imply that, in addition to soil temperature and soil water content, SOC is an important factor controlling RH, while RA may be a

result of complex interactions between environmental factors and

processes related to crop.
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