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Abstract
Background and aims Increasing the emission of car-
bon dioxide by heterotrophic respiration (Rh) might lead
to global warming. However, issues remain on how Rh

responds to changing temperatures, especially with re-
spect to the hysteresis loop in the relationship between
Rh and temperature at the daily scale, along with eluci-
dating the underlying mechanisms.
Method We investigated hysteresis loop by measur-
ing Rh in subtropical forest soil at the daily scale
(12 h for warm-up (6–30 °C) and cool-down pro-
cesses (30–6 °C), respectively) using continuous

temperature variation and high resolution of mea-
surements over a 56-day incubation period. The
ratios of R20 and Q10 between warm-up and cool-
down were calculated as the characteristics of diel
hysteresis. We measured chemical (pH, conductivity,
oxidation-reduction potential), microbial biomass
and dissolved substrate (carbon and nitrogen) pa-
rameters to explain variation of diel hysteresis.
Results Rh was strongly dependent on temperature, with
a clockwise hysteresis loop of Rh between the warm-up
and cool-down daily processes. The average value of
R20 [at a reference temperature of 20 °C] during the
whole incubation period under the warm-up process
was significantly higher (46.05 ± 0.96μgC g−1 d−1) than
that under the cool-down process (14.74 ± 0.03 μgC g−1

d−1). In comparison, the average value of Q10 under the
cool-down process (5.27 ± 0.2) was significantly higher
than that under the warm-up process (1.66 ± 0.02). Re-
dundancy analysis showed that the interaction effects of
soil chemical, microbial biomass, and dissolved sub-
strate parameters explain most variation of diel hystere-
sis: 98% variation in R20 and 93.5% variation in Q10.
Compared with the weak effect of chemistry parameters
on the diel hysteresis, the sole and interactive effects of
microbial biomass and substrate were more important,
especially their interaction.
Conclusions Interactions of chemical, microbial bio-
mass, and dissolved substrate parameters dominated
the variation in diel hysteresis of Rh with temperature,
especially the interaction of microbial biomass and dis-
solved substrate. Of note, Q10 during the warm-up pro-
cess might be overestimated when using the highly
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fitted temperature-dependent function of cool-down pe-
riod. Furthermore, using a constant value of Q10 (Q10 =
2) in carbon cycle models might be an important source
of uncertainty.

Keywords Warm-up . Cool-down . Substrate .

Microbial biomass . Heterotrophic respiration

Introduction

Temperature is one of the most important factors
influencing the decomposition of soil organic matter
(SOM) caused by microbes (heterotrophic respiration,
Rh), which has been widely reported to increase with
increasing temperature (Fang and Moncrieff 2001;
Davidson and Janssens 2006; Ise and Moorcroft
2006). Given the vast quantity of SOM in terrestrial
ecosystems, varied responses ofRh to temperature might
produce major fluctuations to the balance of the soil
organic carbon (C) pool, leading to uncertainty when
predicting the feedback between Rh and global warming
(Shibata et al. 2005; Jiang et al. 2013).

Therefore, it is important to understand how Rh

changed with changes to daily temperature dynamics.
To date, advances have been made to improve the ac-
curacy of predictions through increasing availability of
high time resolutions of CO2 flux and temperature mea-
surements during the diel cycle. However, in contrast to
the common assumption that soil respiration varies with
soil temperature synchronously, diel variation in soil
respiration has been documented to be independent of
temperature in a temperate deciduous forest (Liu et al.
2006), demonstrating a hysteresis loop in the relation-
ship between soil respiration and soil temperature
(Riveros-Iregui et al. 2007; Ruehr et al. 2010; Barron-
Gafford et al. 2011; Phillips et al. 2011). Such diel
hysteresis might result from: 1) diurnal changes in soil
moisture; 2) changes to the microbial community or
activity; 3) changes to the quality of SOM and its
accessibility to microbes or enzymes, and 4) the effects
of fresh photosynthetic product on root and rhizosphere
respiration (Subke and Bahn 2010).

