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ABSTRACT
Background. Farmland accounts for a relatively large fraction of the world’s vegetation
cover, and the quantification of carbon fluxes over farmland is critical for understanding
regional carbon budgets. The carbon cycle of farmland ecosystems has become a focus
of global research in the field of carbon dynamics and cycling. The objectives of this
study are to monitor the temporal variation in the net ecosystem exchange (NEE) and
soil respiration in a spring maize (Zea mays L.) farmland ecosystem of the southern
Loess Plateau of China.
Methods. A fully automated temperature-controlled flux chamber system was adopted
in this study. The system contained nine chambers for CO2 flux measurements, and
three treatments were conducted: with and without maize plants in the chamber, as
well as a bare field. Observations were conducted from June to September 2011. This
time period covers the seedling, jointing, heading, grain filling, and ripening stages of
spring maize. Other factors, such as air temperature (Ta), soil temperature (Ts), soil
water content (SWC), photosynthetically active radiation (PAR), and precipitation (P),
were simultaneously monitored.
Results. There was observed diurnal variation in theNEE of themaize ecosystem (NEE-
maize). A short ‘‘noon break’’ occurred when the PAR intensity was at its maximum,
while soil respiration rates had curves with a single peak. During the overall maize
growth season, the total NEE-maize was –68.61 g C m−2, and the soil respiration
from the maize field (SR-maize) and bare field (SR-bare field) were 245.69 g C m−2

and 114.08 g C m−2, respectively. The temperature sensitivity of soil respiration in
the maize field exceeded that in the bare field. Significant negative correlations were
found between the NEE, PAR, and temperature (all p-values < 0.01), with both Ta and
PAR being the primary factors that affected the CO2 fluxes, collectively contributing
61.7%, 37.2%, and 56.8% to the NEE-maize, SR-maize, and SR-bare field, respectively.
It was therefore concluded that both meteorological factors and farming practices have
an important impact on the carbon balance process in corn farmland ecosystems.
However, it is necessary to conduct long-term observational studies, in order to get
a better understanding of the driving mechanism.
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INTRODUCTION
The increase in atmospheric carbon dioxide (CO2) concentration caused by global climate
change has elicited universal concern, especially with respect to the CO2 exchange flux
between terrestrial ecosystems and the atmosphere. Terrestrial ecosystems are important in
the global carbon cycle, and ecosystem respiration and gross photosynthesis are the major
pathways of carbon exchange between these ecosystems and the atmosphere (Baldocchi et
al., 2001; Yu et al., 2006;Wagle et al., 2017). The net ecosystem exchange (NEE) is the result
of gross primary productivity (GPP) in combination with ecosystem respiration (Reco),
and positive and negative values represent CO2 assimilation and release, respectively
(Wang et al., 2013a). Croplands are strong contributors to the terrestrial carbon budget,
and agricultural soil has been considered one of the largest emitters of greenhouse gases
(Huang et al., 2007; Smith et al., 2010). Moreover, croplands are largely influenced by
human activities (e.g., irrigation, farming, and fertilization), and the CO2 exchange flux
between cropland ecosystems and the atmosphere is likely affected by various factors (Li et
al., 2006; Lei & Yang, 2010). Thus, the carbon cycle of farmland ecosystems is an important
issue in the rapidly advancing field of global carbon cycle research (Hutchinson, Campbell &
Desjardins, 2007). Hence, accurate measurements of CO2 fluxes are particularly significant
for China because the country contains the third largest area of farmlands following forests
and grasslands (Liu et al., 2005).

Several methods have been developed for observing and determining the carbon flux
in terrestrial ecosystems (Yu, Wang & Zhu, 2011). The micro-meteorological and chamber
methods are the most widely used, while the eddy covariance method is considered as
the standard micro-meteorological method for measuring ecosystem carbon and water
fluxes (Baldocchi, 2003). However, the basic assumptions of the eddy covariance method,
which include an underlying surface of a certain scale (flat and uniform) and equilibrium
hydrothermal conditions, are not always satisfied. Hence, there are inevitable uncertainties
in flux observations. The chamber method is widely used for the direct measurement of
CO2 flux in smaller-scale ecosystems, especially for grasslands and croplands (Davidson
et al., 2002; Balogh et al., 2007). Many studies have compared the chamber method with
eddy covariance and reported similar or higher CO2 fluxes than found in chamber-
based observations (Liang et al., 2004; Ohkubo et al., 2007; Nagy et al., 2011; Riederer,
Serafimovich & Foken, 2014). Myklebust, Hipps & Ryel (2008) recommended the use of
the eddy covariance, chamber, and gradient methods for measuring soil CO2 flux. Wang
et al. (2013a) also indicated that an automatic chamber is a suitable alternative to the
eddy covariance technique, and they reported good agreement between the NEE fluxes
measured in cotton and wheat fields using both techniques. Morton & Heinemeyer (2018)
recently assessed and highlighted the importance of including shrub vegetation in chamber
flux calculations. Therefore, the CO2 flux measured by the chamber method can be used
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to obtain a relatively accurate flux value by using a suitable coefficient that can expand
the application range of eddy correlation method observations (Lucas-Moffat et al., 2018).
This offers an important complement for large-scale carbon exchange research (Hoffmann
et al., 2015).

The Loess Tableland, located in the central and southern regions of the Loess Plateau,
is an important crop production base in northwest China. Spring maize (Zea mays L.)
and winter wheat are two traditional food crops cultivated there that have considerable
acreages. They play a vital role in ensuring regional food security and maintaining the
carbon balance (Liu et al., 2010). The carbon dynamics of a maize cropland have typically
been measured using the eddy covariance technique at the ecosystem scale (Jans et al.,
2010; Du & Liu, 2013; Vote, Hall & Charlton, 2015; Gao et al., 2017; Poyda et al., 2019), but
few systematic studies of CO2 flux of the small rainfed spring maize fields of the Loess
Plateau have been conducted using the chamber method. Zhang et al. (2011) used the
dynamic chamber system to determine soil respiration only in wheat ecosystems, and they
did not consider the absorption of CO2 due to plant photosynthesis. Continuous and
long-term measurements are still necessary to explore the temporal variations in carbon
flux components in maize fields and how they are controlled by climatic variables (Lei &
Yang, 2010).

The objectives of this study are as follows: (1) to investigate the temporal variation
of NEE and soil respiration (SR) rates in a maize farmland and bare field during the
growing season; (2) to compare the carbon exchange capacity among different growth
stages of spring maize plants; and (3) to explore the factors that affect carbon flux and their
mechanisms in maize farmland ecosystems. Given the pressing need to better understand
the characteristics of CO2 flux and its influencing factors on typical land use patterns, this
work provides insight into the study of regional water and carbon processes, as well as
carbon source/sink relationships.

MATERIALS AND METHODS
Study site
This study was conducted at the Changwu Agro-Ecological Experiment Station on the
Chinese Loess Plateau (35◦12′N, 107◦40′E, 1,200 m a.s.l.). Regional climate is driven by
the semi-arid continental monsoon. The annual mean temperature is 9.1 ◦C, and the
mean annual precipitation is 584 mm, with an annual mean potential evapotranspiration
of 949 mm (1957–2012; Han, Liu & Lin, 2015). The Loess Tableland is a typical rain-fed
agricultural area; hence, precipitation is the sole water resource for crop growth. The soils
are Cumuli-Ustic Isohumosols, according to the Unified Soil Classification System (Gong,
Zhang & Chen, 2007), a type that is porous and has a high-water holding capacity. However,
this soil type suffers from moisture deficits under uneven rainfall and high evaporation
conditions. The soil pH value is approximately 8.4, with a soil organic matter content of
approximately 3% (Han et al., 2016).
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Experimental design
There are three types of fluxes in the field under observation: (1) NEE of carbon in the
maize field (NEE-maize, with maize plants in the chamber); (2) soil respiration in the
maize field (SR-maize, no plants in the flux box and covering of only the inter-row soil);
and (3) soil respiration in the bare field (SR-bare field, with no tillage and regular weed
removal). CO2 flux is the general term used for the NEE and SR of the maize ecosystem.
The soil organic carbon (SOC) of 0–20 cm depth layers in the maize and bare fields were
not significantly different, and the average values were 6.85 ± 0.61 gkg−1 and 6.34 ± 0.68
gkg−1, respectively (n= 6).

