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In order to better understand the limiting factors and substrate affecting soil CO, flux, we measured total
organic carbon (TOC), microbial biomass carbon (MBC), microbial biomass nitrogen (MBN), dissolved
organic carbon (DOC), and dissolved organic nitrogen (DON) from seven sites of four land-use types
(1 vegetable field, 3 uplands, 2 orchards, 1 pine forest) of subtropical soils in Three Gorges Reservoir
Area, China. Objectives were to (1) evaluate the separate and interactive relationship of TOC, MBC, MBN,
DOC, and DON with soil CO, flux, in addition to the relationship obtained by environmental variables

Ic(gyv‘t’]ourgz:s (soil temperature and moisture), and (2) investigate the seasonal and annual CO; fluxes from different
2 .

Dissolved organic carbon and nitrogen land uses. .Annual‘COZ. fluxes ranged frorp 5.4 10 9.5 Mg CO, ha.*1 year*l. VegeFable field had the hlghest
Land use CO, emission, while pine forest had significantly lower CO, emission than cultivated land uses. Different
Microbial biomass quantities of MBC and MBN significantly regulated the CO, emission among different land uses, relatively
Subtropical weakly correlated with DOC, while not being correlated with DON. However, temporal fluctuations of CO,

Three Gorges Reservoir Area flux were significantly regulated by MBC, MBN, DOC and DON, in one model of variation, in all land uses.
But, when all the variables were included in the multiple stepwise regression analysis, different trend
of dominancy was observed for soil temperature (two sites), MBC (one site), MBN (one site), DOC (two
sites) and DON (one site). Our results indicate that (1) there can be a significant shift of microbial biomass
with land-use change, which in turn, caused to shift in CO; flux, and (2) apart from the soil temperature,
microbial biomass and dissolved organic substances must be considered in a warming future as these
can explain a major part of temporal variation of soil CO; fluxes.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Different land uses can have a significant impact on changes of
CO, fluxes from the soil-to-atmosphere (Igbal et al., 2008). Land-
use changes directed to an emission of 1.7 Pg C per year in the
tropics (Reay and Pidwirny, 2006). In China, afforestation area
was 0.45 million km? in the past 30 years (Houghton, 2002) that
included the planting of trees for timber, shelterbelts, fuel wood,
and orchards. Such changes may dramatically alter soil organic car-
bon dynamics (Li et al., 2002) and, in turn, affect exchanges of CO,
between the soil and the atmosphere (Zhou et al., 2004). Therefore,
CO; emissions from different land uses are important for our under-
standing that how environmental variables affect soil C turnover
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processes and associated soil CO, emissions. Furthermore, fore-
casts with changes in soil respiration with changes in climate are
obviously needed, but they remain highly uncertain in subtropical
region.

Factors affecting soil respiration include soil temperature (Hu et
al., 2004; Igbal et al., 2009a), soil moisture (Tang et al., 2006), root
exudation (Kuzyakov, 2002) and aboveground plant litter (Raich
and Schlesinger, 1992). However, several other soil C and N pools
such as soil microbial biomass (SMB) including microbial biomass
carbon (MBC) and microbial biomass nitrogen (MBN), dissolved
organic substances (DOS) including dissolved organic carbon (DOC)
and dissolve organic nitrogen (DON) should also be considered
while estimating soil respiration budgets. SMB is the most active
component of soil organic carbon that regulates biogeochemical
processes in terrestrial ecosystems (Paul and Clark, 1996). Although
total soil microbial biomass carbon worldwide is approximately
1.4% of the world’s total soil organic carbon, its turnover represents
asignificant contribution to the global carbon cycle (Wardle, 1992).
Numerous studies on microbial biomass have been conducted in
temperate ecosystems (e.g. Vance and Chapin, 2001). However,
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only a few studies on soil microbial biomass have been performed
in subtropical ecosystem. Our understanding of the fluctuation of
soil microbial biomass in the vast area of subtropical agriculture
soils remains very poor.

Different land uses can have different soil organic carbon (SOC)
inputrates. These changes in SOC would resultin storage/loss of soil
C and N, which are likely to influence the pool size and activity of
the SMB (MBC and MBN). Due to its highly dynamic character the
microbial biomass responds more rapidly than soil organic mat-
ter as a whole to changes in management that alter the annual
organic input to the soil (Powlson et al., 1987). Since soil microbes
are often limited by C and/or N (Wardle, 1992), increased C and
N input could provide more resources to support a larger soil res-
piration processes. Moreover, the microbial community can only
access soluble C and consequently it is the concentration, composi-
tion and rate of supply of C substrates to the soil solution that drive
soil respiration (Van Hees et al., 2005).

