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HIGHLIGHTS

CO,, lake phenomena occur in the forest
areas in the northern part of the Greater
Khingan Mountains.

The appearance of a CO, lake and its
strength responded mainly to temperature
changes.

The CO, released during litter decomposi-
tion was the main source of CO,, lake for-
mation.

The main pathway of C release in the Larix
gmelinii ecosystem is via autotrophic respi-
ration.
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ABSTRACT

Measurement and analysis of CO, concentration at the ecosystem scale is the basis for studying ecosystem feedback to
global climate change, and it is particularly useful for understanding the processes and mechanisms of ecosystem C ex-
change. Through observation of CO, concentration at different heights, this study examined whether a CO, lake phe-
nomenon exists in the Larix gmelinii ecosystem of the Greater Khingan Mountains (China), and how it might be
changed and what might represent its driving factors if such a phenomenon were found to exist. Plants and soils
were sampled regularly to determine §'>C and to quantify the proportion of C released by each component of the eco-
system. The main path of C release and the main source of CO, lake formation were investigated. Statistical analysis
revealed that a CO, lake phenomenon does exist in the L. gmelinii ecosystem. Comparative analysis showed that on
the daily scale, when the ecosystem was a C source, the CO, lake phenomenon often occurred. On the scale of the grow-
ing season, the strongest CO, lake was accompanied by emergence of the peak respiratory flux. Stepwise regression
analysis showed that environmental factors could explain 74.87% of the CO, lake phenomenon. The occurrence and
strength of the CO, lakes were found to mainly respond to changes in temperature. Linear model analysis revealed
that the rate of C release from autotrophic respiration in the forest was 51.18%; the rate of C release from heterotrophic
respiration during litter decomposition was 51.78%. Therefore, the C release of the L. gmelinii ecosystem is mainly from
autotrophic respiration. The CO, released during decomposition of litter represented the main source for the formation
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of CO,, lakes. The CO,, lake effect has substantial impact on the net C flux and plays an important role in the C source/

sink effect of the ecosystem.

1. Introduction

The global climate change crisis is receiving increasing attention. Ac-
cording to statistics, 2020 was the warmest year since the beginning of
the 20th century, and its global average temperature was 1.2 °C higher
than that of the preindustrial level (1850-1900) (IPCC, 2021). The contin-
uous increase of atmospheric CO, concentration is one of the main causes of
global warming (IPCC, 2007). Most countries are attempting to reduce and
control their CO, emissions, and forests can play an important role in C se-
questration (Han et al., 2020; Harris et al., 2021). Establishing and
protecting forests is a feasible cost-effective approach to achieving the
goal of C neutrality. China is an area that is sensitive to and experiencing
notable effects of global climate change, with a rate of temperature increase
of 0.26 °C/decade (2011 —2020) (CMA Climate Change Centre, 2021). In
the Greater Khingan Mountains (China), the rate of temperature increase
is 0.4 °C/decade (Zhang et al., 2017), i.e., substantially higher than the na-
tional average for the same period. The Greater Khingan Mountains forest
area is a key component of the northern forest belt of Eurasia. The cold
and humid environment comprising high-latitude permafrost and wetlands
(swamps) form China's largest and most concentrated cold-temperate
bright coniferous forest area, which represents an important C sink in
high-latitude regions (Wang et al., 2020). Those forests, dominated by
Larix gmelinii, are very sensitive in responding to climate change (Leng
et al., 2008). Additionally, in the previous century, large areas of secondary
forest formed in the Greater Khingan Mountains forest area because of in-
terference by logging and fire. Currently, only 10% of the original forest
in the northern forest area remains undisturbed by humans (data from
the Greater Khingan Mountains Forestry Management Bureau). Studying
the C exchange process and mechanism of a primary forest ecosystem has
important theoretical value and practical significance both for simulating
and predicting the role of forest ecosystems in global climate change and
for the management of secondary forest ecosystems.

Research on the temporal and spatial dynamics of CO5 concentration at
the forest-ecosystem scale has achieved important results. For example, it
has been established that CO, concentration varies substantially in different
seasons (Forkel et al., 2016), and that the CO, concentration at night is
higher than that during daytime (Fan et al., 1990). Moreover, the CO con-
centration at different heights has been shown to exhibit obvious stratifica-
tion (Broadmeadow et al., 1992). The CO, concentration below the canopy
decreases with increase in height, and it is higher in the lower canopy than
in the upper canopy (Selm, 1952). Many biotic and abiotic factors such as
light, water, plant life forms, and forest structure affect the CO, concentra-
tion of forest ecosystems (Buchmann et al., 1996a, 1997). Different
methods such as vorticity correlation (Schaeffer et al., 2008), the box
method (Griffith et al., 2012), and the Keeling curve (Keeling, 1958) have
been used widely in studies of ecosystem-scale C exchange. However, un-
certainty and debate remain regarding the source and the flow of CO, dur-
ing the release process (Atkin et al., 2010; Griffis, 2013). The main reasons
are that many biochemical reactions occur during absorption and release of
CO, (Yakir and Wang, 1996; Wingate et al., 2010), and that CO, enrich-
ment occurs over a short period (Chen et al., 2001; Wu et al., 2005). In
mountain areas, the atmosphere is generally in a stable state at night, and
cold air flows down mountain slopes and gathers in mountain depressions
to form cold lakes (Whiteman et al., 2001). Forest ecosystems release
more CO at night than during the daytime and the density of the CO, is
greater than that of the ambient atmosphere. Therefore, it is important to
establish whether a CO, lake might form under stable atmospheric condi-
tions in forested mountainous terrain, as has been reported in a tropical for-
est (Zhang et al., 2007). In this study, the phenomenon of a CO, lake was
defined as a large amount of CO, that accumulates in the near-surface

atmospheric layer in a valley basin within a certain time range, resulting
in sharp increase in its concentration.

