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ABSTRACT
Soil respiration (Rs) plays an important role in regulating carbon cycle of terrestrial ecosystems and presents temporal and spatial heterogeneity. Abies nephrolepis is a tree species that prefers the cold and wet environment and is
mainly distributed in Northeast Asia and East Asia. The Rs variations of Abies nephrolepis forests communities
are generally environmental-sensitive and can effectively reﬂect the adaptive responses of forest ecosystems to
climate change. In this study, the growing-seasonal variations of Rs, soil temperature, soil water content and soil
properties of Abies nephrolepis forests were analyzed along an altitude gradient (2000, 2100, 2200 and 2300 m)
over two years on Wutai Mountain in North China. As the main results showed, soil respiration keeps the same
change trend as soil temperature and reached peaks in July at 2000 m in 2019 and 2020. During 26th July to 25th
October in 2019 and 27th May to 23rd October in 2020, on the whole, the soil temperature independently
explained 76.2% of Rs variations while the soil water content independently explained 26.8%. Soil temperature
and soil water content jointly explained 81.8% of Rs variations. Soil properties explained 61.8% and 69.6% of
Rs variation in 2019 and 2020, respectively. Soil organic carbon content and soil enzyme activity had the signiﬁcant (P < 0.01) negative and positive relationships, respectively, with Rs variation. With altitudes evaluated from
2000 to 2300 m, soil respiration temperature sensitivity (Q10) and the soil organic carbon content increased by
12.4% and 10.4%, respectively, while invertase activity, cellulase activity and urease activity dropped by 41.2%,
29.45% and 38.19%, respectively. The results demonstrate that (1) soil temperature is the major factor affecting
Rs variations in Abies nephrolepis forests; (2) weakened microbial carbon metabolism in high-altitude areas results
in the accumulation of soil organic carbon; (3) with a higher Q10, forest ecosystems in high-altitude areas might
be more easily affected by climate change; (4) climate warming might accelerate the consumption of soil organic
carbon sink in forest ecosystems, especially in high-altitude areas.
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1 Introduction
Soil respiration (Rs) is the process of biological metabolism and chemical oxidation of carboncontaining substances in the soil [1,2]. As the second largest carbon ﬂux (about 90 Pg C·yr–1) of
terrestrial ecosystems, Rs reﬂects the impact of environmental changes on vegetation ecosystems and
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plays an important role in reﬂecting global climate change [3,4]. Forest ecosystems are the largest carbon
sink with more than 75% organic carbon storage in terrestrial ecosystems [5]. With ongoing global
warming, the risk of forest ecosystems changing from carbon sinks to carbon sources might continue to
increase [6]. Thus, the dynamic changes in Rs in forest ecosystems have become one of the most urgent
research objects for the global long-term monitoring of CO2 ﬂuxes [7]. Many high altitude areas have
always been ecologically fragile areas and are easily affected by climate changes and environmental
factors [8,9]. An increase in Rs in these areas can effectively accelerate soil organic carbon consumption
and affect stability of vegetation communities in forest ecosystems.
Rs is affected by many biotic and abiotic factors and shows signiﬁcant temporal and spatial differences
[10,11]. Elevation is an important topographical factor affecting Rs in mid- and high-latitude areas [12]. Due
to the changes in hydrothermal conditions, soil properties, biological metabolisms and vegetation
communities, the soil CO2 ﬂux and carbon cycle in forest ecosystems obviously differ with altitude
[13,14]. Soil temperature and the water content are the two mainly important factors affecting Rs by
changing the growth of plant roots, soil microbial metabolism, and other oxidation and decomposition
processes of soil organic matter [15]. Studies have shown that there is an obvious positive correlation
between Rs and soil temperature, while the inﬂuence of soil moisture on Rs is more complex [16]. Only
when soil moisture becomes the main factor restricting plant growth under drought conditions will it have
a signiﬁcant positive correlation with Rs [17,18]. Moreover, soil properties also have important effects on
Rs. Soil organic carbon and nitrogen have been found to affect Rs by regulating plant root growth and
biological metabolism [19]. Soil C:N can effectively indicate the soil dissolved organic carbon
concentration [20]. Soil microorganisms have an important inﬂuence on soil respiration, and the carbon
metabolism process can be better reﬂected by the activity of soil enzymes [21]. Thus, the Rs variation of
forest ecosystems with altitude is a comprehensive progress. Rs characteristics of special plant
communities in ecologically fragile areas or border areas is more important for us to predict the
development of terrestrial ecosystems with climate change [22].
Abies nephrolepis (Trautv.) Maxim. is a genus of evergreen coniferous trees that favors cold and humid
environment. It has a limited distribution in Northeast Asia and East Asia, mainly in the Russian Far East and
North China [23,24]. Wutai Mountain is an ecologically fragile region with the highest elevation (3061 m) in
North China and signiﬁcant zonal characteristics associated with elevation and vegetation, which provides
suitable fertility conditions for Abies nephrolepis. It is also the southernmost natural distribution of the
Abies nephrolepis population in Asia. Thus, the Rs characteristics of the Abies nephrolepis community in
Wutai Mountain play an important ecological role in indicating the responses of vegetation sensitivity
and ecosystem stability to climate change in high-altitude areas at mid-latitudes.
In this study, four altitudes with typical Abies nephrolepis communities in Wutai Mountain were conducted
for two years. Seasonal and interannual variations in Rs, soil temperature, and the soil water content were
determined and then used to build correlation models. Soil properties were also measured to analyze their
relationships with Rs changes. This study aims to explain (1) how the Rs, soil temperature and soil water
content change with different altitudes and seasons; (2) how the environmental factors such as soil
temperature, soil water content and soil properties affect Rs variation; (3) how the soil carbon metabolism
responses to the change of climate and altitude gradient. We hypothesize that (1) soil temperature has a
major effect on Rs variation, while soil water content and soil properties are also partly in regulating soil
CO2 ﬂux; (2) along an altitude gradient, soil respiration temperature sensitivity increases with decreasing Rs.
2 Material and Methods
2.1 Site Description
The experiment was conducted at a long-term positioning experimental station in the Nature Reserve of
Abies nephrolepis in Shanxi Province, China (Fig. 1). It has a humid and semi-humid climate in a warm
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temperate zone, with an average precipitation of 760 mm mainly occurring in July, August and September. It
is dry and windy in spring, warm and humid in summer, cool and rainy in autumn, with a cold and long
winter. The temperature varies greatly along the altitude. The annual average temperature is 4°C, and
temperatures change from 30°C to –30°C, with 100 frost-free days. The soil types are mainly brown soil
or cinnamon soil. The forest community is mainly composed of cold-temperate coniferous species such
as Abies nephrolepis (Trautv.) Maxim., Picea wilsonii Mast., Larix principis-rupprechtii Mayr., Sorbus
pohuashanensis (Hance) Hedl., etc.