Seasonal variation in SMB has been observed in many stud-
ies (e.g. Luizdo et al., 1998). However, separate seasonal effect
and association of MBC and MBN with soil respiration still remain
uncertain. Some soil processes can have a strong impact on sea-
sonal variation of SMB, which in turn derives the soil respiration
(Lou et al., 2004). Available soil carbon has been commonly recog-
nized as the driving factor regulating soil microbial biomass growth
(Wardle, 1992), although other factors such as temperature, soil
moisture, soil physical-chemical conditions, and food web interac-
tions may also influence SMB (Coleman and Crossley, 1996). DON
represents a significant pool of soluble N in most ecosystems, which
have been found to show seasonal variation in temperate agricul-
ture systems (Willett et al., 2004), and can also influence microbial
activity. However, its impact on microbial activity (in turn, soil res-
piration) is still unknown. DOC has also been used as an indicator
of carbon availability to soil microorganisms (Boyer and Groffman,
1996). However, observations on the effects of DOC on microbial
activity are inconclusive. For example, Burford and Bremner (1975)
suggested that DOC was related to heterotrophic microbial pro-
cesses such as respiration and denitrification, while Cook and Allan
(1992) observed that soil respiration rates declined during a 210-
day incubation, but DOC content remained constant or increased.

This study explored to what extent the changes in DOS (DOC and
DON) and SMB (MBC and MBN) related to seasonal variation of soil
CO; flux in different land uses in subtropical ecosystem. Different
land-use types in the Three Gorges Reservoir Area (TGRA) provided
an excellent opportunity to study these issues. The Three Gorges
Reservoir Project in China has transformed an entire region, which
has remained relatively unchanged for millennia, with unknown
environmental consequences (Liu et al., 2004). It is unprecedented
anywhere in the world for such significant environmental changes
to be made, on such a scale and over such a short period of time.
Because of the far-reaching and profound impacts exerted by the
building of the Three Gorges Dam (TGD) project due for comple-
tion in 2010, even more pressure is now being exerted on this
fragile soil resource (Yan et al., 2003). Research on the uncertainty
of green house gas (GHG) fluxes in this important area is lacking.
The TGD will potentially reduce the coal consumption by 31 mil-
lion tonnes per year, cutting the emission of 100 million tonnes of
greenhouse gases (GGEBC, 2006). However, due to its geographi-
cal location and water system, it is of great importance to study
the uncertain parameters that affect CO, fluxes to provide the nec-
essary references for accurately estimating the CO, fluxes at the
regional subtropics as well as at global scale.

We hypothesize that soil CO, flux will be at the same time sig-
nificantly influenced by DOS (DOC and DON) and SMB (MBC and
MBN) in different land uses as all of these are significantly influ-
enced by climatic season. Furthermore, DOC and DON directly affect
plant production and soil microbial activity both of which act as

sources and sinks of DOC and DON in soil. The specific aims of this
study were to (1) observe seasonal trend of CO, emission during the
transition from a dry to wet season in different land-use types; (2)
quantify annual CO, emissions in dominating agriculture soils in
subtropical Southern China; to (3) investigate the seasonal dynam-
ics and differences of DOS (DOC and DON), SMB (MBC and MBN),
microbial quotient (Q;), DOC:DON and MBC:MBN ratios between
different land-use types, and to establish whether their concentra-
tion and dynamics were associated with soil CO, flux in different
land uses.

2. Methods and materials
2.1. Site description

The study site was located at the experimental station of Zigui
County, TGRA, Southern China (30°38'-31°11’N, 110°18'-111°0’E).
Altitude ranges from 133 to 632m above sea level. The rel-
ative humidity is 72%. This region has a typical subtropical
monsoon climate with an annual mean air temperature of
18.0°C and an annual frost-free period of 326 days. Annual
precipitation averages 1164 mm, of which nearly 80% falls in hot-
humid season (April-September) and 20% in the cool-dry season
(October-March). The selected sites were representative of the
regional land use in TGRA, Southern China. Yellow brown soil of
this region derived from granite and/or sandstone, can be referred
as Alfisols in the Soil Taxonomy System of China and as Argosols
and Cambosols in the Soil Taxonomy System of USA.