The composition of the stable C isotope (8'3C) can be used to track the
process of CO, exchange in an ecosystem, thereby providing an effective
method for distinguishing between photosynthetic C absorption and respi-
ration C release (Ogée et al., 2003; Yakir and Wang, 1996). Photosynthesis
increases the heavy isotope of CO, in the atmosphere of terrestrial and
near-terrestrial ecosystems, while respiration dilutes the heavy isotope of
CO, in the atmosphere (Buchmann, 2002; Farquhar et al., 1989). The dif-
ference between the C isotope fractions can help determine the status of C
absorption and C release in an ecosystem during CO, exchange (Dawson
et al., 2002). The §'3C dynamics at the ecosystem scale are the combined
result of CO, exchange, isotope fractionation, and turbulent mixing of air
within the boundary layer or the troposphere during photosynthesis and
respiration (Lin, 2013; McNaughton et al., 1989). Increasing atmospheric
stability enhances the differentiation of '°C inside and outside the canopy
(Barbour et al., 2011; Flanagan et al., 2012). Ecosystem respiration (Re) is a
variable that characterizes the C release of an ecosystem (Davidson et al.,
2006), and it can be divided into autotrophic respiration (Ra) and hetero-
trophic respiration (Rh) according to the respiratory substrate (Grace and
Rayment, 2000; Trumbore, 2006). At the canopy scale, the intercept of
the Keeling curve usually represents the 8'3C of Re (Dawson et al., 2002).
In comparison with the 8'3C of Re, the 8'°C of Ra is depleted, while the
8'3C of Rh is enriched (Flanagan et al., 2005). This difference, which can
be used to distinguish between Ra and Rh (Bowling et al., 2002), could
thus help in determining the main source of a CO, lake. The difference in
8'3C of each component is closely related to plant metabolism and environ-
mental factors (Wingate et al., 2010), and is mainly affected by temperature
(Duursma et al., 2014; Fassbinder et al., 2012). Currently, there are no re-
ports on the main sources in CO, lake formation or on the driving factors
behind CO, lake occurrence, making these topics worthy of in-depth study.

In the context of global climate change, permafrost melting, wetland
shrinking, and warming and drying trends have exacerbated the functional
degradation of the L. gmelinii ecosystem (Jiang and Zhou, 2001; Leng et al.,
2008; Li et al., 2006). Consensus remains lacking regarding the temporal
and spatial dynamics of C exchange, the main pathways of C release, and
their driving factors in L. gmelinii ecosystems. In this study, we conducted
high-frequency observations on the CO, concentration and its §'°C at dif-
ferent heights in the L. gmelinii ecosystem of the Greater Khingan Mountains
(China), regularly collected different plant organs and different soil compo-
nents, and detected 8'3C in the samples. Our objectives were to verify
whether the CO, lake phenomenon occurred in the L. gmelinii ecosystem,
to reveal the change patterns of any CO, lake and its driving factors, to
quantify the proportion of C released by each component of the ecosystem,
and to determine the main pathways of C release and the main source of
CO, lake formation. We proposed and verified two hypotheses: (1) that a
CO, phenomenon exists in the L. gmelinii ecosystem, and that its appearance
and strength respond mainly to changes in temperature; and (2) that the
main pathway of C release in this ecosystem is via Ra, and that Rh is the
main source for CO,, lake formation.

2. Materials and methods
2.1. Study area

The research was undertaken at the National Field Scientific Observa-
tion and Research Station (50°49’-50°51’N, 121°30-121°31’E) of the
Greater Khingan Mountains Forest Ecosystem in Inner Mongolia, China
from April to October 2020. The station is located in the northwestern
part of the Greater Khingan Mountains (Fig. 1), with average elevation of
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Fig. 1. Location and landform of the study area. The red line represents the straight-line distance between the observation tower and the mountain, and the blue line

represents the straight-line distance between the observation tower and the water.

976.5 m. The region is a humid monsoon climate zone within the cold tem-
perate zone. Annual average temperature is — 5.4 °C, annual average pre-
cipitation is 350-550 mm, the freezing period persists for more than 210
d, and the growing season of vegetation persists for approximately 165 d
(Zhang et al., 2021). The soil is mainly brown coniferous forest and
swamp soil with thickness of approximately 40-60 cm. Continuous perma-
frost and island-like frozen soil are staggered within the territory. Frozen
soil is an indispensable environmental factor for forest vegetation in this
area (Tian et al., 2018). Forests, wetlands, and frozen soils are interdepen-
dent and mutually restrictive, forming a unique cold-temperate deciduous
coniferous forest landscape.

Both the observation and the sampling areas were located in the com-
prehensive experimental area of the L. gmelinii primary forest in the ecolog-
ical station. The observation tower was located in an area with gentle
undulating slopes in the mountains (Fig. 1). The terrain is relatively low,
with average elevation of 848.05 m, surrounded by mountains to the
north, rivers to the west, and swampy wetlands to the south and east.
Within the area of 1 km? around the observation tower, the forest coverage
rate was 92%; L. gmelinii accounted for more than 90% of the forest, and the
remainder was Betula platyphylla and Populus davidiana. The canopy density
was 0.8 and the average tree height was 19.6 m. Understory shrubs in-
cluded Rhododendron dauricum, Ledum palustre, Vaccinium vitis-idaea, and
Betula fruticosa with average height of 1.78 m.

2.2. Observation and sampling methods

2.2.1. CO; concentration at different heights and its §°C

Previous studies have shown that the CO, flux of L. gmelinii ecosystems
during the growing season (from late April to early October) followed an
obvious single peak variation law, and the daily variation range was
—1.09 to 0.11 mg m ™2 s~ . During the non-growing season (from mid-
October to mid-April of the following year), the CO, flux was relatively sta-
ble, and the daily variation range was less than 0.3 mgm~2s~ ! (Li and
Zhang, 2015; Han et al., 2020). Therefore, during the growing season of
the L. gmelinii ecosystem, we used a CO, stable isotope profile measuring
system to analyze the CO, concentration and its 8'°C of the ecosystem at
six heights: near-surface layer (0.1 m), upper shrub (2 m), lower canopy
(10 m), middle canopy (16 m), upper canopy (22 m), and background at-
mosphere (40 m). The system was based on Off-Axis Integrated Cavity Out-
put Spectroscopy technology, and the '3C/*2C measurement accuracy was
0.15%o. A CO, isotope analyzer (CCIA2, Los Gatos Research Inc., USA)

was connected to gas collectors at each vertical level. A polytetrafluoroeth-
ylene tube with 1/4-in. outer diameter was used for the connection. A vac-
uum pump (N940, Los Gatos Research Inc., USA) was used for pumping air
and a 16-channel multiplexer (SC-1000, Los Gatos Research Inc., USA) was
used to control the gas sampling time at the different heights. The sampling
time at each height was 5 min, and a sampling cycle was completed every
30 min. The sampling frequency was 1 Hz and the results output were
based on Pee Dee Belemnite (PDB) as the standard, expressed by &:

RTCl’ﬂ e
8 C(%o0) = <7"’ -

1) x 1000 (1)
s tandard

where Rgampie and Rgiandara Tepresent the molar ratios of sample and stan-
dard '3G/*2C, respectively.

