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Abstract: With increasingly intensifying degradation of natural grasslands and rapidly increasing demand
of high quality forages, natural grasslands in China have been converted into planted grasslands at an
unprecedented rate and the magnitude of the conversion in Inner Mongolia is among the national highest
where the areal extent of planted grasslands ranks the second in China. Such land-use changes (i.e.,
converting natural grasslands into planted grasslands) can significantly affect carbon stocks and carbon
emissions in grassland ecosystems. In this study, we analyzed the effects of converting natural grasslands
into planted grasslands (including Medicago sativa, Elymus cylindricus, and M. sativa+E. cylindricus) on
ecosystem respiration (Feco) in Inner Mongolia of China. Diurnal Feco and its components (i.e., total soil
respiration (Fts), soil heterotrophic respiration (Fsh) and vegetation autotrophic respiration (Fva)) were
measured in 2012 (27 July to 5 August) and 2013 (18 July to 25 July) in the natural and planted grasslands.
Meteorological data, aboveground vegetation data and soil data were simultaneously collected to analyze
the relationships between respiration fluxes and environmental factors in those grasslands. In 2012, the
daily mean Feco in the M. sativa grassland was higher than that in the natural grassland, and the daily mean
Fva was higher in all planted grasslands (i.e., M. sativa, E. cylindricus, and M. sativa+E. cylindricus) than in the
natural grassland. In contrast, the daily mean Fts and Fsh were lower in all planted grasslands than in the
natural grassland. In 2013, the daily mean Feco, Fts and Fva in all planted grasslands were higher than those
in the natural grassland, and the daily mean Fsh in the M. sativa+E. cylindricus grassland was higher than that
in the natural grassland. The two-year experimental results suggested that the conversion of natural
grasslands into planted grasslands can generally increase the Feco and the increase in Feco is more
pronounced when the plantation becomes more mature. The results also indicated that Fsh contributed
more to Feco in the natural grassland whereas Fva contributed more to Feco in the planted grasslands. The
regression analyses show that climate factors (air temperature and relative humidity) and soil properties
(soil organic matter, soil temperature, and soil moisture) strongly affected respiration fluxes in all
grasslands. However, our observation period was admittedly too short. To fully understand the effects of
such land-use changes (i.e., converting natural grasslands into planted grasslands) on respiration fluxes,
longer-term observations are badly needed.
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Introduction