Most of the Zigui area is hilly or mountainous with basic farming
and green tea (Camellia sinensis) production. Arable cultivation on
terraced fields is the dominant farming of the county. The average
slope of the terrain varies between 5° and 35° and has a southerly
aspect. The lower terrain is smooth and the middle-upper ter-
rain is having steep slope. It lies in the upstream of TGRA, and
has geomorphological landscape with many mountains after long-
time geological evolution and exogenic force erosion of wind and
rain. Though dominated by mountains, it is densely populated and
has been intensively reclaimed and cultivated. The arable land on
steep and dissected terrain is known to be susceptible to soil ero-
sion. Traditional cultivation practices have been sympathetic to soil
conservation. Slope length and angles are controlled by dividing
slopes into sequences of terraced fields, with associated ditching to
divert runoff. Most farmers practice downslope tillage procedures.
Although local experimentation has shown that contour cultiva-
tion can retain moisture levels as well as reduce erosion hazard
(SWCOSCC, 1988), downslope tillage is easier to undertake and can
assist the drainage of excess water in the earlier part of the mon-
soon season. Using field mapping combined with a 1:10,000 scale
land-use map prepared by the Soil and Water Conservation Bureau
of Zigui County, the proportion of land cover types in the catch-
ments is as follows: Upland 28.8%; Paddy 29.1%; Orchard 12.3%;
Woodland 20%.

The experimental sites were located within Zigui County,
including two watersheds; Zhangjiachong (1.62 km?) about 12 km
southwest of Three Gorges dam, Quxi (17.6km?) about 4.5 km
northwest of Three gorges dam. These watersheds are about 40 km
away from each other. The sites were selected to cover the major
land uses in this area. From Zhangjiachong, four sites were cho-
sen to represent different land uses: Z-1--upland, Z-2--upland,
Z-3--orchard, and Z-4--pine forest. In 2003, Z-1 was transferred
from paddy field to arable land having corn, peanut and sweat pota-
toes, while C. sinensis seedlings were inter-planted in autumn 2006.
Z-2 was a wasteland before 1922 when it was planted with C. sinen-
sis seedlings which lasted up to 1967. In 1967, Z-2 land usage was
replaced with Chinese chestnut (Castanea mollissima) which started
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Fig. 1. Monthly variations of precipitation and air temperature at Zigui County.

calculated as follows:

F=px v X g X 273 x o
A At T

where F(mgCm~2h~1) is the soil respiration rate, p is the density
of CO; (1.98 x 103 gm~3) under standard condition, V (m3) and A
(m?) are the volume and bottom area of the chamber, respectively,
Ac (m3m~3) is the change in CO, concentration in the chamber
during the period At (h), Tis the absolute temperature and « is the
conversion factor for CO, to C (12/44). The annual total soil CO,
fluxes were calculated by multiplying the rate (average of three
replications) by 28-31 days (the interval time). It should also be
noted that data measured in the closed chamber in this study may
possibly be underestimated by around 10% (Rayment, 2000).

2.4. Soil sampling and analysis

During 1 year, monthly soil samples (0-20cm) were collected
from each field, at the same time of CO, flux measurements, mixed
and placed in plastic bags after manual removal of visible plant
residues and roots, immediately stored in an ice chest until they
were transported to the laboratory. From each site, five subsamples
(0-20 cm depth) were collected (with a probe of 6.0 cm diameter
core) at random and composited into one soil sample for each of
the three replicates. Field-moist soil samples were divided into two
subsamples. One subsample was used for TOC, MBC, MBN, DOC, and
DON measurements. Another was allowed to dry at room temper-
ature, and used for chemical analyses.

Air-dried soil samples were sieved, and analyzed for total N
(Kjeldahl method), and pH (1:1 soil water paste) with electrom-
etry (pH electrode). Soil bulk density was determined by retrieving
undisturbed cores of known volume from each sampling site sub-
sequently being oven-dried at 105°C until constant weight was
achieved. Particle size distribution was analyzed with pipette
method using pyrophosphate as dispersing agent.

For TOC, MBC, MBN, DOC and DON determinations, soil samples
were stored at 5-7 °C pending analyses. Prior to analysis soil sam-
ples were sieved through a 2-mm sieve, adjusted to a 40% of water
holding capacity, and kept at room temperature for 7 days. MBC
and MBN were estimated by the chloroform fumigation-extraction
method (Brookes et al., 1985; Wu et al., 1990), using alcohol free
CHCl3, followed by 0.5 M K,SO4 extraction of both fumigated and
non-fumigated soils. Both the non-fumigated and fumigated soil
extracts were filtered through Whatman # 40 paper and frozen
until analysis of TOC, MBC, MBN, DOC and DON. Soil MBC was ana-
lyzed by a TOC-5000A total organic C analyzer (Shimadzu, Kyoto,
Japan), and estimated using the equation: MBC=2.22Ec, where Ecis
the difference between organic C extracted from the K,SO4 extracts