The spring maize variety used in the experiment was Xianyu 335, and its sowing time
was April 28, 2011. The growth stages of corn primarily include the seedling (May 7 to June
10), jointing (June 11 to June 30), heading (July 1 to July 15), grain filling (July 16 to July
31), and ripening (August 1 to September 15) periods. The growth stages were classified
according to the climatic and maize growth characteristics of this region (Liu et al., 2010).
Fertilization is conducted every year during the sowing period. The fertilization standard
applied was 300 kg ha−1 of nitrogen and 750 kg ha−1 of phosphate fertilizer.

Field measurements of CO2 fluxes
The CO2 fluxes were continuously measured in the maize field and bare field plots (10
m × 10 m) at intervals of one hour using a multi-channel automated chamber system
(Fig. 1). There were three chambers per treatment, as described in our previous study (Han
et al., 2016). The chambers (50 × 50 × 50 cm, L × W × H) were made of transparent
plexiglass, with lids hinged at the sidewalls so they could be opened. In each chamber,
there was a telescopic cylinder driven by high pressure from a compressor that opened
and closed the lid, with a small fan used to mix the air when the lid was closed (Liang,
Inoue & Fujinuma, 2003; Han et al., 2016). The air samples were pumped from one closed
chamber into an infrared gas analyzer (IRGA, Li-820, Li-Cor, Lincoln, USA) to measure
their CO2 concentration through a multi-channel valve connected with a desiccant tube, a
filter, and a flow controller. A programmable logical controller (PLC, Master-K120S, LG,
Korea) was used to control the solenoid valves, to open and close the target chambers,
and to circulate the gas samples (Zhang et al., 2011; Han et al., 2016). Each chamber was
closed for three minutes for measurements, and the flow rate was controlled at 1 L min−1

(Drewitt et al., 2002). After nine chambers were closed in sequence, the next measurement
cycle was performed. The CO2 concentration was measured continuously using an infrared
gas analyzer (IRGA) and recorded using a data logger at ten second intervals (CR1000,
Campbell Scientific, Logan, USA).
The automated chamber system has been tested repeatedly and has been proven to work

well under field conditions with high precision and stability (Steduto et al., 2002; Liang,
Inoue & Fujinuma, 2003; Zhang et al., 2011; Zhou et al., 2012). First, the chambers were
made of transparent plexiglass with approximately 95% transmission, which allows plants
in the chamber to perform photosynthesis normally, thus ensuring the accuracy of the
NEE measurements. Second, the chambers were operated automatically. This provides the
ability to collect averaged data of continuous observations during both the daytime and
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Figure 1 The automated multi-chamber system.
Full-size DOI: 10.7717/peerj.8994/fig-1

nighttime, as well as measurements during extreme weather, such as rainfall. Third, the
collected gas was directly transferred from the infrared gas analyzer without the need for
subsampling, which is more ideal than gas chromatography methods. Moreover, the small
fan in the chamber was able to adjust the temperature and mix the gas inside the chamber
during measurements, thus reducing the effect of temperature on CO2 flux.

Soil temperatures (Ts) at depths of 10- and 20-cm were measured using a thermocouple
thermometer. The soil water content (SWC) at a depth of 10 cm was measured using
a Hydra Probe (SDI-12, Stevens, USA). Other variables, such as air temperature (Ta),
photosynthetically active radiation (PAR), and precipitation (P), were simultaneously
monitored and recorded at the Changwu Agro-Ecological Experiment Station located
approximately ten meters from the field site.

Data processing
Calculation of CO2 flux
CO2 fluxes (NEE and SR) were calculated using Eq. (1) (Davidson, Belk & Boone, 1998;
Steduto et al., 2002; Zhang et al., 2011; Han et al., 2016):

A=
dc
dt

V
S

P
RTa

(1)

where A is the CO2 flux in a certain area during a period of time, (µmol m−2 s−1); dc/dt
is the change rate in CO2 concentrations; V is the volume of the chamber (m3); S is the
ground surface area enclosed by the chamber (m2); P is the atmospheric pressure inside
the chamber (kPa); R is a universal gas constant (8.3144 × 10−3 kPa m3 mol−1 K− 1),
and T a is the air temperature inside the chamber (K). Diurnal and seasonal variations of
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the NEE and soil respiration were analyzed using two different datasets. Specifically, the
diurnal variation was analyzed based on the hourly data, while the seasonal variation was
based on the daily data.

Calculation of the Q10
An exponential curve was used to investigate the relationship between soil respiration and
temperature as follows (Phillips et al., 2011):

SR=α e βTs (2)

where SR is the soil respiration rate (mol CO2 m−2 s−1), which is A in Eq. (1); T s is the soil
temperature (◦C); and α and β are estimated parameters when SR is a known quantity.

AQ10 value was used to represent the correspondingmultiples of soil respiration increase
when the soil temperature was increased by 10 ◦C intervals using the form of Phillips et al.
(2011):

Q10= e10β (3)

where β is the parameter from Eq. (2). Thus, Q10 could be used as a sign of temperature
sensitivity for soil respiration.

Carbon in grains
It was hypothesized that all of the maize straws were returned to the field, and the carbon
in the grains (Cgr , gC m−2) was estimated using the crop yield (Y) as follows (Li et al.,
2006; Lei & Yang, 2010;Wang et al., 2013b):

Cgr = (1−Wgr ) fcY (4)

where Wgr is the grain water content (0.155 for maize); f c is the fraction of carbon in the
grain (0.447 for maize); and Y is the grain yield (Li et al., 2006; Lei & Yang, 2010).

Statistical analysis
Multiple comparisons and a one-way analysis of variance (ANOVA) was performed to
evaluate the significance level of the differences in the CO2 fluxes among the treatments and
different growth stages. The Pearson correlation coefficients were calculated to determine
the significance of the correlations between CO2 fluxes and the influencing variables (Ta,
Ts, PAR, P, and SWC). These statistical analyses were conducted using SPSS19.0 software
(IBM SPSS Statistics, Chicago, USA). A principal component analysis (PCA) was conducted
using CANOCO 5.0 to quantify the relative contribution of the influencing factors to the
changes in the soil CO2 fluxes. All figures were drawn using SigmaPlot 12.5 software (Systat
Software, San Jose, USA).

RESULTS
Variation in microclimatic variables
The environmental conditions varied widely during the measurement period (Fig. 2). The
mean Ta was 20.3± 2.9 ◦C, while the mean Ts at 10 cm were 22.3± 2.3 and 21.1± 2.1 ◦C
in the bare land and the maize field, respectively (p >0.05). The corresponding mean soil

Fang et al. (2020), PeerJ, DOI 10.7717/peerj.8994 6/22

https://peerj.com
http://dx.doi.org/10.7717/peerj.8994


Figure 2 Seasonal variation of the environmental factors. (A) Photosynthetically active radiation
(PAR), (B) air temperature, (C) soil temperature at 10 cm and 20 cm depth, (D) precipitation and soil
water content (SWC) at 10 cm depth in the maize and bare.

