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Abstract: Soil respiration (SR) is one of the largest
contributors of terrestrial CO. to the atmosphere.
Environmental as well as physicochemical parameters
influence SR and thus, different land use practices
impact the emissions of soil CO.. In this study, we
measured SR, bi-monthly, over a one-year period in a
terrace tea plantation, a forest tea plantation and a
secondary forest, in a subtropical mountain area in
Xishuangbanna, China. Along with the measurement
of SR rates, soil characteristics for each of the land
use systems were investigated. Soil respiration rates
in the different land use systems did not differ
significantly during the dry season, ranging from
2.7+0.2 ymol m=2 s to 2.8+0.2 umol m= s*. During
the wet season, however, SR rates were significantly
larger in the terrace tea plantation (5.4+0.5 umol m2
s1) and secondary forest (4.9+0.4 umol m= s) than
in the forest tea plantation (3.7+0.2 umol m- s?). This
resulted in significantly larger annual soil CO-
emissions from the terrace tea and secondary forest,
than from the forest tea plantation. It is likely that
these differences in the SR rates are due to the 0.5
times lower soil organic carbon concentrations in the
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top mineral soil in the forest tea plantation, compared
to the terrace tea plantation and secondary forest.
Furthermore, we suggest that the lower sensitivity to
temperature variation in the forest tea soil is a result
of the lower soil organic carbon concentrations. The
higher SR rates in the terrace tea plantation were
partly due to weeding events, which caused CO-.
emission peaks that contributed almost 10% to the
annual CO: flux. Our findings suggest that moving
away from heavily managed tea plantations towards
low-input forest tea can reduce the soil CO- emissions
from these systems. However, our study is a case-
study and further investigations and upscaling are
necessary to show if these findings hold true at a
landscape level.

Keywords: Soil respiration; Subtropical mountain

region; Soil temperature; Soil moisture; Weeding; Tea
plantation

Introduction

Soil respiration (SR), including autotrophic
(root) and heterotrophic (microbes, soil fauna)



respiration, is the largest global CO, flux from the
terrestrial  biosphere to the  atmosphere
(Schlesinger and Andrews 2000; Le Quéré et al.
2014). Thus, emissions of soil derived CO,, an
important greenhouse gas, are of major concern.
Small changes in soil respiration rates may have a
significant impact on the atmospheric CO. budget.
Therefore, understanding soil respiration is
essential to our understanding of the C balance
related to a variety of land use systems, such as
plantations, forests, and agricultural land.

Within the agricultural context, tea plantations
cover an enormous area, approximately 3.2 million
hectares worldwide, of which 50% are found within
China (FAO 2011). Furthermore, the agricultural
land used for tea production is expanding rapidly,
in the last five decades roughly 1.3 million hectares
have been established (Li et al. 2011), an expansion
of more than 400%. This expansion of tea
plantations is one of the major causes of
degradation of tropical forests in Asia. Secondary
forests, resulting from the recovery of degraded
forest land, are extensive in the tropics and account
for more than 40% of tropical forest area,
furthermore, this area is continuously increasing
throughout the tropical regions due to rapid land
use change (Brown and Lugo 1990; Hughes et al.
1999). Based on this expansion of both tea
plantations and secondary forests, which comprise
a large portion of the anthropogenic landscape,
knowledge regarding the C balance of these
systems is critical.

SR is a product of physical and chemical soil
parameters that are largely influenced by land use
and management practices (Paustian et al. 2000).
Unlike the highly managed terrace tea plantations,
forest tea plantations contain ancient tea trees that
have grown for up to hundreds of years within
existing forest stands. Although forest tea is
gaining in popularity, as well as value, the majority
of tea plantations in China are intensive
monoculture systems (Hung 2013). Agroforestry
practices have received considerable attention
recently as a strategy for increasing the carbon sink
in soils (Bae et al. 2013; Lee and Jose 2003).
However, few comparisons of soil carbon flux
between agroforestry, monoculture and forest
ecosystems have been conducted. And to our
knowledge, there is no study that compares SR
from terrace tea and forest tea.
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Temporal and spatial variation in SR rates, for
a variety of land use systems, is primarily
influenced by soil water content (SWC) and soil
temperature (ST; Davidson 1998; Xu and Qi 2001;
Adachi et al. 2006). However, neither SWC nor ST
can fully account for the spatial variation of SR
(e.g., Yim et al. 2003; Sotta et al. 2004; Tedeschi
et al. 2006), as SR exhibits a strong heterogeneity
at scales ranging from plants to landscapes (Stoyan
et al. 2000; Euskirchen et al. 2003). In addition to
ST and SWC, several studies have shown that soil
nutrient concentrations are important parameters
for driving the spatial variation of SR (Xu and Qi
2001; Soe and Buchmann 2005). Therefore, more
studies on CO, fluxes from different ecosystems are
critical for furthering our understanding of the
response of soils to different land use types, and to
get reliable estimates of the CO, balance of
ecosystems on a regional and, ultimately, global
scale.