Hysteresis in soil respiration with temperature oc-
curs at a series of scales, from small spatial scales (soil
layer) (Subke and Bahn 2010) to large temporal scales
(seasonal or annual) (Moren and Lindroth 2000;
Gaumont-Guay et al. 2006). If soil respiration
responded differently to temperature between the

daytime and nighttime periods of these hysteresis,
utilizing the same response of respiration to changing
temperature to assess the diurnal respiration might
underestimate or overestimate how global warming
affects the C pool. In particular, Niu et al. (2011)
suggested that the hysteresis in net ecosystem ex-
change at the annual scale explains 8% of variation in
ecosystem respiration. While soil respiration is an im-
portant component of ecosystem respiration, it might
influence the net ecosystem exchange, with the poten-
tial mechanisms regulating how soil respiration varies
with diel temperature remaining uncertain. Therefore,
it might be possible to assess C dynamics accurately by
exploring the relationship between Rh and tempera-
ture, as well as elucidating the actual mechanism reg-
ulating hysteresis.

In additon to the variation in respiration rate, another
characterestic of diel hysteresis is how the respiration
rate responds to changing temperature, which is defined
as temperature sensitivity (Q10) as the reaction rate
increases with a 10 °C rise in temperature (Fang and
Moncrieff 2001). Similar to variation in Rh during diel
hysteresis, Q10 does not always exhibit a symmetrical
trend with the increasing and decreasing process of soil
temperature at the diel scale. For example, Liu et al.
(2006) found the sensitivity of soil respiration to tem-
perature was distinctly higher during the daytime than
that at nighttime in a temperate deciduous forest.

Two potential explanations exist for the documented
difference inQ10 during hysteresis. First, variation in the
quantity and quality of the substrate (Liski et al. 1999;
Gershenson et al. 2009; Craine et al. 2010; Sierra et al.
2012; Lefevre et al. 2014) might affect on the substrate
available for the metabolism of microbes, and is termed
the BCarbon quality –temperature sensitivity^ hypothe-
sis (Bosatta and Ågren 1999). A substrate of low quality
requires higher energy for microbes to degrade, leading
to higher sensitivity to warming than the high-quality
substrate (Gershenson et al. 2009; He et al. 2013; Wang
et al. 2016b). Second, changes to the soil microbial
community (Malcolm et al. 2008; de Bruijn and
Butterbach-Bahl 2010; Rousk et al. 2012) might affect
heterotrophic respiration, which could be associated
with the hot topic on respiration acclimation (Bradford
et al. 2008; Bradford 2013). For example, microbes
might acclimate to the changed diel temperatures, with
the acclimation towarming generating an elliptic loop of
Rh with temperature in parallel to lower Rh at interme-
diate temperatures (Hall et al. 2008). These two factors
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might interact with one another. Such as, the growth of
microorganisms could be accelerated significantly when
available substrate is abundant, whereas an increased
growth of microbes might cause the amount of available
substrate to decrease. Other examples of interaction
might be reflected in the different preferences of micro-
bial community for decomposing SOM. For instance,
bacteria prefer labile SOM, while fungi prefer stable
SOM (Lehmann and Kleber 2015). In conclusion,
changes to microbial and substrate properties might
explain differences inRh andQ10 between the increasing
and decreasing temperature processes of hysteresis.

Although many incubation experiments have report-
ed the response of Rh to changing temperatures (Fang
andMoncrieff 2001; Fierer et al. 2005; Gershenson et al.
2009; Lefevre et al. 2014; Wang et al. 2015), evidence
of hysteresis in Rh with temperature during diel cycles
have seldom been reported (Eberwein et al. 2015). This
gap might be attributed to two reasons. First, traditional
incubation experiments are conducted with several con-
stant incubation temperatures (Fierer et al. 2005;
Gershenson et al. 2009; Malcolm et al. 2008;
Wetterstedt et al. 2010; Rousk et al. 2012; Wagai et al.
2013; Wei et al. 2014), and primary focus on the re-
sponse during the increasing temperature period, but not
the decreasing temperature period. Second, the capacity
to measure Rh with continuously changing temperature
over a high time resolution of measurment has been
limited by the instrument technical conditions. These
two issues have restricted our ability to investigate the
mechanism of hysteresis of Rh and temperature using
incubation experiments.