Figure 1: Study site locations
Abies nephrolepis is mostly distributed in the altitude range of 1900~2500 m in the Nature Reserve. It
has survived here for more than 40 years and the population density is approximately 1100 plants·hm–2.
Along the increased altitudes, the diversity of plant communities decreased. For example, the total
relative abundance of Larix principis-rupprechtii and Sorbus pohuashanensis populations decreased from
30% at 2000 m to 10% at 2300 m, while the relative abundance of Abies nephrolepis population
increased from 20% at 2000 m to 60% at 2300 m. Thus, four sites with typical Abies nephrolepis
communities were set up along altitudes of 2000 m (113°29′51″E, 39°04′23″N), 2100 m (113°29′50″E,
39°04′10″N), 2200 m (113°29′50″E, 39°04′04″N) and 2300 m (113°29′50″E, 39°03′52″N). Three
experimental plots sized 20 m × 20 m were set up at each altitude.
2.2 Determination of Soil Respiration Rate, Soil Temperature and Soil Moisture
At each site, four polyvinyl chloride (PVC) collars sized 10 cm (height) × 20 cm (diameter) were
randomly installed in each plot for Rs determination. Collars were put into the soil organic layer and
exposed to the ground at a 3–4 cm height. All the living plants and plant residues above the ground in
the PVC collars were cut 24 h before the determination.
Rs (μmol·m–2·s–1) was measured from 09:00 to 11:00 am on a relatively ﬁxed day with clear weather
every month from 26th July 2019 to 3rd October 2020 (except the months from December 2019 to April
2020 during the winter freezing period) by the Soil CO2 Flux Automatic Measurement System (Li-8100,
USA). Soil temperature probes (6000-09TC, USA) and soil moisture probes (8100-204 Delta-Theta,
USA) were used to measure the soil temperature and water content at a depth of 5 cm at the same time.
The measurement was repeated three times for each PVC collar.
2.3 Soil Sample Collection and Testing
Four soil samples at the top 0–15 cm in each plot (near the PVC collar, at approximately 50 cm) were
collected on 26th July 2019 and 28th July 2020. Plant roots, rocks and other impurities were removed from
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fresh soil samples, which were then air-dried, crushed and passed through a 2 mm sieve to determine the
physical and chemical properties of the soil. Soil pH was determined by extraction with a soil-water ratio
of 1:2.5 and was measured by a potentiometric method. Soil organic carbon (SOC) and total nitrogen
(TN) contents were measured by a Total Organic Carbon Analyzer (Multi C/N 2100, Germany). Soil
invertase activity and cellulase activity were determined by 3,5-dinitrosalicylic acid colormetry to detect
glucose (mg) per gram dry soil in 24 h. Soil urease activity was determined by sodium phenate-sodium
hypochlorite colormetry to measure the release of NH3-N (mg) per gram dry soil in 24 h.
2.4 Data Processing and Analysis
The relationship between Rs and soil temperature (T, °C) and soil respiration temperature sensitivity
(Q10) was ﬁtted with exponential function models as shown in Eq. (1). The relationship between Rs and
the soil water content (W, %) was ﬁtted with a quadratic model as shown in Eq. (2). The relationship
among ln (Rs) and T and W was ﬁtted with a binary quadratic model as shown in Eq. (3).
Rs ¼ jekT ; Q10 ¼ e10k

