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Abstract
1.	 Accurate measurements of soil respiration (Rs) are critical for understanding how 

soil carbon will respond to environmental changes. However, a commonly used 
method for Rs measurements, the collar deployment method, may introduce ar-
tefacts that cause bias in Rs measurements. Our objective was to quantify the 
effect of long-term collar deployment on Rs and to unravel potential causes due 
to changes in the soil environment.

2.	 A field experiment (2017–2019) including short-term (2–3 days before the meas-
urement) and long-term collar deployment (lasting three consecutive growing 
seasons) was conducted to assess the methodological effect on Rs in an alpine 
grassland of the northeastern Tibetan Plateau. Soil incubation was used to fur-
ther explore the mechanisms underlying the effects of collar deployment.

3.	 The effect of long-term collar deployment on Rs varied over time. In the first one 
and a half growing seasons, no significant difference in Rs was noted under short- 
and long-term collar deployment. This may be attributed to the negative effects 
of lower root biomass inside long-term collars and the positive effects of higher 
temperature and pulse input of dead roots following collar deployment. Under 
the long-term collar, Rs decreased rapidly in the middle of the second growing 
season and remained low until the end of the experiment, resulting in an 18.2% 
decrease relative to short-term collar deployment in the third growing season. 
Higher soil bulk density and lower root and microbial biomass inside long-term 
collars may explain the decrease in Rs and temperature sensitivity (Q10). Soil in-
cubation experiments revealed that the soil organic carbon (SOC) decomposition 
rate and Q10 were significantly reduced after long-term collar deployment.

4.	 Long-term collars led to substantial underestimates of Rs after more than 2 years. 
Our findings suggest that such potential artefacts should be considered when 
interpreting Rs data based on long-term collar deployment. Long-term collars 
should be relocated every 1–2 years to avoid artefacts if feasible. Alternatively, 
periodic measurements using short-term collars are recommended to quantify 
the magnitude of collar artefacts.
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1  |  INTRODUC TION

The terrestrial carbon (C) cycle is a major source of uncertainty in 
the global carbon budget. Reducing uncertainty requires improv-
ing the accuracy of estimating C flux between the atmosphere and 
terrestrial ecosystems (Friedlingstein et al.,  2019). Soil respiration 
(Rs) is the second largest C flux between the atmosphere and ter-
restrial ecosystems. At an estimated 75–100 Pg C year−1, it is roughly 
nine times larger than anthropogenic C emissions (Schlesinger & 
Bernhardt,  2013). Rs is known to play a key role in regulating at-
mospheric carbon dioxide (CO2) concentration (Bond-Lamberty & 
Thomson, 2010; Raich et al., 2002). A slight change in Rs may cause 
a significant alteration in atmospheric CO2 concentration and soil C 
pools (Schlesinger & Andrews, 2000).

Although methods for measuring Rs have been continually de-
veloped and refined during the past few decades, no instrument has 
been developed to measure Rs in situ without disturbing the soil. 
Consequently, many questions remain regarding the potential ar-
tefacts of various methodologies. The collar deployment method is 
one of the most widely used methods for Rs measurement (Görres 
et al., 2016; Healy et al., 1996). The installation of a collar with suf-
ficient time before measurements also helps reduce disturbance to 
the soil (Hutchinson & Livingston, 2001). However, this method has 
shortcomings. First, collar insertion may cut off lateral plant roots 
and the mycelia of mycorrhizal fungi, which can directly affect au-
totrophic respiration (Ra) (Heinemeyer et al.,  2011). Second, collar 
deployment usually requires cutting of vegetation, and long-term 
cutting of vegetation may affect topsoil temperature, evapora-
tion, moisture, and soil physicochemical properties, which in turn 
may affect heterotrophic respiration (Rh) (Heinemeyer et al., 2011). 
Variations in collar-related protocols (e.g. collar coverage area, height, 
or installation depth) are now understood to cause biased measure-
ments (Li et al., 2019). Moreover, many Rs measurements require the 
insertion of a permanent collar into the soil (Luo & Zhou, 2010). The 
effects of collar insertion on Rs can last for a long time and change 
over time. Therefore, such potential artefacts need to be consid-
ered when interpreting previous data and future studies (Batubara 
et al.,  2019; Heinemeyer et al.,  2011; Jovani-Sancho et al.,  2017; 
Menyailo et al., 2015; Mills et al., 2011; Wang et al., 2005). These 
would considerably affect the accuracy of long-term Rs data and its 
component fluxes (Subke et al., 2006), especially their autotrophic, 
root-derived components (Heinemeyer et al., 2011). Despite its po-
tential significance, the effect of long-term collar deployment on Rs, 
potentially through its impacts on the soil biological, physical and 
chemical environment, has not yet been evaluated.