2.2.2. Plant and soil 8'>C measurement

To exclude 8"3C enrichment caused by photosynthesis during daytime,
we chose to collect plant and soil samples at night. Choosing a clear night
during each phenological period of the growing season, we collected leaves,
tree cores, and roots of average-sized L. gmelinii within a fixed sample plot
(50 x 50 m). Litter and soil samples under the average trees were also col-
lected. Samples with six replicates were placed rapidly into brown sampling
bottles after sampling and returned to the laboratory. The samples were
dried in an oven at 70 °C for 48 h, crushed through an 80-mesh sieve, and
oxidized and reduced to CO, at high temperature in a Flash EA1112 HT el-
emental analyzer (Thermo Fisher Scientific Corp., USA). The stable isotope
ratio mass spectrometer (DELTA V ADVANTAGE, Los Gatos Research Inc.,
USA) was used to detect the 8*3C of CO, samples with measurement accu-
racy of =+ 0.1%o.

2.2.3. Observation of environmental factors

The observation tower of the CO, stable isotope profile measurement
system was also equipped with a micrometeorological observation system.
The environmental factors of the ecosystem included solar radiation (SR)
(CM11, Campbell Scientific, USA), precipitation (P) (52203, RM
YOUNG), air temperature (Ta) (HMP45C, VAISALA, Finland), relative hu-
midity (RH) (HMP45C, VAISALA, Finland), wind speed (WS) (CS105,
VAISALA, Finland), soil temperature (Ts) (TCVA, Campbell Scientific,
USA), and soil moisture content (SWC) (CS616-L50, Campbell Scientific,
USA). The sampling frequency of the above measuring instrument was
0.5 Hz. A datalogger (CR1000, Campbell Sci. Inc., USA) automatically
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recorded data every 30 min. The saturated vapor pressure difference (VPD)
was calculated from Ta and RH (Campbell and Norman, 1998):

bTa

VPD = a x exp (ﬁ
a+c

R @

where a, b, c represent constants: 0.611 KPa, 17.50, and 240.97 °C, respec-
tively. The Richardson index (R;) for evaluating atmospheric stability was
calculated from Ta and WS (Mohanal and Siddiquial, 1998):

X y/c1 X 6, — 0
R,-:g ‘ CZ>< ! 2><lnc—2
T Hi — 1

3)

where g is gravitational acceleration (9.8 m s72), 6; and 0, represent
potential temperatures (K), and p; and i, represent wind speeds (m s~ 1)
corresponding to heights ¢; and c,, respectively. Here, T is the average
value (K) of the absolute temperature of the two layers of air. A value of
R; < —0.18 represents an unstable state; —0.18 < R; < 0.083 represents
a neutral state; and R; = 0.083 represents a stable state.

2.3. Data processing

2.3.1. §3C of CO, released from Re

The Keeling Plot equation was obtained using the reciprocal of the CO,
concentration and its §'C in the ecosystem canopy at the same time, and its
intercept was the C isotope composition of CO, released from ecosystem
respiration (8'3Cg.) (Keeling, 1958):

1

6BC, = G, (5 Cy — 6" Cre) (g) + 6 Cre @)
a

where C, and §'3C, represent the CO, concentration and §'3C of the atmo-

sphere of the ecosystem, and C;, and 83¢, represent the CO, concentration
and 8'>C of the background atmosphere, respectively.

2.3.2. 8"3C of CO, released from Ra

The 8'3C of CO, released by canopy leaf respiration is approximately
3%o higher than that of leaves (Bowling et al., 2008), and the 813C of CO,
released by stem respiration is approximately 1.3%o higher than that of
stems (Klumpp et al., 2005). In the process of CO, release from root respi-
ration, C isotope fractionation occurs but the change is small (<1%o)
(Moyes et al., 2010). The 8"3C of CO, released from autotrophic respiration
(8"3Cgy) is the average the §'°C of CO, released by the respiration of plant
organs (Chen and Chen, 2007):

85 Cra = (6P Creag +3) + (67 Cotom + 1.3) + 65 Crom ©)

where 8"2Cieap, 8" *Cytem, and 8'3C,o; represent the §'>C values of leaf, stem,
and root, respectively.

2.3.3. 8"3C of CO, released from Rh

In the process of heterotrophic respiration of soil microorganisms or
other organisms, although the change of 8'>C cannot be measured directly,
C isotope fractionation does not occur in the process of mitochondrial res-
piration (Lin and Ehleringer, 1997); therefore, during the decomposition
of soil organic matter, 8'3C does not change substantially (Cai et al.,
2008). Thus, the average 8'3C of litter and soil organic matter can be
used as the 8'3C of CO, released during decomposition (§'3Cgp,) (Sun
et al., 2015):

883 Cry = 6 Cliger + 6" Csom ©)

where 8"3Cj;er and 8'3Cgop represent the isotope components of litter and
soil organic matter, respectively.

Science of the Total Environment 838 (2022) 156056

2.3.4. Quantification

The contribution of autotrophic respiration to ecosystem respiration
(Fra) was calculated using a binary linear mixed model (Yakir and
Sternberg, 2000):

68 Cre — 8C
R = g e R 100% )
67°Cra — 67 Cra
The contribution of heterotrophic respiration to ecosystem respiration
(Fgrp) was determined as follows:

Frn=1— Fg, ®)

2.3.5. CO, concentration and its 8'>C sensitivity to temperature

An exponential regression model was used to fit the relationship be-
tween CO, concentration and its §'>C and temperature (Lloyd and Taylor,
1994):

C0O,/88C = ™ ©)

where T is temperature, a and } are constants. The temperature sensitivity
(Q10) of CO, concentration and its §'C was calculated using the following
formula (Boone et al., 1998):

Q)9 =e'” (10)

2.4. Data analysis

Data were collected using a CO, stable isotope profile measurement sys-
tem that performed circular observations in the order of vertical heights. At
the beginning of the observation at each height there would be residual gas
from the previous test in the intake pipe. To eliminate the influence of resid-
ual gas, the values at the beginning of 0.5, 0.5, 1, 1, 1.5, and 2 min were
eliminated for the corresponding heights of 0.1, 2, 10, 16, and 16, 22, and
40 m, respectively. The CO, concentration and its 8'>C observation data dur-
ing different phenological periods in the growing season of the L. gmelinii
ecosystem were used to study the characteristics of the CO, lake. Data anal-
ysis was performed using SPSS 26.0 software. The temporal and spatial dy-
namics of CO, concentration and its 8'3C of the ecosystem were analyzed
using one-way ANOVA. The significance of CO, concentration and its §'°C
difference at different heights was analyzed by independent sample t-tests.
The relationships between CO, concentration, its §'°C, and environmental
factors were analyzed by stepwise regression, a linear equation was estab-
lished, and a significance test was performed. The relationships between
CO, concentration, its 8'°C, and temperature were analyzed by exponential
regression, and predicting their trend with global warming.