Full-size DOI: 10.7717/peerj.8994/fig-2

moisture levels in the bare land and the maize field at the 10 cm depth were 14.0 ±1.0%
and 15.4 ± 1.5%, respectively (p> 0.05). The total precipitation during the measurement
period was 388.4 mm.

Diurnal variation characteristics of the CO2 fluxes
There were noticeable diurnal variations in the NEE in the spring maize ecosystem (NEE-
maize) during each growth period, with positive values in the nighttime (19:00–6:00) and
negative values during the day (7:00–18:00) (Fig. 3A). This was consistent with the trend in
the PAR, and a short ‘‘noon break’’ occurred when the PAR intensity was at its maximum.
The minimum daily NEE-maize values in the seedling, jointing, heading, grain filling, and
ripening stages were –0.37, –4.74, –5.92, –4.07, and –1.36 µmol CO2 m−2 s−1, respectively.
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Figure 3 Diurnal variations of the CO 2 flux during different growth periods of maize: (A) NEE-maize,
(B) SR-maize and SR-barefield.

Full-size DOI: 10.7717/peerj.8994/fig-3

The diurnal variation in soil respiration (SR-maize) rates were best described with peak
values in the heading, grain filling, and ripening stages of 3.44, 4.20, and 2.75 µmol CO2

m−2 s−1, respectively. The peak value of soil respiration rates in the bare field (SR-bare
field) was 1.66 µmol CO2 m−2 s−1, which was lower than that for the SR-maize (Fig. 3B).

Seasonal trend in CO2 fluxes during the maize growth period
Overall trend
Throughout the observation period, the daily NEE-maize ranged from –6.04 to 3.33 g C
m−2 d −1, while the daily SR-maize and SR-bare field had values of 0.77–4.86 g Cm−2 d−1

and 0.41–1.63 g C m− 2 d−1, respectively. The cumulative NEE-maize (i.e., carbon uptake)
and SR-maize (i.e., carbon emission) were –68.61 and 245.69 g C m− 2, respectively, with
corresponding soil carbon emissions in the bare field of 114.08 g C m−2. These results
indicated a larger amplitude in the flux of the SR-maize than the SR-bare field, and the
spring maize ecosystem functioned as a weak carbon ‘‘sink’’ throughout the growing
season (Fig. 4). The carbon in the grain (Cgr ) was calculated as 234.60 g C m −2. This figure
considered the carbon released by the grains, and hence the maize field turned into a slight
carbon source.

Carbon flux characteristics during different growth stages
The cumulative NEE-maize values in the seedling, jointing, heading, grain filling, and
ripening stages were 2.63, –19.85, –32, –16.76, and 65.26 g C m−2, respectively. To enable a
more intuitive comparison, the averaged carbon fluxes during each growth stage were also
calculated. The NEE-maize and SR-maize showed significant variations among stages. The
NEE-maize during the heading stage was −2.13 ± 0.25 g C m−2 d−1 (Fig. 5A), and the
SR-maize during the grain filling stage was 3.12 ± 0.70 g C m−2 d−1 (Fig. 5B). Therefore,
they were significantly smaller and larger than those during other stages (p< 0.05).
However, the SR-bare field showed no significant variations according to the above stages
(Fig. 5C).
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Figure 4 The overall trend of the CO2 flux during the observation period.
Full-size DOI: 10.7717/peerj.8994/fig-4

The temperature sensitivity of NEE and soil respiration
As Fig. 6 shows, the SR-maize values had significant positive correlations with soil
temperature, for which the Q10 values were 2.10 and 2.27 at the 10 cm and 20 cm depths,
respectively (Fig. 6A). The corresponding Q10 values were 1.36 and 1.37, respectively,
for the SR-bare field (Fig. 6B). This suggested that the SR-maize was more sensitive to
temperature than the SR-bare field, and also more sensitive to changes in soil temperature
at the 20 cm depth.
The relationship between soil respiration and soil temperature varied with the

measurement depth, which was caused by an attenuation and phase shift in the soil
temperatures with depth (Fig. 7). As the air temperature reached a daily maximum
before the SR-maize and SR-bare field, the hysteresis loops rotated clockwise (Figs. 7A,
7B). However, when the soil temperatures peaked after the SR-maize and SR-bare field,
the loops rotated counterclockwise (Figs. 7C–7F). This indicated that although the soil
respiration was affected by temperature, the trend was not consistent with the single-peak
trend of temperature, thereby resulting in the hysteresis.

Response of CO2 flux to meteorological variables
The correlations and PCA analyses showed that the NEE-maize had significant negative
correlations with Ta, PAR, and Ts (all p-values< 0.01) but had positive correlations with P
and SWC (p-values< 0.05) (Table 1, Fig. 8A). Conversely, both the SR-maize and SR-bare
field were positively correlated with Ta, PAR, and Ts, yet negatively correlated with P. All
of the correlations were significant at the 0.05 or 0.01 levels. However, for both SRs, the
correlations with SWC were not significant (p-values > 0.05) (Table 1, Fig. 8B).

The relative contribution of each potential influencing factor to the CO2 fluxes were
determined, in which it was presumed that the contribution of all variables totaled 100%
(Fig. 8C). The Ta and PAR jointly contributed 61.7%, 37.2%, and 56.8% to the NEE-maize,
SR-maize, and SR-bare-field, respectively, and thus were considered the primary factors
that affected the CO2 fluxes in the study area. The relative contribution of SWC varied
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Figure 5 Daily average carbon exchange during each growth period: (A) NEE-maize, (B) SR-maize,
and (C) SR-bare field. The dots and lines beside the box represent the carbon exchanges and their normal
distribution. The error bars indicate the significance of differences among the different samples. The low-
ercase letters indicate the significance of differences among the growth stages (p< 0.05).

Full-size DOI: 10.7717/peerj.8994/fig-5

widely among the different CO2 fluxes, and this result may have been related to the
measurement frequency. Finally, the contributions of the Ts-20 were less than those of the
Ts-10, which indicated that the influence of soil temperature decreased with increasing
depth.

DISCUSSION
Comparison between the automated chamber and other systems
Accurate measurements of CO2 fluxes are necessary for understanding carbon cycling in
terrestrial ecosystems (Balogh et al., 2007). Although most carbon cycling studies are based
on the eddy covariance technique, the chamber technique for gas exchange measurements
(Reicosky & Peters, 1977) has some advantages. First, the source of the flux is clear, which
is not possible in the eddy covariance technique, although the total flux can be calculated

Fang et al. (2020), PeerJ, DOI 10.7717/peerj.8994 10/22

https://peerj.com
https://doi.org/10.7717/peerj.8994/fig-5
http://dx.doi.org/10.7717/peerj.8994


Figure 6 Relationships between SR and soil temperature at 10 cm and 20 cm depths: (A) maize field,
and (B) bare field.

Full-size DOI: 10.7717/peerj.8994/fig-6

using a footprint analysis. Second, the observation area is relatively small, and it is easy to
distinguish different land use types, thereby providing spatial physiological heterogeneity
information for different vegetation types (Borchard et al., 2015). Finally, the lower cost
acquisition compared to the eddy covariance technique is a significant factor in its use.
In this study, observation plots for a maize field and bare field were both 10 m × 10 m,
which were relatively flat, evenly tilled, and had little spatial variability or heterogeneity.
Therefore, three chambers in each plot were representative of the CO2 flux measurements.