Here, we designed a novel incubation experiment
using subtropical forest soil under increasing (from
6 °C to 30 °C over 12 h; warm-up process) and decreas-
ing (from 30 °C to 6 °C over 12 h; cool-down process)
temperature regimes to simulate variations in daily tem-
perature (24 h) under the field conditions. Using contin-
uous and high time resolution measurement equipment,
we recorded the values of Rh (approximately every
20 min) with soil temperature over a 56-day incubation
period. To assess the hysteresis at a diel scale, we
calculated the ratio of R20 (heterotrophic respiration at
a reference temperature of 20 °C) and Q10 between the
warm-up and cool-down processes, respectively. Fur-
thermore, we measured the potential influence of chem-
ical, microbial, and substrate properties, to explain the
variation with incubation time. This study aimed to test
whether: 1) variation in Rh was dependent on

temperature, shaping the diel hysteresis between the
warm-up and cool-down processes, and 2) the interac-
tion effects of microbial and substrates properties or the
independent effect of single factor control how Rh varied
in the hysteresis loop of with temperature.

Materials and methods

Site description

Soil samples were collected from a primary forest
located in Shennongjia, Hubei Province, China
(109° 56′–110° 58′ E, 31° 15′–31° 75′ N). This
region has a north subtropical monsoon climate,
with mean annual temperature of 8.5 °C and mean
annual precipitation of 1147 mm (mean of 1962–
2012). The climate at the research site tends to be
hot and rainy in summer and cool and dry in winter.
The dominant tree species of the primary forest are
Fagus eng l er iana Seemen and Cycloba la
nopsismultinervis W. C. Cheng et T. Hong (Chi
et al. 2015). Soil pH is approximately 6.93, soil
organic carbon (SOC) is 4.19%, and total nitrogen
is 0.38% in the 0–10 cm soil layer. The clay, silt,
and sand contents are 13.21, 60.59, and 26.20%,
respectively. Content of bacteria and fungi are 5.96
and 0.25 nmol g−1, respectively. More detailed in-
formation about this sample site is provided in Xu
et al. (2017) and He et al. (2018).

Field soil sampling and previous treatment

Field sampling was conducted in August 2013.
Three experimental plots (40 × 40 m) were
established in the primary forest. Soil samples were
collected from the soil surface (0–10 cm depth) and
were sieved through a 2-mm mesh (Xu et al. 2017).
The roots and visible organic debris in the soil
samples were removed manually. Soil were stored
at 4 °C before beginning the incubation experiment.

Soil water holding capacity was determined by wet-
ting the soil for 12 h, followed by draining it through
filter paper for 12 h. Then, the soil water content was
calculated by the weight measured before and after
drying the sample at 105 °C for 24 h (Wang et al.
2016ab). The contents of SOC and total nitrogen were
measured using an elemental analyzer (Vario Max,
Elementar, Langensel bold, Germany).
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Design of incubation experiment

In total, there were 18 replicates (3 replicates × 6
groups), with one group for the repeated measurements
of Rh throughout the incubation period (0, 7, 14, 21, 28,
35, 42, and 56 days) and five groups (3 replicates ×5
destruction times) for separate destructive sampling (at
0, 14, 28, 42, and 56 days) to measure the factors that
potentially regulate variation in diel hysteresis. Each
replicate contained 40 g fresh soil mixed with 10 g
quartz sand (preventing the soil from hardening), and
was placed in a 150 mL polyethylene plastic bottle, and
adjusted to 55% water hold capacity by weight. All soil
samples were first pre-incubated at 20 °C for 1 week (to
make the microbes active and avoid the disturbance
caused by the experimental treatment), and were then
placed in an incubator that automatically regulated tem-
perature to increase from 6 to 30 °C (6 °C ca. 6 h, 14 °C
ca. 6 h, 21 °C ca.6 h, 30 °C ca. 6 h) and then decrease
from 30 to 6 °C (Fig. S1) (Li et al. 2017). Although this
daily incubation process could not entirely simulate the
daily soil temperature in the field, it simulated the daily
minimum, middle, and the maximum soil temperature.
The incubation temperature was adjusted over several
phases in a day, due to the limitation of incubation
system, which could still prevent the microbes from
adapting to a specific temperature (Rousk and Bååth
2011). Furthermore, to maintain constant soil moisture
levels, soil water content was adjusted based on weight
at intervals of 3–4 days.