of fumigated and non-fumigated soils, both expressed as pgCg!
ovendry soil (Wuetal., 1990). The same K,SO4 soil extract was used
to determine MBN. The extractable total nitrogen from fumigated
and non-fumigated soil was measured by the total persulfate oxida-
tion procedure (Keeney and Nelson, 1982). MBN was calculated as
the difference between the extractable total nitrogen of fumigated
and non-fumigated soil, using the following equation (Solaiman,
2007): MBN=E/0. 45, where Ey is the difference between the
amounts of total N extracted from the K,SO4 extract of fumigated
and non-fumigated soil both expressed as pgNg~! oven dry soil,
and 0.45 is the fraction of biomass N extracted after chloroform
fumigation.

For convenience, it is preferable to analyze DOC and DON in
routine extractions undertaken either for inorganic N or microbial
biomass determination in soil (Horwath and Paul, 1994; Mulvaney,
1996). Therefore, DOC was analyzed from the same extract taken
from non-fumigated soils (Hogberg and Hogberg, 2002), and mea-
sured by dichromate oxidation method (Jenkinson and Powlson,
1976). DON was calculated as the difference between the total dis-
solved nitrogen (TDN) reading and the combined NH4* and NO3;~
(dissolved inorganic nitrogen, DIN) reading (Jones and Willett,
2006). From non-fumigated soil extract, TDN was determined by
persulfate oxidation method (Hagedorn and Schleppi, 2000). Soil
NO3~ and NH4* were measured from non-fumigated soil extracts
using cadmium reduction followed by a modified Griess-Ilosvay
method and indophenol blue reaction (Mulvaney, 1996).

2.5. Measurement of environmental factors

Soil moisture content at a depth of 10cm, was estimated
by the relative water content as the percentage of water-filled
pore space (WFPS). The soil water content (gg~!) was deter-
mined by gravimetry with oven drying at 105°C for 24 h. WFPS
was calculated with the following equation (Franzluebbers, 1999):
WEFPS = (SWC x BD)/[1 — (BD/PD)], where SWCis the soil water con-
tent (gg-1), BD is the soil bulk density (gcm=3), and PD is the
soil particle density. Soil temperatures were measured using soil
thermometers inserted to a depth of 5 cm inside the chambers. Cli-
matic data (precipitation and air temperature) were obtained at
the weather station of soil and water conservation station of Zigui
County.

2.6. Statistical analysis

Most of the statistical analyses were performed with SAS soft-
ware (version 8; SAS Institute, Cary, NC). When necessary, data
were log-transformed to meet the assumption of normal distribu-
tion. CO, fluxes, soil temperature, WFPS, MBC, MBN, DOC, DON
and TOC for each land use were calculated by averaging the 3
replicates on each sampling day. A repeated-measure analysis of
variance was used to test the differences of environmental fac-
tors, MBC, MBN, DOC, DON and CO, fluxes among the seven land
uses, season and to assess the significance of the impacts of land
use, season, and their interactions on CO, fluxes. The soil temper-
ature effect on soil respiration was linearized with a Q¢ function,
which assumed an optimum respiration at 30°C and doubled with
every 10°C change in temperature (Kucera and Kirkham, 1971):

Temperature function = 2[(°¢-30)/10]

Soil CO, fluxes were linearly regressed with soil temperature,
WEPS, MBC, MBN, DOC and DON, separately as well as possible
interaction terms, for each land-use type. To see the dominant
variable regulating soil CO, fluxes, step wise regression analysis
between CO, fluxes and different environmental variables was per-
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Table 2

Significance of the impacts of land use, season, and their interactions on soil temperature, soil moisture, MBC, MBN, DOC, DON, TOC, and CO; at the Zigui County.
Property Soil temperature Soil moisture MBC MBN DOC DON TOC CO,
Land use ns ns
Season - " ns
Land use vs season ns ns ns ns ns ns ns

ns, no significant impact.
* Significance impact at P < 0.05.
™ Significance impact at P<0.001.

formed by using SPSS 12.0 software package. A P-value <0.05 was
used to reject the null hypothesis that the model is not significant.

3. Results
3.1. Environmental factors

Over the 1-year-study period, the annual rainfall (January-
December) was significantly higher (1449.6 mm) than the long-
term average annual rainfall of 1164 mm. Intense rainstorms
occurred in April, July and August. Precipitation during the period
of April to September accounted for 80.3% of total rainfall in
the year. The test sites frequently experiences heat stress dur-
ing growing season, with the maximum daily temperature in
excess of 30°C. Annual mean air temperature was 19.9°C, with
monthly temperature ranging from 5.7 °C (January) to 31.0 °C (July)
(Fig. 1).