Currently, much field data have been compiled for synthesis 
and modelling. Analyses of long time-series Rs data have become 
increasingly important, highlighting the need to evaluate potential 

sources of bias associated with long-term measurement methods. 
The potential artefact of collar deployment on Rs measurements may 
propagate into other important properties associated with Rs. For 
example, temperature sensitivity (Q10) of Rs may be affected by collar 
deployment. Long-term deployment of collars may lead to persistent 
disruption of vegetation growth, decreases in biomass production, 
and substrate availability (Hartley et al., 2007; Kirschbaum, 2004). 
This can suppress the Q10 of grassland Rs (Gershenson et al., 2009), 
especially when considering different Q10 of Rs component fluxes as 
shown for grasslands by Heinemeyer et al.  (2012). Although Q10 is 
a key parameter for projecting the future terrestrial carbon budget 
and chamber-based methods are widely used for estimating it, the 
effect of long-term collar deployment on the Q10 of Rs has not been 
thoroughly investigated.

Here, a field experiment (2017–2019) was conducted in an alpine 
grassland of the northeastern Tibetan Plateau using a short-term 
collar (inserted 2–3 days before Rs measurement) and a long-term 
collar (lasting three consecutive growing seasons) to explore the 
influence of long-term collar deployment on Rs and its Q10. We 
hypothesize that (i) during the early stage of long-term collar de-
ployment, disturbance of root growth, turnover of dead roots and 
increase in soil temperature due to plants removal inside the collar 
are all conducive to higher respiration rates. Therefore, Rs under 
the long-term collar deployment would be higher than that under 
the short-collar treatment; (ii) in the later stages of long-term col-
lar deployment, the reduced soil substrate availability, changes in 
soil physicochemical properties following severe disturbance of the 
vegetation, and less root growth inside the collar may contribute to 
a decrease in Rs and its Q10.

2  |  MATERIAL S AND METHODS

2.1  |  Site description

This study was conducted at the Qinghai Haibei Alpine Grassland 
National Observation and Research Station (37°36′N, 101°19′E, 
3215 m a.s.l.) in the northeast Tibetan Plateau, China (Figure  1a). 
We did not need permission for fieldwork. The region has a conti-
nental monsoon climate, characterised by a long, cold winter and a 
short, cool summer. Mean annual temperature in the last 30 years 
was −1.2°C, with the highest temperature in July at 27.6°C, and the 
lowest temperature in January at −37.1°C. The mean annual pre-
cipitation is 489 mm, of which 80%–90% is concentrated during the 
growing season from mid-April to mid-October. The vegetation at 
this study site is dominated by the grass species Stipa aliena, Elymus 
nutans, Helictotrichon tibeticum, Kobresia capillifolia and Carex przew-
alskii. Collectively, these species account for approximately 70% of 

K E Y W O R D S
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the aboveground net primary production (Ma et al., 2017). The soil 
texture is clay loam, and the soil is classified as Mat-Gryic Cambisol 
(Wang et al., 2014).

2.2  |  Experimental design

The field experiment was conducted in an alpine grassland from May 
2017 to October 2019 and included short- and long-term collar treat-
ments. The long-term collar was kept in the field until the end of the 
experiment. The short-term collar was inserted into the soil 48–72 h 
before each Rs measurement and removed immediately afterwards. 
The locations of the collars were not fixed. Instead, each collar was 
placed at a random location inside the plot each time it was installed. 
Each plot was 2 × 2 m in size and the distance between them was 
0.5 m. Each treatment was replicated eight times in 2017–2018 and 
six times in 2019 (Figure 1b). The collars had a diameter of 20 cm and 
a height of 8 cm, and were inserted 3 cm into the soil, a typical depth 
for this method (Heinemeyer et al., 2011; Zhou et al., 2007). To mini-
mise the impact of spatial heterogeneity, long- and short-term col-
lars were placed <1 m apart within each plot.