3. Results
3.1. Phenology and environmental characteristics

During the study period, the growing season of the L. gmelinii ecosystem
was approximately 165 d (mid-April to early October) (Table 1). The bud
opening period (BOP) was approximately 15 d, the leaf opening period
(LOP) was approximately 30 d, the leaf spreading period (LSP) was approx-
imately 75 d, and the leaf discoloring period (LDP) combined with the falling
period (LFP) was approximately 45 d. The longest phenological period was
LSP, which accounted for approximately half of the entire growing season.
Leaf area index (LAI) presented a single-peak variation on the growing-
season scale with the peak (1.06) at LSP. LSP had the highest rate of C ab-
sorption and C release in the L. gmelinii ecosystem during the entire growing
season. The largest net C absorption of the ecosystem occurred in this period.

Among the environmental factors, Ta and RH both presented a single-
peak variation throughout the entire study period (Fig. 2a), reaching their
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Table 1

Phenological characteristics of Larix gmelinii ecosystem (Mean + SD).

Science of the Total Environment 838 (2022) 156056

Phenological period Time interval Duration/d Average occurrence date LAT Sunrise time Sunset time
BOP Mid-Apr.-late Apr. 15 Apr. 20 0.00 04:00 = 00:20 19:40 + 00:10
LOP Early May—Early Jun. 30 May 5 0.62 = 0.07 03:45 = 00:15 19:50 = 00:15
LSP Mid-Jun.-Mid-Aug. 75 Jun. 15 1.06 = 0.13 04:00 = 00:20 19:40 * 00:25
LDP Late Aug.—late Sep. 30 Aug. 25 0.91 + 0.05 04:20 = 00:10 19:30 + 00:20
LFP Early Sept.—Early Oct. 35 Sept. 5 0.43 + 0.15 04:30 = 00:30 19:20 + 00:30
BOP, LOP, LSP, LDP and LFP represent the bud opening, leaf opening, spreading, discoloring and falling period respectively.
30 170 1400 90
— P
-- R
- M\ Wil A
_ 2 0 WM “/"b“l %“{ 60 _
3 (o
e g ﬂ 'V'""M\J B
= St ~—
b=
& o- 30 ™
2700 +-L | Ld .|l]]“ .l.“\ ||l| | ”.Tl h |I I| w0
30 29
(d) ——Ts§
—o— SWC5
= 2
=
L
2
0.7 T T T T
0420 06/16 0812 10/08 0420 06/16 0812 10/08
Date Date
85
(e) * Stable » Neutrel o L'nstble
§ <
N - ..
e 50 ‘-(L 'I;?W ?&W
é- '63?°0 °" 00800
°
o A A
= 154 S f\n
= ! ¢“““A‘ s ‘A bp ‘,“ i g‘
-20 T T T
420 6/16 12 1078
Date

Fig. 2. Variations of air temperature (a), relative humidity (a), solar radiation (b), precipitation (b), water vapor pressure deficit (c), wind speed (c), 5 cm soil temperature (d),

5 cm soil water content (d), and atmospheric stability(e) during the study period.

respective peaks at LSP. At the beginning of the growing season, Ta was no-
tably higher than that at the end, whereas the change of RH showed the op-
posite pattern of variation to Ta. A single-peak variation was also shown by
P (Fig. 2b), i.e., P was small and concentrated at LSP, and reached its peak in
the early stage of LDP and LFP with approximately 60% of its annual
amount. SR showed decreasing variation (Fig. 2b), and the maximum oc-
curred at LOP. Both VPD and WS also showed decreasing variation
(Fig. 2¢), but their respective maxima appeared in BOP; their values fluctu-
ated greatly in the early period of the growing season and stabilized in the
later period. Affected by Ta, Ts at 5-cm depth (Ts5) also presented a
unimodal variation (Fig. 2d), reaching a peak at LSP. The overall fluctua-
tion of Ts5 was smaller than that of Ta. However, SWC5 was affected by
both P and Ta, showing increasing variation (Fig. 2d) and reaching its

peak in the late growing season. Atmospheric stability did not change sub-
stantially during the growing season (Fig. 2e). The distribution frequency of
stable and unstable atmospheric states in each phenological period varied
between 30% and 70%, and the distribution frequency of neutral atmo-
spheric states varied in a range of 0%-20%.

3.2. CO, concentration and its §">C changes during the growing season

The daily average value of CO, concentration at different heights of the
L. gmelinii ecosystem presented a single-peak variation at the growing-
season scale (Fig. 3a). The daytime average value showed a single-valley
variation and the minimum value (379.72 ppm) appeared in LOP
(Fig. 3b). However, the nighttime average showed a single-peak variation,
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and the maximum value (664.95 ppm) appeared in LSP (Fig. 3c). The var-
iation of 8'3C change at all heights was the opposite to that of CO, concen-
tration (Fig. 3d). The maximum daytime (—9.21%o) (Fig. 3e) and
minimum nighttime (—19.74%o) (Fig. 3f) values appeared in LOP and
LSP, respectively. The daily average value of Ta at different heights showed
a single-peak variation at the growing-season scale, and the maximum

value (24.37 °C) appeared in LSP (Fig. 3g). During daytime photosynthesis,
the CO, concentration decreased with increase of Ta (Fig. 3h). However,
during nighttime respiration, the CO, concentration increased with in-
crease of Ta (Fig. 3i). The concentrations of CO, and its 813C at different
heights were notably different and there was clear stratification. The strat-
ification was very susceptible to the influence of the state of atmospheric
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stability (Fig. 3j). During the day, the atmosphere was mostly in an unstable
state (Fig. 3k), and the CO, concentration below the canopy decreased with
increase of vertical height. The CO, concentration above the canopy was
notably higher than that within the canopy but lower than that below the
canopy. At night, the atmosphere was mostly in a stable state (Fig. 31),
and with increase of vertical height, the CO, concentration showed decreas-
ing variation but 8'C showed increasing variation.