A distinct seasonal difference of soil temperature can be
observed (Table 2 and Fig. 2B). However, no significant dif-
ferences in soil temperature were observed among the seven
land-use types (Table 2). In this study, although higher rainfall
occurred during April-September and lower rainfall occurred dur-
ing October-March, higher WFPS was found during October-March
than April-September (Figs. 1 and 2C). We divided the 1-year
period into two seasons according to the rainfall: (1) April through
September (the hot-humid season) and (2) from October through
March (the cool-dry season). Although, WFPS also showed signifi-
cant seasonal response, soil temperature was not found to be well
correlated with WFPS across the season (data not shown). The sea-
sonality of soil temperature coincided with the seasonal patterns
of air temperature (Figs. 1 and 2B).

3.2. Microbial biomass C and N, and dissolved organic C and N

Soil microbial biomass C showed clear seasonal variation during
the study period. Soil MBC varied among months within the range
of 13.1-564.3 mg Ckg~! (Fig. 2E). MBC was higher in hot-humid
season than in cold-dry season (Fig. 2E). MBC peaked in June, July
and August when there were maximum air temperature with some
intense rainstorms. While the lowest level occurred in December
when there was no rainfall. During the whole study period, MBC
significantly differed among different land uses following the order
ofQ-1>Q-2>7Z-1>7Z-2>7Z-3 ~Q-3>Z-4(Fig.2E). No significant land
use—season interaction was observed, as the same seasonal trend
was observed from all land uses (Table 2). Soil MBN almost showed
similar trend of variation as observed for MBC. MBN from different
land uses varied from 1.4 to 180.3 mg N kg1, and was significantly
different following the order of Q-1>7Z-1>Q-2 >Z-2>Z-3>Q-3>Z-
4 (Fig. 2F).

Soil MBC quotient (Q;) was calculated as fractions of soil TOC.
The magnitude of Q; or the proportions of microbial biomass C in
soil TOC was significantly higher in cultivated soils than in pine
forest (Z-4) suggesting that forest litter can be less suitable as
microbial substrate compared with cultivated litter. The Q; value of
non-tilled orchard (Z-3) was significantly higher than tilled orchard

(Q-3), which indicates that tillage caused to disturb the microbial
activities in the soil. Among the cultivated sites, the Q; value was
significantly different following the order of Q-1>Z-1~Q-2>Z-
2>7-3>Q-3.

The seasonal pattern of DOC and DON was similar to MBC and
MBN, with some peaks being observed during the months of intense
rainstorms, except that DON levels decreased significantly in July
when intense rainstorms with higher magnitude occurred. How-
ever, unlike MBC and MBN, DOC and DON had different orders of
magnitude in different land uses. From all land uses, the DOC con-
centration ranged from 12.4 to 297 mg C kg~! and was significant in
the following order: Q-2 >Z-2 ~Q-1>Z-1~Z-4>Q-3>Z-3(Fig. 2G).
Unlike DOC, DON did not show highly significant amount of dif-
ference among different land uses, and was slightly significant in
the following order: Z1>7Z3 ~ Q3 ~ Q2 >Q1 ~Z2 >Z4 (Fig. 2H). Nei-
ther the DOC concentration nor the DON pool had significant land
use x season interaction (Table 2).

3.3. Seasonal variations in CO, fluxes

Emission of CO, is likely influenced by precipitation directly
and indirectly. Highest precipitation was observed in hot-humid
season when CO, emission emerged with some peaks. Soil CO,
emission positively correlated with precipitation in all land-use
types except Q-3 (data not shown). In all sites, soil CO, fluxes were
significantly higher in the hot-humid season (April-September)
than in the cool-dry season (October-March) (P<0.001, Fig. 2A).
Over the whole experimental period, maximum CO, release
(324.44mg CO, m~2h~1) took place in August when soil temper-
ature was relatively high (28.4°C) and moisture was relatively
low (WFPS of 35%) (Fig. 2A, B and C). Minimum emissions
(7.2mgC0O, m~2 h~1)occurred in December when soil temperature
was low (7.4 °C), and soil moisture was at moderate level (WFPS of
52%) (Fig. 2A, B and C). The CV values of CO, fluxes in dry sea-
son (29.5-85.2%) were more variable than those in humid season
(43.1-74.8%), which indicated a higher temporal variability in dry
season than in humid season.