2.3  |  In-situ measurements of Rs

A Li-8100 Automated Soil CO2 Flux System (Li-Cor Inc.) was used 
to measure Rs (Figure 1c,d). Rs was measured 2–3 times per month 
from April to October in 2017–2019. All measurements were made 
between 9:00–11:00 AM because respiration during this time was 
close to the daily average Rs (Wang et al., 2014). To minimise the im-
pact of heavy precipitation events, measurements were taken only 
on days with precipitation no greater than 10 mm in the previous 
3 days. All plants inside the collars were cut to the ground within 24 h 
before each measurement. The measurements were repeated three 

times for each collar, and the average was used to represent the Rs 
for that collar.

2.4  |  Potential biotic and abiotic drivers of Rs

The physical and chemical properties of the soil inside the collars 
were measured as they may offer insights into the mechanisms 
through which collar deployment influences Rs. Soil temperature 
(ST, °C) and moisture (%, v/v) were measured at a depth of 5  cm 
inside each collar. ST was measured using a thermocouple probe 
(LI-8100-203; Li-Cor Inc.) and soil moisture was measured using an 
automatic moisture sensor (Decagon Devices Inc.).

Soil samples were collected from each collar at the end of the 
study, and their physical and chemical properties were measured. 
Bulk density (BD) was measured using a bulk density sampling drill 
with a stainless steel cutting ring (5 cm in diameter and height). Within 
each collar, four random soil cores were collected using a 2 cm diam-
eter, ethanol-disinfected auger. The soil cores were divided into four 
portions based on depth: 0–5, 5–10, 10–20, and 20–30 cm. The soil 
cores were sieved using a 2 mm sieve. The sieved roots were care-
fully washed in a 0.5 mm sieve, dried, and weighed to calculate root 
biomass (RB). Soils were collected from the same depth as the four 
cores in each collar, mixed in sterile bags as one sample, and then 
divided into three subsamples. The three subsamples were used to 
measure soil water content (SWC), solute concentrations, and micro-
bial biomass carbon (MBC), respectively. Soil samples were placed in 
clean and resealable plastic bags and immediately transported to the 
laboratory in an incubator with ice packs.

Soil from one subsample was dried at 105°C for 8  h to mea-
sure total SWC. The soil from another subsample was suspended in 
water (soil: water ratio = 1:5) and pH and conductivity were mea-
sured. The concentrations of water-extracted nitrate (NO3

−-N), am-
monium (NH4

+-N) and phosphate (PO4
−-P) in the soil samples were 

F I G U R E  1  (a) Geographical location of 
the study site (red star). (b) Photograph of 
the experimental setup. (c) Soil respiration 
rate (Rs) measured with a Li-8100. (d) 
Long-term collar installation for measuring 
Rs rate.
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analysed using a flow injection analyser (SmartChem 200; Westco, 
USA). Finally, MBC in the third subsample was measured using the 
chloroform fumigation-extraction method (Vance et al., 1987).

2.5  |  Temperature sensitivity of Rs

The temperature sensitivity of Rs was quantified using in situ 
measurements (2017–2019) and an incubation experiment. For in 
situ assessments, field measurements of Rs and ST taken at a depth 
of 5  cm were used. For the incubation experiment, soil samples 
from different depths inside the long- and short-term collars were 
incubated using a fully automatic variable temperature soil incuba-
tion device (PRI-8800, Beijing, China) (Liu et al., 2018). Changes 
in CO2 concentration in the headspace were automatically moni-
tored using an isotope and gas concentration analyser (Picarro-
G2131-i, California, USA). Specifically, for each sample, 20 g of 
fresh soil was adjusted to 55% water holding capacity and placed 
in a 150 ml polyethylene plastic bottle. A total of 48 soil samples 
from the six plots were used in the incubation experiment. All soil 
samples were placed in the PRI-8800 and pre-incubated at 20°C 
for 1 week. To maintain a constant soil moisture level, water loss 
was checked every 2 days, and the soil water content was adjusted 
according to weight (Liu et al., 2018). Sixteen incubation tempera-
tures (−15 to 15°C, 2°C intervals) were established. The incuba-
tion temperature increased from −15 to 15°C. Each temperature 
was maintained for 3 h (equilibrium time) in a day, so that the soil 
sample could adapt to the changing temperature and the hyster-
esis of CO2 release due to temperature changes was limited (Liu 
et al., 2018). The ST in each bottle was monitored every minute 
using a button thermometer (DS, 1922L; Maxim Integrated). The 
SOC decomposition rate was calculated from the slope of the CO2 
concentration versus time plot.