Data availability

Data share can be contacted with Dr. N. P. He (E-mail:
henp@igsnrr.ac.cn).

Measurements of Rh, soil substrate, microbial
biomass, and chemical properties

Measurements of Rh

On the days scheduled for measuring Rh, CO2 concen-
tration released by microbes and soil temperature were
continuously measured over a 24-h period, based on the
designated program shown in Fig. S1 (Wang et al.
2016b). Specifically, the temperature in the water bath
for incubating soil samples steadily and gradually in-
creased from 6 to 30 °C over 12 h, and then decreased

from 30 to 6 °C over 12 h. The CO2 concentration of soil
samples was measured at intervals of 20 min using
continuous measurement apparatus (PRI-8800; Pri-
Eco, Beijing, China), which was newly developed as a
modification of He et al. (2013). This method for mea-
suring Rh has its intrinsic advantages and has already
been applied in some studies (Wang et al. 2016a; Liu
et al. 2017, 2018; Song et al. 2017). At the same time,
the actual soil temperatures of the incubating samples
were measured by a temperature logger (iButton®
DS1922L, Maxim Integrated, San Jose, CA, USA),
which was embedded in the surface of the soil sample
(to reduce disturbing the soil samples) the day before
measuring Rh. This mode of measuring allows the rela-
tionship between Rh and temperature to be elucidated in
more detail, and provides a more accurate calculation of
Q10 than that calculated by less frequent measurements
(Wang et al. 2016b; Li et al. 2017; Liu et al. 2017).

Rh was first calculated from the slope of the change in
CO2 concentration released by microbes and conversion
factors as (Eq. 1) (He et al. 2013):

Rh ¼ C � V � α� β
m

ð1Þ

where Rh is the soil heterotrophic respiration rate
(μgC g−1d−1); C is the slope of change in CO2

concentration with measured time; V is the volume
of the incubation bottle and gas tube (ml); m is the
soil weight (g); α is the conversion coefficient for
CO2 mass (from CO2 to C); and β is a conversion
coefficient for time (from seconds to days).

To compare the difference in Rh at different stages in
the diel hysteresis, we calculated the Rh at the reference
temperature of 20 °C as R20 (Craine et al. 2010) between
warm-up and cool-down processes, respectively. In this
experiment, it was possible to calculate the relationship
between Rh and temperature accurately through contin-
uously measuring changes to temperature automatically
and through frequently measuring the Rh (at intervals of
20 min) with a button thermometer (iButton®
DS1922L, Maxim Integrated, San Jose, CA, USA).
Thus, we assumed that taking the independent data to
represent the R20 would decrease variation in R20 when
using regression analysis, because there are different
exponential relationships between Rh and soil tempera-
ture in the warm-up compared to the cool-down process
(Table S1). In practice, R20 was calculated as the average
of Rh ranging from 18 °C to 22 °C. Furthermore, auto-
correlation between R20 and temperature sensitivity or
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substrate quality using the following equations (Eqs. 2,
3) was avoided.

Q10 values were calculated using the following expo-
nential equations (Eqs. 2 and 3) (Lloyd and Taylor 1994):

Rh ¼ A� eb�T ð2Þ

Q10 ¼ e10�b ð3Þ
where Rh is the heterotrophic respiration rate (μgC
g−1d−1), T is the temperature (°C), and A and b are the
exponential parameters that represent the intercept and
slope of the line, respectively. Because Rh and soil
temperature were measured extensively with strongly
matching exponential functions (Table S1), the Q10

values used in the current study were considered accu-
rate and credible (Wang et al. 2016ab, Li et al. 2017).
Furthermore, we equated substrate C quality with pa-
rameter A in Eq. 2 to investigate how soil C quality
affects the diel hysteresis of Rh, which had also been
applied to other studies (Fierer et al. 2005; Xu et al.
2012). Furthermore, Ding et al. (2016) synthesized 386
paired data sets of Q10 and A from 55 independent
papers, and demonstrated that A could serve as an
effective indicator of soil C decomposability. Therefore,
parameter A in the Eq. 2 was considered a credible
measure of carbon quality.