3.3. CO; concentration and its §*>C changes in different phenological periods
The change of CO, concentration was found correlated with LAIL The

physiological activity of the vegetation was most vigorous and the CO, ex-
change was most obvious during the period of largest LAI. The CO,

concentration during each phenological period was higher in the near-
surface layer and lower in the canopy and above (Fig. 4a). The CO, concen-
tration in the surface layer showed a single-peak variation on the daily
scale, with a peak at approximately 02:00 in the morning. The largest
peak (782.81 ppm) and the smallest peak (547.12 ppm) appeared in LSP
and BOP, respectively; the lowest value (406.07 + 10.79 ppm) appeared
at around 11:00. The CO, concentration in the canopy and above also
showed a single-peak variation on the daily scale, with a peak at approxi-
mately 02:00 in the morning (526.78 + 33.88 ppm), and the lowest
value at around 11:00 (402.12 + 10.22 ppm).

The daily difference (the maximum minus the minimum) of CO, con-
centration near the surface layer (0.1 m) in each phenological period was
=100 ppm, and a large amount of accumulation occurred during
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22:00-02:00 (Fig. 4a), indicating that a CO2 lake phenomenon occurred in
the study area. A CO,, lake appeared in all phenological periods, and CO,
lake intensity was correlated positively with LAI, with both peaking in
LSP (782.81 ppm). From the perspective of the entire growing season,
CO,, lake intensity was stronger in the early morning (00:00-06:00;
578.65 ppm) than in the evening (18:00-00:00; 549.86 ppm), the intensity
at night (18:00-06:00 next day; 564.25 ppm) was greater than that during
daytime (06:00-18:00; 525.59 ppm), and the intensity in the rainy season
(July-August; 562.04 ppm) was greater than that in the less rainy season
(May-June; 547.01 ppm).

The changes of §'°C at different heights in each phenological period
showed a single-valley variation (Fig. 4b). Daytime photosynthesis
enriched the '3C of CO, in the near-surface atmosphere. The maximum
value of 8'3C (—9.94%0) appeared in LOP. During this period, SR was
strongest and the most photosynthetic C was absorbed in the canopy. Noc-
turnal respiration depleted the '>C of the CO, in the near-surface atmo-
sphere. The minimum value of 8'3C (— 22.48%o) appeared in LSP. During
this period, Ta was highest and the respiratory C release of the vegetation
was largest. Changes in 8'°C released by ecosystem C also showed a
single-valley variation (Fig. 4e), with the maximum value (—26.02%o)
and minimum value (—29.25%o) appearing in LFP and LSP, respectively.

The changes of Ta at different heights in each phenological period
showed a single-valley variation (Fig. 4c). The minimum value (4.98 +
5.40 °C) appeared during 02:00-04:00, and the maximum value (19.46
+ 5.87 °C) appeared during 12:00-14:00. The Ta at each height during
the day was notably different, decreasing with increase of vertical height.
At night, the difference in Ta between each height was small and the vari-
ation was broadly consistent. On the daily scale, the variation of CO, con-
centration was the opposite to that of Ta. At noon, Ta was highest and
photosynthetic C absorption was strongest, resulting in the lowest CO, con-
centration of the day. Affected by the temperature inversion layer at night,
the CO, released by respiration accumulated in the forest, and reached its
peak diurnal value before sunrise owing to the cumulative effect. After sun-
rise, the flux “flushing” phenomenon occurred and the CO, concentration
decreased rapidly.

Increase in atmospheric stability increased the difference both in the
CO, concentration between inside and outside the canopy and in its §'°C
(Fig. 4d). Starting at 06:00, the frequency of occurrence of atmospheric in-
stability increased, reaching a peak at approximately 16:00 (92.31%), fol-
lowing which it began to decline. Starting from 18:00, the frequency of
occurrence of the stable state of the atmosphere increased. Contrary to
the unstable variation, it reached a peak at approximately 00:00
(95.12%), following which it began to decline, based on a lower state at
10:00-18:00. The time of occurrence of the peak of the CO, concentration
and the valley of the 8'C was broadly the same as the time at which the
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atmosphere appeared extremely stable, except for a small lag effect
between the two.

3.4. Drivers of a CO, lake

Stepwise regression analysis between CO, concentration and its §'>C at
different heights and environmental factors (SR, P, Ta, RH, VPD, WS, Ts5,
and SWC5) in the growing season showed that environmental factors
could explain 74.87% of the changes of CO, concentration and its 8'°C.
The near-surface CO, concentration and its 8'C change were controlled
mainly by Ts5 (Table 2). The CO, concentration was correlated positively
with Ts5 (P < 0.001), whereas 8'°C was correlated negatively with Ts5 (P
< 0.001). The changes of CO, concentration and its §'°C at the height of
the shrub layer and above were driven mainly by Ta, which showed posi-
tive correlation with CO, concentration (P < 0.001) but negative correla-
tion with 8'C (P < 0.001). Overall, the appearance and strength of the
CO,, lake phenomenon in the L. gmelinii ecosystem responded mainly to
changes in temperature.

3.5. CO, concentration below the canopy and its §*>C change

The change in CO, concentration occurred mainly below the canopy,
and the change in CO, concentration at and above the canopy was small
(Fig. 5a). The difference in CO, concentration below the canopy (ACO5)
was greater in the early morning than in the evening, greater at night
than during the day, and greater in the rainy season than in the less rainy
season. The magnitude of the difference was correlated positively with
the appearance of the CO,, lake. The largest difference (175.93 = 96.47
ppm) in CO, concentration below the canopy in each phenological phase
appeared at approximately 02:00, and the smallest difference (—14.92 =+
15.24 ppm) occurred at approximately 11:00. The biggest difference
(272.39 ppm) in the rainy season occurred in LSP, and the smallest differ-
ence (74.36 ppm) in the less rainy season occurred in LOP. The variation
of the 8'3C difference (A8'>C) below the canopy was the opposite to that
of ACO, (Fig. 5b), but the time of occurrence of both the largest difference
(7.67%o0) and the smallest difference (0.01%o0) was consistent with that of
ACOs.