To describe the relationship between the soil CO2 release rate 
and temperature, Q10 was calculated using equation:

where Rs is in situ measurement of Rs (μmol CO2 m−1 s−1) or the SOC 
decomposition rate (μg CO2-C g−1 soil day−1) at an incubation tempera-
ture (°C): Parameter A is the basal microbial respiration rate at 0°C, 
which is used as an overall substrate quality index (Fierer et al., 2005; 
Liu et al., 2018).

2.6  |  Data analysis

The data used in this study did not show a significant deviation 
from normal distributions; therefore, the data were not trans-
formed for t-tests. Paired t-tests were used to compare differ-
ences in the average Rs rate, ST, and soil moisture between the 
short- and long-term collar treatments. Nonlinear regression of Rs 
and SOC decomposition rates versus temperature was performed 

to calculate the Q10 of long- and short-term collars. Random for-
est (RF) (Breiman,  2001) was used to evaluate the relative im-
portance of RB, MBC, SWC, pH, BD, DIN (nitrate + ammonium), 
PO4

−-P and ST at a depth of 0–10  cm to determine Rs. RF is a 
widely used machine-learning algorithm that allows the predic-
tion of response variables from potential drivers and identification 
of the importance of these potential drivers. RF does not assume 
specific forms of function, for example, it does not assume a lin-
ear relationship as in multiple regressions, and thus is suitable for 
this study because how potential drivers influence Rs is still not 
known (Touw et al.,  2013). The RF was run 100 times, and the 
increase in the mean square error or node purity was obtained 
to assess the importance of each potential driver of Rs (van Elsas 
et al., 2012). RF was implemented with the r package randomForest 
(Breiman, 2001) and the r package rfPermute (Archer, 2013) was 
used to calculate the p-values of the importance of each control 
factor. All statistical analyses were conducted in R (version 3.6.1; R 
Development Core Team, 2017) and figures were produced using 
OriginPro 2017 (Originlab Corporation) and R (version 3.6.1). The 
significance level was set at p < 0.05.

3  |  RESULTS

3.1  |  Rs rate under short- and long-term collar 
deployment

Over the 3 years of the experiment, the differences in Rs rates be-
tween long- and short-term collars changed over time. In the first 
growing season, little overall difference was noted between long- and 
short-term collar deployments (p = 0.46) (Figure 2a,b). In the second 
and third growing seasons, the average Rs rate of the long-term collar 
decreased by 8.9% and 18.2%, respectively, relative to short-term col-
lar deployment (Figure 2b). Particularly, Rs under the long-term collar 
decreased rapidly in the middle of the second growing season and 
remained low until the end of the experiment (Figure 2c,d).

3.2  |  Soil variables between short- and long-
term collars

The ST at a depth of 5 cm was 0.6°C higher in long-term collars dur-
ing the first growing season (p = 0.02) but similar during the other 
experimental periods (p = 0.12) (Figure S1). Soil moisture significantly 
decreased by 1.6% (p = 0.007), 1.7% (p = 0.003) and 2.0% (p = 0.005) 
in the long-term collars at a depth of 5 cm during the three growing 
seasons, respectively (Figure S1). Relative to short-term deployments, 
soil RB and MBC contents inside the long-term collar significantly de-
creased by 47.3%–50.2% (p = 0.001) and 11.7%–21.8% (p < 0.001) at 
depths of 0–10 cm, respectively. The soil BD inside the long-term col-
lar at depths of 0–10 cm increased significantly (p = 0.02), and soil pH 
(p = 0.03), NO3

−-N (p = 0.005), and PO4
−-P (p = 0.04) contents of the 

long-term collar increased significantly at depths of 0–5 cm. Soil SWC 

Rs = A × Q10
T∕10

,
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(p = 0.02), conductivity (p = 0.007) and NH4
+-N (p = 0.002) of the 

long-term collar significantly decreased at depths of 0–5 cm relative 
to the short-term collar (Figure 3).