3.4. Land-use effect on CO; fluxes

Land use had a significantimpact on soil CO, efflux (Table 2). Soil
CO, fluxes significantly differed among the soils under different
land uses, following the order of Q-1>Q-2>Z-1>Z-2~Q-3>Z-
3>Z-4 (Fig. 2A). A significantly higher CO, flux was found from
vegetable field, uplands, and orchards as compared to pine for-
est (Z-4), as higher amounts of MBC and MBN were found from
vegetable field, uplands, and orchards than pine forest, indicating
that either more N or C is available in cultivated soils for immobi-
lization or there are certain conditions in cultivated soil substrates
which cause immobilization of C and N. Soil CO, flux was higher
in Q-3 (orchard with tillage) than in Z-3 (orchard without tillage)
(Fig. 2A), which indicated a significant flux difference induced by
tillage practice. The annual site CO, emission rates, calculated by
integration of the mean emission on each sampling occasion, were
estimated as 9.5+ 0.47, 8.8 +0.53, 7.8 £ 0.46, 6.8 +0.37, 6.6 + 0.26,



Table 3
Soil CO, flux (mgCO, m~2 h~') as predicted by soil temperature (T) (i.e., linearized transformation from 2!(¢-30/101) water-filled pore space (W), microbial biomass carbon (MBC, mgkg~'), microbial biomass nitrogen (MBN,
mgkg1), dissolved organic carbon (DOC, mgkg1), and dissolved organic nitrogen (DON, mg kg~') from seven land-use types at the Zigui County.

Property Site code
Z-1 Z-2 Z-3 Z-4 Q-1 Q-2 Q-3
¥ R? P>t # RZ P>t ¢ R? P>t ¢ R? P>t * RZ P>t ¢ R? P>t ¢ R? P>t
Sources of variation of soil CO, flux
Intercept -230.2 -119.9 - -18.86 —547.4 - -140.8 —31.60 2438 ’
T 350.1 0.61 . 291.7 0.47 : 62.31 0.74 1183.7 0.62 . 210.2 0.78 351.9 0.69 89.72 0.45 :
w -0.39 0.06 ns -0.11 0.02 ns 0.35 0.03 ns 0.10 0.03 ns 0.003 0.007 ns 0.69 0.07 ns 0.71 0.25 ns
MBC 4.19 0.53 - 1.44 0.39 : 0.44 0.30 ns 1.12 0.86 0.63 0.78 227 077 2.88 0.68
MBN 3.92 0.53 . 3.08 0.78 1.94 0.44 : 1.31 0.80 241 0.77 2,57 091 3.60 0.53 -
DOC 3.39 0.79 2.88 0.95 0.89 0.60 . 1.15 0.23 ns 224 0.50 - 131 075 0.19 0.75
DON 293 0.73 -2.42 0.26 ns 3.07 0.71 -0.11 0.23 ns -2.36 0.58 " —-7.48 034 : 3.73 0.85
TxW —4.64 0.36 . —5.88 0.32 ns -0.13 0.51 . —2241 0.38 : —5.04 0.72 —-4.63 0.36 : —0.03 0.01 ns
T x W x MBC x MBN —0.08 0.35 : 0.07 0.80 —0.001 0.18 ns 0.27 0.78 0.07 0.66 0.05 0.84 0.03 0.70
T x W x DOC x DON 0.16 0.55 . 0.04 0.73 0.01 0.46 . 0.002 0.22 ns 0.02 0.56 - 0.04 0.46 . 0.13 0.87
T x W x MBC x MBN
xDOC x DON 0.02 0.40 : 0.21 0.87 0.03 0.46 . 1.03 0.80 0.58 0.59 . 0.13 0.70 0.001 0.74
Summary statistics
R? 0.89 0.98 0.96 0.93 0.89 0.94 0.92
RMSE 259 13.5 12.1 133 36.7 35.8 225
P>F 0.002 <0.001 0.002 0.008 0.003 <0.001 <0.001
cov 29.2 17.6 17.9 21.6 339 35.7 23.0

RMSE, root mean square error; COV, coefficient of variation;
" Significance correlation at o < 0.05.
™ Significance correlation at o < 0.01.
™" Significance correlation at o <0.001.
# Parameter estimate.
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Fig. 3. Regression analysis between soil CO; flux, and microbial biomass carbon (MBC) and microbial biomass nitrogen (MBN) for different land uses at Zigui County.

6.0+0.31 and 5.440.29 (+S.D.)MgCO, ha—1year-! for Q-1, Q-2,
Z-1,7Z-2,Q-3, Z-3 and Z-4, respectively.