To verify the accuracy of the automatic chamber technique, themethod can be compared
with other systems such as the portable chambermethod (Li-8100) and the eddy covariance
technique (Lavigne et al., 1997;Wohlfahrt et al., 2005;Myklebust, Hipps & Ryel, 2008;Wang
et al., 2013a). In this study, the SR rate in themaize field ranged from 1.07 to 4.20 µmol CO2

m−2s−1 during the maize growth period.Wang et al. (2016) reported SR rates between 1.37
and 2.71 µmol CO2 m−2s−1, while Liang et al. (2018) reported values from 1.35 to 5.59
µmol CO2 m−2s−1 in maize fields in similar regions using a portable chamber (Li-8100)
(Table 2). Similar values of the SR rate have been also reported using the same system. For
instance, the values ranged from 2.10 to 2.46 µmol CO2 m−2s−1 for wheat in the same
region, as reported by Zhang et al. (2011), and from 3.30 to 3.80 µmol CO2 m−2s−1 for a
pine forest floor in the USA (Speckman et al., 2015). The NEE-maize ranged from−6.04 to
3.03 g Cm−2d−1 among different growth stages, which was in agreement with data reported
by Lei & Yang (2010) in the North China Plain and Posse et al. (2014) in Argentina, who
used the eddy covariance technique (Table 2). The consistency of the results of this study
with previous studies indicates the reliability of this automated chamber system.

The peak values of the NEE-maize in the present study showed larger differences than
the values reported by Gao et al. (2017) andWagle et al. (2018), who used eddy covariance
techniques (Table 2). Moreover, the cumulative NEE-maize and SR-maize in this study
were –68.61 and 245.69 g C m−2, respectively, which was lower than those obtained by Li
et al. (2006),Wang et al. (2013a) in the North China Plain and those obtained by Gao et al.
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Figure 7 The diel hysteresis between the CO2 fluxes and temperature. (A), (C), and (E) indicate the
NEE-maize with air temperature, and soil temperature at 10 cm, 20 cm depths; (B), (D), and (F) indicate
SR-maize with air temperature and soil temperature at 10 cm and 20 cm depths. The solid points show
time at 12 hours, and the arrows indicate the direction of hysteresis over time.

Full-size DOI: 10.7717/peerj.8994/fig-7

Table 1 The correlations between carbon fluxes and environmental factors.

Flux variables Ta PAR P SWC Ts-10 Ts-20

NEE-maize −0.431** −0.632** 0.314 0.261* −0.432** −0.385**

SR-maize 0.277** 0.218* −0.243** 0.379 0.193* 0.113*

SR-bare-field 0.419** 0.481** −0.337** 0.122 0.273** 0.199*

Notes.
Ta, air temperature; PAR, photosynthetically active radiation; P, precipitation; SWC, soil water content; Ts-10, soil tem-
perature at 10 cm depth; Ts-20, soil temperature at 20 cm depth.
*significant effect at p< 0.05.
**significant effect at p< 0.01, N = 104.
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Figure 8 PCA analysis and the relative contribution of environmental variables to the CO2 flux: (A)
PCA analysis on factors and NEE-maize, SR-maize, (B) PCA analysis on factors and SR-bare field, and (C)
the relative contribution of the factors. Ta, air temperature; PAR, photosynthetically active radiation; P,
precipitation; SWC, soil water content; Ts-10, soil temperature at 10 cm depth; Ts-20, soil temperature at
20 cm depth.

Full-size DOI: 10.7717/peerj.8994/fig-8

(2017) in the Loess Plateau. Differences in elevation, precipitation, vegetation, period of
time, observation scale, and the method of carbon flux determination are all possible causes
of the above-mentioned differences. Therefore, further studies to compare the CO2 fluxes
measured using an automated chamber and the eddy covariance technique are necessary to
highlight the potential sources of error and enhance the reliability of the chamber system.

CO2 fluxes in different land-use types
The automated chamber system in this work provided accurate and useful observations
of CO2 flux at a plot scale and can therefore be used for investigations of other land-use
types, such as in alpine meadows (Chen et al., 2014), forests (Liang et al., 2004; Takagi et
al., 2009), and shrublands (Burrows et al., 2005). The daily SR-maize in this study was
significantly larger than that of the SR-bare field during each maize growth stage (Fig. 5).
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Table 2 Comparison of ranges in CO2 fluxes observed using different methods.

Site Method Vegetation SR rates
(µmol CO2 m−2 s−1)

NEE
(g Cm−2 d−1)

Year Source

Shaanxi,
China

Automatic Chamber
(Li-820)

Maize 1.07∼4.20 −6.04∼3.33 2011 This study

Shaanxi,
China

Automatic Chamber
(Li-820)

Winter wheat 2.10∼2.46 2006–2007 Zhang et al. (2011)

Laramie,
USA

Portable chamber
(Li-820)

Pine forest 3.30∼3.80 2005–2011 Speckman et al. (2015)

Shaanxi,
China

Portable chamber
(Li-8100)

Maize 1.37∼2.71 2014–2015 Wang et al. (2016)

Hebei,
China

Portable chamber
(Li-8100)

Maize 1.35–5.59 2010 Liang et al. (2018)

Shandong,
China

Eddy covariance
(Li-7500)

Maize −13.90∼3.65 2005–2009 Lei & Yang (2010)

Buenos Aires,
Argentina

Eddy covariance
(Li-7500)

Maize −8.90∼4.00 2011–2012 Posse et al. (2014)

Shanxi,
China

Eddy covariance
(Li-7500)

Maize −15.98
(peak value)

2014 Gao et al. (2017)

Texas,
USA

Eddy covariance
(Li-7500)

Maize −14.78
(peak value)

2016 Wagle et al. (2017)

Notes.
SR rates, soil respiration rates; NEE, the net ecosystem exchange of carbon; with the model of the infrared gas analyzer shown in bracket of each method.

This result indicated that land-use types had impacts on CO2 flux, which agreed with
the findings of previous studies (Iqbal et al., 2008; Arevalo et al., 2010; Wang et al., 2016).
Iqbal et al. (2008) reported significant differences in CO2 fluxes among four different land
use types of subtropical red soil-paddies, orchards, woodlands, and uplands. Liu et al.
(2016) also indicated that land use type had a significant effect on the diurnal variation
in soil respiration, and naturally regenerated vegetation is the optimal vegetation type for
reducing global warming. Different land-use types have various vegetation coverages, root
biomasses, and soil physicochemical and microbial properties, which are all sources of
differences in CO2 fluxes (Gu et al., 2018). However, in this study, only the soil respiration
in the maize field and bare field were measured. Further research is required to cover more
vegetation types, as well as their root and soil microbial information.

In terms of the regional carbon budget, the primary difference between agroecosystems
and natural ecosystems is that crop grains are harvested and eventually consumed. Hence,
they are finally transformed to CO2 and released back into the atmosphere (Li et al., 2006;
Lei & Yang, 2010;Wang et al., 2013b). Thus, measuring the carbon removed during harvest
coupled with the NEE is necessary for ecosystem carbon balance. This data can provide
information on the total rate of organic carbon accumulation (or loss) from ecosystems
(Chapin et al., 2006). The site studied in this work was a weak carbon source if grain carbon
loss was considered during the maize growth period in 2011, which was similar to other
reported results (Verma et al., 2005; Lei & Yang, 2010; Gao et al., 2017; Poyda et al., 2019).
However, due to the limited time of observation, the accumulated data only revealed the
carbon balance during the growing period. Follow-up observations should consider not
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only the CO2 flux during the growing period as well as the amount of biomass that is
harvested, but also the presumable respired amount of CO2 during the fallow months
throughout the year.