3.3  |  Temperature sensitivity of Rs and SOC 
decomposition rate

An exponential function provided an adequate fit for ST at 5  cm 
and Rs. The Q10 of the long-term collar was lower than that of the 

short-term collar in the three growing seasons, and the difference 
gradually increased with the experimental duration (Figure 4a,d).

During the laboratory incubation experiment, the SOC decom-
position rate at different incubation temperatures exhibited large 
variations in different soil layers after 3 years of long-term collar de-
ployment. The mean decomposition rate of all soil layers collected 
inside the long-term collar was significantly lower than that collected 
under short-term collar deployment (all p < 0.01). Decomposition rates 
were 0.36, 0.28, 0.21 and 0.18 μg CO2-C g−1 soil h−1 for the 0–5, 5–10, 
10–20 and 20–30 cm soil layers under the long-term collar deployment 

F I G U R E  2  (a) Soil respiration rate (Rs). 
(b) Mean values shown with standard 
error for Rs. (c) The 30-day rolling mean 
change in Rs in the long-term (LT) collar 
relative to the short-term collar (ST) 
during 2017–2019. (d) Relative change 
[(Rs-LT − Rs-ST)/Rs-ST)] measured with the 
two methods during the growing season 
of 2017–2019. Error bars represent 
standard errors. Significant differences 
among the Rs for the two collars were 
indicated: *p < 0.05, **p < 0.01.

F I G U R E  3  Soil biotic and abiotic 
variables of the different layers for the 
long-term installed collar (long-term 
collar) and short-term installed collar 
(short-term collar) measured at the end 
of the experiment in October 2019. 
(a) Distribution of the root biomass 
(RM), (b) soil microbial biomass carbon 
(MBC), (c) soil bulk density (BD), (d) soil 
water content (SWC), (e) soil pH, (f) soil 
conductivity, (g) soil nitrate content 
(NO3

−-N), (h) soil ammonium content 
(NH4

+-N) and (i) soil phosphate content 
(PO4

−-P) in different soil layers. The error 
bars represent standard errors. Significant 
differences were indicated: *p < 0.05, 
**p < 0.01.
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and 0.42, 0.30, 0.24 and 0.19 μg CO2-C g−1 soil h−1 for the same four 
layers under the short-term collar. Although the Q10 of the long-term 
collar was lower at different soil depths than that of the short-term 
collar (Figure 4e–h), differences were minor for all soil layers.

3.4  |  Controlling factors for changes in Rs

RF analysis of Rs and soil variables showed that BD, RB and MBC 
were the main driving factors of Rs (all p < 0.05; Figure 5). RF analysis 
explained 63% of the variance in Rs.

4  |  DISCUSSION

4.1  |  Minor changes in Rs during the early phase of 
long-term collar deployment

Rs under long-term collar deployment was similar to that under 
short-term collar deployment during the initial one and half grow-
ing seasons (Figure  2a). This differs from previous studies where 
Rs measurements in grassland ecosystems were underestimated 
by 30%–50% during the peak of the growing season (Heinemeyer 

F I G U R E  4  The relationships between soil respiration rate (Rs) of short-term and long-term collar measurements and temperature at 5 cm 
depth, and the temperature sensitivity of Rs from (a) May to September in 2017, (b) April to October in 2018 and (c) May to October in 2019 
and (d) all measurements, respectively. The relationships between soil organic carbon (SOC) decomposition rate and temperature during 
aerobic incubation using soils from different depths for (e) 0–5 cm, (f) 5–10 cm, (g) 10–20 cm and (h) 20–30 cm, respectively, under incubation 
temperature from −15 to 15°C.