3.5. Impacts of environmental variances on CO, fluxes

Unlike other studies, effect of environmental variables on CO,
fluxes was not predicted separately in this study. We used one set of
parameters including all the six variables (soil temperature, WFPS,
MBC, MBN, DOC and DON) in one linear model of variation, so that
these variables can show their effect in conjunction with each other.

Soil environmental factors such as soil temperature, WEPS,
MBC, MBN, DOC, and DON, that affects microbial activities, are
most important in terms of CO, emission. A significant model was

developed including all of the above mentioned predictors, hav-
ing significant effects alone or in interaction terms. Soil CO, fluxes
displayed pronounced dependency on soil temperature from all
land-use types (R? =0.45-0.78, Table 3). While no significant effect
of WFPS on soil CO, flux was observed from all land-use types
(R2=0.007-0.25, P>0.05, Table 3). Compared to soil temperature
and WEFPS alone, soil temperature and WFPS significantly improved
the model fit simultaneously. A positive T-WFPS interaction was
observed for all land-use types (R% =0.36-0.72, Table 3) except Z-2
and Q-3 which generally had similar magnitude of CO, flux (Fig. 2A).

Soil CO, flux responded positively to MBC in all land-use types
(R2=0.39-0.86, Table 3) except Z-3 (Fig. 3, P>0.05) where lowest
WEFPS was observed among all land-use types (Fig. 2C). Soil CO,
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Fig. 4. Regression analysis between soil CO; flux, and dissolved organic carbon (DOC) and dissolved organic nitrogen (DON) for different land uses at Zigui County.

fluxes were highly significantly correlated with MBN in all land
uses (R%=0.44-0.91, Table 3 and Fig. 3). The model provided a sig-
nificant relationship between soil CO, flux and DOC contents in all
land uses (R2 =0.50-0.95, Table 3 and Fig. 4) except Z-4. Likewise,
some correlation between DON and CO» flux were found at site Z-
1, Z-3, Q-1, Q-2 and Q-3 (R =0.34-0.85, Table 3 and Fig. 4), but no
significant correlation existed at Z-2 and Z-4 site (Table 3).

To observe all the predictor’s interactive effect on CO5 flux, dif-
ferent reasonable combination of predictors were included in the
model. As compared to every predictor’s alone effect on CO, fluxes,
the dependency (improvement/diminution) of predictor’s interac-
tive effect on soil CO, flux was different among sites. To some
extent, the simultaneous effect of soil temperature and WFPS did
showed their interaction with soil MBC and MBN (except Z-3), and

soil DOC and DON (except Z-4) to have an effect on CO, fluxes
(Table 3). These interactive effects varied among different sites,
either improved or diminished than every predictor’s alone effect
(Table 3). However, to exhibit the influence on CO, flux, a generally
improved and significant interaction term was obtained with all of
the above mentioned predictors together (Table 3) in all land uses.
Furthermore, a whole regression model including all the predictors,
accounted for 89-98% of soil CO, flux variability (Table 3) in all the
land-use types.

Correlation between soil CO, flux, and MBC:MBN ratio,
DOC:DON ratio (Fig. 5) and Qt was regressed separately. A signif-
icant correlation between soil CO, flux and MBC:MBN ratio was
observed from all land-use types (R% =0.39-0.63, Fig. 5) except Z-3.
Unlike MBC:MBN ratio, DOC:DON ratio showed no consistent pat-
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Fig. 5. Regression analysis between soil CO; flux, and microbial biomass carbon to microbial biomass nitrogen ratio (MBC:MBN) and dissolved organic carbon to dissolved

organic nitrogen ratio (DOC:DON) for different land uses at Zigui County.

tern during the year, and was poorly correlated with soil CO, flux
while excluding Z-3 (Fig. 5). The Q; value significantly correlated
with soil CO, flux from all the land-use types except Z-3 where
lower soil TOC was observed during the study period (Table 1 and
Fig. 2D).

4. Discussion
4.1. Soil CO;, fluxes
Regarding CO, fluxes, only a relatively few studies have been

carried out in subtropical areas. Furthermore, to assess the impact
of climate change around the area surrounding TGD, we measured

CO, fluxes from seven types of land uses including disturbed as
well as undisturbed soils. The mean annual site CO, emission rates
ranged from 5.4 to 9.5 Mg CO, ha~! year~!. The results found here
fall within the range of soil CO, emission reported in similar sub-
tropical areas (e.g. Lou et al., 2004; Tang et al., 2006; Igbal et al.,
2008).