3.6. Influence of environmental factors on the CO5 concentration and its §'°C
below the canopy

During daytime, ACO, was correlated positively with both Ta (P < 0.01)
and RH (P < 0.05) but correlated negatively with WS (P < 0.05) (Fig. 6a).
The increase of Ta and RH during the day was conducive to photosynthetic
C absorption in the canopy, causing the CO, concentration of the canopy to

Table 2
Stepwise regression analysis of CO,, 8'>C and environmental factors in Larix gmelinii ecosystem.
Item  Height/m  Stepwise regression equation Coefficient  Significance ~ Number
R? P n
CO, 0.1m CO2-0.1m = 4.244 Tsgi#x — 34.219WS=#x — 0.025 SR+ + 0.031 RH** + 454.815 0.790 <0.001 8352
2m COz-2py = 0.553 Tax#x — 12.502 WS+ + 0.246 RH**x + 1.889 Tsgx+x + 425.196 0.834 <0.001 8352
10 m CO2-10m = 0.490 Tax#x — 5.193 WS#=x + 0.665 Tss** + 0.105 RH* + 433.593 0.612 <0.001 8352
16 m CO2-16m = 0.602 Tax#+ — 5,980 WS+ — 1.244 SWCs*#+ + 0.058 RH* + 459.716 0.705 <0.001 8352
22m CO2-22m = 0.346 Taxxx — 4.877 WS##x — 0.561 SWCs++* + 0.042 RH+#* + 0.134 Tsg* + 443.695 0.733 <0.001 8352
40 m CO2-44m = 0.857 Tax#* — 3.640 WS#=x + 0.172 Tss# + 0.040 RH* + 450.542 0.818 <0.001 8352
8%C  01m 8%3Co.1m = —0.145 Tss#sx + 1.254 WSk#+ — 0.144 SWCs#++ — 0.013 RH##* + 0.001 SR** — 0.038 Tax — 9.158  0.836 <0.001 8352
2m 83Com = —0.069 Tax+x — 0.017 Tss*#x + 0.734 WS+ — 0.009 RH* — 10.275 0.782 <0.001 8352
10 m 8%C1om = —0.051 Ta — 0.071 Tsg##x — 0.013 RH##x — 0.122 SWCs#++ + 0.304 WS+ — 8.015 0.730 <0.001 8352
16 m 613C16m = —0.043 Ta — 0.062 Tss + 0.337 WS#= — 0.007 RH* — 10.715 0.708 <0.001 8352
22m 8%Com = —0.068 Tax++ — 0.061 Tsgx++ — 0.099 SWCs+#x — 0.006 RH* — 8.144 0.809 <0.001 8352
40 m 8"3C4qm = —0.048 Tax#x — 0.090 SWCs##+ — 0.040 Tsg*x+ — 0.006 RH* — 8.847 0.726 <0.001 8352

CO2-01m> CO2-2m, CO2-10m> CO2-16m, CO2-22m and COy-44m represent the CO, concentration of 0.1, 2,10, 16, 22 and 40 m respectively. 8>Co 1., 8'>Cm, 8"°C10ms 8 °C16m

8"3Cyom and 8"3Cyap, represent the 8'3C of 0.1, 2,10, 16, 22 and 40 m respectively.
*** Means P < 0.001.
** Means P < 0.01.
* Means P < 0.05.
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be notably lower than that of the surface layer, and increasing the variation
in CO, concentration between the different heights. Increase of WS during
the day was conducive to the diffusion of CO,, which reduced the difference
in CO, concentration between different heights. At night, ACO, was
correlated negatively with RH (P < 0.05) and correlated positively with
VPD (P < 0.01) (Fig. 6a). When RH at night was high, Ta decreased, thereby
reducing the activity of respiratory enzymes and resulting in a decrease in
the CO, concentration difference between the different heights in the forest.

During the day, A8'C was correlated negatively with both SR
(P < 0.05) and WS (P < 0.01), and correlated positively with both Ta
(P < 0.01) and RH (P < 0.01) (Fig. 6b). When SR increased during the
day, it was beneficial to photosynthetic C absorption by the canopy leaves,
which enriched the '®C of CO, in the atmosphere such that the §'>C differ-
ence between the various heights was reduced. When WS increased, CO»
was rapidly diffused, which also caused a difference in 8'C between the
various heights, i.e., the 8'3C difference was reduced accordingly. At
night, A8'3C was correlated positively with both Ta (P < 0.01) and VPD
(P < 0.01) and correlated negatively with both RH (P < 0.01) and WS
(P < 0.01) (Fig. 6b). When Ta increased at night, it increased the activity
of respiratory enzymes and promoted the release of respiratory C. Different

values of Ta at different heights can affect C release to varying degrees, in-
creasing the difference of 8'>C between different heights.

Stepwise regression analysis of ACO, and A8*>C and environmental fac-
tors during the growing season (Table 3) showed that during the day, ACO,
and A8'3C responded mainly to the changes in Ta, showing very significant
positive correlation (P < 0.001). Increase of Ta increased the activity of
plant respiratory enzymes, stimulated the activity of soil microorganisms,
promoted the C release of Ra and Rh, and depleted the '3C of CO, in the at-
mosphere, resulting in a corresponding increase in A8'3C. At night, after the
Ta decreased, ACO, and A§'3C responded mainly to changes in RH, show-
ing very significant negative correlation (P < 0.001). Increase of RH
inhibited the C release of Ra and Rh, and reduced the *C depletion of
CO, in the atmosphere, which in turn led to corresponding decrease in
ASC.

3.7. Separation of C release components in forests
Results showed that changes of CO, concentration occurred mainly at

night and in the forest. The main pathway of C release in the L. gmelinii eco-
system was via Ra with a contribution rate of 51.18%, i.e., slightly higher
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Table 3
Stepwise regression analysis of ACO,, A §'C and environmental factors in Larix gmelinii ecosystem.
Item Time Stepwise regression equation Coefficient R? Significance P Number n
ACO, Daytime 06:00-18:00 ACO, = 11.630 Ta#+ — 58.107 VPD##+ + 0.948 RH* — 169.720 0.659 <0.001 4176
Nighttime 18:00-06:00 ACO, = —0.796 RH##+ — 25.369 WS* + 122.730 0.715 <0.001 4176
A8'3C Daytime 06:00-18:00 A 8'3C = 0.399 Taxsx — 1.707 VPD=++ + 0.045 RH* — 7.046 0.809 <0.001 4176
Nighttime 18:00-06:00 A 8'3C = —0.055 RH### — 2.635 WS *+ 6.515% 0.783 <0.001 4176

*** Means P < 0.001.
** Means P < 0.01.
* Means P < 0.05.

than the contribution rate of Rh (48.82%) (Fig. 7). The contribution rate of
leaf respiratory C release of Ra was the highest, reaching 34.13%, followed
by stems (33.53%) and roots (32.34%). For Rh, the contribution rate of C
release during the decomposition process of litter was 51.78%, which was
higher than the contribution of the decomposition of soil organic matter
(48.22%), and indicated that the CO, released during the litter decomposi-
tion process was the main source for ecosystem CO, lake formation. There-
fore, the contribution of litter decomposition to the C cycle of the ecosystem
is very important and cannot be ignored.