F I G U R E  5  Violin plot of the relative contribution of driving 
factors to soil respiration (Rs). The importance of predictive 
variables was evaluated using the percentage increase (%) in mean 
square error of 100 times random forest model. The white dot 
is the average value of the variable. Abbreviations: BD, soil bulk 
density; DIN, nitrate + ammonium; MBC, soil microbial biomass 
carbon; pH, soil pH value; PO4

−-P, phosphate; RB, root biomass; ST, 
soil temperature; SWC, soil water content. Significant differences 
were indicated: *p < 0.05.
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et al., 2011). Several counteracting factors were speculated to con-
tribute to the similarity in Rs between long- and short-term collars. 
First, Rs may be stimulated by higher ST inside the long-term collars. 
Higher temperatures inside the long-term collar may occur because 
plant removal inside the collar reduces plant transpiration or be-
cause cutting plants reduce shading, thus increasing solar radiation 
reaching the soil surface. Second, collar insertion and plant removal 
inside the long-term collar resulted in the pulse input of dead roots. 
Dead roots provide a temporary carbon source for decomposition. 
Previous studies on grasslands have shown that the contribution of 
Rh to total soil respiration increased immediately after collar inser-
tion but declined to a stable level during the second year (Wang 
et al., 2021), consistent with the notion that dead roots may provide 
a temporary source for respiration. Third, counteracting the effects 
of higher ST and pulse input of dead roots reduced the live root bio-
mass due to clipping and collar installation. Lower live-root biomass 
may lead to lower Ra and total root secretion in the rhizosphere, 
both of which may cause a decrease in Rs. Taken together, the posi-
tive and negative effects of long-term collar deployment on Rs are 
speculated to offset each other during the early stages of long-term 
collar deployment, resulting in little difference overall.

These results indicate that a permanent installation of collar 
for up to one and a half growing seasons may not cause substan-
tial changes in Rs, at least in places with similar biotic and abiotic 
conditions as the experimental sites in this study. For the sake of 
accurate measurement of Rs, collar deployment is likely not an 
issue, although its component fluxes could be affected differently. 
However, the similarity in Rs is likely the result of several counter-
acting factors, as discussed above. Substantial differences in ST, 
moisture and vegetation cover were observed. As a result, even 
though Rs may be similar, many properties of Rs, such as Q10 or 
moisture dependence, may differ between collar treatments. Thus, 
caution should be exercised so that the non-significant effects of 
long-term collar use on Rs may not extend to other aspects of Rs.

4.2  |  Decline in Rs and Q10 during the later phase

After the initial one and a half growing season, Rs under the long-
term collar treatment started to decrease relative to the short-term 
collar treatment (Figure  2a). Two possible mechanisms may be re-
sponsible for the decline in Rs.

First, RB and MBC were significantly lower in the topsoil inside 
the long-term collar (Figure 3a,b). A decrease in RB may lead to a 
decrease in root metabolism and Ra (Väisänen et al., 2014), given 
that RB is often strongly associated with Ra in grasslands (Chen 
et al., 2009; Yan et al., 2010). Additionally, decreased RB resulted 
in a reduction in the synthesis and distribution of the soil respi-
ratory substrate. This could lead to weakening of Rh (Davidson & 
Janssens, 2006). In addition, the decrease in soil MBC indicated that 
soil microbial activity and biomass had decreased (Chen et al., 2018; 
Han et al., 2014; Liu et al., 2009; Mu et al., 2017; Wan & Luo, 2003), 
which could lead to a decrease in Rh. The incubation results also 

confirmed that long-term collar deployment significantly reduced 
SOC decomposition rate (Figure 4e–h). Briefly, a lower RB and mi-
crobial activity may limit Rs after long-term collar deployment.

Second, changes in soil variables in the collar during the later 
phase of long-term collar deployment may also contribute to the 
decrease in Rs. Long-term collar deployment and continuous cut-
ting of surface vegetation seriously inhibited plant and root growth. 
Lower plant root growth, higher topsoil pH values (Figure 3e) and 
decreased conductivity (Figure 3f) could jointly cause a decline in 
soil microbial enzyme activity (Chen et al.,  2018). Furthermore, 
microbial activity may have been altered as the decrease in veg-
etation productivity led to a decrease in soil organic matter input. 
This was supported by the increase in soil NO3

