J. For. Res. (2022) 33:1061-1070
https://doi.org/10.1007/s11676-021-01346-4

o)

Check for
updates

ORIGINAL PAPER

Seasonal variations in temperature sensitivity of soil respiration
in a larch forest in the Northern Daxing’an Mountains

in Northeast China

Lin Yang' - Qiuliang Zhang' - Zhongtao Ma' -
Huijun Jin?? - Xiaoli Chang? - Sergey S. Marchenko* -
Valentin V. Spektor®

Received: 21 June 2020 / Accepted: 25 January 2021 / Published online: 11 May 2021

© The Author(s) 2021

Abstract Temperature sensitivity of respiration of forest
soils is important for its responses to climate warming and
for the accurate assessment of soil carbon budget. The sen-
sitivity of temperature (7;) to soil respiration rate (R,), and
Q,, defined by e!0UnRs=InaVTi hag been used extensively for
indicating the sensitivity of soil respiration. The soil respi-
ration under a larch (Larix gmelinii) forest in the northern
Daxing’an Mountains, Northeast China was observed in situ
from April to September, 2019 using the dynamic chamber
method. Air temperatures (7;,), soil surface temperatures
(Tyem)s soil temperatures at depths of 5 and 10 cm (T,
and T, respectively), and soil-surface water vapor con-
centrations were monitored at the same time. The results
show a significant monthly variability in soil respiration
rate in the growing season (April-September). The Q,,
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at the surface and at depths of 5 and 10 cm was estimated
at 5.6, 6.3, and 7.2, respectively. The Qy@10 cm OVET the
period of surface soil thawing (Q @10 cm, thaw = 36-89)
were significantly higher than that of the growing season
(Q10@10 em, growth = 3-82). Furthermore, the R, in the early
stage of near-surface soil thawing and in the middle of the
growing season is more sensitive to changes in soil tempera-
tures. Soil temperature is thus the dominant factor for season
variations in soil respiration, but rainfall is the main con-
troller for short-term fluctuations in respiration. Thus, the
higher sensitivity of soil respiration to temperature (Q,) is
found in the middle part of the growing season. The monthly
and seasonal Q| values better reflect the responsiveness of
soil respiration to changes in hydrometeorology and ground
freeze-thaw processes. This study may help assess the sta-
bility of the soil carbon pool and strength of carbon fluxes
in the larch forested permafrost regions in the northern
Daxing’an Mountains.
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Introduction

Temperature and moisture content are key to seasonal vari-
ations in soil respiration (Paustian et al. 2016). To facilitate
relevant studies, a Q,, has been defined as the degree of
temperature sensitivity of soil respiration. The assessment
of 0,, has been widely used as an important parameter in
biogeochemical models (Raich and Tufekcioglu 2000).
However, Q,, is spatiotemporally heterogeneous, and it
exhibits not only significant seasonal variations, but also
those variations with latitude and vegetation types (Powlson
et al. 2011). Current estimates of carbon emissions from
terrestrial ecosystems and the direct impacts of climate
change are thus directly influenced and/or predicted by Q,
values (Schlesinger and Andrews 2000). Furthermore, Q)
largely determines the feedback relationship between climate
change and carbon cycling (Pokharel et al. 2018). Therefore,
under a warming climate, it is important to understand Q,,
changes and their influencing factors in order to more accu-
rately simulate and predict the key parameters of carbon
cycles and processes and to clarify the relationship between
soil respiration and its temperature sensitivity.

0, displays marked daily, monthly, seasonal and interan-
nual variations (Li et al. 2020). According to its influencing
factors, intrinsic and apparent Q,, values are divided (Yan
et al. 2019). The former is the intrinsic sensitivity of soil
respiration to soil temperature without taking into account
all external factors; the latter (apparent sensitivity) is the
sensitivity of soil respiration to soil temperature under the
natural state (Chen and Tian 2005). At present, it is dif-
ficult to integrate temperature into the intrinsic or appar-
ent Q,, values (Zhou et al. 2015). Therefore, most of the
observed values are the apparent Q. Daily variations in
soil moisture are insignificant, i.e., the growth of plant roots
is almost invisible and the microbial population and com-
munity remain almost unchanged (Qin et al. 2015). How-
ever, at seasonal and interannual time-scales, O, values well
reflect these variations, including not only the responses of
soil respiration to changes in soil temperature, but also to
changes in soil water content, root biomass, surficial litter
input, soil microbial population, and others (Qi et al. 2014).
These complex response processes increase the uncertainty
in the estimation of Q, (Schindlbacher et al. 2014). There-
fore, understanding the changes in 0 is basic for correctly
estimating the feedbacks between climate change and the
carbon cycle (Mahecha et al. 2010; Liu et al. 2020).

