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Abstract: The measurement of net ecosystem exchange (NEE) of field maize at a plot-sized scale is of
great significance for assessing carbon emissions. Chamber methods remain the sole approach for
measuring NEE at a plot-sized scale. However, traditional chamber methods are disadvantaged by
their high labor intensity, significant resultant changes in microclimate, and significant impact on
the physiology of crops. Therefore, an automated portable chamber with an air humidity control
system to determinate the nighttime variation of NEE in field maize was developed. The chamber
system can automatically open and close the chamber, and regularly collect gas in the chamber
for laboratory analysis. Furthermore, a humidity control system was created to control the air
humidity of the chamber. Chamber performance test results show that the maximum difference
between the temperature and humidity outside and inside the chamber was 0.457 ◦C and 5.6%,
respectively, during the NEE measuring period. Inside the chamber, the leaf temperature fluctuation
range and the maximum relative change of the maize leaf respiration rate were −0.3 to 0.3 ◦C and
23.2015%, respectively. We verified a series of measurements of NEE using the dynamic and static
closed chamber methods. The results show a good common point between the two measurement
methods (N = 10, R2 = 0.986; and mean difference: ∆CO2 = 0.079 µmol m−2s−1). This automated
chamber was found to be useful for reducing the labor requirement and improving the time resolution
of NEE monitoring. In the future, the relationship between the humidity control system and chamber
volume can be studied to control the microclimate change more accurately.

Keywords: dynamic closed chamber technology; static closed chamber technology;
automated gas sampling chamber; CO2 exchange variation; environmental and physiological changes

1. Introduction

Accurate measurement of carbon dioxide exchange is of great significance for the development
of crop growth models and the evaluation of crop greenhouse gas emissions. The canopy chamber
method is more commonly used and is a single method for some small-scale experimental agriculture.
At the crop canopy scale, it is also an important mode for the measurement of agricultural net ecosystem
exchange (NEE) [1]. The canopy chamber method includes both closed and open chamber methods [2].
In the closed chamber method, the sample material is deployed in the enclosure of the closed chamber
system, and the flux is estimated using the change in the CO2 concentration with time. In the closed
chamber method, the air outside the chamber is continuously introduced into the chamber, and the
CO2 flux is estimated based on the product of the air flow rate and the CO2 concentration difference in
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the air entering and leaving the chamber. The closed chamber method includes both dynamic and
static closed chamber methods.

In the field of agriculture and ecological environment, the dynamic closed chamber method is
commonly used to measure NEE. In this method, the chamber is connected to an infrared gas analyzer
(IRGA) through flexible inlet and outlet pipes, resulting in a closed circle structure with constant
flow [3]. The use of the IRGA offers instant CO2 values that can be obtained directly in the field.
Through a series of linear regression calculations, NEE is obtained, and the CO2 concentration value
that changes with time in the chamber can be seen [4]. In previous research, it was noted that the
CO2 flux can be calculated after continuously monitoring the concentration change in the chamber for
3–6 min [5–7]. To measure the daytime net CO2 exchange variation, eight to twelve [5] measurement
cycles are implemented manually each day. Chamber measurement is labor intensive, which hinders
night observation. To resolve this problem, Chen et al. developed an automated closed dynamic
chamber system [8]. The chamber was equipped with an air cylinder device that could automatically
open the chamber. However, one dynamic chamber was equipped with an IRGA, which meant
that the utilization efficiency of the IRGA was very low. Liang, Inoue, and Fujinuma designed a
fast response multi-chamber system for CO2 flux measurement on the soil surface through a series
of studies [9]. A cover structure that allows automatic opening and closing is deployed inside the
chamber, and 16 chambers are connected in parallel to a single IRGA using a 16-channel gas sampler
designed in their research. This multi-chamber system structure can automatically monitor the CO2

flux. However, owing to the limitations of the gas tube, the distance at which the 16 chambers could be
used was limited and the equipment was very large, meaning it was inconvenient to move.

The static closed chamber method is another commonly used method to measure NEE.
In this method, after a certain period of time after the chamber is closed, a polypropylene
syringe device with a three-way stopcock structure is adopted to realize manual gas sample
collection [10]. Furthermore, gas chromatograph equipment is used to process and analyze gas samples
(flame ionization detector and electron capture detector) to obtain the specific CO2 content [10–12].
Based on the gas sample’s CO2 concentration, NEE is obtained by calculation [13–15]. To measure the
net CO2 exchange diurnal variation, manual gas acquisition is required at different times. To quantify
the carbon dioxide exchange of multiple vegetations in coastal wetlands, Xi et al. collected gas every
two or three hours during the night on each sampling day [16]. To obtain the change data of CO2

concentration and calculate NEE, the static closed chamber method must be closed for a long time
(15–30 min), which generally causes significant temperature and humidity changes in the chamber and
thus has a greater impact on crop physiology. Therefore, it is not appropriate to use the static chamber
method in crops during the day. However, there is no light effect at night, which provides favorable
conditions for developing an automated gas sampling static chamber for measurement of the CO2