This study was undertaken with the objective
to quantify and compare soil respiration rates, over
a 12 month cycle, in two differently managed tea
plantations: a terrace tea plantation and a forest
tea plantation, and a secondary forest in
Xishuangbanna, southwest China. Our goal was to
better understand how these two different tea crop
production systems, which are representative of
the major tea farming methods of this region,
contribute to annual soil CO, emissions. Secondary
forests represent unmanaged, disturbed forest
systems, thus functioning as an ideal control for
this study. The findings of this study will contribute
to guidelines for future experimental work, land
use planning and mitigation of climate change. Due
to the limited scale at which our study was
conducted, we cannot extrapolate our results to a
landscape scale. However, our findings can be used
as the foundation of future work relating to this
topic.

1 Materials and Methods

1.1 Site description

The study was conducted within an area
surrounding  the  village =~ Mengsong in
Xishuangbanna (21°49'N, 100°50'E ~100°51'E; see
Figure 1), Yunnan Province, China. Mengsong is
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Figure 1 Location of the study area in Xishuangbanna,
Yunnan, China.
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Figure 2 Monthly mean air temperature and
precipitation of the study area in Xishuangbanna.

located in a mountainous region, with an elevation
ranging between 800 and 2000 m a.s.l. During our
study, from November 2010 to November 2011,
mean annual temperature was 19.3°C and annual
precipitation approximately 1570 mm, of which the
majority (1160 mm) fell during the wet season
(May - October). Climatic data were obtained from

a local weather station (Figure 2).

Within the agricultural and forested areas
surrounding the village, three different study sites,
representing three different land use systems, were
selected: a terrace tea plantation (21°49.20' N,
100°50.78' E), a forest tea plantation (21°49.61' N,
100°51.11' E) and a secondary forest (21°49.45' N,
100°49.97' E). The average elevation for the 3 sites
was 1610 m a.s.l., with less than 30 m elevation
differences for each site. Soils of all three sites are
classified as Alisol with a sandy loam texture. The
two tea plantations were planted with Camellia
sinensis var. assamica. However, in the terrace tea
plantation the tea plants were maintained at a
height of about 1 m, whereas in the forest tea
plantation the tea plants were grown to a
maximum height of 2.5 m. The age of the terrace
tea plantation was 31 years at the time of the
experiment and the forest tea trees were between
100 and 150 years old. Weeding occurred in the
terrace tea plantations three times during the wet
season: in late June, early August and late
September, weeded plants were left between the
rows of tea plants. In the terrace tea plantation,
Lamiaceae dominated the groundcover (> 90%).
There was almost no groundcover in the forest tea
plantation and thus no weeding events occurred.
The secondary forest consisted of Lithocarpus
shima and Castanopsis sp. trees, with an age
between 30 and 35 years. For more details on the
different sites refer to Table 1.