Human-induced global climate change has become a major concern around the world and human
injection of carbon dioxide (CO2) into the atmosphere shares a disproportionally large
responsibility for the observed global change (Dai et al., 2016). Consequently, carbon
sequestration measures have been intensively sought for mitigating the CO2-rising issue.
Subsequently, carbon cycling in terrestrial ecosystems has become a hotspot worldwide because
of the challenges of global climate change (Zhan et al., 2012). Grasslands, covering about 30% of
the global land surface and storing 28% to 37% of carbon in terrestrial ecosystems, have been
examined to explore the potentials for carbon sequestration (Lal, 2004; IPCC, 2007). As a
gigantic carbon pool, grassland ecosystem plays a critical role in the global carbon cycling
(Monkany et al., 2006). In China, the natural grassland ecosystem is the largest terrestrial
ecosystem, covering about 41% of the total land area (Li et al., 2015; Zhang et al., 2016).
Nevertheless, with increasingly intensifying degradation of natural grasslands and rapidly
increasing demand of high quality forages, natural grasslands in China have been converted into
planted grasslands at an unprecedented rate, and the magnitude of the conversion in Inner
Mongolia is among the national highest where the areal extent of planted grasslands ranks the
second in China (Zhang et al., 2012; Deng et al., 2014). However, such land-use changes (i.e.,
converting natural grasslands into planted grasslands) may effectively alter the exchange of
carbon between the atmosphere and the ecosystems (IPCC, 2007) through altering the ecosystem
respiration (Feco) and it components (Zhang et al., 2012).
Feco comprises the aboveground plant respiration and soil respiration (including soil
heterotrophic (microbial respiration and soil organic matter decomposition) respiration and soil
autotrophic (root) respiration). Feco can tilt the balance in the global carbon cycling through
sequestrating CO2 from the atmosphere or releasing CO2 to the atmosphere and can play an
important role in mitigating or accelerating climate change. There are many studies on the effects
of land-use changes on Feco and its components. For example, some studies reported that land-use
changes can strongly influence the carbon allocation pattern of ecosystems through altering the
vegetation structure and species composition (e.g., Varella et al., 2004; Yang et al., 2004; Wang et
al., 2006; Qi et al., 2007; Xie et al., 2010; Rong et al., 2015; Xie and Wu, 2016). Other studies
suggested that land-use changes can strongly affect soil respiration through influencing the litter
input into the soil and the carbon substrates supplied to the microbes (e.g., Bremer et al., 1998;
Pendall et al., 2010; Han et al., 2012; Gong et al., 2014). But, the effects of converting natural
grasslands into planted grasslands on Feco and its components remain poorly understood (Aslam et
al., 2000; Zhang et al., 2012).
Feco and its components were widely reported to be directly related with such environmental
factors as soil properties, vegetation types, and climate parameters (Wang et al., 2003; Frank et al.,
2006; Holst et al., 2008; Gomez-Casanovas et al., 2012; Peri et al., 2015). More specifically, it
was reported that soil moisture and soil temperature could explain more than half of the variations
in soil respiration (Flanagan and Johnson, 2005; Wu et al., 2010; Rong et al., 2015). And, air
temperature (Valentini et al., 2000; Reichstein et al., 2005; Chen et al., 2014) and relative
humidity (Zhang et al., 2012; Borchard et al., 2015; Brito et al., 2015) have also been proven to
affect the Feco and its components. The approaches used to examine the relationships between Feco
(and its components) and environmental factors include linear model (Rochette et al., 1991;
Davidson et al., 1998), quadratic model (Holthausen and Caldwell, 1980; Mielnick and Dugas,
2000), logistic model (Schlentner and Van Cleve, 1985; Jenkinson, 1990), hyperbolic model (Liu
et al., 2002), exponential model (Grace and Rayment, 2000; Lu et al., 2013) and Arrhenius
equation (Thierron and Laudelout, 1996; Fang and Moncrieff, 2001).
Our objective was to assess the variations of Feco and its components after the conversion of
natural grasslands into planted grasslands, and also to analyze the relationships between
respiration fluxes (i.e., ecosystem respiration, Feco; total soil respiration, Fts; soil heterotrophic
respiration, Fsh; and vegetation autotrophic respiration, Fva) and environmental factors (i.e., soil
properties, vegetation and climate factors) in the natural and planted grasslands.
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Materials and methods

2.1

Study area

The study area is situated in Duolun County (41°46′–42°39′N, 115°51′–116°54′E; 1150 to 1800 m
a.s.l.), Inner Mongolia Autonomous Region of China. The area is characterized by a semi-arid
continental climate with the mean annual precipitation of 385.5 mm and the annual mean
temperature of 1.6°C. It should be noted that about 2/3 of annual total precipitation occurred in
the rainy season from June to August. The monthly mean temperature ranged from –21.4°C (the
minimum) in December to 17.8°C (the maximum) in July during the study period from June 2012
to September 2013 (Fig. 1). The mean annual frost-free period is approximately 100 d, the mean
annual sunshine hour is about 3109.9 h, and the mean annual pan evaporation is 1748 mm.

Fig. 1

2.2

Monthly mean temperature and monthly total precipitation from June of 2012 to September of 2013

Experimental design

The experiments were conducted under four different grassland types: one type of natural
grassland (NG) and three types of planted grasslands (PG). The three types of planted grasslands
were converted from a well-protected natural grassland in 2012. The selected natural grassland
was several hundred meters away from the planted grasslands and was dominated by Carex
tristachya, Leymus chinensis, and Artemisia frigida. Because Medicago sativa and Elymus
cylindricus are the major sources of artificial forage in the study area, the three types of planted
grasslands were sown with M. sativa (22.5 kg seeds/hm2), E. cylindricus (22.5 kg seeds/hm2), and
M. sativa+E. cylindricus (18.9 and 8.1 kg seeds/hm2), respectively. Before sowing on 30 May of
2012, the planted grassland sites were mowed to ground level and tilled to a soil depth of 25–30
cm using a rototiller to eliminate the natural vegetation. The seeds were sown in rows with a
space of 18–20 cm between adjacent rows. Thereafter, no irrigation or fertilizer was applied. All
the natural and planted grasslands were cut for hay in late August. The experimental plots were
about 5 m×3 m in size and each of the four types had three replicated plots (i.e., a total of 12
plots).
2.3