exchange variation at night in cropland.
NEE of soil and crop ecosystems in different sites are quite different, even if these sites are in the

same region. Therefore, when using the chamber method to measure NEE of an ecosystem, it is often
necessary to conduct a large number of chamber experiments at different sites in the same region to
obtain more accurate NEE values for that region. In a series of studies, Elsgaard et al. [17] analyzed the
carbon dioxide flux data of eight regions in three geo-regions of Denmark. In their research, at each
monitoring region, six sites were selected for measurement of their NEE using the dynamic closed
chamber. Steven et al. [15] researched the relationship between biochar and CO2 emissions. In their
research, 50 plots comprising a Latin rectangle were designed for a field experiment, and a static closed
chamber was placed at each plot center to measure the CO2 flux. Therefore, it is necessary to design a
low-cost, automated chamber to measure CO2 flux.

Crops can quickly sense changes in the environment, and the chamber can affect the environment
and physiology of the crops during the measurement period [18]. It is necessary to research the effects
of the chamber on the environment and physiology of the crops. These research objects mainly include
the temperature, humidity, and the leaf temperature and respiration rate [1,4,18].
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It can be seen from the previous research that both of the commonly used methods have high labor
intensity, and the static closed chamber method has a significant impact on the micro-environment.
Furthermore, a large number of chambers is often required to conduct the significant number of
chamber experiments required to obtain more accurate NEE values for a region. These problems
make it difficult to measure NEE at night. Thus, the current research aimed to: (1) design a low-cost
and portable static closed chamber that can be automatically opened and closed, and collect gas in
the chamber regularly for laboratory analysis; (2) design a humidity control system to prevent the
rapid rise of humidity in the chamber, and determine the influence of the designed chamber on the
micro-environment, leaf temperature and leaf respiration rate; and (3) validate the accuracy of the field
maize NEE measured by the static chamber method.

2. Materials and Methods

2.1. Chamber Design and Operation

The static chamber system (Figure 1) includes three main components: an automated open–close
chamber, a humidity control device, and a gas sampling device. Through the control system,
the chamber can achieve the following three functions: (1) the chamber can be opened and closed for a
certain period of time, and the cycle is continuous; (2) after the chamber is closed, the gas sampling
device starts to work, collecting gas regularly; and (3) during the period that the chamber is closed,
the humidity controller prevents the rapid rise of air humidity. The three main components of the
system are described in detail in the following sections.
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Figure 1. Schematic design of the static chamber system.

2.1.1. Automated Open–Close Chamber

The main purpose of the chamber volume is to fit the size and phenotype (structure) of the
maize. In this study the height, length, and width of the chamber are 110 × 54 × 54 cm, respectively.
In the early vegetative stages, the height of the maize plants was short (less than 110 cm) and one
chamber was sufficient to measure the maize NEE. However, after the late vegetative stage, the height
of maize plants was taller. Therefore, two chambers were needed: one without a lid to cover the lower
part of maize, and the other with a lid to cover the upper part (Figure 1). The chamber frame was
made using a European standard 2020 aluminum extrusion profile. The frame was surrounded by
transparent plexiglass (3 mm XT type 20070) and T-bolts, and butterfly wing nuts and screw glue
fixes were used to fix them. Two adjacent plexiglass sheets were sealed with glue sticks using an
electrically heated glue gun. The lid of the chamber was connected with a linear actuator, which could
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open and close the chamber regularly under the control of the controller. A self-adhesive rubber seal
strip (Qingdao Yotile Rubber & Plastic Co., Ltd., Qingdao, China) was used on the chamber lid to
ensure a tight fit. Fans were installed in the chamber, and the air flow direction formed by the fan is
shown in Figure 1. The air flow rate adjacent to the chamber wall did not exceed 1.5 ms−1, which was
significantly lower than the parameter at the center of the chamber (<0.8 ms−1). The wind speed was
consistent with the wind speed in the chamber designed by Wei et al. and Matthias [5,6]. The air
flow was used for mixing gas when the chamber was closed and for gas exchange with the external
environment after the chamber was opened.