To explore the daily hysteresis of Rh with temperature
between warm-up and cool-down processes, we calcu-
lated R20 and Q10 in the two phases over the whole
experiment period (56 d), respectively. Furthermore,
we measured all parameters of dissolved substrate, soil
chemistry and microbial biomass five times during the
whole incubation.

Measurements of soil substrates, microbial biomass
and chemical properties

Because this study was conducted with one soil
layer under laboratory conditions, we did not dis-
cuss certain field factors, such as soil water content
(Riveros-Iregui et al. 2007; Ruehr et al. 2010), soil
layers (Subke and Bahn 2010; Phillips et al. 2011),
and photosynthetic active radiation (Liu et al. 2006).
The effect of changes to soil water content during
the measuring period was not considered in the
current study because soil water content was con-
trolled before every measurement. That is, variation
to soil water content in the diel measurement period
was same across eight independent measurements.

It is an advantage for us to achieve diel dynamic ofRh

with high intensity using the PRI-8800 (Pri-Eco, Bei-
jing, China). However, it is a challenge to simultaneous-
ly measure the underlying influencing factors of chem-
ical, substrate and microbial properties at the warm-up
and cool-down processes, respectively, although chem-
ical, substrate and microbial properties in soil may
change as incubation time lengthened to some extent.
Thus, we mainly assessed the effects of initial soil
chemistry (pH, oxidation reduction potential [ORP],
and conductivity [COND]), microbial biomass (micro-
bial biomass carbon [MBC], microbial biomass nitrogen
[MBN]), and dissolved substrate properties (dissolved
total nitrogen [DTN] and dissolved organic carbon
[DOC]) on how the characteristics of diel hysteresis
vary with short-time incubation time (Iqbal et al. 2010).

After 0, 14, 28, 42, and 56 days of incubation,
respectively, every three replicates of soil samples
were destructed to measure soil dissolved substrate
(DTN, DOC), microbial biomass (MBC, MBN), and
soil chemical properties (pH, ORP, and COND). On
the day that the soil samples were destroyed, mea-
surement of Rh started. Specifically, the chloroform-
fumigation method with 50 mL 0.5 M K2SO4 solution
was used to estimate MBN (1/Kn = 1.85) (Brookes
et al. 1985), MBC (1/Kc = 2.22) (Baumann et al.
1996) and soil DTN and DOC. The supernatants of
C and N extracted by K2SO4 solution were measured
using a total organic carbon instrument (Liquid TOC
II; Elementar, Germany) and continuous flow analyz-
er (Futura; AMS Alliance, Frépillon, France), respec-
tively. The supernatants for pH, ORP, and COND
were extracted with 25 mL ultrapure water (slurry of
soil and ultrapure water, 1:2.5), and were measured by
an Ultrameter II™ (Myron L Company, Carlsbad,
CA, USA) (Wang et al. 2016b; Li et al. 2017).

Statistical analysis

A repeated-measures analysis of variance was used
to test the effects of treatment (warm-up vs. cool-
down) and incubation time (8 times during 56 days
incubation) on R20 and Q10. An independent-
samples t-test was used to investigate whether
warm-up and cool-down processes resulted in sig-
nificant differences to the means of R20 and Q10

after 56 days of incubation. The effects of C quality
(parameter A in the Eq. 2), soil chemical, microbial
biomass and substrate parameters on R20 and Q10
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between warm-up-and cool-down processes were
assessed using regression analyses. Statistical anal-
ysis was conducted using SPSS 18.0 for Windows
(SPSS Inc., Chicago, IL, USA). The significance
level was set at P = 0.05.