In several studies, Q,, values have varied substantially
with latitude and ecosystem types (Yan et al. 2019). Com-
prehensive analysis indicates a high sensitivity of soil res-
piration rates (R,) to temperature increases in cold envi-
ronments, and the fitting between R, and soil temperature
is better than between R, and air temperature (Yang et al.
2017). In arctic, boreal and cold temperate regions, R, is
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more sensitive to temperature changes and the Q,, is higher
(Yuste et al. 2010). Several measurements have indicated a
0, of ca. 2.0 for temperate forests, while for the forested
lands in northeastern China, ca. 1.3—1.8 in the growing sea-
son and 3.0-5.0 in the dormant season (Mills et al. 2011).
Traditionally regarded as an important carbon sink, under a
warming climate, the abovementioned regions may experi-
ence greatly elevated soil respiration and rapid and massive
release of CO, into the atmosphere, positively feeding back
to climate warming (Mufoz et al. 2016). However, the esti-
mation of Q, is mostly based on the measurements of R,
and other parameters in a specific environment at a given
time period (Chen et al. 2020). For example, the weather on
days for many measurements has been mostly sunny; how-
ever, in some forests, the number of rainy days in a year
predominates. Therefore, the data from continuous measure-
ments for entire growing seasons or over many years will
more accurately reflect the responses of forest soil respira-
tion to climate changes at seasonal to decadal scales.

Soil respiration occurs in the internal environment of the
soil. Current observational methods cannot directly monitor
the mechanisms of soil respiration, and thus most widely
used methods per se adopt the measurements of water and
heat parameters to explain R, changes (Schuur et al. 2015).
However, most researchers do not have a commonly agreed
depth for the measurements of soil temperature (He et al.
2017). Soil respiration occurs at different soil depths but
the transmission of surficial temperature changes to soil
depths has a certain time lag and exponentially dampened
amplitudes, leading to greatly reduced changes in soil tem-
perature at depth (Padarian et al. 2017). Thus, there are still
three key questions remaining unanswered: (1) Are/is there
a depth(s) with the highest R ? (2) Which depth(s) yield(s)
the highest R ? and, (3) Can the correlation between R, and
soil temperature at different depths indirectly reveal this/
these depth(s)?

Therefore, with these three unknowns in mind, we chose
a Xing’an larch (Larix gmelinii (Rupr.) Kuzen.) forest as
the research site (boreal forest ecosystem) in the northern
Daxing’an Mountains of Inner Mongolia Autonomous
Region, Northeast China. The Daxing’an Mountains are
covered by a boreal cold temperate coniferous forest. As
an important part of the forest belt in eastern Asia, it plays
a key role in carbon uptake and in maintaining ecological
balances. We hypothesize that the Q,, obtained by high-
frequency and continuous observation may better reflect the
R, change rate over a certain period of time (including pre-
cipitation and other local or short-term hydrological events),
and the spatiotemporal variation of Q;, may well reflect the
influences of ground and air temperature and freeze-thaw
processes on the R in northern coniferous forests. Based
on this hypothesis, we observed the soil CO, fluxes in situ.
This study is important for understanding and predicting the
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soil carbon cycle and its changes in the Xing’an larch for-
est ecosystem in the cold temperate zone, and for regional
environmental management.

Materials and methods
Study area

This study was conducted in an experimental plot
of the National Field Observation and Research Sta-
tion of the Daxing’an Ecosystems (NFORS-DXE;
121°30220"-121°31'0" E and 50°49'40"-50°51'35" N; eleva-
tion of 791-845 m a.s.l.) in the Inner Mongolia Autonomous
Region (Fig. 1), located 16 km north of Genhe City in the
northern part of Northeast China. The area is characterized
by a continental monsoonal climate with extensive presence
of frozen ground. The multi-year average (2007-2020) mean
annual air temperature was — 2.9 °C. Precipitation (60%) fell
in summer (generally July and August), and the snowfall
generally occurred September to the following May. The
multi-year average of mean snow depth was 25 cm during
2007-2020.