2.1.2. Gas Sampling Equipment

The gas sampling device automatically collects the gas in the chamber using the pump (flow rate:
1.5 LPM) (model ZR320-01PM, Zhi Rong Co., Ltd., Dongguan, China) at 0, 5, 10, and 15 min after
the chamber has been closed. There is a normal closed mini air solenoid valve (model AJK-F0509,
Xiamen AJK Technology Co., Ltd., Fujian, China) in front of each aluminum foil gas sampling bag
with a three-way stopcock (Dalian Hede Technology Co., Ltd., Dalian, China). The solenoid valve
and the three-way stopcock are connected by a flexible tube. The gas tube of the gas sampling device
consists of a branch tube (BT: tube between the air bag and the solenoid valve) and the main tube
(MT: tube except BT; internal diameter: 3 mm, length: 120 cm). Before the experiment, the three-way
stopcock switch is adjusted to ensure the BT is unblocked and each air bag is evacuated using a
polypropylene syringe. The working process is detailed in Figure 1. First, the pump and the solenoid
valve in the MT (SVMT) are turned on. Concurrently, the original gas in the MT is discharged and the
MT is then filled with the gas in the chamber, within 4 s, using the gas pump. After completing this
step, the SVMT is closed and the solenoid valve assembly in front of the air bag (SVAB) is then opened
to start gas storage. After the gas collection is complete (about 100 mL, 5 s), the pump and SVAB are
closed. After the first gas collection is complete, the gas collection device will collect gas at the next
appointed time using the next air bag.

2.1.3. Air Humidity Controller

CaCl2 is mainly used as a desiccant to achieve dehydration of natural gas [19]. While re-adsorbing
water, it reaches a high-level hydration state, forming the corresponding CaCl2 salt solution. This process
does not require the movement of parts or heating, and does not react with CO2 to a certain extent [19].
Thus, CaCl2 is widely used in the drying of natural gas and was used to control the air humidity in this
study. Two humidity sensors were installed in the humidity control device, which were respectively
installed inside and outside the chamber. When the difference between the internal humidity and the
external humidity is more than 5%, the drying box (length, width, height: 15 × 15 × 10 cm) for CaCl2 is
opened by a linear actuator. When the difference is less than 3%, or if the chamber is in the open state,
the drying box is closed again by the linear actuator. The drying box has two layers: the upper layer
contains the CaCl2 (height: 4 cm) and the lower layer is used to collect the water.

2.2. Temperature and Humidity in the Chamber Test

The humidity and temperature of the air have a significant influence on the physiological state of
crops. Therefore, sensors are used to measure air temperature and humidity (model HOBO U23-001,
Onset Computer Corp., Bourne, MA, USA) inside and outside the chamber, and placed a row away
from the static chamber. The temperature and humidity were measured twice, and the duration of each
measurement was the entire night. In the first measurement (date: 1/7/2019) a 110 cm high chamber
was used to cover the maize in the vegetative stages, and in the second measurement (date: 21/7/2019)
two 110 cm high chambers were used for the taller maize plants in the reproductive stages: one without
a lid was used to cover the lower part of the maize, the other chamber with a lid was used to cover
the upper part. The sensors were placed in the center of the chamber and the values were logged
every 10 s.
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2.3. Leaf Temperature Test

The leaf temperature inside the chamber was measured twice and the duration of each measurement
was the entire night. In the first measurement (date: 3/7/2019), a 110 cm high chamber was used
to cover the maize in the vegetative stages. In the second measurement (date: 24/7/2019) two
110 cm high chambers were used for the taller maize plants in the reproductive stages: one without
a lid was used to cover the lower part of the maize, the other chamber with a lid was used to
cover the upper part. An infrared thermometer (IRT) (model MLX90614-DCI, Melexis Technologies
NV, Iber, Belgium) with an accuracy of 0.2 ◦C and a measurement resolution of 0.02 ◦C provided
non-contact measurement of the leaf temperature. The IRT was positioned approximately 12 cm from
the leaf (field of view = 10 mm diameter) (Figure 2b) and the leaf temperatures were logged every 10 s.
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2.4. Leaf Respiration Rate Test

The Li 6400 portable photosynthesis system (Li-Cor Inc., Lincoln, NE, USA) can effectively measure
the leaf respiration inside the chamber (Figure 3). The leaf respiration experiment was performed four
times. Experiments 1 and 2 (4/7/2019) were performed during the vegetative stages and a 110 cm high
chamber was used to cover the entire plant. Experiments 3 and 4 (26/7/2019) were performed during
the reproductive stages and two 110 cm chambers were used to measure the taller plants: one without
a lid was used to cover the lower part of the maize, the other chamber with a lid was used to cover
the upper part. Each experiment lasted 18 min and the first 3 min were performed under ambient air;
the remainder were performed under the micro-environment of the chamber by covering the maize
and the Li6400 using the chamber with closed lid. The respiration rate was automatically recorded
every 1 min.
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Figure 3. Experimental configuration used to measure the respiratory rate of the leaf using the
Li6400 and net ecosystem exchange (NEE) of the maize field was measured by the developed static
closed chamber.