Dependence on meteorological variables
Since NEE is the result of gross ecosystem carbon uptake in combination with ecosystem
respiration, plant photosynthetic capacity and respiration intensity should have important
impacts on NEE (Reichstein et al., 2005). When photosynthesis increased, the net CO2

flux was directed downward, whereas when the Reco was high, and the net CO2 flux was
directed upward (Fig. 3). Similar diurnal patterns have been described in previous studies
(Hoffmann et al., 2015; Ohkubo, Nagata & Hirota, 2015). The relative contributions of
Ta and PAR amounted to 61.7%, 37.2%, and 56.8% in the NEE-maize, SR-maize, and
SR-bare field, respectively (Fig. 8). This result revealed the importance of these two factors
for driving CO2 flux.Moreover, the pattern and amplitude of the diurnal trends of NEE and
soil respiration changes with the seasons and depends on other environmental parameters,
such as the leaf area index, in addition to the incident PAR (Chen et al., 2014).

Soil temperature, soil moisture, and their interaction largely control the temporal and
spatial variations in soil respiration (Song et al., 2018). In a study of three European forests,
Borken et al. (2002) found that soil temperature at a depth of 10 cm explained 73% to
86% of temporal variation in soil respiration. However, the influence of soil temperature
varied in very wet or dry conditions. Chang et al. (2014) indicated that soil moisture was
positively correlated with soil temperature when soil moisture exceeded the threshold 17%.
In this study, correlations among soil respiration and soil temperature or soil moisture
in the spring maize ecosystem and bare field were different, and the contributions of soil
temperature to soil respiration were relatively small. Zhang et al. (2011) also reached a
similar conclusion. This result may be explained by the inconsistent change in rainfall
that affected soil moisture levels in our study area. The wetting and drying of soil can
substantially influence CO2 emissions (Muhr et al., 2008). Furthermore, the positive or
negative effect of each of these factors may not be individually explained because these
factors are often strongly inter-correlated and co-vary with the soil organic matter content
and root respiration, which are major sources of soil respiration (Song et al., 2018). In this
study, the number of soil moisture measurements (seven times) during the maize growing
season was limited, and the calculation results of the effect of water on CO2 flux did not
reach a significant level. Therefore, the differences and driving mechanisms of the carbon
balance process under the maize ecosystem and bare field require longer observations and
more in-depth analysis.

CONCLUSIONS
Both NEE and SR rate in maize ecosystems undergo a clear diurnal variation. CO2 flux is
consistent with the trend of photosynthetically active radiation, and a short ‘‘noon break’’
occurs when the photosynthetically active radiation intensity is at its maximum. With the
growth and development of maize plants, the carbon fluxes among their growth stages
showed significant differences (p< 0.05), for which average values during the growth
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period were in the order of heading > grain filling > ripening > seedling-jointing stage.
During the maize growth period in 2011, the overall NEE was −68.61 g Cm−2, which
represented as a weak carbon sink. However, it changed to a small carbon source if grain
harvest was considered. Ta and PAR were the primary factors that affected CO2 flux in the
cornfield, as evidenced by the current study results that showed Ta and PAR contributed
61.7%, 37.2%, and 56.8% to the NEE-maize, SR-maize, and SR-bare-field, respectively.
Therefore, improving the photosynthetic efficiency of spring maize in this region would
be helpful to improve the carbon sink function of the crop ecosystem, which is of great
significance for the regional carbon cycle.

ACKNOWLEDGEMENTS
We thank Dr. Hongxing Zhang at the Research Center for Eco-Environmental Sciences,
Chinese Academy of Sciences, for his great advice on automatic chamber design and
measurement. We gratefully acknowledge many members (graduate and undergraduate
students) from Northwest A&F University for contributing to the field observation.
Many thanks to the academic editor and two anonymous reviewers for their constructive
comments, which played a significant role in improving the quality of this manuscript.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding
This research was funded by the National key R&D Program of China (No.
2016YFC0501602), the National Natural Science Foundation of China (No. 41571036),
the Light of West China Program of Chinese Academy of Sciences (XAB2018B08), the
Youth Talent Plan Foundation of Northwest A&F University (2452018087), and the China
Postdoctoral Science Foundation (No. 2017M620926). There was no additional external
funding received for this study. The funders had no role in study design, data collection
and analysis, decision to publish, or preparation of the manuscript.

Grant Disclosures
The following grant information was disclosed by the authors:
National key R&D Program of China: 2016YFC0501602.
National Natural Science Foundation of China: 41571036.
Light of West China Program of Chinese Academy of Sciences: XAB2018B08.
Youth Talent Plan Foundation of Northwest A&F University: 2452018087.
The China Postdoctoral Science Foundation: 2017M620926.

Competing Interests
The authors declare there are no competing interests.

Author Contributions
• Fengru Fang and Xiaoyang Han performed the experiments, analyzed the data, prepared
figures and/or tables, authored or reviewed drafts of the paper, and approved the final
draft.

Fang et al. (2020), PeerJ, DOI 10.7717/peerj.8994 16/22

https://peerj.com
http://dx.doi.org/10.7717/peerj.8994


• Wenzhao Liu and Ming Tang conceived and designed the experiments, authored or
reviewed drafts of the paper, and approved the final draft.

Data Availability
The following information was supplied regarding data availability:

The raw measurements are available in the Supplemental File.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.8994#supplemental-information.

REFERENCES
Arevalo CBM, Bhatti JS, Chang SX, Jassal RS, Sidders D. 2010. Soil respiration in four

different land use systems in north central Alberta, Canada. Journal of Geophysical
Research-Biogeosciences 115:G01003 DOI 10.1029/2009jg001006.

Baldocchi DD. 2003. Assessing the eddy covariance technique for evaluating carbon
dioxide exchange rates of ecosystems: past, present and future. Global Change Biology
9:479–492 DOI 10.1046/j.1365-2486.2003.00629.x.

Baldocchi D, Falge E, Gu L, Olson R, Hollinger D, Running S, Anthoni P, Bernhofer
C, Davis K, Evans R. 2001. FLUXNET: a new tool to study the temporal and
spatial variability of ecosystem-scale carbon dioxide, water vapor, and energy
flux densities. Bulletin of the American Meteorological Society 82:2415–2434
DOI 10.1175/1520-0477(2001)082¡2415:FANTTS¿2.3.CO;2.

Balogh J, Nagy Z, Foti S, Pinter K, Czobel S, Peli ER, Acosta M, MarekMV, Csintalan
Z, Tuba Z. 2007. Comparison of CO2 and H2O fluxes over grassland vegetations
measured by the eddy-covariance technique and by open system chamber. Photo-
synthetica 45:288–292 DOI 10.1007/s11099-007-0046-9.

Borchard N, SchirrmannM, Von Hebel C, Schmidt M, Baatz R, Firbank L, Vereecken
H, Herbst M. 2015. Spatio-temporal drivers of soil and ecosystem carbon fluxes at
field scale in an upland grassland in Germany. Agriculture Ecosystems & Environment
211:84–93 DOI 10.1016/j.agee.2015.05.008.

BorkenW, Xu Y, Davidson EA, Beese F. 2002. Site and temporal variation of soil
respiration in European bech, Norway spruce and Scots pine forests. Global Change
Biology 8:1205–1216 DOI 10.1046/j.1365-2486.2002.00547.x.

Burrows EH, Bubier JL, Mosedale A, Cobb GW, Crill PM. 2005. Net ecosystem
exchange of carbon dioxide in a temperate poor fen: a comparison of automated and
manual chamber techniques. Biogeochemistry 76:21–45
DOI 10.1007/s10533-004-6334-6.