The experimental plot is set in a Xing’an larch forest
at an elevation of about 820 m a.s.l. on a northern slope.
Xing’an larch, with an average diameter of breast height
(DBH) of 10 cm and an average height of 10 m dominates
the boreal ecosystem. Species of Ledum palustre L. prevails
in the shrub understory with an average height of 0.3 m and
a cover of 39%. The forest is formed over brown conifer-
ous forest soil, with a soil pedon layer 30-40 cm thick, a
10-cm humus layer, 1.3 +0.06 g-cm™ soil bulk density, and
42.7+0.9 g-’kg™! soil organic matter.

Fig. 1 Location of the study
area and plot

Sample settings

A 20 mXx 20 m representative fixed sample plot was estab-
lished, and in order to ensure the reliability and representa-
tiveness of the measurements, it was divided into sixteen
5 m X5 m sub-plots. From these sub-plots, four sub-samples
were randomly selected as the observation points for soil
respiration. At these points, a 10-cm high PVC soil ring
with a 20-cm diameter was pressed into the soil up to 5 cm,
and the surface litter was removed. Use of the soil ring can
prevent the horizontal diffusion of gas and forms a closed
environment to allow for more accurate gas measurements.

Research approach and methods

A fully automatic, multi-channel, soil flux measurement
system was adopted (Fig. 2), consisting of a portable green-
house gas analyzer (UGGA) (LGR Corporation, San Jose,
CA, USA) and a control unit (SF-3000) (Beijing Riga
United Technology Co., Ltd., Beijing, China). This instru-
ment performs continuous, multi-channel, high frequency
measurement with excellent data continuity. At each sub-
sample site, the gas inside the chamber was measured every
three minutes, including a gas balance time of 30 s and a gas
measurement time of 150 s. Four sub-samples were auto-
matically measured at 12-min intervals. This selection of the
measurement cycle followed that of other researchers using
similar instruments (Verchot et al. 2000; Song et al. 2006;
Jahn et al. 2010).

To protect the instrument from damage by extreme
weather, the soil greenhouse gas observation system (SF-
3000, UGGA) was placed in a steel house next to the sample
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Fig. 2 LGR automatic multi-
channel soil fluxes measurement
system used in this study during
the period of 1 April to 30
September, 2019

plot (Fig. 2), with reliable batteries under all-weather condi-
tions. Four fully automatic breathing chambers were placed
at the soil respiration point of the instrument in order to
maximize the number of observations of the natural R.. The
instrument and data were checked and maintained daily
during the measurement period. The concentration of water
vapor and T, inside the breathing chambers were auto-
matically analyzed by the UGGA analyzer, and the T, Ts.,,,
and 7., measured simultaneously every hour by the stand-
ard weather station 20 m from the sample plot.

Data processing

The data obtained from the UGGA analyzer were soil CO,
and water vapor concentrations. In this study, the release
rate of gas fluxes from the soil surface to the atmosphere
is positive (+), and the absorption rate of gas fluxes from
the atmosphere to the soil surface, negative (—). Changes
in soil CO, and water vapor concentrations were converted
into gas fluxes using a gas fluctuation model for calculating
the closed-loop fluxes (Eq. 1), and the data were screened
using the six times standard deviation method (Pumpanen
et al. 2004; Arias-Navarro et al. 2017). This step was carried
out using the SPSS software, and the results were visualized
with the Origin software. The temperature sensitivity of R,
(Q,) was calculated using Eqgs. 2 and 3 (Christiansen et al.
2015).

_ W
10VP0< 1000) ac

=—— I x= )
RS(Ty+273.15) ot

Fe

where, F. is the measured gas fluxes of the soil surface in
mmol-m~2-s~!; V, the total internal volume of the air cham-
ber system in cm’; Py, the initial air pressure in the air cham-
ber in kPa; W, the initial water vapor concentration (WVC)
of the air in the air chamber in %o; R, the universal gas con-
stant 8.314 Pa-m>-K~'-mol~; S, the soil measurement area
in cm?; T,, the initial air temperature in the air chamber in
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°GC; %, the discharge rate of dry measured gas after water
calibration in mmol~!-s™';
The Q) calculation formula:

R, = ae’” Q)

s

Q]() — €]0b — elO(lnRS—lna)/T (3)

where, R, is the soil respiration rate in pmol-m_z-s_l; T is the
soil surface temperature in °C, a and b are the coefficients
of the equations. Q,, values of each time scale were fitted
by exponential function of CO, fluxes and soil temperature
at that time scale and then calculated with the Q;, formula.