2.5. Gas-Exchange Measurements

This chamber can be used as a dynamic closed chamber or a static closed chamber.
Compared with static closed chamber method, the dynamic closed chamber method requires a
shorter time to complete a NEE measurement and the environment in the dynamic chamber changes
less. Dynamic closed chambers are generally considered to be more accurate than those used in static
methods [20]. Furthermore, because the duration of each experiment is only 15 min, there was little
variation in maize field NEE in one plot and we assume that the NEE value of maize in this period
is a constant value. Therefore, in this study, we used the dynamic chamber method to evaluate the
measurement accuracy of the static chamber method. For the static chamber method, the gas sampling
device (Figure 3) collects the gas in the chamber using the pump at 0, 5, 10, and 15 min after the chamber
was closed. Then, the CO2 concentration of the samples was analyzed using gas chromatography
(GC-2010PLUS, Shimadzu, Japan) within 24 h. For the dynamic chamber method, the variation in
the CO2 concentration was monitored using the Li6400 for approximately 5 min and the data were
logged every 10 s. In each measurement, the two methods were carried out at the same time using the
same chamber. The experiments were performed about every six days, at around 10:00 PM each time.
The NEE was determined using the following equation [15]:

FCO2 = kCO2

273
T

V
A

∆c
∆t

where kCO2 is the gas constant at 273.15 K, 101.325 KPa (0.536 g C L−1), FCO2 is the flux of CO2, T is the
air temperature in the chamber during the measurement period, A is the surface area of the collar of
the chamber, V is the volume of the chamber, and ∆c

∆t is the change in the CO2 concentration.

3. Results and Discussion

3.1. Air Temperature and Humidity Changes Inside and Outside the Chamber

The temperature and humidity results are shown in Figure 4. During the measurement day,
the variation in the air temperature inside the chamber with the humidity controller (Tin-hc), the variation
in the air temperature inside the chamber without the humidity controller (Tin-whc), and the variation
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in the air temperature outside the chamber (Tout) showed a downward trend from 8 PM to 6 AM
(Figure 4a,b). When the chamber was in the open state, Tin-hc − Tout and Tin-whc − Tout (Figure 4e,f)
fluctuated around a constant value. When the chamber was in the closed state, Tin-hc − Tout revealed
an upward trend and the maximum difference from several experiments was 0.457 ◦C. Tin-whc − Tout

showed a downward trend and the maximum difference from several experiments was 0.148 ◦C.
When the chamber changed from a closed state to an open state, Tin-hc − Tout rapidly decreased to the
pre-closure levels and Tin-whc − Tout rapidly increased to the pre-closure levels.

During the measurement day, humidity variation inside the chamber using the humidity controller
(Hin-hc), humidity variation inside the chamber without the humidity controller (Hin-whc), and air
humidity variation outside (Hout) the chamber showed an upward trend from 8 PM to 6 AM
(Figure 4c,d). When the chamber was in the open state, similar to the temperature results, Hin-hc −Hout

and Hin-whc −Hout (Figure 4g,h) also fluctuated around a constant value. When the chamber was in
the closed state, Hin-hc − out increased slightly, with a maximum of 5.6% from several experiments.
Hin-whc − Hout revealed a rapid rising trend in several experiments, and the maximum value was
18.3%. When the chamber changed from the closed state to the open state, Hin-hc − Hout and Hin-whc −

Hout rapidly decreased to the pre-closure levels.
Many studies concerning temperature and humidity variation in the dynamic chamber method

have been published. Steduto et al. [1] found that the temperature variation is basically in the range of
1–2 ◦C in the CO2 exchange measurement period. If there is no climate regulation, it is more difficult to
maintain the temperature change in the closed chamber in the range of 2 ◦C [1]. Through research,
Gabriele developed a dynamic closed chamber that can effectively monitor the CO2 exchange dynamics
of bushes [21]. The coverage area of the chamber is 0.64 m2 (length and width are 0.8 × 0.8 m). To
be suitable for different height bushes, two or more bases were designed and the chamber can be
adjusted from 0.6 to 1.3 m by stacking the bases. In his study, the temperature variations were always
below 1.3 ◦C in the measurement period. The recorded temperature change value is similar to that of
the larger volume chamber [7,22,23] and is much lower than the 2 ◦C recorded in many other closed
chambers [1,24].

For the chamber method, the increase of the air humidity in the chamber is a general problem.
Droesler [6] used the dynamic closed chamber method to measure NEE of bog and their research showed
that the maximum change of humidity during the measurement period reaches 20%. The relative
humidity increase in the chamber designed by Gabriele [21] ranged between 4 and 20% in the CO2

exchange measurement period, and the average value of humidity increase was 13%. Due to the use of
the humidity control system, the maximum humidity change in the chamber developed in this study
was 5.6% in the experiments.
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Figure 4. The temperature and humidity variations of the ambient temperature and humidity inside
the chamber using the humidity controller and inside the chamber without the humidity controller.
On 1/7/2019, one 110 cm high chamber was used to cover the maize plants in the vegetative stages.
On 21/7/2019, two 110 cm high chambers were used for the taller maize plants in the reproductive stages.
(a,b) Air temperature variation outside the chamber (Tout), inside the chamber with the humidity
controller (Tin-hc) and inside the chamber without the humidity controller (Tin-whc). (c,d) Air humidity
variation outside the chamber(Hout), inside the chamber with the humidity controller (Hin-hc) and
inside the chamber without the humidity controller (Hin-whc). (e,f) The variation of Tin-hc − Tout and
Tin-whc − Tout. (g,h) The variation of Hin-hc − Hout and Hin-whc − Hout.