(1)

Rs ¼ fW 2 þ gW þ h

(2)

lnðRsÞ ¼ a þ bT þ cW þ dTW

(3)

In the above equations, a, b, c, d, f, g, h, j, and k are all ﬁtting parameters.
The differences in Rs, soil temperature, the soil water content and soil properties among altitudes and
years were analyzed using one-way analysis of variance (ANOVA) with Tukey’s test in SPSS 20.0. The
association analysis between Rs and soil properties was conducted by redundancy analysis (RDA) using
R. Figures were generated using Origin 9.0, and tables were generated using Ofﬁce 2016.
3 Results
3.1 Soil Properties at Different Altitudes and in Different Years
From the results in Table 1, the forest soil of the Abies nephrolepis community was neutral to acidic and
had different properties with increasing altitude. Soil SOC and TN showed increasing trends with increasing
altitude from 2000 to 2300 m, especially SOC, with signiﬁcant (P < 0.05) increases of 9.00% and 11.71% in
2019 and 2020, respectively. The TN and C:N changed around 2.20 g kg–1 and 10 across four altitudes and
two years. Contrary to the above soil properties, soil enzymes signiﬁcantly (P < 0.05) decreased from 2000 to
2300 m. Invertase activity, cellulase activity and urease activity decreased by 41.39%, 27.38% and 44.44%,
respectively, in 2019 and by 40.95%, 31.52% and 31.93%, respectively, in 2020. Moreover, the soil
properties mentioned above in 2020 were slightly higher than those in 2019.
3.2 Soil Temperature, Soil Water Content and Rs Dynamics
In the plant growing season, soil temperature, the soil water content and Rs showed obvious seasonal
changes (Fig. 2). Across the two years, Rs generally tracked soil temperature and reached a peak in July
and then decreased to the lowest value in October (Figs. 2a and 2b). Based on the means of the four
altitudes from July to October, soil temperature changed from 13.39°C (2019, Fig. 2a) to 8.82°C (2020,
Fig. 2b), and Rs changed from 2.96 μmol·m–2·s–1 (2019, Fig. 2e) to 2.50 μmol·m–2·s–1 (2020, Fig. 2f).
Within the determined months, the soil water content was mostly maintained at higher than 60% in
2019 and reached the highest value of 78.22% in October (Fig. 2c). In 2020, the soil water content
increased to a peak (74.71%) in August and dropped to a minimum (43.68%) in October (Fig. 2d). The
interannual differences in the soil temperature and soil water content were caused by the changes in
climate and hydrothermal conditions over the two years.
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Table 1: Soil properties at different altitudes and in different years
Year Altitude pH
(m)