Results

Changes in near-surface soil temperatures, water vapor
concentration (WVC) and R,

The climate of the Xing’an larch forest at relatively higher
latitudes (50°49'40"-50°51'35" N) is characteristic of a cold,
long winter but a moist, short summer (growing season from
April to September) (Fig. 3). There were larger differences
amongst Ty, Ty, and Ty and from May to August, the
T, was always higher than the surface temperature (7).
The T, was close to 0 °C in mid-and late-April, above 0 °C
during the day and below O °C at night. The average daily
temperature in summer increased slowly, and the highest
daily average T, of 18.7 °C occurred on 14 July, 2019.
Afterwards, the Ty, declined steadily. In September, 2019,
the daily average T, approached O °C, and the nighttime
surface temperature began to fall below 0 °C.

Because of the thermal insulation of the soil, air tem-
peratures and soil temperatures at the two depths displayed
vertical and temporal variations. They largely peaked in July
when their differences reached a minimum. In each month,
variations in T, ,, were always the smallest among all meas-
ured soil temperatures at T, 5., and T.,. The result of
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the single factor analysis indicates no significant difference
between T, and T, or Ts. (P> 0.05), but a significant
difference between T\, and Ts., (P=0.026<0.05) and
between T, and T, (P=0.021<0.05).

Monthly changes in the water vapour concentration
(WVQ) at the soil respiratory observation points are shown
in Fig. 4. In mid-April, the WVC stabilized at 3.4%0—5.0%o,
but it began to fluctuate significantly at the end of April. The
WVC peaked the first time at 10.5%¢ in May, which extended
into June; because of increasing rain, surface WVC enriched
substantially. The maximum in summer (20.8%o0) occurred
on 21 July 2019 and began to gradually decrease. In mid-to-
late September, it was more stable (6.6%0—10.3%o).

The continuous observations of soil respiration during the
period of near-surface soil thawing (April to May) revealed
a very low R, in April of less than 0.1 pmol-m~>s~! (Fig. 4).
The R, rapidly increased to 0.3+0.1 pmol-m~2-s~! at the

Jun Jul Aug Sep

Month of 2019

end of April, and began to fluctuate sharply. At the begin-
ning of May, it was 0.4+0.2 pmol-m~2-s~! and two short-
term plumes in CO, effluxes occurred in May. The first peak
occurred May 17 and the second, May 23.

In this region, the growing season is relatively short
(June to September). By calculating the daily R, aver-
ages in the major growth period (Fig. 4), soil respiration
was evidently still inactive in June. The release rate of soil
CO, was relatively stable at 1.3 +0.5 pmol m~2 s~!. The
R, remained unchanged at the beginning and at the end of
June, but after 24 June, it began to increase significantly. In
July, the upward trend of R, was enhanced and the monthly
mean R, was 2.6 +0.5 pmol m™2 s~!. Soil respiration
began to weaken slowly in August (monthly average R, at
3.3+ 1.0 pmol m~2s™"), and declined rapidly in September
(monthly average R, at 1.9 +0.6 pmol m~2s7!). The R, was
larger in July and August but lower before early June and in

Fig. 4 Characteristics of water— 1 Apr 30 Apr 31 May 30 Jun 31 Jul 31 Aug 30 Sep
vapor concentration, air (T};,), 30 @ T T T T T T T T
soil surface (7)) and soil g

=
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late September. The regional R, also had unique monthly
features. For example, the R; was low and stable in June,
while it peaked over a short period from the end of July to
the beginning of August. This phenomenon may be closely
related to the dynamic changes in surface temperatures

(TOCm)'

Correlations among R,, WVC, and near-surface soil
temperatures (T, Tscr, and T'g,,)