3.2. Leaf Temperature Variation Inside the Chamber

The leaf temperature variation results are shown in Figure 5. The temperature of the leaf inside
the chamber showed a downward trend from 8 PM to 6 AM. When the chamber was in the closed
state, the maize leaf temperature changed slightly and the percentage distribution of the temperature
variation ranges (∆T) during the closed chamber period can be seen in the Table 1. The ∆T was mainly
distributed between −0.3 and 0.3 ◦C when the chamber was in the closed state. The values of ∆Tmax

and ∆Tmin were 0.37 and −0.38 ◦C, respectively.
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Figure 5. Leaf temperature change measured using two different height chambers: (a) on 3/7/2019,
one 110 cm height chamber was used to cover a maize plant in the vegetative stages; and (b) on 24/7/2019,
two 110 cm high chambers were used to cover a taller maize plant in the reproductive stages, as shown
in Figure 1.

Table 1. Percentage distribution of the leaf temperature variation ranges during the closed
chamber period.

Day ∆T ≤ −0.3
(%)

−0.3 < ∆T ≤ 0
(%)

0 < ∆T < 0.3
(%)

∆T ≥ 0.3
(%)

∆Tmax
(◦C)

∆Tmin
(◦C)

3 July 2019 0 10.8 89.2 0 0.36 −0.12
24 July 2019 3.1 54.9 39.7 2.3 0.37 −0.38

Use of the chamber will lead to a rise in the leaf temperature during daytime measurements.
McPherson et al. measured the maize leaf temperature inside the chamber after the chamber was
closed. Results show that the average value of the leaf temperature increases by 1.3 ◦C within 8 s and
the average value of the leaf temperature increases by 2.2 ◦C within 25 s [25]. Research by Reicosky
and Wagner found that the temperature of corn leaves increased from 2 to 4 ◦C within 60 s after the
chamber was closed and the leaf temperatures recovered to their approximate pre-closure temperature
within 60 s after the chamber was opened [18].

Luo developed a portable closed chamber with a footprint area of 1.5 m2 that mainly realizes the
evapotranspiration measurement of soybean and corn [26]. To match the growth stages of various crops,
Luo designed chambers with three different heights (0.6, 1.0, and 1.6 m) and in each measurement stage,
the temperature difference is maintained at 2 ◦C before and during the CO2 exchange measurement.

3.3. Response of Maize Leaf Respiration Rate to the Chamber

The variation in the leaf respiration rate after the chamber was closed is shown in Figure 6a.
The leaf respiration rate fluctuates around the value observed before the maize was covered by the
chamber. The average value for the respiration rate of maize in each experiment was between −1.05319
and −2.06109, and the maximum relative change in the respiration rate was 23.2% after the maize was
covered by the chamber.
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Figure 6. In experiments 1 and 2, a single 110 cm height chamber was used to cover the maize in the
vegetative stages. In experiments 3 and 4, two 110 cm high chambers were used to cover the taller
maize plants in the reproductive stages, as shown in Figure 1. (a) Graph showing the changes in the
respiration of leaves before and after the maize was covered. (b) Graph showing the violin plot with a
box plot for each experiment (IQR = interquartile range).

The distribution of the data from the four experiments is represented using a violin plot with a box
plot (Figure 6b), in which the width of each violin chart is the data density of the maize leaf respiratory
rate value. In the content of Figure 6b, through analysis and research, it was found that the data was
mainly distributed close to the average value obtained for the respiratory rate before the chamber was
covered. The percentage distributions of the relative change of leaf respiration rate are reported in
Table 2. Sixty percent of the data was distributed between −10 and 10. The proportion of ∆R ≤ −20
was 20% and the proportion of ∆R ≥ 20 was also 20%. The data of leaf respiration rate measured in
the natural environment (three minutes before the maize and Li6400 were covered by the chamber)
were statistically analyzed. As with the measurement in the chamber, ∆R ≤ −20 and ∆R ≥ 20 also
existed when measuring the leaf respiration rate in the natural environment. Therefore, there was no
significant increase or decrease in leaf respiration rate during the period when the chamber was closed.

Table 2. Percentage distribution of the relative change of leaf respiration rate.