1.2 Soil respiration measurement

A closed dynamic system was used to measure
SR at each site. Three PVC collars, 20 cm in
diameter and 20 cm in height, were installed

Table 1 Site description of the three different land use (LS) sites: Terrace tea plantation (TT), forest tea plantation

(FT), and secondary forest (SF)

Land use Main plant species

Site age

Management practice BD LLD

Tree layer Tea Ground cover (years)
Camellia Harvest 3 times/year, in
sinensis var. Lamiaceae Mar, Jul and Sep,
e - assamica; 8200 > 90% 31 Weeding in Jun, Aug 100 0.34
bushes ha and Sep
Lithocarpus schima, Camellia e
FT Castanopsis sp., sinensis var. — >100 v year, 0.98 0.37
Legumenaceae assamica ar, Jul and Sep
g
tree
SF Fagaceae, Litsea sp. — seedlings: 35 — 1.03 1.9
5% - 40%

Notes: BD, Bulk density (g cm-3); LLD, Litter layer depth (cm).
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randomly within the three land use systems; but at
least 1 m away from trees. The collars were driven 5
cm into the soil to minimize the disturbance of
near-surface roots. SR measurements were
performed from early November 2010 (two weeks
after collars were inserted) until early November
2011. Measurements were made twice a month for
the duration of the experiment. For each
measurement, the collars were manually closed
with a plastic lid and connected to a portable
infrared gas analyzer (LI-8100, LI-COR, Lincoln,
Nebraska, USA). Air was circulated in this closed
system by a pump at a constant flow rate of 0.5 L
min? and the CO. concentration inside the
chamber was logged every 10 s for a period of 5
min. CO, fluxes were calculated from linear
regressions of increasing CO, concentrations. The
data was averaged from the three collars on every
site to account for any spatial variation.

In addition to the SR measurements, soil
temperature and soil water content (SWC) were
measured at a depth of 10 c¢m, using sensors
attached to the LI-8100 soil CO, flux system. Air
temperature and precipitation were measured by
an automatic weather station between the study
sites.

1.3 Soil sampling and analysis

Soil samples were collected from each of the
land use systems, these samples were taken from
depths of 0-15 cm, 15-30 cm, and 30-60 cm, in
June 2011. Sampling locations were 1 m north of
the PVC collars. The soil samples were analyzed for
pH, total C, total N, cation exchange capacity (CEC),
available P, available K and bulk density. Analyses
were conducted at the Yunnan Academy of
Agricultural Science. At the same time, the litter
layer depth at 0.5 m south of the collars was
measured.

1.4 Statistics

The Mann-Whitney U-Test was used to
compare the SR rates on single days and the
cumulative SR in the different land use sites. SR
rates between two measuring dates were linearly
interpolated. Non-linear regression analysis was
used to identify significant correlations between SR
and soil temperature and SWC. The significance of
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correlations between two parameters from the
same site was tested using Pearson’s correlation
test. All tests of significance were conducted at the
0.05 probability level, using SPSS Version 15.0. For
the SR rate values n = 3, and all values given in the
text, tables and graphs are representing means *
standard error.

2 Results

2.1 Soil analysis

Soil bulk density didn’t differ significantly
between the different study sites, with values
ranging from 0.98 to 1.03 g cm3 (Table 1). Litter
layer depth was significantly higher in the
secondary forest (1.9 cm) compared to that of the
terrace and forest tea plantations (0.37 ¢cm and
0.34 cm, respectively). Soil pH ranged from 4.1 to
4.9 in the o to 15 cm soil depth, with terrace tea
and forest tea soil having significantly higher pH
values than the secondary forest soils (Table 2).
Soil organic C was lowest in the soils from the
forest tea plantation, at a depth of 15 to 30 cm
(26.5 + 1.2 g kg1), compared to terrace tea (49.2 +
6.0 g kg1) and secondary forest soil (50.6 + 10.2
g kg1). There were no differences in the total N,
available P and available K concentrations between
the different land use systems (Table 2), neither
were there any significant differences in the soil
C:N ratios between land use types.

2.2 Seasonal and annual SR

During the dry season, mean SR rates (SRay)
were comparably low and did not differ
significantly among land use types, with rates
ranging between 2.7 and 2.8 umol m-2 s (Table 3).
During the dry-wet season transition period, from
March to May, SWC and ST significantly increased,
followed by a significant increase in SR (Figure 3A-
D). This increase in SR was observed in all sites,
but most remarkably in the terrace tea plantation
and the secondary forest, with increases of 150%
and 65%, respectively, compared to a 30% increase
in the forest tea plantation (Figure 3C and D).
During the same period, ST and SWC, at 10 cm
depth, didn’t differ for both kinds of tea plantations,
but showed significantly lower values in the
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Table 2 Soil characteristics (mean + standard error, n=3) of terrace tea, forest tea and secondary forest: pH, soil
organic carbon (SOC), total nitrogen (TN), available phosphorus (AP), available potassium (AK), and cation
exchange capacity (CEC). Superscript letters within a column indicate no significant difference between the
management sites and/or soil depths according to the Mann-Whitney U-Test at p<0.05.