Organic carbon Total nitrogen C: N
(g·kg–1)
(g·kg–1)

Invertase
activity
(g·kg–1)

2019 2000

6.64 ± 0.04ab 21.23 ± 0.80b

2.09 ± 0.11b

2100

6.64 ± 0.02ab 21.02 ± 1.29b

2.13 ± 0.06ab 9.88 ± 0.86a

2200

6.68 ± 0.02ab 22.56 ± 0.82ab 2.21 ± 0.07ab 10.23 ± 0.49a 19.84 ± 2.75c

Cellulase
activity
(mg·kg–1)

10.18 ± 0.39a 28.00 ± 2.37ab 0.84 ± 0.08ab
24.60 ± 2.19b

2300

6.72 ± 0.02a

23.14 ± 1.43a

2.27 ± 0.06a

2020 2000

6.61 ± 0.05b

21.27 ± 0.89b

2.12 ± 0.06ab 10.04 ± 0.60a 29.06 ± 2.29a

10.48 ± 0.16a 16.41 ± 3.09c

Urease
activity
(mg·kg–1)
1.62 ± 0.16ab

0.69 ± 0.08bcd 1.31 ± 0.15bc
0.59 ± 0.07d

0.98 ± 0.18d

0.61 ± 0.07cd

0.90 ± 0.13d

0.92 ± 0.09a

1.66 ± 0.05a

2100

6.64 ± 0.04ab 21.76 ± 0.73ab 2.15 ± 0.05ab 10.14 ± 0.27a 24.91 ± 2.22ab 0.78 ± 0.06abc 1.49 ± 0.09ab

2200

6.66 ± 0.07ab 22.97 ± 1.35ab 2.18 ± 0.06ab 10.58 ± 0.91a 19.76 ± 1.50c

0.70 ± 0.04bcd 1.30 ± 0.16bc

2300

6.70 ± 0.05ab 23.76 ± 1.06a

0.63 ± 0.08cd

2.22 ± 0.51ab 10.72 ± 0.54a 17.16 ± 1.33c

1.13 ± 0.11cd

Note: Mean ± SD (n = 4), a, b, c and d indicate the signiﬁcant differences (P < 0.05) among altitudes.

Figure 2: Monthly dynamics of soil temperature (a, b), soil water content (c, d) and Rs (e, f) respectively in
2019 and 2020. Data are shown as means ± SD (n = 12)
With raising altitude, soil temperature and Rs showed decreased, but the soil water content increased
over the two years. Compared with the value from 2000 to 2300 m at July (highest Rs around the year),
there is a relative decrease in Rs of 27.65% and 42.26% in 2019 and 2020, respectively. While there is a
relative increase in soil water content of 21.12% and 7.27% in 2019 and 2020, respectively.
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3.3 Relationships among Soil Temperature, Soil Water Content and Rs
There was a signiﬁcant exponential correlation (P < 0.001) between Rs and soil temperature across all
altitudes (Fig. 3). Soil temperature explained 72.5% to 82.1% of the seasonal variation in Rs at the four
altitudes. The correlation (R2) between Rs and soil temperature were similar with the average of 0.818 at
2000 m and 2100 m (Figs. 3a and 3b), but obviously declined to 0.774 and 0.725 at 2200 m and 2300 m,
respectively (Figs. 3c and 3d). In contrast, soil respiration temperature sensitivity (Q10) increased from
the mean value of 2.40 at 2000 m and 2100 m (Figs. 3a and 3b) to 2.48 and 2.71 at 2200 m and 2300 m,
respectively.