∆R ≤ −20
(%)

−20 < ∆R ≤ −10
(%)

−10 < ∆R < 0
(%)

0 < ∆R < 10
(%)

10 ≤ ∆R < 20
(%)

∆R ≥ 20
(%)

6.67 13.33 38.33 21.67 13.33 6.67

3.4. Comparison of the CO2 Exchange Measurements Obtained Using Static and Dynamic Closed Technology

Figure 7a shows the CO2 exchange measurements obtained using static and dynamic closed
chamber technology at 10 PM on different days. The CO2 exchange values obtained using static and
dynamic closed technology were in very good agreement throughout the duration of the measurements.
The difference in NEE measured using dynamic and static methods was between−0.29 and 0.16, and the
relative errors were distributed between 8.71% and −3.35%. The minimum value was observed on the
3 July, which may be because the biomass of the maize was relatively small and the CO2 flux increased
continuously from 3 July to 7 August. The CO2 flux then began to decrease as the date increased.
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Figure 7. (a) Graph showing the maize field CO2 flux measured using static and dynamic technology.
(b) Graph showing the linear regression analysis of the CO2 flux data measured using static and
dynamic technology.

The values measured using the two methods on the same day were used to obtain the coordinate
point (Figure 7b). There is a significant correlation between the CO2 flux measurements obtained using
the static and dynamic closed chamber methods. This correlation yields an R2 of 0.986. The difference
throughout the measurement data has a mean difference of 0.079 µmol m−2 s−1 between the static and
dynamic closed technology.

The open chamber system can be used for long-term CO2 flux monitoring and research, but the
portability is poor and the operation is not simple. Thus, the open chamber system is only used for CO2

flux measurement of a small number of canopy patches. The closed chamber system is more suitable
for rapid measurement; a single portable chamber can be used on a variety of patches, but this method
has a great impact on the micro-environment and requires significant labor input to measure the
change of CO2 flux. The automated gas sampling chamber developed in this study allows unattended
night measurements of CO2 exchange in a maize ecosystem, and results in relatively little change of
the micro-environment inside the chamber.

However, the developed chamber in this study also has some limitations. Higher soil moisture
will cause the air humidity to increase rapidly, which may exceed the ability of the humidity controller
to reduce air humidity in the chamber. The response of humidity in the chamber to desiccant content
and chamber size needs to be studied in the future. The method of measuring soil CO2 flux is the same
as that used to measure the maize ecosystem CO2 flux. The developed chamber method can be used
to measure the soil emissions by changing the chamber size. However, due to the difference of soil
moisture, crop root, and microbial population, the soil flux in different sites is quite different, even if
these sites are in the same region. Therefore, when using the developed chamber method to measure
the CO2 flux of ecosystem, it is often necessary to conduct several chamber experiments at different
sites in the same region to obtain more accurate CO2 flux measurements in the region.

4. Conclusions

The developed chamber can automatically open and close, and regularly collect gas for laboratory
analysis, thus reducing the required labor input and improving the time resolution of NEE monitoring.

A humidity control system was developed to reduce the influence of the chamber on the
microclimate and crop physiology. Due to the application of a humidity control system, the maximum
difference between outdoor and indoor humidity and temperature was 5.6% and 0.457 ◦C, respectively.
The range for the changes in leaf temperature and the maximum relative changes of maize leaf
respiration rate were −0.3 to 0.3 ◦C and 23.2015%, respectively, during the NEE measurement period.
The effects of the chamber on the environment and physiology of crops were weak.
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The automated chamber presented in this work allows measurement of CO2 exchange in the
maize ecosystem at night. A comparison of the dynamic chamber method and the method used in this
study showed that the two methods have a good consistency.

It is a challenge to manually perform NEE measurement experiments at night. The chamber
method designed in this study provides an alternative for solving such problems. Furthermore, the low
cost of the chamber means it is easy to deploy in situations in which a larger number of chamber is
required to measure NEE.

Author Contributions: Conceptualization, W.H.; Funding acquisition, W.H.; Methodology, C.L.;
Project Administration, C.L.; Supervision, W.H.; Validation, C.L. and M.P.; Software, M.Z.; Writing—original draft,
C.L.; Writing—review & editing, M.P. and M.Z. All authors have read and agreed to the published version of the
manuscript.

Funding: This study was supported by the 13th Five-Year Plan for Chinese National Key R&D Project
(2017YFC0403203), the National Natural Science Foundation of China (51979233), the 111 Project (No. B12007)
and the Major Project of Industry-Education-Research Cooperative Innovation in Yangling Demonstration Zone in
China (2018CXY-23).

Acknowledgments: We are very grateful to Wang Dingyi, a senior researcher at the University of New Brunswick,
for his guidance and correction in English.

Conflicts of Interest: The author declares no conflict of interest.