Land use Depth pH SOC TN AP AK CEC

(cm) (kg™ (gkg") (mg kg) (mg kg™) (cmol kg)
Terrace tea 4.9+0.1P 61.9+4.42 3.8+£0.32 42.6+1.82 43.7+£6.02 22.1+0.52
Forest tea 0-15 4.7+0.1P 66.4+2.52 3.8+0.22 46.9+12.12 40.3+8.82 21.4+0.42
Sec. forest 4.1+0.02 66.4+14.42 3.3£0.62 32.5+3.62 32.8+0.82 21.8£3.12
Terrace tea 4.9+0.12 49.2+6.0P 3.0£0.42 30.7+2.32 12.0+7.72 21.9+1.9P
Forest tea 15-30 4.8+0.02 26.5+1.22 2.74+0.12 27.9+2.12 12.0£5.02 18.4+£0.92
Sec. forest 4.7+0.12 50.6+10.2P 2.8+0.52 20.9+1.82 5.3+3.32 20.142.4%
Terrace tea 5.1+£0.12 24.6+1.42 1.7+£0.12 14.54£0.22 15.442.9P 15.4£0.92
Forest tea 30-60 5.1+£0.02 21.9+0.72 1.6+0.12 12.6+£0.92 10.7+2.72b 12.8+0.52
Sec. forest 5.0+0.12 31.2+8.3% 1.740.42 11.8+2.32 6.7+0.72 14.9+1.82

Table 3 Mean soil respiration (SRav, pmol m2 s?), mean soil temperature (mean ST, °C) and mean soil water
content (mean SWC, m3 m-3), at 10 cm soil depth, for dry season (November-April) and wet season (May-October),
with standard errors (n=3). Superscript letters within a row indicate no significant difference between the

management sites and/or seasons according to the Mann-Whitney U-Test at p<0.05.

Terrace tea
Dry season Wet season Dry season
SRay 2.7+0.32 5.4+0.5° 2.740.22
Mean ST 17.2+£0.42 20.5+0.5P 17.4+0.32
Mean SWC 0.12+0.03% 0.38+0.014 0.15+0.03P

secondary forest site (Figure 3B, C).

There were differences in the SR,y among the
different land use types during the wet season with
lowest rates in the forest tea plantation (3.7 umol
m=2 s1) and significantly higher rates in the
secondary forest and terrace tea plantation (4.9
umol m=2 st and 5.4 umol m=2 s, respectively,
Table 3). The increased soil CO. emissions from the
terrace tea soil were partly due to three SR peaks
that were measured in late June, early August and
late September (Figure 3C). These peaks occurred
three to four days after weeding. Annual SR in the
forest tea plantation (101.1+6.6 mol m-2) was found
to be 21% and 25% less compared to the terrace tea
and secondary forest, respectively (Figure 3D).

2.3 Relationship between SR, ST and SWC

Annual variation in SR on all three sites was
significantly correlated to ST during the wet season
(Figure 4A, C and E). This correlation was
strongest in the secondary forest and weakest in
the forest tea plantation. However, during the dry
season, SR and ST were not correlated in any of the
land use types. During the dry period, both the
terrace tea and forest tea plantations showed a
significant correlation between SR and SWC.
However, SR from the secondary forest was not
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Forest tea Secondary forest
Wet season Dry season Wet season
3.7+0.2P 2.8+0.22 4.9+0.4°
20.8+0.3P 16.5+0.22 18.9+0.22
0.39+0.014 0.09+0.02% 0.32+0.01°¢

correlated to soil moisture during this period
(Figure 4B, D and F). Annual and seasonal
temperature sensitivity of soil respiration (Qio)
estimates can be found in Table 4.