The functional relationships between R, and environ-
mental variables (WVC, T, Toem> Tsems and Tgp,) Were
established through regressions. The correlation between
the WVC and soil CO, fluxes is shown in Fig. 5. The R
was positively correlated with the growing season WVC
in 2019. The optimized function of R, is a linear function
(R,=0.0002WVC —0.4953) at a significant level (R*=0.79,
P <0.01). There was also a significant exponential correla-
tion between R, and soil temperatures at different depths
(Fig. 6). When T, started to drop below 0 °C, the R, con-
tinued to zero. The lowest correlation was found between
the R, and T, with the best fitting at a significant level
(R,=0.1880¢"10274r  R2 = (.67, and P <0.01). With
increasing depth, the correlation between R, and soil tem-
perature gradually improved, with the highest correlation
(R,=0.1624¢%2190T10cm g2 —() 83, and P <0.01) found at a
depth of 10 cm. These significant correlations indicate the
important influences of near-surface soil temperatures on the
temporal variability of R, in the growing season.

There was a close relationship between seasonal changes
in R, and dynamically changing soil temperatures, but to
what degree monthly R, is controlled by soil temperature
needs further investigation. In each month, an exponential

T Rs=0.0002wvC-0.4953 "o .
| R=0.7884 :

w37
8
=)
g
=1
7 2
¥
=
=
o}
O 14
3
w2

0- T T 1

s 10 15 20 25
Water vapor concentration (%o)

Fig. 5 Correlation analysis of soil respiration and water vapor con-
centration (WVC) during April-September 2019
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function was established for relating R, and near-surface
soil temperatures from April to September (Table 1). The
correlation coefficient decreased significantly from May to
August. In particular, in the rainy months of June and July,
R, and soil temperatures were poorly correlated, whereas in
April and September, the correlation was better. Thus, short-
term R, changes may be affected by a variety of factors (e.g.,
a continuous 3-day pulse of R, in June; an R, decrease in late
July), and the impacts from a single factor of near-surface
soil temperatures only provides a limited explanation for
this observation.

In this study, Q,, was calculated for evaluating the sen-
sitivity of soil respiration to near-surface soil tempera-
tures at different depths each month using Eq. 2 (Table 2).
Soil CO, effluxes were generally sensitive to temperature
changes, although the effects were slight in the early stages
of near-surface soil thawing. The Q,, to T, was 11.5
during this period; however, that of T, was as high as
36.6. At the beginning of April, soil CO, fluxes were small
(<0.1 pmol-m_2 s_l), but by the end of the month, the R,
began to gradually recover and rose to 0.3 pmol-m~2 s~
Although CO, fluxes in April were low, its rate of increase
was significantly higher than that in other months, leading
to high April Q, values. O,y was lower and stable in the
main months of the growing season (June, July, and Septem-
ber). CO, fluxes were the most sensitive to July temperatures
because their increasing rate was the most rapid at relatively
high, stable soil temperatures. With increasing soil depth,
the amplitudes of changes in temperatures decreased expo-
nentially, enlarging the Q,,. Throughout the study period,
the O, for soil CO, fluxes to the Tycp, Tser, and Ty, WeTE
5.6, 6.3, and 7.2, respectively.

In different months of the major growing season, changes
in soil temperature were relatively small but the Q,, fluctu-
ated more markedly, indicating that Q,, is determined by
changes in the R, and temperature over a specific period of
time. It would also be affected by other factors, for exam-
ple, the monthly average Q,, in July 2019 was significantly
higher than in June and August, and it might be difficult to
explain the higher Q,, values only from the perspective of
soil temperature. From the WVC variation characteristics in
Fig. 3, the WVC in July was highest in the growing season,
indicating an important contribution of frequent rainfall and
the resultant high surface WVC to the high Q.

In order to find the daily variations in Q,, a sunny day
was selected in the middle of April to September (Table 3).
The daily range of soil surface temperatures on April 15 was
24.0 °C, and the ratio of maximum to minimum soil CO,
fluxes was 3.2; on May 19 it was 18.4 °C, and the ratio was
2.1. Daily Q,, were 1.9 and 1.8 in April and May, respec-
tively, significantly higher than the monthly average (1.3)
from June to September.



Seasonal variations in temperature sensitivity of soil respiration in a larch forest in the...