References

1. Steduto, P.; Cetinkoku, O.; Albrizio, R.; Kanber, R. Automated closed-system canopy-chamber for continuous
field-crop monitoring of CO2 and H2O fluxes. Agric. For. Meteorol. 2002, 111, 171–186. [CrossRef]

2. Garcia, R.L.; Norman, J.M.; Mcdermitt, D.K. Measurements of canopy gas exchange using an open chamber
system. Remote Sens. Rev. 1990, 5, 141–162. [CrossRef]

3. Heinemeyer, A.; Mcnamara, N.P. Comparing the closed static versus the closed dynamic chamber flux
methodology: Implications for soil respiration studies. Plant Soil 2011, 346, 145–151. [CrossRef]

4. Lindner, S.; Xue, W.; Nay-Htoon, B.; Choi, J.; Ege, Y.; Lichtenwald, N.; Fischer, F.; Ko, J.; Tenhunen, J.;
Otieno, D. Canopy scale CO2 exchange and productivity of transplanted paddy and direct seeded rainfed
rice production systems in Source Korea. Agric. For. Meteorol. 2016, 228, 229–238. [CrossRef]

5. Xue, W.; Ko, J.; Werner, C.; Tenhunen, J. A spatially hierarchical integration of close-range remote sensing,
leaf structure and physiology assists in diagnosing spatiotemporal dimensions of field-scale ecosystem
photosynthetic productivity. Agric. For. Meteorol. 2017, 247, 503–519. [CrossRef]

6. Droesler, M. Trace Gas Exchange of Bog Ecosystems, Southern Germany. Lehhrstuhl für Vegetationsokologie.
Ph.D Thesis, Technical University of Munich, Munich, Germany, 2005. Available online: http://www.wzw.
tum.de/vegoek/publikat/dissdipl.html (accessed on 26 October 2020).

7. Gatis, N.; Benaud, P.; Ashe, J.; Luscombe, D.J.; Grand-Clement, E.; Hartley, I.P. Assessing the impact of peat
erosion on growing season CO2 fluxes by comparing erosional peat pans and surrounding vegetated haggs.
Weat. Ecol. Manag. 2019, 27, 187–205. [CrossRef]

8. Chen, H.; Fan, M.; Kuzyakov, Y.; Karl, N. Comparison of net ecosystem CO2 exchange in cropland and
grassland with an automated closed chamber system. Nutr. Cycl. Agroecosyst. 2014, 98, 113–124. [CrossRef]

9. Liang, N.S.; Inoue, G.; Fujinuma, Y. A multichannel automated chamber system for continuous measurement
of forest soil CO2 efflux. Tree Physiol. 2003, 23, 825–832. [CrossRef]

10. Song, C.; Zhang, J.; Wang, Y.; Wang, Y.; Zhao, Z. Emission of CO2, CH4 and N2O from freshwater marsh in
northeast of China. J. Environ. Manag. 2008, 88, 428–436. [CrossRef]

11. Chen, P.; Zhou, M.; Wang, S.; Luo, W.; Peng, T.; Zhu, B.; Wang, T. Effects of afforestation on soil CH4 and
N2O fluxes in a nsubtropical karst landscape. Sci. Total Environ. 2020, 705. [CrossRef]

12. Li, C.; Han, W.; Peng, M.; Zhang, M.; Yao, X.; Liu, W.; Wang, T. An Unmanned Aerial Vehicle-Based Gas
Sampling System for Analyzing CO2 and Atmospheric Particulate Matter in Laboratory. Sensors 2020,
20, 1051. [CrossRef] [PubMed]

13. Luo, C.; Wang, S.; Zhang, L.; Wilkes, A.; Xu, B. CO2, CH4 and N2O fluxes in an alpine meadow on the tibetan
platea;u as affected by n-addition and grazing exclusion. Nutr. Cycl. Agroecosyst. 2020, 117, 29–42. [CrossRef]

http://dx.doi.org/10.1016/S0168-1923(02)00023-0
http://dx.doi.org/10.1080/02757259009532126
http://dx.doi.org/10.1007/s11104-011-0804-0
http://dx.doi.org/10.1016/j.agrformet.2016.07.014
http://dx.doi.org/10.1016/j.agrformet.2017.08.038
http://www.wzw.tum.de/vegoek/publikat/dissdipl.html
http://www.wzw.tum.de/vegoek/publikat/dissdipl.html
http://dx.doi.org/10.1007/s11273-019-09652-9
http://dx.doi.org/10.1007/s10705-014-9600-6
http://dx.doi.org/10.1093/treephys/23.12.825
http://dx.doi.org/10.1016/j.jenvman.2007.03.030
http://dx.doi.org/10.1016/j.scitotenv.2019.135974
http://dx.doi.org/10.3390/s20041051
http://www.ncbi.nlm.nih.gov/pubmed/32075222
http://dx.doi.org/10.1007/s10705-020-10062-0


Sensors 2020, 20, 6117 13 of 13

14. Beetz, S.; Liebersbach, H.; Glatzel, S.; Jurasinski, G.; Buczko, U.; Hoeper, H. Effects of land use intensity on
the full greenhouse gas balance in an Atlantic peat bog. Biogeosciences 2013, 10, 1067–1082. [CrossRef]