3 Discussion

We observed that annual soil respiration (SR)
in the forest tea plantation (101.1+6.6 mol m-2) was
more than 20% less compared to the terrace tea
plantation (127.3 + 13.0 mol m=) and secondary
forest (121.9 + 8.8 mol m=), resulting in
approximately 3000 kg ha-tless C being emitted as
CO, from these soils annually. The annual soil CO,
emission rates measured in this study are within
the range of those measured in tropical forests and
crop plantations, although they are at the upper
end of these emission rates (Sha et al. 2005; Fang
and Sha 2006; Lu et al. 2009).

During the dry season, cumulative CO,
emissions from the soils of the different sites did
not differ and accounted for 32%, 36% and 42% of
the annual emissions from the terrace tea
plantation, secondary forest and forest tea
plantation, respectively. The difference in annual
SR was only due to the fluxes during the wet season.
We suggest that the highest SR rates in terrace tea
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Figure 3 Time course of A) soil water content and B)
soil temperature, both at 10 cm depth, C) soil
respiration, and D) cumulative soil respiration under
different land-uses: terrace tea plantation (terrace
tea), forest tea plantation (forest tea), and secondary
forest. Error bars indicate the standard error of the
mean (n=3). The grey box marks the wet season.

and lowest in forest tea are due to: 1) Lower SOC
content within the forest tea soil, and 2) weeding as
a management practice only executed in terrace tea
plantation that led to CO. peaks with significant
impact on the annual soil CO, emission.

The diminished rates of SR in the forest tea
plantation are best explained by the lower SOC
levels observed in these soils (ca. 47% lower), as
there were no differences found in any of the other
soil parameters, such as ST, SWC, and soil
chemical parameters. A few studies have
demonstrated that annual soil CO, effluxes in
different ecosystems positively correlate with SOC
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Table 4 Estimated annual and seasonal (dry season:
November-April; wet season: May-October) soil
respiration (Qio + SE) (n=3) in the three different study
sites. Superscript letters within a column indicate no
significant difference between the management sites at
P<0.05.

Soil respiration(Q:o)

Land use

annual dry season  wet season
Terrace tea 5.7+0.4P 3.6+0.9P 8.3+2.2P
Foresttea  2.1+0.12 1.5+0.52P 2.540.22
Sec. forest  5.8+1.3P 0.9+0.12 5.1+1.32b

concentrations and root biomass (Wang et al. 2006;
Zheng et al. 2009; Bae et al. 2013). The labile pool
of SOC provides an important substrate for
microbial respiration, therefore, under similar
climatic conditions, soils with higher SOC contents
generally show greater soil microbial activities
(Atkin et al. 2000), and thus increased SR rates. In
our study, SOC in the forest tea plantation was only
reduced in 15 to 30 cm depth and not throughout
the profile. The primary sources of SOC are litter
and roots. A possible cause for the lower SOC at
this depth may be a result of the reduced
vegetation cover within the forest tea plantations,
thus lowering the contribution of root derived
material to the SOC pool.
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Our results regarding seasonal variation in SR
are consistent with previous research pertaining to
SR (Cleveland et al. 2010; Zhang and Tan 2010).
During the transition from the dry to the wet
season, soil moisture and temperature rapidly
increased, followed by greatly enhanced soil
respiration rates. Other studies, in a variety of
ecosystems, including tropical forests, showed the
same pattern of SR, with CO, emissions peaking at
the onset of rain events (Davidson et al. 2000;
Davidson et al. 2002; Epron et al. 2004; Bréchet
et al. 2009). The work of Yavitt et al. (2004)
confirms that soil moisture can limit SR in tropical
rainforests. For the current study, SR in the two
different tea plantations was correlated with soil
moisture during the dry season, and not with soil
temperature, demonstrating that soil water content
was the limiting factor for soil respiration in the tea
plantations. This finding is in agreement with
previous studies (Davidson et al. 2000; Yuste et al.
2003).

Within the secondary forest, SR was not
influenced by soil water status, as evidenced by the
low SWC for these plots and the lack of any
significant correlations between these factors. The
terrace tea and forest tea plantations had
significantly higher SWC than the secondary forest,
displaying between 24% and 35% greater SWC
during the dry season, when differences were most
pronounced. However, for all of the land use
systems in this study, during the wet season, with
no limitation of water, ST appeared to be the main
driving factor for SR, as shown by a strong
correlation between soil CO, emissions and ST.

Despite the terrace tea plantation and
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