1067

37 Rs=0.1880¢%1562%
R*=0.67, P<0.01 .

Soil CO; fluxes (pmol-m2-s™1)

25

3] Re=0.1330e0207

- R=0.81, P<0.01

W, 4 )

5

E

5 3

B

g 24

=

)

O 94

3

70}
0 .
-10 20

TScm (OC)

37 Re=0.121001925%
R*=0.78, P<0.01

Soil CO; fluxes (jumol- m™2-s)

97 Re=0.1624¢021%07

z R2=0.83, P<0.01

W4

&

E

E

5]

g 21

=

S

@] 1-

3

o]
0 .
-10 20

TlOcm (OC)

Fig. 6 Correlation between soil respiration rate (R,) and air (7;,), soil surface (7,,) and near-surface soil (T, and T',,,,) temperatures

Discussion
Spatiotemporal variations of Q,,

Q,, values show distinct temporal variability. At different
time scales, the controlling or influencing factors for ecosys-
tem respiration rates and Q,, may vary remarkably (Maienza
et al. 2017; Wang and Wang 2017). Soil respiration is vari-
able during the main portions of the growing season and
during soil thawing. There was a significantly low variability
in soil CO, fluxes in spring and autumn and high variability
in summer. Soil respiration rates (R;) also exhibit monthly
variations such as low, stable values in June and a short peak
period in late July to early August.

As Q) is controlled by different ecological processes and
mechanisms, the values display complex interannual, sea-
sonal and daily variabilities (Song et al. 2016). In this study,
the daily average Q,, in the growing season of 2019 was
1.5+0.2 for the larch forest soil at a relatively high latitude
of about 50° N. Q,, was between 1 and 2 approximately, and

the range in variation of Q,, would be very large when cal-
culated at longer time scales, such as at a month and major
growing period. For example, the Q,, at the 10-cm depth
in July reached 42.0. The daily Q,, was smaller than the
monthly Q,, for the same site and time because of the exclu-
sion of the influences of climate variations, such as rain, and;
this better reflected the intrinsic temperature sensitivity of
soil respiration (Tarkhov et al. 2019). At a seasonal scale,
0, values not only indicate the immediate controlling effect
of temperature on soil enzyme activities, but also long-term
phenological control of changes in microbial communities
and root growth dynamics (Gromova et al. 2020). Because
of the differences between long-term and short-term tem-
perature sensitivities of soil respiration, attention must be
given to scaling issues when calculating or using Q,, values
for estimating carbon budgets.

0, data for total global soil respiration range from 1.3 to
3.3, with a median of 2.4, most of which are forests (Yuste
et al. 2010; Aguilos et al. 2018). Q,, values are closely
related to latitude (Doetterl et al. 2015), and in addition, for

@ Springer



1068

L. Yang et al.

@ Springer

Table 1 Monthly average soil respiration rate (R,) for each month and functional fitting of near-surface soil temperatures (7) at different depths (T, Tsery and 7o)

Tl Ocm

TScm

TOcm

Month

RZ

R, function

RZ

R, function

R2

R, function

0.83
0.55
0.38

0.0903603'97 T

R=

0.85
0.41
0.43

0.0863¢%3217T

R=

0.0796¢%%927 (.81
0.32

R=

Apr

May

0.336260'1701 T

R=

0.28260']346 T

R=

0.2946¢" 147
R,=-0.00047°+0 0.31

R=

0.0097% - 0.23327%+1.9081 T-3

R=
7673

0.005473 - 0.174T° +1.796 T—4.

717

R,

Jun

03772-0.751T
+5.397

0.74
0.57
0.89

0.015360'3647 T

R,=

0.31
0.61
0.84

0.07602251 T

R,=

0.19
0.59
0.

0.1 17260'1775 T

R,=

Jul

0.8415¢"10%7

R,=

1.1867%0716 T

R,=

1.135780'0705 T

R,=

Aug

0‘5006601384 T

R,=

0.5754¢"11407

R,=

0.6128¢%103T

R,=

Sep

forest ecosystems, they are lower at low and mid-latitudes,
while higher at high latitudes, such as 3.4-5.6 for the U.S.
Harvard Forest ecosystem at latitude around 42° N the 4.2
of the Danish beech forest at 56° N (Janssens and Pilegaard
2003). Therefore, because of the relatively higher latitude at
Genhe, Northeast China, the Q, values of the boreal larch
forest soil obtained in this study are significantly higher than
that of the global average.