4. Discussion
4.1. CO, concentration and its §">C dynamics

Ecosystem CO, concentration and its 8*3C stratification are extremely
susceptible to the influence of atmospheric stability and exhibit complex
spatial changes over short periods (Lee et al., 2007). During the day, the at-
mosphere is generally in an unstable state and thermal turbulence gener-
ates upward airflow, which drives the CO, at the bottom of the forest to
flow toward the canopy. The leaves of the canopy absorb CO, during pho-
tosynthesis, which decreases the CO, concentration under the canopy and
thus its concentration decreases with increase in vertical height
(Broadmeadow et al., 1992). The CO, concentration above the canopy is
higher than that at the canopy and lower than that below the canopy
(Selm, 1952). As vertical height increases, turbulent mixing between the at-
mosphere of the forest and the background atmosphere intensifies, and the
near-surface layer is affected more than the canopy by this atmospheric tur-
bulent mixing. Therefore, the 8'>C below the canopy increases with vertical
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height (Takagi, 2009). At night, the atmosphere is mostly in a stable state,
causing the CO, concentration of the ecosystem to decrease with increase of
vertical height; however, the §'3C shows an increasing variation (Flanagan
etal., 2012). On a longer temporal scale, the CO, concentration of the eco-
system and its §'>C show very significant negative correlation (Lai et al.,
2005; Pataki et al., 2003). Schaeffer et al. (2008) studied the CO, concen-
tration and its §'3C changes in subalpine coniferous forests. They found
that increase in atmospheric stability at night led to more obvious CO con-
centration and its 8'C stratification at different heights.

Studying the changes of CO, concentration and its §'>C is an effective
method to analyze the physiological and biochemical reactions during pho-
tosynthesis and respiration (Bowling et al., 2008; Scholze et al., 2003). In
the process of photosynthesis and respiration, isotope 1>CO, is preferen-
tially absorbed or released, resulting in enrichment or depletion of **C in
the atmosphere (Bowling et al., 2002). Buchmann et al. (1996b) found
that C3 and C4 plants exhibited strongest photosynthetic C absorption at
noon, causing lower canopy CO, concentration but with maximum 83C
values.

Our results showed that at around 11:00, the CO, concentration in the
middle layer of the canopy was 1.32 and 1.06 ppm lower than that in the
upper and lower layers, respectively. (Fig. 4a). The 8'3C in the middle
layer of the canopy was enriched by 0.83%o and 0.64%o in comparison
with the upper and lower layers (Fig. 4b), respectively. The main reason
for the abovementioned difference was that the intensity of photosynthetic
C absorption by the canopy was relatively large. The maximum difference
in C imbalance in the canopy at noon was generally <3%o (Ogée et al.,
2004). At night, affected by the temperature inversion layer, the CO, re-
leased from respiration accumulated in the forest and reached the diurnal
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Fig. 7. Carbon release pathway and contribution rate of Larix gmelinii ecosystem. The underlined numbers are the carbon isotopic composition values of carbon release. The
numbers with color blocks are the contribution rate of carbon release. The light and dark blocks represent the contribution rates of autotrophic and heterotrophic respiration,
respectively. The red line represents Keeling Plot equation, and its intercept represents the carbon isotopic composition value of CO, released by the ecosystem.
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peak before sunrise (Wu et al., 2005). The flux “flushing” phenomenon oc-
curred after sunrise, and the CO, concentration dropped rapidly (Zhang
et al., 2007). Respiratory C release from the canopy of L. gmelinii at night
(18:00-06:00 next day) caused the CO, concentration in the lower canopy
to be 17.07 and 6.09 ppm higher than that in the middle and upper layers
(Fig. 4a), respectively. The §'3C in the lower canopy was depleted by
0.68%0 and 0.29%o in comparison with that in the middle and upper layers
(Fig. 4b), respectively, which is a result similar to that of Zobitz et al. (2007)
who found that the difference in C imbalance of a fir forest canopy was
within =+ 2%o.

4.2. Source of CO, lakes

Chen et al. (2001) studied the temporal and spatial distributions of CO5
concentration in tropical rainforests in Jianfengling, China. They found that
the change of CO, concentration occurred mainly below the canopy, and
that the CO, concentration in the near-surface layer was higher than that
in the canopy. They also showed that the daily variation of CO, concentra-
tion was determined mainly by the accumulation of CO, concentration near
the surface at night, and that the CO, concentration of the near-surface
layer in the dry season was higher than that in the rainy season. Zhang
et al. (2007) studied the temporal and spatial distributions of CO, concen-
tration in tropical rainforests in Xishuangbanna, China. They reported that
the near-surface CO, concentration was higher in the rainy season than that
in the dry season. Our results showed that the concentration of CO, in the
near-surface layer in the rainy season was higher than that in the less
rainy season (Fig. 4a). The time of peak CO, concentration in the near-
surface layer of different forests is very different, but the unifying feature
is that when a CO, lake phenomenon occurs, it is often accompanied by
the peak CO, concentration. This shows that the change of near-surface
CO, concentration has considerable impact on the formation of CO,
lakes. There are various types of CO, lake, including multimodal and
unimodal (Zhang et al., 2007). On the daily scale, when the L. gmelinii eco-
system was a C source (17:00-06:00) (Li and Zhang, 2015), the phenome-
non of a CO,, lake often occurred. On the scale of the growing season, the
strongest CO, lake was accompanied by the emergence of maximum respi-
ratory flux (July—August) (Li, 2016). Therefore, the occurrence and inten-
sity of a CO, lake is bound to affect the change of forest C flux, which
affects the net C uptake of a forest (Zhang et al., 2007). It was found that
the CO, lake effect has substantial impact on the C source/sink of the
L. gmelinii ecosystem, and further research on this topic is required.

It was established that the main pathway of C release in the L. gmelinii
ecosystem is via autotrophic respiration (Fig. 7), which is similar to the re-
sults of Zhu et al. (2013) who used eddy covariance technology to split the
C release components of typical forest ecosystems in China, which were
maintained at 51%. In our study, discrete sampling of the 8'3C in plants
and soil had low time resolution. Incomplete capture was easy to occur in
the process of CO, purification, which would lead to deviation in the deter-
mination results. When using linear model to split, the influence of these
deviations on the split results could not be ignored, resulting in a certain de-
gree of uncertainty in the split results. Therefore, in the future research, it is
necessary to obtain respiration 8'°C values of different ecosystem compo-
nents in a smaller time scale to reduce its uncertainty. The CO, released
during litter decomposition was the main source for the formation of CO,
lakes in this ecosystem. This phenomenon might be caused by the staggered
distribution of the permafrost and island-like frozen soil within the study
area, and the seasonal freeze-thaw phenomenon of the soil (Zhang et al.,
2021). Frequent freeze-thaw alternation can change the physical and
chemical properties and biological processes of the soil, leading to faster
rate of decomposition litter, which can exceed the C fixation rate of micro-
organisms, resulting in net release of organic C (Gao et al., 2021). Global
warming will affect litter decomposition through direct temperature effects
and indirect changes in soil microorganisms (Aerts, 2006; Henry, 2007).
Under the background of global climate change, the freeze-thaw pattern
of the L. gmelinii ecosystem has changed substantially (Leng et al., 2008;
Li et al., 2006), which will indirectly affect the primary productivity of
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the ecosystem. Therefore, the contribution of litter decomposition to the
C cycle of the ecosystem is very important and cannot be ignored.