Chang CT, Sabate S, Sperlich D, Poblador S, Sabater F, Gracia C. 2014. Does soil
moisture overrule temperature dependence of soil respiration in Mediterranean
riparian forests? Biogeosciences 11:6173–6185 DOI 10.5194/bg-11-6173-2014.

Chapin FS,Woodwell GM, Randerson JT, Rastetter EB, Lovett GM, Baldocchi
DD, Clark DA, HarmonME, Schimel DS, Valentini R,Wirth C, Aber JD,

Fang et al. (2020), PeerJ, DOI 10.7717/peerj.8994 17/22

https://peerj.com
http://dx.doi.org/10.7717/peerj.8994#supplemental-information
http://dx.doi.org/10.7717/peerj.8994#supplemental-information
http://dx.doi.org/10.7717/peerj.8994#supplemental-information
http://dx.doi.org/10.1029/2009jg001006
http://dx.doi.org/10.1046/j.1365-2486.2003.00629.x
http://dx.doi.org/10.1175/1520-0477(2001)082\protect \unhbox \voidb@x \hbox {\T1\textexclamdown }2415:FANTTS\T1\textquestiondown 2.3.CO;2
http://dx.doi.org/10.1007/s11099-007-0046-9
http://dx.doi.org/10.1016/j.agee.2015.05.008
http://dx.doi.org/10.1046/j.1365-2486.2002.00547.x
http://dx.doi.org/10.1007/s10533-004-6334-6
http://dx.doi.org/10.5194/bg-11-6173-2014
http://dx.doi.org/10.7717/peerj.8994


Cole JJ, GouldenML, Harden JW, HeimannM, Howarth RW,Matson PA,
McGuire AD, Melillo JM, Mooney HA, Neff JC, Houghton RA, Pace ML, Ryan
MG, Running SW, Sala OE, SchlesingerWH, Schulze ED. 2006. Reconciling
carbon-cycle concepts, terminology, and methods. Ecosystems 9:1041–1050
DOI 10.1007/s10021-005-0105-7.

Chen HQ, FanMS, Kuzyakov Y, Billen N, Stahr K. 2014. Comparison of net ecosystem
CO2 exchange in cropland and grassland with an automated closed chamber system.
Nutrient Cycling in Agroecosystems 98:113–124 DOI 10.1007/s10705-014-9600-6.

Davidson EA, Belk E, Boone RD. 1998. Soil water content and temperature as indepen-
dent or confounded factors controlling soil respiration in a temperate mixed hard-
wood forest. Global Change Biology 4:217–227 DOI 10.1046/j.1365-2486.1998.00128.x.

Davidson EA, Savage K, Verchot LV, Navarro R. 2002.Minimizing artifacts and
biases in chamber-based measurements of soil respiration. Agricultural and Forest
Meteorology 113:21–37 DOI 10.1016/s0168-1923(02)00100-4.

Drewitt GB, Black TA, Nesic Z, Humphreys ER, Jork EM, Swanson R, Ethier GJ, Griffis
T, Morgenstern K. 2002.Measuring forest floor CO2 fluxes in a Douglas-fir forest.
Agricultural and Forest Meteorology 110:299–317
DOI 10.1016/S0168-1923(01)00294-5.

DuQ, Liu HZ. 2013. Seven years of carbon dioxide exchange over a degraded grassland
and a cropland with maize ecosystems in a semiarid area of China. Agriculture
Ecosystems & Environment 173:1–12 DOI 10.1016/j.agee.2013.04.009.

Gao X, Gu FX, HaoWP, Mei XR, Li HR, Gong DZ, Mao LL, Zhang ZG. 2017.
Carbon budget of a rainfed spring maize cropland with straw returning on
the Loess Plateau, China. Science of The Total Environment 586:1193–1203
DOI 10.1016/j.scitotenv.2017.02.113.

Gong ZT, Zhang GL, Chen ZC. 2007. Pedogenesis and soil taxonomy. Bejing: Science
Press Publishing.

GuQ,Wei J, Luo SC, MaMG, Tang XG. 2018. Potential and environmental control
of carbon sequestration in major ecosystems across arid and semi-arid regions in
China. Science of The Total Environment 645:796–805
DOI 10.1016/j.scitotenv.2018.07.139.

Han X, LiuW, Fang F, Chen J. 2016. Soil respiration and its relationship to environ-
mental factors in three land uses on the Loess Tableland. Nature Environment and
Pollution Technology 15:923–928.

Han X, LiuW, LinW. 2015. Spatiotemporal analysis of potential evapotranspiration in
the Changwu tableland from 1957 to 2012.Meteorological Applications 22:586–591
DOI 10.1002/met.1490.

HoffmannM, Jurisch N, Borraz EA, Hagemann U, Drosler M, SommerM, Augustin J.
2015. Automated modeling of ecosystem CO2 fluxes based on periodic closed cham-
ber measurements: a standardized conceptual and practical approach. Agricultural
and Forest Meteorology 200:30–45 DOI 10.1016/j.agrformet.2014.09.005.

Huang Y, ZhangW, SunWJ, Zheng XH. 2007. Net primary production of Chinese crop-
lands from 1950 to 1999. Ecological Applications 17:692–701 DOI 10.1890/05-1792.

Fang et al. (2020), PeerJ, DOI 10.7717/peerj.8994 18/22

https://peerj.com
http://dx.doi.org/10.1007/s10021-005-0105-7
http://dx.doi.org/10.1007/s10705-014-9600-6
http://dx.doi.org/10.1046/j.1365-2486.1998.00128.x
http://dx.doi.org/10.1016/s0168-1923(02)00100-4
http://dx.doi.org/10.1016/S0168-1923(01)00294-5
http://dx.doi.org/10.1016/j.agee.2013.04.009
http://dx.doi.org/10.1016/j.scitotenv.2017.02.113
http://dx.doi.org/10.1016/j.scitotenv.2018.07.139
http://dx.doi.org/10.1002/met.1490
http://dx.doi.org/10.1016/j.agrformet.2014.09.005
http://dx.doi.org/10.1890/05-1792
http://dx.doi.org/10.7717/peerj.8994


Hutchinson JJ, Campbell CA, Desjardins RL. 2007. Some perspectives on carbon
sequestration in agriculture. Agricultural and Forest Meteorology 142:288–302
DOI 10.1016/j.agrformet.2006.03.030.

Iqbal J, Hu RG, Du LJ, Lan L, Shan L, Tao C, Ruan LL. 2008. Differences in soil CO2

flux between different land use types in mid-subtropical China. Soil Biology &
Biochemistry 40:2324–2333 DOI 10.1016/j.soilbio.2008.05.010.

JansWWP, Jacobs CMJ, Kruijt B, Elbers JA, Barendse S, Moors EJ. 2010. Carbon ex-
change of a maize (Zea mays L.) crop: influence of phenology. Agriculture Ecosystems
& Environment 139:316–324 DOI 10.1016/j.agee.2010.06.008.

LavigneMB, RyanMG, Anderson DE, Baldocchi DD, Crill PM, Fitzjarrald DR,
GouldenML, Gower ST, Massheder JM, McCaughey JH, Rayment M, Striegl
RG. 1997. Comparing nocturnal eddy covariance measurements to estimates of
ecosystem respiration made by scaling chamber measurements at six coniferous
boreal sites. Journal of Geophysical Research-Atmospheres 102:28977–28985
DOI 10.1029/97jd01173.

Lei H, Yang D. 2010. Seasonal and interannual variations in carbon dioxide exchange
over a cropland in the North China Plain. Global Change Biology 16:2944–2957
DOI 10.1111/j.1365-2486.2009.02136.x.