−-N (Figure 3g), and 
a decrease in NH4

+-N content (Figure  3h). The increase in rela-
tive competitiveness and relative abundance of nitrifying bacteria 
promoted soil nitrification potential and accelerated the transfor-
mation of soil NH4

+-N into NO3
−-N (Schmitt et al.,  2013). In the 

later phase of long-term collar deployment, BD of the topsoil in-
creased significantly (Figure 3c). Typically, a decrease in soil water 
holding capacity due to reduced root water uptake (Figure 3d and 
Figure S1), and lower fine root biomass and C input are associated 
with increased BD (Li & Shao, 2006). These factors are known to 
negatively correlate with Rs (Mu et al., 2017). This further explains 
why Rs decreased after long-term collar deployment. In summary, 
long-term collar deployment could reduce soil substrate supply, 
and microbial activity, and change soil variables. This weakened 
energy flow and material circulation (Aerts & Chapin, 1999; Moe 
et al., 2005), which may play a role in the decrease in Rs after long-
term collar deployment (Schlesinger & Andrews, 2000). RF analysis 
also demonstrated that RB, MBC and BD were the main driving 
factors of Rs in the later phases of long-term collar deployment 
(Figure 5).

Similar to the Rs results, Q10 under long-term collar deployment 
decreased gradually with time, as compared to short-term collars 
(Figure  4a–c). This was consistent with previous findings that Q10 
decreased with times of cutting (Li et al., 2013; Wan & Luo, 2003). 
The decrease in Q10 over time was likely due to reduced soil C input 
caused by reduced RB and root C transfer to the soil within the long-
term collar. In addition, lower RB may lead to a decrease in the prim-
ing effect. The results of soil incubation showed that the Q10 of the 
SOC decomposition rate in different layers decreased, but there was 
little difference after the three growing seasons (Figure 4e–g). This 
further suggests that the decreased Q10 of Rs may be mainly due to 
reduced Ra.

5  |  CONCLUSIONS

Long-term collar deployment had a substantial influence on Rs, as 
previously observed for short-term collars (Heinemeyer et al., 2011) 
and the magnitude of the effects changed over time. Rs was 8.9% 
and 18.2% lower in the second and third growing seasons, respec-
tively, after collar deployment. These findings highlight different 
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factors controlling Rs change in long-term collar deployment during 
the early and later phases. During the early phase, minor changes 
in Rs may be mainly explained by the turnover of cut roots and 
changes in soil temperature and moisture, which may compensate 
for each other. During the later phase, the decrease in Rs and its 
Q10 may be explained by changes in soil physicochemical proper-
ties (e.g. BD), lower RB and root-derived C input, and microbial 
biomass.

Our results indicate that Rs and Q10 previously monitored using 
long-term collar installation should be adjusted based on the du-
ration of collar deployment. Whenever long-term collars are de-
ployed in the field for Rs measurements, periodic measurements 
are recommended using a method that causes minimal or no distur-
bance to the soil as a benchmark for calibration. Although instru-
ments capable of measuring Rs without disturbing the soil would 
be ideal, no such instruments exist. While surface collars do not 
disturb the soil, they cannot create an airtight chamber unless the 
surface is perfectly flat. Thus, short-term collars are believed to 
provide the best benchmark for adjusting data based on long-term 
collar deployment. Because the differences in Rs between short- 
and long-term collar changes over time, short-term collar mea-
surements must cover a similar time span as the long-term collar 
measurements. This ensures that a time-specific calibration can be 
performed. Alternatively, one can shift the locations of long-term 
collars every 1–2 years to avoid collar artefacts. If short-term collar 
or other minimal disturbance methods are not feasible, researchers 
should be cautious in interpreting the Rs and Q10 data obtained from 
long-term collar methods.
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SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.

Figure S1 Variation of (a) soil temperature and (b) moisture at depth 
of 5 cm in the long- and short-term collars during 2017–2019. The 
mean soil (c) temperatures and (d) moisture for the two collars during 
the growing season of 2017–2019. The±represents standard errors. 
Significant differences among soil temperatures, and moisture for 
the two collars were indicated: repeated measure ANOVA; *, p < 
0.05, **, p < 0.01.

Figure S2 Relationships between soil respiration rates and moisture 
from 2017–2019.
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