15. Steven, P.; Katja, W.; Bruno, G. Increased CO2 fluxes from a sandy cambisol under agricultural use in the
Wendland region, Northern Germany, three years after biochar substrates application. GCB Bioenergy 2018,
10, 432–443. [CrossRef]

16. Xi, M.; Zhang, X.; Kong, F.; Li, Y.; Sui, X.; Wang, X. CO2 exchange under different vegetation covers in a
coastal wetland of Jiaozhou Bay, China. Ecol. Eng. 2019, 137, 26–33. [CrossRef]

17. Elsgaard, L.G.; Rres, C.M.; Hoffmann, C.C.; Blicher-Mathiesen, G.; Schelde, K.; Petersen, S.O. Net ecosystem
exchange of co2 and carbon balance for eight temperate organic soils under agricultural management.
Agr. Ecosyst. Environ. 2012, 162, 52–67. [CrossRef]

18. Wagner, S.W.; Reicosky, D.C. Closed-Chamber effects on leaf temperature, canopy photosynthesis,
and evapotranspiration. Agron. J. 1992, 84, 731–738. [CrossRef]

19. Tatar, A.; Nasery, S.; Bahadori, M.; Bahadori, A.; Najafi-Marghmaleki, A. Prediction of water removal rate
in a natural gas dehydration system using radial basis function neural network. Petrol Sci. Technol. 2016,
34, 951–960. [CrossRef]

20. Lund, C.P.; Riley, W.J.; Pierce, L.L.; Fiele, C.B. The effects of chamber pressurization on soil-surface
CO2 flux and the implications for NEE measurements under elevated CO2. Glob. Chang. Biol. 1999,
5, 269–281. [CrossRef]

21. Guidolotti, G.; Dato, G.D.; Liberati, D.; Angelis, P.D. Canopy chamber: A useful tool to monitor the CO2

exchange dynamics of shrubland. IFOREST 2017, 10, 597–604. [CrossRef]
22. Bachman, S.; Heisler-White, J.L.; Pendall, E.; Williams, D.G.; Morgan, J.A.; Newcomb, J. Elevated carbon

dioxide alters impacts of precipitation pulses on ecosystem photosynthesis and respiration in a semi-arid
grassland. Oecologia 2010, 162, 791–802. [CrossRef] [PubMed]

23. Pérez-Priego, O.; Testi, L.; Orgaz, F.; Villalobos, F.J. A large closed canopy chamber for measuring CO2 and
water vapour exchange of whole trees. Environ. Exp. Bot. 2010, 68, 131–138. [CrossRef]

24. Korrensalo, A.; Lauri, M.; Alekseychik, P.; Uljas, S.; Tuittila, E.S. Varying vegetation composition, respiration
and photosynthesis decrease temporal variability of the CO2 sink in a boreal bog. Ecosystems 2019,
23, 842–858. [CrossRef]

25. McPherson, H.G.; Green, A.E.; Rollinson, P. Measurement, within seconds, of apparent photosynthetic rates
using a portable instrument. Photosynthetica 1983, 17, 395–406.

26. Luo, C.; Wang, Z.; Sauer, T.J.; Helmers, M.J.; Horton, R. Portable canopy chamber measurements of
evapotranspiration in corn, soybean, and reconstructed prairie. Agric. Water Manag. 2015, 198, 1–9. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.5194/bg-10-1067-2013
http://dx.doi.org/10.1111/gcbb12517
http://dx.doi.org/10.1016/j.ecoleng.2018.12.025
http://dx.doi.org/10.1016/j.agee.2012.09.001
http://dx.doi.org/10.2134/agronj1992.00021962008400040035x
http://dx.doi.org/10.1080/10916466.2016.1166131
http://dx.doi.org/10.1046/j.1365-2486.1999.00218.x
http://dx.doi.org/10.3832/ifor2209-010
http://dx.doi.org/10.1007/s00442-009-1511-x
http://www.ncbi.nlm.nih.gov/pubmed/19943173
http://dx.doi.org/10.1016/j.envexpbot.2009.10.009
http://dx.doi.org/10.1007/s10021-019-00434-1
http://dx.doi.org/10.1016/j.agwat.2017.11.024
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Chamber Design and Operation 
	Automated Open–Close Chamber 
	Gas Sampling Equipment 
	Air Humidity Controller 

	Temperature and Humidity in the Chamber Test 
	Leaf Temperature Test 
	Leaf Respiration Rate Test 
	Gas-Exchange Measurements 

	Results and Discussion 
	Air Temperature and Humidity Changes Inside and Outside the Chamber 
	Leaf Temperature Variation Inside the Chamber 
	Response of Maize Leaf Respiration Rate to the Chamber 
	Comparison of the CO2 Exchange Measurements Obtained Using Static and Dynamic Closed Technology 

	Conclusions 
	References