The important parameters of soil chemical, microbial
and substrate properties for the variation of ratios of R20

and Q10 between the warm-up-and cool-down phases
were selected by regress relationships and were took
into the redundancy analysis (RDA) with Canoco soft-
ware version 5.0 (ter Braak and Smilauer 2012). Before
RDA, we used the general addition model to assess
whether the relationships between R20, Q10 and these
factors had linear effects. We transferred those factors
existed nonlinear relationships with the variation of
ratios of R20 and Q10 between the warm-up-and cool-
down phases using the results of general additionmodel.
Judging and transferring analyses were conducted with
R version 3.4.3 for Windows.

Results

Changes to Rh with temperature at the daily scale

The diel pattern of Rh was synchronized with that of soil
temperature (Fig. 1). The relationship between Rh and
soil temperature during the warm-up and the cool-down
processes formed a clear clockwise pattern of the hys-
teresis loop (Fig. S2), which matched with exponential
functions better in the cool-down process than in the
warm-up processes (Table. S1).

Changes to R20 andQ10 during warm-up and cool-down
processes

R20 increased slightly, then decreased, as incubation time
lengthened under the warm-up process, and exhibited a
significant linear decrease with incubation time under the
cool-down process, except at 35 d of incubation (Fig. 2a,
b). The average R20 at 56 days of incubation under the
warm-up process (46.05 ± 0.96 μgC g−1 d−1) was signif-
icantly higher than that under the cool-down process
(14.74 ± 0.03 μgC g−1 d−1) (Fig. 2c). Q10 decreased first,
then increased slightly, as incubation time lengthened
under the warm-up process, and exhibited a significant
linear increase with incubation time under the cool-down
process (Fig. 2d, e). Importantly, the averageQ10 value at
56 days of incubation during the cool-down process

(5.27 ± 0.20) was significantly higher than that during
in the warm-up process (1.66 ± 0.02) (Fig. 2f).

Factors affecting R20 and Q10 during warm-up
and cool-down processes

The characteristics of the diel hysteresis (R20 and Q10)
were mainly influenced by MBC, MBN, DOC, DTN,
pH, and COND (Fig. S3). Especially, the ratios of R20

between the warm-up and cool-down processes signifi-
cantly increased exponentially with those of C quality
(R2 = 0.87, P < 0.001, Fig. 3a). In comparison, the ratios
of Q10 between the warm-up and cool-down processes
exponentially decreased with those of C quality (R2 =
0.78, P < 0.001) (Fig. 3b). C quality during the warm-up
process (2.65 ± 1.13 μgC g−1 d−1) was significantly
higher than that during the cool-down process (0.08 ±
0.05μgC g−1 d−1) (P < 0.001, Fig. S4). Furthermore, the
ratios of C quality between the warm-up and cool-down
processes significantly increased with DOC and de-
creased with MBC (Fig. 4).

The RDA results showed that microbes, chemicals,
and substrates explained most variation for the two
characteristics of the diel hysteresis: 98% of variation
in R20 (P = 0.002, Fig. 5a) and 93.5% of variation inQ10

(P = 0.002, Fig. 5b). The joint effect of microbes,
chemicals, and substrates explained 60.2% of variation
in R20 and 64.9% of variation in Q10, respectively.
Compared with the weak effect of soil chemical proper-
ty on diel hysteresis, the sole and interactive effects of
soil microbes and substrate were more important, espe-
cially their interaction.

Discussion

Using the technology of continuous altering temper-
ature and high-frequency measurement, this study
clearly showed that Rh was significantly dependent
on soil temperature with a clockwise hysteresis loop
between warm-up and cool-down processes, which
was dominated by the interactions of soil substrate,
and microbial properties mainly.