Figure 3: Relationships between soil temperature and Rs, respectively at the altitude of 2000 m (a), 2100 m
(b), 2200 m (c) and 2300 m (d). Solid curves indicate the ﬁtting trends (n = 120) of Rs variation with soil
temperature
Quadratic functions (P < 0.001) were ﬁtted between Rs and the soil water content (Fig. 4), which
showed that Rs ﬁrst increased and then decreased with increasing soil water content. The soil water
content explained 21.3% to 42.5% of the seasonal variation in Rs among the four altitudes. R2 showed
the values of 0.402 and 0.425 respectively at 2000 m and 2100 m (Figs. 4a and 4b), and decreased to
0.260 and 0.213 respectively at 2200 m and 2300 m (Figs. 4c and 4d). With increasing altitude, R2
decreased from 0.402 at 2000 m (Fig. 4a) to 0.213 at 2300 m (Fig. 4d); however, a value of 0.425 was
measured at 2100 m (Fig. 4b). By contrast, the corresponding soil water content of the peak Rs showed
increasing trends with altitude gradients, i.e., 63.52% and 65.66% at 2000 m and 2100 m, respectively,
compared with 75.61% and 72.57% at 2200 and 2300 m, respectively.
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Figure 4: Relationships between soil water content and Rs, respectively at the altitude of 2000 m (a),
2100 m (b), 2200 m (c) and 2300 m (d). Solid curves indicate the ﬁtting trends (n = 120) of Rs variation
with soil water content
The ﬁttings results showed signiﬁcant (P < 0.001) correlations among soil temperature, soil water
content and Rs (Fig. 5); R2 changed from 0.824 (Fig. 5c) to 0.862 (Fig. 5b) at four altitudes. These
values were higher than the individual correlations between Rs and the soil temperature (0.725~0.821)
and were much higher than the individual correlations between Rs and the soil water content
(0.213~0.425). The relationships among soil temperature, soil water content and Rs were higher at the
altitude of 2000 m (0.856) and 2100 m (0.862) than that in the altitude of 2200 m (0.824) and 2300 m (0.828).
3.4 Relationships between Rs and Soil Properties
According to relationship analysis, Rs was signiﬁcantly positively correlated (P < 0.01) with invertase,
cellulase and urease activities but negatively correlated with soil pH, SOC, TN and C:N (Fig. 6). These
properties jointly explained 61.76% (Fig. 6a) and 69.95% (Fig. 6b) of the Rs variation in 2019 and 2020,
respectively, and the correlations changed in different seasons and different years. In 2019, Rs had a more
obvious correlation with soil properties especially in July and September, whereas in 2020, the highest
correlation occurred in July. In addition, SOC had stronger negative effects (P < 0.01) on Rs variation
than pH, TN and C:N (Figs. 6a and 6b). Invertase activity had stronger positive (P < 0.01) effects on Rs
variation than urease activity and cellulase activity. Rs variation was mainly affected by soil chemical
properties at 2200 and 2300 m, but was affected by soil enzyme activity at 2000 and 2100 m.
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Figure 5: Relationships among soil temperature, soil water content and Rs, respectively at the altitude of
2000 m (a), 2100 m (b), 2200 m (c) and 2300 m (d). Curved surfaces indicate the ﬁtting trends (n = 120)
of Rs variation with soil temperature and soil water content