Effects of different factors on soil respiration and Q,,
values

In this study, higher Q,, values were found in the cold sea-
son. This is consistent with the results of the inter-monthly
variations of Q,, in alternating periods of low and high tem-
peratures from a study in north China (Wang et al. 2010).
Through regression analysis of monthly soil CO, and tem-
perature, it was recognized that a single soil temperature
factor cannot fully explain short-term changes in soil CO,
fluxes, such as the large three-day pulse in June (Fig. 3). O,
values could also be indirectly affected by the frequency
and intervals of soil respiration measurements (Chen et al.
2020). In a measurement process without a specific period
(freeze thaw period, rainy season) and long measurement
intervals, the calculated Q,, values tend to be lower (Peichl
et al. 2014; Hu et al. 2016). At the same time, the observed
Q) values are also affected by soil depth (Li et al. 2020).
In this study, the Q,, values were significantly higher than
those of the surface mainly because the changes in tempera-
ture in deeper soils have a dampening effect compared with
the surface soil, and can better reflect the real temperatures
of the internal soil environment. Therefore, changes in soil
respiration rates are affected by a variety of factors, but it
remains unclear how many factors affect soil respiration in
a coordinated way.

Conclusion

There are seasonal variations in soil respiration and soil
temperature is the dominant factor, with rainfall-induced
changes in water vapour concentration the main factor for
short-term fluctuations in soil CO, fluxes. Q, differs with
time scales and soil depth, values for the surface thawing
period are significantly higher than those for the grow-
ing season or thawed period of surface soil. Furthermore,
soil respiration rates in the early stage of near-surface soil
thawing and in the middle of the main growing period are
more sensitive to temperature changes. The difference in
the impacts of Q,, by soil temperatures at various depths
is manifested by the higher Q,, values of temperatures
of the deep soil than those of the shallow soil. Daily Q,,
values are significantly lower than monthly and seasonal
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Table 2 Sensitivity (Q,,)

Month/period T T. T,
of soil respiration to soil ontivperto Q10 Toem) Q1o (Tsem) Q1o Troem)
temperatures at different depths Apr 10.0 221 24.5
for each month of the growing May 28 38 55
season in 2019

Average over the thawing period of near-surface soil 11.5 16.4 36.6

Jun 1.4 1.5 1.5

Jul 6.5 10.5 42.0

Aug 2.1 2.1 3.0

Sept 3.1 3.5 4.5

Average over the major growth periods (four months average) 1.8 2.3 3.8

Average over all the observation period (April to Sept) 5.6 6.3 7.2

(1) Average Q,, over the thawing period (April and May) of near-surface soil was derived by the expo-
nential function and Q,, function; (2) Average Q,, over the major growing period (June, July, August and
September) was derived by the exponential function and Q, function; and (3) Average Q,, over the all the
study period (April to September) was derived by the exponential function and Q,,, function.

Table 3 Q,, values on sunny days in the middle of each month of the growing season

Minimum surface
temperature (°C)

Date Maximum surface
temperature (°C)

Mean surface tem-
perature (°C)

Maximum CO, fluxes
(pmol m2s7!)

Minimum CO, fluxes  Q,,
(pmol m~2s7h

15 Apr 12.2 ~117 0.9
19 May 20.6 22 6.7
17 Jun 12.3 -26 115
15 Jul 30.0 115 18.8
13 Aug 232 119 16.1
12 Sep 117 -13.9 37

0.16 0.05 1.89
2.09 1.01 1.76
1.74 1.09 1.51
4.12 2.36 1.35
5.01 3.66 1.25
3.62 2.11 1.21

ones; monthly and seasonal values better reflect the
changes of soil respiration affected by phenology in the
natural state. To improve the accuracy of Q,, estimates
for simulating soil carbon source and sink in this area, a
better understanding of temporal variation characteristics
of 0y, is needed. Soil moisture is also a key influencing
factor for influencing the temperature sensitivity of soil
respiration. However, due to a lack of accurate rainfall and
soil moisture data, it is difficult to adequately explain the
impact of rainfall and soil moisture changes on Q,,. For
future studies, the monitoring of key hydroclimatic and
environmental factors in the long-term monitoring of soil
respiration rate and greenhouse gases emissions would be
strengthened.
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