Li J, Yu Q, Sun X, Tong X, Ren C,Wang J, Liu E, Zhu Z, Yu G. 2006. Carbon dioxide
exchange and the mechanism of environmental control in a farmland ecosys-
tem in North China Plain. Science in China Series D: Earth Sciences 49:226–240
DOI 10.1007/s11430-006-8226-1.

Liang NS, Inoue G, Fujinuma Y. 2003. A multichannel automated chamber system for
continuous measurement of forest soil CO2 efflux. Tree Physiology 23:825–832
DOI 10.1093/treephys/23.12.825.

Liang NS, Nakadai T, Hirano T, Qu LY, Koike T, Fujinuma Y, Inoue G. 2004. In situ
comparison of four approaches to estimating soil CO2 efflux in a northern larch
(Larix kaempferi Sarg.) forest. Agricultural and Forest Meteorology 123:97–117
DOI 10.1016/j.agrformet.2003.10.002.

Liang GP,WuHJ, Houssou AA, Cai DX,Wu XP, Gao LL,Wang BS, Li SP. 2018. Soil
respiration, glomalin content, and enzymatic activity response to straw application
in a wheat-maize rotation system. Journal of Soils and Sediments 18:697–707
DOI 10.1007/s11368-017-1817-y.

Liu Y, Li SQ, Chen F, Yang SJ, Chen XP. 2010. Soil water dynamics and water use effi-
ciency in spring maize (Zea mays L.) fields subjected to different water management
practices on the Loess Plateau, China. Agricultural Water Management 97:769–775
DOI 10.1016/j.agwat.2010.01.010.

Liu JY, LiuML, Tian HQ, Zhuang DF, Zhang ZX, ZhangW, Tang XM, Deng XZ.
2005. Spatial and temporal patterns of China’s cropland during 1990–2000: an
analysis based on Landsat TM data. Remote Sensing of Environment 98:442–456
DOI 10.1016/j.rse.2005.08.012.

Fang et al. (2020), PeerJ, DOI 10.7717/peerj.8994 19/22

https://peerj.com
http://dx.doi.org/10.1016/j.agrformet.2006.03.030
http://dx.doi.org/10.1016/j.soilbio.2008.05.010
http://dx.doi.org/10.1016/j.agee.2010.06.008
http://dx.doi.org/10.1029/97jd01173
http://dx.doi.org/10.1111/j.1365-2486.2009.02136.x
http://dx.doi.org/10.1007/s11430-006-8226-1
http://dx.doi.org/10.1093/treephys/23.12.825
http://dx.doi.org/10.1016/j.agrformet.2003.10.002
http://dx.doi.org/10.1007/s11368-017-1817-y
http://dx.doi.org/10.1016/j.agwat.2010.01.010
http://dx.doi.org/10.1016/j.rse.2005.08.012
http://dx.doi.org/10.7717/peerj.8994


Liu XP, ZhangWJ, Zhang B, Yang QH, Chang JG, Hou K. 2016. Diurnal variation
in soil respiration under different land uses on Taihang Mountain, North China.
Atmospheric Environment 125:283–292 DOI 10.1016/j.atmosenv.2015.11.034.

Lucas-Moffat AM, Huth V, Augustin J, Brummer C, Herbst M, KutschWL.
2018. Towards pairing plot and field scale measurements in managed ecosys-
tems: using eddy covariance to cross-validate CO2 fluxes modeled from man-
ual chamber campaigns. Agricultural and Forest Meteorology 256:362–378
DOI 10.1016/j.agrformet.2018.01.023.

Morton PA, Heinemeyer A. 2018. Vegetation matters: correcting chamber carbon flux
measurements using plant volumes. Science of the Total Environment 639:769–772
DOI 10.1016/j.scitotenv.2018.05.192.

Muhr J, Goldberg SD, BorkenW, Gebauer G. 2008. Repeated drying–rewetting cycles
and their effects on the emission of CO2, N2O, NO, and CH4 in a forest soil. Journal
of Plant Nutrition and Soil Science 171:719–728 DOI 10.1002/jpln.200700302.

Myklebust MC, Hipps LE, Ryel RJ. 2008. Comparison of eddy covariance, cham-
ber, and gradient methods of measuring soil CO2 efflux in an annual semi-arid
grass, Bromus tectorum. Agricultural and Forest Meteorology 148:1894–1907
DOI 10.1016/j.agrformet.2008.06.016.

Nagy Z, Pinter K, Pavelka M, Darenova E, Balogh J. 2011. Carbon fluxes of sur-
faces vs. ecosystems: advantages of measuring eddy covariance and soil respi-
ration simultaneously in dry grassland ecosystems. Biogeosciences 8:2523–2534
DOI 10.5194/bg-8-2523-2011.

Ohkubo S, Kosugi Y, Takanashi S, Mitani T, Tani M. 2007. Comparison of the eddy
covariance and automated closed chamber methods for evaluating nocturnal CO2

exchange in a Japanese cypress forest. Agricultural and Forest Meteorology 142:50–65
DOI 10.1016/j.agrformet.2006.11.004.

Ohkubo S, Nagata O, Hirota T. 2015. Estimating NEE in a wheat-planted plot with
an automatically controlled chamber. Soil Science and Plant Nutrition 61:76–87
DOI 10.1080/00380768.2014.920243.

Phillips CL, Nickerson N, Risk D, Bond BJ. 2011. Interpreting diel hysteresis be-
tween soil respiration and temperature. Global Change Biology 17:515–527
DOI 10.1111/j.1365-2486.2010.02250.x.

Posse G, Richter K, Lewczuk N, Cristiano P, Gattinoni N, Rebella C, Achkar A. 2014.
Attribution of carbon dioxide fluxes to crop types in a heterogeneous agricultural
landscape of Argentina. Environmental Modeling & Assessment 19:361–372
DOI 10.1007/s10666-013-9395-x.

Poyda A,Wizemann HD, Ingwersen J, Eshonkulov R, Hogy P, DemyanMS, Kremer
P,Wulfmeyer V, Streck T. 2019. Carbon fluxes and budgets of intensive crop
rotations in two regional climates of southwest Germany. Agriculture Ecosystems &
Environment 276:31–46 DOI 10.1016/j.agee.2019.02.011.

Fang et al. (2020), PeerJ, DOI 10.7717/peerj.8994 20/22

https://peerj.com
http://dx.doi.org/10.1016/j.atmosenv.2015.11.034
http://dx.doi.org/10.1016/j.agrformet.2018.01.023
http://dx.doi.org/10.1016/j.scitotenv.2018.05.192
http://dx.doi.org/10.1002/jpln.200700302
http://dx.doi.org/10.1016/j.agrformet.2008.06.016
http://dx.doi.org/10.5194/bg-8-2523-2011
http://dx.doi.org/10.1016/j.agrformet.2006.11.004
http://dx.doi.org/10.1080/00380768.2014.920243
http://dx.doi.org/10.1111/j.1365-2486.2010.02250.x
http://dx.doi.org/10.1007/s10666-013-9395-x
http://dx.doi.org/10.1016/j.agee.2019.02.011
http://dx.doi.org/10.7717/peerj.8994


ReichsteinM, Falge E, Baldocchi D, Papale D, Aubinet M, Berbigier P, Bernhofer C,
Buchmann N, Gilmanov T, Granier A. 2005. On the separation of net ecosystem ex-
change into assimilation and ecosystem respiration: review and improved algorithm.
Global Change Biology 11:1424–1439 DOI 10.1111/j.1365-2486.2005.001002.x.

Reicosky D, Peters D. 1977. A portable chamber for rapid evapotranspiration measure-
ments on field plots. Agronomy Journal 69:729–732.