Figure 6: Redundancy analysis (RDA) of Rs and soil properties in 2019 (a) and 2020 (b). Dashed lines
indicate Rs in different months, while solid lines indicate soil properties. Abbreviations: SOC: soil
organic carbon; TN: soil total nitrogen
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4 Discussion
4.1 Soil Temperature Effects on Rs with Altitude
Rs changes in a seasonal and an interannual scale and has a signiﬁcant positive correlation with soil
temperature [25,26]. In this study, Rs of Abies nephrolepis forest in Wutai Mountain showed a signiﬁcant
exponential correlation (P < 0.001) with soil temperature and reached the peak in July in both years
because of the highest soil temperature. Soil temperature explained 76.2% of the growing season change
in Rs across the four altitudes, which is consistent with previous studies [27]. Rs had a mean of 2.58
μmol·m–2·s–1 throughout all measuring seasons, which was higher than the annual average forest Rs of
2.21 μmol·m–2·s–1 in China and 2.24 μmol·m–2·s–1 around the world [28]. This is mainly due to the
excluded Rs during the non-growing season in our study.
Global warming profoundly affects the distribution, structure and function of the terrestrial ecosystem
[29]. Temperature sensitivity of Rs (Q10) is a key parameter in reﬂecting the feedback relationship between
the terrestrial C cycle and climate change, especially in vegetation ecosystems located in the border zone of
ecologically fragile areas [30,31]. It has been found that the higher the Q10, the greater impact of climate
change on Rs [32,33]. As an infrequent species preferring cold and wet conditions, the Abies nephrolepis
community only survives in limited areas with shady slopes and high altitudes on Wutai Mountain. As
the altitude increased from 2000 to 2300 m, we found the increased Q10 with a range from 2.39 to 2.71,
which is in the mid-lower range of the China forest ecosystems (1.09~5.53) and global forest ecosystems
(0.98~8.90) [34]. This result is consistent with previous studies showing that Q10 is higher in high
latitude and high altitude areas, indicating that Rs at high altitudes is more susceptible to temperature
changes [35]. Thus, soil carbon emissions in high latitude and high altitude areas are more sensitive to
temperature variation [36]. Moreover, the correlation (R2) between Rs and soil temperature showed a
decreasing trend from 0.815 to 0.725 at 2000 and 2300 m, respectively. This means that there are other
factors commonly inﬂuencing Rs variation with changing altitudes.
4.2 Soil Water Content Effects on Rs with Altitude
Soil water content directly affects the growth metabolism of plant roots and microorganisms. Indirectly,
it changes oxygen diffusion and organic decomposition [37]. In contrast, the soil water content is also
regulated by soil temperature, soil properties, soil life events and other factors [38,39]. In the dry season,
Rs remains low value because of the less rainfall, closed plant stomata, and weakened microbial activity.
Under this condition, increasing moisture can be effectively improved Rs [40]. On the other hand,
excessive soil water content seriously restrains Rs due to the shortage of oxygen in soil and the weakened
processes of oxidation and decomposition [41]. In most forest ecosystems, the soil water content
generally ranges from approximately 50%~80% and explains approximately 5%~20% of Rs variation
[16,42]. In this study, Rs showed an obvious opposite trend with changes in the soil water content from
August to October over the two years. In 2019, a longer rainy season and heavier rainfall jointly
contributed to a high soil water content that exceeded 60% and even a continuous increase to 90%. In
2020, in contrast, the lack of rain and rapidly dropping air temperatures led to a decline in the soil water
content. Compared with the results in 2020, the average higher soil water content might have partly
contributed to the Rs increase in 2019, especially in September and October.
Across seasons and altitudes, there was a signiﬁcant (P < 0.001) parabolic correlation between Rs and
the soil water content, with the peak Rs occurring at 65.3% soil water content. This indicates that when the
optimum range is exceeded, the soil water content will restrict soil respiration instead, especially in mid- and
high-altitude areas [41]. Moreover, the soil water content explained only 26.8% of the growing-season
change in Rs overall, which means that the soil water content had much smaller effects on Rs than soil
temperature [43]. Contrary to the decreased soil temperature, the soil water content increased with
elevated altitudes. At the same time, the soil water content at peak Rs also showed increasing trends from
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63.52% to 75.61% at 2000 m and 2200 m, respectively, while the correlation (R2) between Rs and the soil
water content weakened. These results suggest that the soil water content only makes little roles in regulating
Rs variation. Moreover, the climate cools and moistens with the altitude gradient, which is more suitable for
the Abies nephrolepis community. However, the Abies nephrolepis community might suffer more negative
effects once the climate changes to one that is warm and dry.