Data acquisition

We observed the respiration fluxes on clear days during the fast-growth stages of vegetation, i.e.,
from 27 July to 5 August of 2012 and from 18 July to 25 July of 2013, using an Automated Soil
CO2 Flux System (Li-8150, LI-COR Inc., Lincoln, Nebraska, USA) in combination with an
infrared gas analyzer. For each plot, 6 PVC collars with a basal area of 317.8 cm2 each were
evenly inserted into the 10 cm soil depth 1 day before the measurements to allow the soil to
recover from the installation-resulted disturbance. Each PVC collar contained a soil chamber
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(LI-8100-104, LI-COR Inc., Lincoln, Nebraska, USA). The chamber was opaque to prevent plants
from conducting photosynthesis during the carbon flux measurements. Four types of respiration
fluxes were analyzed in this study, i.e., ecosystem respiration (Feco), total soil respiration (Fts),
soil heterotrophic respiration (Fsh), and vegetation autotrophic respiration (Fva, including
aboveground plant respiration and root respiration). The former three types (i.e., Feco, Fts, and Fsh)
could be directly measured using the measurement equipment under three scenarios. In the first
scenario, aboveground plants and soils (including the roots) were included to measure the Feco. In
the second scenario, all aboveground plants were cut off from the ground and put outside the
chamber to measure the Fts. In the third scenario, the Fsh was measured on the bare soil where
there was almost no roots distributed. Finally, the Fva was obtained by subtracting Fsh from Feco
(i.e., Fva=Feco–Fsh). The measurements were made during daytime from 06:00 to 20:00 with
30-min measuring intervals.
Air temperature, relative humidity, soil temperature (0–10 cm) and soil moisture (0–10 cm)
were measured during the experimental period (from May of 2012 to September of 2013) using a
Dynamet automatic weather station (Dynamax, Houston, Texas, USA) and an EM50 datalogger
(Decagon Devices, Pullman, Washington, USA).
During the experimental period, three 1 m×1 m quadrats were randomly established in each
plot and all the aboveground plants were clipped. All plant samples were oven-dried at 80°C to
constant weight to estimate the aboveground biomass. In each plot, soil bulk density was directly
measured using cutting ring method and three replicates of soil samples were collected at the
depth of 0–10 cm for laboratory analysis. Those soil samples were air-dried and sieved through a
2-mm sieve and the soil organic carbon (SOC) was measured using the Walkey-Black adaptation
of volumetric method (Walkley and Black, 1934).
2.4

Data analysis

Regression analyses were conducted to determine the relationships between respiration fluxes and
environmental factors using linear, quadratic, cubic, logistic, exponential and hyperbolic methods.
These analyses were performed with SPSS 13.0 statistical software (IBM Inc., Chicago, IL, USA)
and then the optimal regression equations (i.e., those with the greatest R2 value, the least residual,
and the higher confidence level (P<0.01 or P<0.05)) were chosen for use in the subsequent
calculations. Equations 1 and 2 were used to modify the initial observed carbon fluxes to ensure
the comparability between different measurements in terms of the environmental conditions
among different grassland types. The results were plotted using Origin 7.5 software.
Fi = f (imean ).
(1)
Fˆ =

∑ a F / N.
i i

(2)

Where, Fi is the carbon flux modified by environmental factor i (i.e., soil temperature or soil
moisture for Fsh and Fts, and air temperature or relative humidity for Feco) after regression
analyses; f is the best-fit regression equation; imean is the hourly mean value of environmental
factor i during the observation period in all sampling plots; F̂ is the modified carbon flux with
account of the time of the measurements; αi is the weight of Fi for F̂ , and it was assigned as 1 in
this study; and N is the number of environmental factors (N=2).
We used one-way analysis of variance (ANOVA) to test the differences in respiration fluxes
among the four grassland types. The difference was considered significant at the P<0.05 level.