Riederer M, Serafimovich A, Foken T. 2014. Net ecosystem CO2 exchange measure-
ments by the closed chamber method and the eddy covariance technique and their
dependence on atmospheric conditions. Atmospheric Measurement Techniques
7:1057–1064 DOI 10.5194/amt-7-1057-2014.

Smith P, Lanigan G, KutschWL, Buchmann N, EugsterW, Aubinet M, Ceschia E,
Beziat P, Yeluripati JB, Osborne B, Moors EJ, Brut A,WattenbachM, Saunders
M, Jones M. 2010.Measurements necessary for assessing the net ecosystem car-
bon budget of croplands. Agriculture Ecosystems & Environment 139:302–315
DOI 10.1016/j.agee.2010.04.004.

SongWC, Tong XJ, Zhang JS, Meng P, Li J. 2018.How a root-microbial system regulates
the response of soil respiration to temperature and moisture in a plantation. Polish
Journal of Environmental Studies 27:2749–2756 DOI 10.15244/pjoes/81271.

Speckman HN, Frank JM, Bradford JB, Miles BL, MassmanWJ, PartonWJ, RyanMG.
2015. Forest ecosystem respiration estimated from eddy covariance and chamber
measurements under high turbulence and substantial tree mortality from bark
beetles. Global Change Biology 21:708–721 DOI 10.1111/gcb.12731.

Steduto P, Cetinkoku O, Albrizio R, Kanber R. 2002. Automated closed-system canopy-
chamber for continuous field-crop monitoring of CO2 and H2O fluxes. Agricultural
and Forest Meteorology 111:171–186 DOI 10.1016/s0168-1923(02)00023-0.

Takagi K, Fukuzawa K, Liang N, KayamaM, NomuraM, Hojyo H, Sugata S, Shibata H,
Fukazawa T, Takahashi Y, Nakaji T, OgumaH,ManoM, Akibayashi Y, Murayama
T, Koike T, Sasa K, Fujinuma Y. 2009. Change in CO2 balance under a series of
forestry activities in a cool-temperate mixed forest with dense undergrowth. Global
Change Biology 15:1275–1288 DOI 10.1111/j.1365-2486.2008.01795.x.

Verma SB, Dobermann A, Cassman KG,Walters DT, Knops JM, Arkebauer TJ,
Suyker AE, Burba GG, Amos B, Yang HS, Ginting D, Hubbard KG, Gitelson AA,
Walter-Shea EA. 2005. Annual carbon dioxide exchange in irrigated and rainfed
maize-based agroecosystems. Agricultural and Forest Meteorology 131:77–96
DOI 10.1016/j.agrformet.2005.05.003.

Vote C, Hall A, Charlton P. 2015. Carbon dioxide, water and energy fluxes of irrigated
broad-acre crops in an Australian semi-arid climate zone. Environmental Earth
Sciences 73:449–465 DOI 10.1007/s12665-014-3547-4.

Wagle P, Gowda PH, Anapalli SS, Reddy KN, Northup BK. 2017. Growing season
variability in carbon dioxide exchange of irrigated and rainfed soybean in the
southern United States. Science of the Total Environment 593–594:263–273
DOI 10.1016/j.scitotenv.2017.03.163.

Fang et al. (2020), PeerJ, DOI 10.7717/peerj.8994 21/22

https://peerj.com
http://dx.doi.org/10.1111/j.1365-2486.2005.001002.x
http://dx.doi.org/10.5194/amt-7-1057-2014
http://dx.doi.org/10.1016/j.agee.2010.04.004
http://dx.doi.org/10.15244/pjoes/81271
http://dx.doi.org/10.1111/gcb.12731
http://dx.doi.org/10.1016/s0168-1923(02)00023-0
http://dx.doi.org/10.1111/j.1365-2486.2008.01795.x
http://dx.doi.org/10.1016/j.agrformet.2005.05.003
http://dx.doi.org/10.1007/s12665-014-3547-4
http://dx.doi.org/10.1016/j.scitotenv.2017.03.163
http://dx.doi.org/10.7717/peerj.8994


Wagle P, Gowda PH, Moorhead JE, Marek GW, Brauer DK. 2018. Net ecosystem
exchange of CO2 and H2O fluxes from irrigated grain sorghum and maize
in the Texas High Plains. Science of The Total Environment 637:163–173
DOI 10.1016/j.scitotenv.2018.05.018.

Wang K, Liu C, Zheng X, Pihlatie M, Li B, Haapanala S, Vesala T, Liu H,Wang Y, Liu
G, Hu F. 2013a. Comparison between eddy covariance and automatic chamber
techniques for measuring net ecosystem exchange of carbon dioxide in cotton and
wheat fields. Biogeosciences 10:6865–6877 DOI 10.5194/bg-10-6865-2013.

WangW, Liao Y,Wen X, Guo Q. 2013b. Dynamics of CO2 fluxes and environmental
responses in the rain-fed winter wheat ecosystem of the Loess Plateau, China. Science
of The Total Environment 461–462:10–18 DOI 10.1016/j.scitotenv.2013.04.068.

Wang R,Wang ZQ, Sun QQ, ZhaoM, Du LL,WuDF, Li RJ, Gao X, Guo SL. 2016.
Effects of crop types and nitrogen fertilization on temperature sensitivity of
soil respiration in the semi-arid Loess Plateau. Soil & Tillage Research 163:1–9
DOI 10.1016/j.still.2016.05.005.

Wohlfahrt G, Anfang C, BahnM, Haslwanter A, Newesely C, Schmitt M, Drosler M,
Pfadenhauer J, Cernusca A. 2005. Quantifying nighttime ecosystem respiration of
a meadow using eddy covariance, chambers and modelling. Agricultural and Forest
Meteorology 128:141–162 DOI 10.1016/j.agrformet.2004.11.003.

Yu G,Wang Q, Zhu X. 2011.Methods and uncertainties in evaluating the carbon budgets
of regional terrestrial ecosystems. Progress in Geography 30:103–113.

Yu G,Wen X, Sun X, Tanner BD, Lee X, Chen J. 2006. Overview of ChinaFLUX and
evaluation of its eddy covariance measurement. Agricultural and Forest Meteorology
137:125–137 DOI 10.1016/j.agrformet.2006.02.011.

Zhang HX, Zhou XP, Lu F, Pang JZ, Feng ZW, LiuWZ, Ouyang ZY,Wang XK. 2011.
Seasonal dynamics of soil CO2 efflux in a conventional tilled wheat field of the Loess
Plateau, China. Ecological Research 26:735–743 DOI 10.1007/s11284-011-0832-5.

Zhou XP,Wang XK, Tong L, Zhang HX, Lu F, Zheng FX, Hou PQ, SongWZ,
Ouyang ZY. 2012. Soil warming effect on net ecosystem exchange of carbon
dioxide during the transition from winter carbon source to spring carbon sink in
a temperate urban lawn. Journal of Environmental Sciences-China 24:2104–2112
DOI 10.1016/s1001-0742(11)61057-7.

Fang et al. (2020), PeerJ, DOI 10.7717/peerj.8994 22/22

https://peerj.com
http://dx.doi.org/10.1016/j.scitotenv.2018.05.018
http://dx.doi.org/10.5194/bg-10-6865-2013
http://dx.doi.org/10.1016/j.scitotenv.2013.04.068
http://dx.doi.org/10.1016/j.still.2016.05.005
http://dx.doi.org/10.1016/j.agrformet.2004.11.003
http://dx.doi.org/10.1016/j.agrformet.2006.02.011
http://dx.doi.org/10.1007/s11284-011-0832-5
http://dx.doi.org/10.1016/s1001-0742(11)61057-7
http://dx.doi.org/10.7717/peerj.8994