4.3 Comprehensive Effects of Soil Temperature and the Soil Water Content on Rs with Altitude
Soil temperature and soil water content have a complex effect on the seasonal changes in Rs, especially
in the ecologically fragile areas [44,45]. Scottdenton et al. found that soil temperature in high-altitude forest
communities mainly affected inter-season Rs, while the soil water content mainly affected inter-annual Rs
[46]. Liu et al. found that throughfall reduction trends to restrain effects of soil warming to Rs in a
transitional oak forest [47]. Smith et al. found that Rs is about 20% higher at edge than at the interior in
temperate forests [48]. Previous studies also showed that soil temperature and the soil water content
accounted for 70~97% of the Rs variation [35,49]. In this study, we consistently constructed a binary
quadratic model and found that soil temperature and the soil water content jointly explained 81.8% of the
changes in Rs across altitudes and years, which is higher than the individual explanations based on
soil temperature (76.2%) or the soil water content (26.8%). This proved that the combined effect of soil
temperature and the soil water content is more accurate and reasonable to study soil respiration, and soil
temperature is the major factor affecting Rs variation [50]. In addition, the correlation (R2) among Rs,
soil temperature and the soil water content declined with increasing altitude. This may indicate that there
may be other factors impacting Rs variation in the Abies nephrolepis community.
4.4 Soil Properties Effects on Rs with Altitude
In addition to soil temperature and the soil water content, soil properties are also closely related to Rs
variation and have some effects with changing altitudes [51,52]. The RDA results and correlation analyses
showed that seven soil properties in this study jointly explained 61.76% and 69.95% of the Rs variation in
2019 and 2020, respectively. Among the four soil chemical properties studied in this experiment, SOC had
the closest correlation with Rs variation. Peng et al. has found an increase in Rs with improved SOC, root
biomass, or microbial activity [53]. Moreover, both lower soil C:N and lower pH can promote soil microbial
metabolism and soil enzyme activity and increase Rs [12]. In this study, SOC (P < 0.01), pH (P < 0.05), TN
(P < 0.05) and C/N had negative relationships with Rs variations. This indicates that altitude may have
changed the strategies of microbial carbon metabolism in some way. At low altitudes, higher soil
temperature contributes to faster carbon decomposition and higher consumption but lower substrate use
efﬁciency of SOC [54]. In contrast, soil SOC at high altitudes is characterized by slower decomposition
and less consumption but better substrate use efﬁciency under cooler conditions [55]. Previous studies
also showed that Q10 increases with the increases of SOC, pH and TN [56–58]. Thus, Rs is more
sensitive to the changes of soil nutrient properties at higher altitude areas, which is consistent with RDA
result about the close relationships between Rs and SOC, pH, and C:N at 2200 m and 2300 m in this
study. As a predictor of soil microbial activity, higher SOC is generally corresponding to the higher soil
enzyme activity [59]. However, in this study, soil enzyme activity has a signiﬁcantly (P < 0.01) positive
relationship and declined with increasing altitude. This suggests that soil microbial activity may
contribute greatly to Rs and is mainly regulated by soil temperature [38,60]. Thus, microbial activity is
also an effective index in reﬂecting Rs response of ecologically sensitive forest ecosystems to climate
change [61]. According to results mentioned above, soil CO2 ﬂux in forest ecosystems may be more
sensitive to climate change at higher altitude areas, while microbial decomposition of soil carbon sink
may be promoted by climate warming especially at lower altitude areas [62,63]. Plant root development,
soil microbial metabolism and nutrient cycling processes should be further studied to explain the
mechanism of soil carbon ﬂux in forest ecosystems.
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5 Conclusions
In this study, Rs, soil temperature, soil water content, and soil properties of Abies nephrolepis forests at
four altitudes were studied over two years on Wutai Mountain, North China. The results showed obvious
temporal and spatial variations in Rs, which provided a view on the responses of soil carbon emission of
forest communities to changes in climates and soil properties at ecologically fragile region. In addition,
this study highlighted that soil temperature had a much greater impact on Rs variation than the soil water
content, especially in the high-altitude areas. At the same time, soil organic carbon and soil enzyme
activity were also important factors in regulating Rs variation. This demonstrated that climate change can
signiﬁcantly affect microbial carbon decomposition and soil CO2 ﬂux. Thus, forests in high-altitude areas
might be more sensitive to climate change. The future long-term research should focus on the microbial
effects to soil property and soil carbon metabolism, especially to the forest ecosystems with climate
change sensitivity in cold and high-altitude areas.
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