3
3.1

Results
Ecosystem respiration (Feco) and vegetation autotrophic respiration (Fva)

Figure 2 shows the diurnal variations of Feco and its components after modification during the
experimental period. In 2012 (27 July to 5 August), the hourly Feco was higher in the MS
(Medicago sativa grassland) than that in the NG (natural grassland) in the morning, and the
opposite was true in the afternoon (Fig. 2a). EC (Elymus cylindricus grassland) and ME (M.
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Fig. 2 Variations of respiration fluxes (after modification) during daytime (06:00–20:00) of observation periods
(27 July to 5 August of 2012 and 18 July to 25 July of 2013) under four grassland types. Feco, ecosystem
respiration; Fva, vegetation autotrophic respiration; Fts, total soil respiration; Fsh, soil heterotrophic respiration.
NG, natural grassland; MS, Medicago sativa grassland; EC, Elymus cylindricus grassland; ME, M. sativa+E.
cylindricus grassland.

sativa+E. cylindricus grassland) had lower hourly Feco values than NG both in the morning and in
the afternoon. On the average, the daily mean Feco in the MS was higher than that in the NG

ZHANG Meng et al.: Effects of converting natural grasslands into planted grasslands on ecosystem…

43

(Table 1). The hourly Fva values in the PG (three types of planted grasslands, including MS, EC, and
ME) were higher than that in the NG during most of the observation period (Fig. 2b).
Consequently, daily Fva values in the PG (MS, EC, and ME) were also higher than that in the NG
with the MS having the highest daily Fva (Table 1).
In 2013 (18 July to 25 July), both the hourly and daily mean Feco were lowest in the NG and
highest in the ME (Fig. 2e; Table 1). The daily Feco in the MS was 2 times higher than that in the
NG and the daily Feco in the ME was 3 times higher than that in the NG (Table 1). Similarly, both
the hourly and daily mean Fva values were lowest in the NG and highest in the ME (Fig. 2f; Table
1). In comparison with the daily Fva in the NG, the daily Fva was 15 times higher in the MS, nearly
10 times higher in the EC, and nearly 27 times higher in the ME (see Table 1). It is quite notable
that the Feco and Fva were all higher in 2013 than in 2012 in the PG with an exception in the EC
where the Fva was slightly lower in 2013 than in 2012.
Table 1 Daily mean respiration fluxes (after modification) in the four grassland types in 2012 (27 July to 5
August) and 2013 (18 July to 25 July)
Year

Grassland
NG

2012

2013

Respiration fluxes (µmol CO2/(m2•s))
Feco

Fva

12.71±0.67

a

b

Fts

5.65±0.30

b

Fsh
a

7.07±0.49a

b

5.19±0.90b

7.65±0.26

MS

14.28±2.26

EC

10.66±0.95c

7.03±0.97c

6.93±0.38b

3.63±0.21c

ME

10.53±0.60

c

7.38±0.72

c

6.28±0.47

c

3.14±0.21c

NG

8.43±0.62

a

0.67±0.39

a

8.28±1.00

a

7.53±0.79a

MS

17.50±1.19b

EC

11.82±1.19

c

27.63±2.10

d

ME

9.09±1.49

a

10.36±2.12b
6.47±0.98

c

17.93±2.07

d

6.98±0.65

10.91±0.99b
9.68±0.30

c

13.05±1.06

d

7.14±0.41a
5.34±0.22b
9.70±0.57c

Note: Feco, ecosystem respiration; Fts, total soil respiration; Fsh, soil heterotrophic respiration; Fva, vegetation autotrophic respiration. NG,
natural grassland; MS, Medicago sativa grassland; EC, Elymus cylindricus grassland; ME, M. sativa+E. cylindricus grassland.
Mean±SD. Values followed by different lowercase letters in the same column in 2012 (or 2013) indicate significant differences (P<0.05)
among the four grassland types.