Distinct differences between warm-up and cool-down
processes in the hysteresis loop

The hysteresis loop reported here showed a synchro-
nized relationship between Rh and temperature, with
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significantly higher Rh under the warm-up process and
significantly higher Q10 under the cool-down process.
Previous studies found that Rh was independent of tem-
perature in the hysteresis loop (Liu et al. 2006; Subke
and Bahn 2010; Phillips et al. 2011). For instance, Liu
et al. (2006) demonstrated that diel variation in soil
respiration was independent of temperature in a temper-
ate deciduous forest with lowerQ10 at night compared to
daytime. This result could be explained by the diel
variation in photosynthetic active radiation associated
with phenological stages of the forest stand. In contrast
to Liu et al. (2006), significant higherQ10 was observed
during the cool-down process in this study. According to
the Bcarbon quality- temperature sensitivity^ hypothe-
sis, recalcitrant SOM had higher Q10 than liable SOM
(Bosatta and Ågren 1999). Thus, we assumed that the
difference detected between the two studies might be
due to different amounts of available SOM at the two
stages. In the field experiment of Liu et al. (2006), SOM
input were continuous, with more liable SOM being

available for microbial metabolism at night. In compar-
ison, in the current incubation experiment, more liable
SOM were decomposed in the warm-up period, which
led to more recalcitrant SOM but less liable SOM being
available for the cool-down period.

Of note, differences in Q10 between daytime and
nighttime decreased with increasing time of the phe-
nological stage during the treatment of high-CO2 in
the study of Liu et al. (2006). However, even this
pattern was reversed during the winter (higher Q10 at
night). These phenomena implied that the different
response of respiration to temperature during the day
and night should be emphasized, especially in con-
sideration of global warming. Furthermore, the
higher daily Q10 value (3.47 [mean value of warm-
up and cool-down processes in this study] and 2.93
[mean value of daytime and night-time in the study
of Liu et al. (2006)]) was far higher than the com-
mon value (Q10 = 2) used in C models. The hyster-
esis of soil respiration with temperature is common
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Fig. 1 Changes in heterotrophic respiration (Rh, μgC g−1 d−1) and measure temperature (°C) throughout the day (24 h) over an 8-week period
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in the natural world, ranged from daily to season,
even, annual scale (Moren and Lindroth 2000; Nakai
et al. 2003; Gaumont-Guay et al. 2006). Thus it is
important to incorporate the distinctly different

periods of daily hysteresis of soil respiration in
relation to soil temperature in the C cycle model,
which might weaken the deviation between actual
flux data and the predicted values.

In contrast to the common assumption that the rela-
tionship between soil respiration and temperature during
the increasing and decreasing temperature stages have
similar variation, higher variation was observed during
the warm-up process in this study. The better exponen-
tial relationships between soil respiration and soil tem-
perature during the cool-down versus warm-up stages
were observed here, and also occurred during the day-
time and nighttime periods at a seasonal scale (Liu et al.
2006). This distinct variation of different periods needs
further investigated to pinpoint the response of soil
respiration to temperature.

Interactive effects of chemical, substrate and microbes
on the hysteresis loop

Both R20 and Q10 (characteristics of hysteresis loop)
were influenced by the interaction of soil chemical,
microbial and substrate properties. The significant
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interaction between microbes and substrate on the var-
iation in diel hysteresis is reflected by their effects on the
index of carbon quality, which might influence Rh and
Q10 (Briones et al. 2014; Davidson and Janssens 2006;
Ding et al. 2016). This phenomenon is consistent with
our results in Fig. 4. Furthermore, we put forward a
precondition that the microbial community might
evolve selective expression under the long-term diel
dynamics of soil temperature because the microbial
community exhibits different preferences in SOM
(Lehmann and Kleber 2015). In other words, the bacte-
ria community is more active than the fungi community
at decomposing SOM during the daytime, and vice
versa at night. This preference of the microbial commu-
nity could help to explain our results, to some extent.

When substrate supply was enough for microbial
metabolism, the differences in microbial activity
(fungi VS. bacteria) might alter the availability of
substrate (liable and recalcitrant SOM) between

warm-up and cool-down processes. However, soil
microbial activity was finally limited by the avail-
ability of substrate over long-term incubation (due to
the lack of exogenous SOM input). The relation-
ships between R20 and Q10 with C quality (based
on the ratios between warm-up and cool-down pro-
cesses, Fig. 3) might support the proposed hypothe-
sis of microbial preferences for SOM. Theoretically,
shifts in the structure of microbial communities
might be observed, due differences in their
temperature-dependency among species (Frey et al.
2008; Malcolm et al. 2008; Balser and Wixon 2009).
Previous studies have demonstrated that warming
resulted into shifts to the microbial community: an
increase in the abundance of gram-positive bacteria
and a decrease in the abundance of gram-negative
bacteria and fungi (Wei et al. 2014).