4.3. Drivers of CO, lakes

In addition to plant physiological activities, decomposition of residual
organic matter, and atmospheric stability, SR, Ta, P, RH, and WS might
all affect the CO, concentration and its 8'3C changes in the ecosystem
(Barbour et al., 2011; Zobitz et al., 2007). The changes of CO5 concentra-
tion and its 8'3C in the surface layer were controlled mainly by Ts5
(Table 2), while the CO, concentration and its §'>C changes of the shrub
layer and above were driven mainly by Ta (Li et al., 2017). Increase in Ts
stimulates the activity of soil microorganisms, promotes the decomposition
of litter and soil organic matter, and thus promotes soil respiration and CO,
release (Li et al., 2020; Schipper et al., 2014). Increase in Ta affects the
activity of plant respiratory enzymes, promotes plant respiration, and
promotes plant respiration to release CO, (Crous et al., 2011; Teskey and
Mcguire, 2010). In the context of global climate change, the rate of increase
of temperature in the study area is 0.4 °C/decade (2011-2020) (Zhang
et al., 2017), and the index regression analysis (y = 431.71e%%0?7%
P < 0.001, R?> = 0.836) showed that the sensitivity of CO, concentration
and its §'3C to temperature (Q;o) was 1.0273. Under natural conditions,
with temperature projected to continue to increase, the CO, concentration
shows a significant upward trend (2020-2047) (Table 4) with a rate of CO,
concentration increase of 17.22 ppm/decade. Thus, by 2047, the CO, con-
centration would be 1.17 times that of 2020. The 8'>C shows a significant
trend of depletion with a depletion rate of 0.73%o/decade.

The CO, concentration and its §'>C changes caused by the CO, lake phe-
nomenon occurred mainly below the canopy (Zhang et al., 2007). On the
half-hour time scale, the ACO, and A8'>C below the canopy during the
day responded mainly to changes in Ta (Table 3). After Ta decreased at
night, ACO, and A8'3C responded mainly to RH (Sun et al., 2015). Studies
on subalpine coniferous forests have shown that ACO, and A8'C have sig-
nificant correlation with saturated VPD (Schaeffer et al., 2008), and VPD is
calculated based on Ta and RH (Campbell and Norman, 1998). Therefore,
on a short time scale, Ta and RH are important environmental factors that
affect ACO, and A8'>C below the canopy of the L. gmelinii ecosystem.

4.4. Topography and formation of CO, lakes

A seasonal stagnant wetland is located to the south of the observation
tower at a distance of 160 m (Fig. 8 left). Its average C release rate
(190.47 mg'm™~>h~1) during the growing season was higher than that of
Ledum palustre-L. gmelinii forests (172.41 mgm ™~ 2h 1) around the observa-
tion tower. A long-term flooded wetland is located to the east of the tower
at a distance of 780 m. The average C release rate (131.16 mg~m_2~h_ 1 of
the wetland in the growing season was slightly lower than that of the Ledum
palustre-L. gmelinii forests (160.82 mgm_z-h_l) (Chen, 2012). The soil C
release variations of the three land types are all consistent with CO, lakes,
and peaks occurred when both the Ta and the P reached their respective
peaks (Fig. 8 right). The Chaocha River lies to the west of the observation
tower at an average horizontal distance of 690 m. Studies have revealed ob-
vious seasonal difference in the C release of the river, i.e., it is greatest in
summer, lowest in winter, and that in autumn is greater than that in spring
(Zhang et al., 2013). In addition to the effects of aquatic organisms, Ta and

Table 4

CO, concentration and its §'>C with the trend of global climate change.
Year 2011 2020 2029 2038 2047
MAT (°C) —5.8 —-5.4 -5.0 —4.6 —4.2
CO, CONC (ppm) 402.17 419.39 436.61 453.83 471.05
§'3C (%0) —-10.53 -11.26 —-11.99 -12.72 —13.45

MAT and CONC represent the annual average temperature and gas concentration,
respectively.
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Fig. 8. The average rate of carbon release from different land types around the observation tower in growing season. The blue line and number represent the straight-line

distance between the observation tower and the water area.

P also have certain impact on C release by the river (Wallin et al., 2020). To
the north of the observation tower is a high mountain, the relative height
difference between its bottom and the surrounding mountain top is
58-97 m, and the horizontal distance is 350-740 m. The general topogra-
phy of the study area is funnel-shaped, and the mobility of air in the narrow
area at the bottom is poor, causing CO, released from the forests, wetlands,
and river to accumulate there, resulting in a CO, lake phenomenon.

5. Conclusions

(1) The CO, concentration and its 8'>C at different heights in the L. gmelinii
ecosystem showed obvious stratification with a single-peak variation
on the growing-season scale and the daily scale, which was closely re-
lated to plant metabolism and environmental factors.

CO,, lake phenomena occur in the forest areas in the northern part of
the Greater Khingan Mountains. The intensity of CO, lakes was greater
in the rainy season than in the less rainy season, greater at night than
during the day, and greater in the early morning than in the evening.
The appearance of a CO, lake and its strength responded mainly to tem-
perature changes.

The CO, concentration changes caused by the CO, lake phenomenon
occurred mainly below the canopy, and the CO, concentration in the
near-surface layer was higher than that in the canopy. When the
L. gmelinii ecosystem was a C source, the CO, lake phenomenon often
occurred. The strongest CO,, lake was accompanied by the peak of eco-
system respiratory flux.

The main pathway of C release in the L. gmelinii ecosystem is via Ra.
The CO, released during litter decomposition was the main source of
CO, lake formation, and the contribution of litter decomposition to
the C cycle of the ecosystem was very important.

In addition to the effects of environmental factors and litter decompo-
sition, topography was also particularly important for the formation
of CO, lakes. The overall funnel-shaped topography was conducive to
the accumulation of CO at the bottom of the study area and to the for-
mation of a CO,, lake.

(2

—

(3)

(4

-

(5
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