3.2

Total soil respiration (Fts) and soil heterotrophic respiration (Fsh)

In 2012 (27 July to 5 August), the daily variations of Fts in all four grassland types (including NG,
MS, EC, and ME) were rather small, with most of the values ranging between 6 and 8 μmol
CO2/(m2•s) (Fig. 2c). The hourly Fts values in the PG (MS, EC, and ME) were slightly lower than
those in the NG after 12:00 (Fig. 2c) and the daily mean Fts in the NG was higher than those in
the PG (Table 1). In contrast, the hourly Fsh values in the PG were all lower than those in the NG
during the entire observation period, with the difference between NG and PG becoming larger in
the afternoon (Fig. 2d). Being similar with the daily mean Fts, the daily mean Fsh in the NG was
also higher than those in the PG (see Table 1).
In 2013 (18 July to 25 July), the daily variations of Fts in all grasslands (including NG, MS, EC,
and ME) were also small, with most of the values ranging between 8 and 12 μmol CO2/(m2•s) (Fig.
2g). The hourly Fts values in the PG (MS, EC, and ME) were higher than those in the NG almost
during the entire observation period (Fig. 2g) and consequently, the daily mean Fts in the NG was
the lower than those in the PG (see Table 1). In comparison, the hourly Fsh values did not follow
the same patterns as the hourly Fts values. Specifically, the daily Fsh values in the NG were always
lower than those in the ME and always higher than those in the EC during the entire observation
period (Fig. 2h), whereas the hourly Fsh values in the MS were higher than those in the NG only
in the early afternoon (i.e., around 14:00). It is also notable that both the Fts and Fsh were
considerably higher in 2013 than in 2012 in the PG (MS, EC, and ME).
3.3

Contribution of each of the three components (Fsh, Fva, and Fts) to Feco

In 2012 (27 July to 5 August), the contribution of daily mean Fsh to daily mean Feco was 56% in
the NG (Table 1), while the contribution was only 33% in the PG (i.e., 36%, 34%, and 30% in the
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MS, EC, and ME, respectively). In contrast, the contribution of daily mean Fva to daily mean Feco
was lower in the NG (44%) than in the PG (MS, EC, and ME) (>64%). The results demonstrated
that Fsh contributed more to Feco in the NG while Fva contributed more to Feco in the PG.
Furthermore, the contributions of daily mean Fsh to daily mean Fts were all higher than 50% in the
four grassland types (including NG, MS, EC, and ME), which indicated that Fsh contributed more
to Fts than root respiration in all four grassland types.
In 2013 (18 July to 25 July), the contribution of daily mean Fsh to daily mean Feco was 92% in
the NG (see Table 1), while the contribution was only 40% in the PG (i.e., 41%, 45%, and 35% in
the MS, EC, and ME, respectively). In contrast, the contribution of daily mean Fva to daily mean
Feco was significantly lower in the NG (8%) than in the PG (>55%). The results also demonstrated
that Fsh contributed more to Feco in the NG while Fva contributed more to Feco in the PG.
Furthermore, the contributions of daily mean Fsh to daily mean Fts were all higher than 50% in the
four grassland types (including NG, MS, EC, and ME), which also indicated that Fsh contributed
more to Fts than root respiration in the four grassland types.

4
4.1

Discussion
Variations of Feco and its components caused by land-use changes

Land-use changes strongly influence the global carbon dynamics (Aslam et al., 2000; Kim and
Kirschbaum, 2015) through altering the respiration fluxes of ecosystems (Valentini et al., 2000;
Zhang et al., 2012). Our results showed that Feco in the NG was significantly different from those
in the PG (including MS, EC, and ME; P<0.05) and Feco in the PG was higher than that in the NG
(see Fig. 2; Table 1), being consistent with the results of Qi et al. (2007). Furthermore, Fts, Fsh and
Fva in the NG were all significantly different from those in the PG (P<0.05; Table 1), and they
were higher in the PG than in the NG in most cases, being supportive to the result of Rong et al.
(2015). These results indicate that the conversion of natural grasslands into planted grasslands can
significantly enhance the fluxes of Feco and its components. Almost all the respiration fluxes were
higher in 2013 (2-year plantation) than in 2012 (1-year plantation) in the planted grasslands,
further confirming the point that the age or maturity of the planted grasslands can greatly influence
the respiration fluxes (Qi et al., 2007; Xu et al., 2009; Pang et al., 2011; Zhang et al., 2012). The
results also showed that the contribution of daily mean Fsh to Feco was higher in the NG than in the
PG both in 2012 and 2013, while the contribution of daily mean Fva to Feco exhibited an opposite
pattern. However, the observation period of this study was admittedly too short. To more fully
understand the effects of such land-use changes (i.e., the conversion of natural grasslands into
planted grasslands) on respiration fluxes, longer-term observations are badly needed.
Generally speaking, it is difficult to obtain a more accurate Fsh because distinguishing Fsh from
root respiration is difficult (Hanson et al., 2000; Kuzyakov and Larionova, 2005). Several
methods/approaches, such as isotopic method (Casals et al., 2011), trenching (Li et al., 2013;
Tomotsune et al., 2013), root biomass regression analysis (Tomotsune et al., 2013), and root
excision (Peng et al., 2015), were used to distinguish Fsh from root respiration. But, each
approach has its merits and demerits (Hanson et al., 2000; Kuzyakov and Larionova, 2005). Thus,
appropriate method/approach should be selected in accordance with the field conditions. In the
present study, there was almost no root distributed in the bare soil and Fsh was therefore directly
measured on the bare soil to avoid soil disturbance (i.e., separating the roots from the soil),
improving the measurement accuracy.
4.2