Although data on the microbial community and
substrate quantity and quality during warm-up and
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cool-down processes have not been measured, the
important interaction of microbe and substrate could
be reflected in the parameter A to some extent,
derived from the Eq. 2. It was heterotrophic respi-
ration rate in essence, which not only related to C
quality but also with microbial biomass and activi-
ties. Thus, it is plausible for the observed significant
higher parameter A in the warm-up process, com-
pared to that in the cool-down. First, the background
values of bacteria were significant higher than fungi
(ca. 20 times). Second, the content of liable SOM
was quite much than recalcitrant SOM at the origi-
nal stage. Based on the hypothesis of different pref-
erences in microbes to SOM in diel scale, these two
parts made a beneficial condition to shape the high
Rh and low Q10 in the warm-up process.

Although soil chemical properties (such as pH and
COND) were not the most important factors for diel
hysteresis in this study, they still had vital interac-
tions with substrate and microbial properties (Briones
et al. 2014). For example, ratios of R20 (warm-up VS.
cool-down) decreased with increasing pH and in-
creased with increasing COND (Fig. S3). Besides,
pH exerted opposite effects on C quality under the
warm-up process versus the cool-down process (Fig.
4). These effects could be supported by the fact that
pH induces different effects on the reaction rates and
Q10 of SOM decomposition, leading to changes in the
relative availability of SOM for microbial assimila-
tion (Min et al. 2014) and the microbial community
composition (Shen et al. 2013).

Improvements in the future

Although our measurement system recorded Rh and
soil temperature with a high resolution in the diel
scale, there is still room for improvement. For ex-
ample, the daily incubation system could be adjusted
to synchronize with measured temperatures that
match with field condition. The apparatus used to
measure soil temperature could be connected with a
moisture sensor to investigate the effect of soil water
content on diel hysteresis based on one circulation
of increasing and decreasing temperature. Microbial
and substrate properties need to be measured at a
high frequency during the warm-up and cool-down
processes, to provide more direct and powerful evi-
dence supporting our hypotheses. Furthermore, the
effects of microbial property on diel hysteresis in

this study were only assessed at the level of micro-
bial biomass, which limited our ability to explore
the effects of acclimation (individual physiological),
adaptation (genetic changes within species), and the
ecological responses (competition altering species
composition) of microbes on diel hysteresis. In the
future, the effect of the microbial community could
be quantified by using stable isotope probing
(Cheng et al. 2017), as well as testing substrate
quality and quantity with physical (mass-spectrome-
ter, differential thermo-gravimetric analysis) (von
Lutzow et al. 2006) and chemical (acid or alkali
extraction) methods (Rovira et al. 2010).

Furthermore, a clockwise hysteresis loop in sur-
face soils was observed in the forest ecosystem in this
study, as well as that in grassland ecosystem soils
from the Qinghai-Tibet Plateau (Li et al. 2017). Some
studies have reported clockwise, and even anticlock-
wise, hysteresis loops in either the subsurface
(≥5 cm) (Phillips et al. 2011) or surface layers
(≤5 cm) (Subke and Bahn 2010; Phillips et al.
2011). Therefore, it is necessary to explore that how
daily hysteresis varies spatially with the heterogene-
ity of temperature, water, oxygen, and other factors.

Conclusions

Our study confirmed that Rh is dependent on tem-
perature in the hysteresis loop at the diel scale.
Furthermore, the clock-wise hysteresis loop of Rh

with temperature exhibited significantly higher Q10

during the cool-down process compared to the
warm-up processes. The interactive effects of chem-
ical, microbial, and substrate properties are impor-
tant to control variation of diel hysteresis, in view of
Q10 and R20. In conclusion, our findings verified the
asymmetrical responses of soil respiration to warm-
up and cool-down processes at a daily scale, with it
being important for this phenomenon to be incorpo-
rated into soil C cycle models in future.
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