Relationships between respiration fluxes and environmental factors

4.2.1 Relationships of respiration fluxes with air temperature and humidity and soil temperature
and moisture
The environmental requirements of plant growth differ among species because of different
physiological and ecological properties (Sánchez et al., 2002). In the present study, the species
composition, and physiological and ecological properties of plants, as well as microhabitats,
greatly differed among the natural and planted grasslands, and these differences may influence the
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respiration fluxes. Thus, we selected the optimal regression equations to describe the relationships
of respiration fluxes with air temperature and humidity and soil temperature and moisture (Tables
2–4).
Table 2 Relationships of ecosystem respiration (Feco) with air temperature and air humidity in the four grassland
types in 2012 (27 July to 5 August) and 2013 (18 July to 25 July)
Year Grassland

Air temperature

Relative humidity

NG

y=0.365x+4.291 (R2=0.335, P=0.038)

y= –0.123x+19.412 (R2=0.615, P=0.001)

MS

y=1.032x–6.641 (09:00–13:00; R2=0.975, P=0.002)

y= –0.283x+33.943 (09:00–13:00; R2=0.927, P=0.009)

2

2012

y=1.382x–22.840 (14:00–19:00; R =0.801, P=0.040) y= –0.301x+28.623 (14:00–19:00; R2=0.696, P=0.039)
EC

y=0.577x–3.083 (R2=0.693, P<0.001)

y= –0.148x+20.138 (R2=0.603, P=0.002)

ME

y=0.326x+3.305 (07:00–13:00; R2=0.659, P=0.050)

y= –0.068x+15.209 (07:00–13:00; R2=0.574, P=0.048)

2

NG
MS

y=0.693x–7.371 (14:00–19:00; R =0.710, P=0.035)

y= –0.226x+22.255 (14:00–19:00; R2=0.789, P=0.044)

y=1.199exp(0.084x) (R2=0.874, P<0.001)

y= –0.153x+16.325 (R2=0.770, P<0.001)

2

y=0.631x+5.473 (07:00–13:00; R =0.686, P=0.021)

y= –0.152x+27.345 (07:00–13:00; R2=0.810, P=0.006)

2

y=1.308x–14.465 (14:00–19:00; R =0.679, P =0.086) y= –0.365x+31.871 (14:00–19:00; R2=0.680, P=0.175)
2013

EC
ME

y=0.964x–10.793 (R2=0.825, P<0.001)

y= –0.164x+21.293 (R2=0.669, P=0.001)

2

y=0.852x+11.405 (07:00–12:00; R =0.844, P=0.027) y= –0.176x+38.103 (07:00–13:00; R2=0.777, P=0.004)
y=0.086exp(0.239x) (13:00–19:00; R2=0.695,
P=0.039)

y=85.328exp(–0.031x) (14:00–19:00; R2=0.689,
P=0.041)

Note: In the regression equations, y represents Feco and x represents air temperature or relative humidity. Times shown in brackets
represent the time periods used in the piecewise regressions, whereas the others (times do not shown in brackets) represent that the time
periods used in the piecewise regressions were from 06:00 to 20:00.

Table 3 Relationships of total soil respiration (Fts) with soil temperature and soil moisture in the four grassland
types in 2012 (27 July to 5 August) and 2013 (18 July to 25 July)
Year Grassland
NG
2012

2013

Soil temperature
y= –0.040x2+1.901x–14.656 (R2=0.528, P=0.023)

y=(1.297E–12)exp1.506x (15:00–19:00; R2=0.645, P=0.102)

MS

y= –0.100x +4.111x–35.110 (R =0.843, P=0.001) y= –0.099x3+104.725x–1302 (R2=0.657, P=0.014)

EC

y= –0.060x2+2.897x–27.296 (R2=0.851, P<0.001) y= –0.094x3+94.119x–1139 (R2=0.719, P=0.001)

ME

y= –0.004x2+0.335x+0.090 (R2=0.670, P=0.004)

y=2.320x–36.246 (R2=0.706, P<0.001)

NG

y=0.024x2–0.940x+16.655 (R2=0.851, P<0.001)

y=0.016x2–0.507x+11.451 (R2=0.823, P<0.001)

MS
EC
ME

2

Soil moisture
y=3.77x–64.296 (07:00–14:00; R2=0.800, P=0.003)

2

2

2

2

2

y=0.010x –0.168x+7.058 (R =0.969, P<0.001)
y=0.004x –0.008x+6.681 (R =0.848, P<0.001)
2

2

y=0.031x –1.346x+25.926 (R =0.530, P=0.023)

y= –0.012x2+1.025x–4.543 (R2=0.780, P=0.001)
y= –0.133x2+5.209x–40.957 (R2=0.664, P=0.007)
y=0.154x2–5.919x+68.643 (R2=0.104, P=0.579)

Note: In the regression equations, y represents Fts and x represents soil temperature or soil moisture. Times shown in brackets represent
the time periods used in the piecewise regressions, whereas the others (times do not shown in brackets) represent that the time periods
used in the piecewise regressions were from 06:00 to 20:00.

Table 4 Relationships of soil heterotrophic respiration (Fsh) with soil temperature and soil moisture in the four
grassland types in 2012 (27 July to 5 August) and 2013 (18 July to 25 July)
Year Grassland

2012

Soil moisture

y= –0.021x2+1.126x–6.681 (R2=0.704, P=0.002)

y=2.530x–40.884 (R2=0.637, P=0.001)

MS

y= –0.061x2+2.281x–15.534 (R2=0.835, P=0.001)

y= –0.296x3+306.396x–3787 (R2=0.737, P=0.005)

EC

y= –0.033x +1.520x–13.625 (R =0.561, P=0.025)

y= –0.042x3+41.893x–503.148 (R2=0.407, P=0.124)

ME

y= –0.005x2+0.297x–1.335 (R2=0.706, P=0.002)

y=1.036x–15.800 (R2=0.675, P=0.001)

NG
2013

Soil temperature

NG

2

2

2

2

y=0.011x –0.182x+4.733 (R =0.860, P<0.001)

y=0.024x2–0.642x+9.083 (R2=0.927, P<0.001)

MS

y=0.144x+3.001 (R =0.534, P=0.005)

y=0.003x2+0.133x+2.775 (R2=0.896, P<0.001)

EC

y=0.670x+3.562 (R2=0.488, P=0.011)

y=0.013x2–0.410x+7.875 (R2=0.872, P<0.001)

ME

2

2

y=0.300x+1.332 (R = 0.544, P=0.004)

y=0.143x2–5.514x+61.597 (R2=0.100, P=0.591)

Note: In the regression equations, y represents Fsh and x represents soil temperature or soil moisture. The time periods used in the
piecewise regressions were all from 06:00 to 20:00.
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Both air temperature and relative humidity showed significant relationships with Feco in all
grasslands (including NG, MS, EC, and ME) in the two experimental periods. Regression
relationships of Feco with air temperature and relative humidity in the MS and ME showed that
respiration from M. sativa is more sensitive to air temperature and relative humidity compared to
E. cylindricus. This may be due to the larger leaf area index and higher sensitivity of
photosynthesis of M. sativa species.
Our regression analyses revealed that soil temperature and soil moisture could respectively
explain about 73% and 74% of the daily variations of soil respiration (data not shown), being
rather similar with the results reported by others (e.g., Ma, 2008; Wang et al., 2016). In the present
study, soil temperature and soil moisture exerted the same effects on soil respiration in most cases
(see Tables 3 and 4). However, no consensus has been reached regarding the relative importance
of soil temperature and soil moisture to soil respiration because the environmental conditions may
vary greatly from region to region (Cao et al., 2004; Liu et al., 2009; Li et al., 2013; Peri et al.,
2015; Sharkhuu et al., 2016; Wang et al., 2016).
4.2.2 Relationships of respiration fluxes with vegetation
Land-use changes can alter the aboveground biomass, root biomass and leaf area index, which
may in turn influence the Feco and its components (Zhang et al., 2012; Borchard et al., 2015).
Frank et al. (2006) reported that the conversion of natural grassland to cropland could increase Fts
due to high root biomass and frequent soil disturbance by cultivation that provided an abundant
carbon supply for soil microbial activity. In this study, we found that there was no significant
correlations (r=0.42, P>0.05) between Feco and aboveground biomass in all grasslands, natural or
planted. However, with increasing plantation age, the Feco, as well as aboveground biomass, in the
PG (MS, EC, and ME) increased (Fig. 3). The Feco in the ME was the highest. This may be caused
by the interactions (e.g., M. sativa is a legume species that can fix nitrogen, thus it can improve
the growth and metabolism of the multi-species plantation) and the competitions (struggling for
more water and light) between M. sativa and E. cylindricus.

Fig. 3 Aboveground biomass and ecosystem respiration (Feco) in the four grassland types (NG, MS, EC, and ME)
in 2012 (27 July to 5 August) and 2013 (18 July to 25 July). Bars mean standard errors; n=3.

4.2.3 Relationships of respiration fluxes with soil bulk density and SOC
During the establishment of planted grasslands, soil tillage could change the degree of soil
aggregation. Specifically, soil aggregation would decrease after the conversion of natural
grasslands into planted grasslands, which may result in a decrease in soil bulk density. The
decrease in soil density may in turn influence the carbon fluxes by changing the carbonate
dissolution chemistry and surface adhesion of carbonates to soil particles (Sánchez et al., 2002;
Dieckow et al., 2005; Ball et al., 2009). In this study, we found that there was a slightly positive
correlation between Fsh and soil bulk density (r=0.50, P>0.05; Fig. 4), and our result was
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consistent with the result of Ball et al. (2009).
SOC content in the NG was a slightly higher than those in the PG (MS, EC, and ME) in 2012
but significantly lower than those in the PG in 2013 (data not shown), indicating that the
establishment of planted grasslands may decrease SOC content and that the maturity of planted
grasslands may increase SOC content, and our results were similar with the results of Kainiemi et
al. (2013). There was a significant positive correlation between Fts and SOC content (r=0.57,
P<0.05; Fig. 5), and our result was in agreement with the results of Wang et al. (2003) and Regina
and Alakukku (2010). The aforementioned results indicate that the conversion of natural
grasslands into planted grasslands could significantly affect the respiration fluxes through
changing SOC.

Fig. 4 Relationship of soil heterotrophic respiration (Fsh) and soil bulk density to a depth of 10 cm. Bars mean
standard errors; n=3.

Fig. 5 Relationship of total soil respiration (Fts) and soil organic carbon (SOC) content to a depth of 10 cm. Bars
mean standard errors; n=3.

5

Conclusions

In this study, we compared the respiration fluxes (Feco, Fts, Fsh, and Fva) between one type of
natural grassland (NG) and three types of planted grasslands (MS, EC, and ME) and analyzed the
relationships between respiration fluxes (i.e., Feco, Fts, Fsh, and Fva) and environmental factors (i.e.,
soil properties, vegetation and climate factors) in those grasslands. The initial observed carbon
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fluxes were modified by environmental factors to ensure the comparability between different
measurements in terms of the environmental conditions among different grassland types.
Generally speaking, all the respiration fluxes were increased after the conversion of natural
grasslands into planted grasslands, especially in the second experimental year (i.e., 2013). And, Fsh
contributed more to Feco in the NG while Fva contributed more to Feco in the planted grasslands.
Climate factors (air temperature and relative humidity) and soil properties (SOC, soil temperature,
and soil moisture) strongly affected the respiration fluxes in all grasslands, natural and planted.
Here, we suggest that modification of initial observed carbon fluxes, using appropriate
methods/approaches for distinguishing Fsh and root respiration from Fts, should be adopted and
that longer-term observation should be considered in future researches.
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