Differences in the land-use types and topographic position seem
to exert some controls on potential CO, fluxes from the soils. Our
results agree with the fact that agricultural soils often have higher
CO, emissions than soils under native vegetation. Igbal et al. (2008)
reported that conversion of woodland to agriculture land uses sig-
nificantly increased the soil CO, emission (9.01, 7.27, 5.54 and
5.33 Mg CO, ha~!year~! for paddy, orchard, upland and woodland,
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respectively). Conversion from secondary forest peat to paddy field
increased the annual CO, emissions into the atmosphere (from 12.0
to 15.0MgCO;, ha—!year—1) (Inubushi et al., 2003). In this study,
soil CO, fluxes significantly differed among the seven soils under
different land uses following the order of Q-1>Q-2>Z-1>Z-2~Q-
3>Z7-3>7-4 (P<0.001, Fig. 2A and Table 2). Furthermore, soil CO,
flux was significantly higher from Q-3 (tilled orchard) as compared
to Z-3 (non-tilled orchard). This was consistent with the findings
of Wei et al. (2007) who reported tillage induced CO, fluxes in
Norheast rice fields in China, as tillage is known to produce a tem-
porary burst of CO, flux from soil surfaces (Rochette and Angers,
1999). A significant part of the effect of tillage on increased CO,
emission may be linked to its direct impact on soil density and
water content, and its indirect impact on oxygen levels, gas dif-
fusion, and aeration. In this study, soil TOC was not found to be
significantly correlated with soil CO, fluxes, which suggests that
other relevant factors were responsible for controlling CO, emis-
sion from different land uses.

4.2. Effect of seasonal changes on CO; fluxes

Soil CO, emission had clear seasonal fluctuations and was signif-
icantly higher in hot-humid season thanin cool-dry season (Fig. 2A).
The seasonal pattern of soil CO, flux was in accordance with the
finding of Tang et al. (2006), who reported it to be coinciding with
the seasonal changes of soil temperature and moisture. The same
seasonal trend was observed by Liu et al. (2008). Igbal et al. (2008)
also found seasonal changes in DOC and soil temperature, which
was found to be correlated with soil CO, flux. Lou et al. (2004)
reported seasonal changes of CO, flux to be correlated with soil
temperature, soil microbial carbon and DOC. However, in addition
to soil temperature, soil moisture, MBC, and DOC, we also found
soil CO, flux to be strongly correlated with precipitation (data not
shown), MBN, and DON (Figs. 3 and 4, respectively). Furthermore,
soil CO, flux was not only increased with SMB and DOS as found in
this study, but it can also be related to fine root biomass as found in
the tropical forests (Adachi et al., 2006). The higher CO, emissions
during the hot-humid season can also be due to increased root res-
piration as result of root development with high soil temperature
(around 30°C) (Igbal et al., 2008). The CV values of CO, fluxes in
dry season (29.5-85.2%) were more variable than those in humid
season (43.1-74.8%), which indicated a higher temporal variability
in dry season than in humid season.

4.3. Effect of environmental variables on CO, fluxes

4.3.1. Soil temperature and moisture

In this study, soil temperature exhibited distinctive positive cor-
relation with soil CO, fluxes (Table 3), which was in well agreement
with the results from previous studies (e.g. Tang et al., 2006; Igbal et
al., 2009b). However, no significant correlation between WFPS and
CO, flux was found in all land-use types (Table 3), which was in well
agreement with the findings of Igbal et al. (2008), who reported a
negative correlation for paddy-upland and woodland soils from a
nearby location at Xianning. These results indicate that soil temper-
ature was an important variable in modeling annual CO, release,
and WFPS was not so. While additional variables were needed when
modeling the temporal variations of soil CO, emission.

4.3.2. Microbial biomass and quotient

SMB (MBC, MBN) is another important factor that might have an
impact on soil CO, production, as it is considered a sensitive indica-
tor of soil quality and is closely related to soil fertility (Wardle et al.,
1999). SMB has been shown to effect soil CO; fluxes (e.g. Singh et
al., 2008). However, in this study, we separated the SMB into its two
components i.e. MBC, MBN, to see whether these can have the same

effect when regressed separately. The monthly variations in soil
CO, emission followed the large fluctuations in MBC (except Z-3)
which had marked seasonal fluctuations in all land uses. This was in
contrast with the findings of Lou et al. (2004), where no significant
correlations between soil CO, flux and MBC were observed, as MBC
content had no seasonal fluctuations in Yingtan, subtropical soils.
However, soil CO5, fluxes and the quantity of MBC were significantly
correlated and differed between three red soils in Yingtan, similar
to those observed in our study (R2=0.73, P<0.001, data not pre-
sented). This suggests that, in addition to sampling date variations
of CO, flux with MBC, the quantity of MBC differed among every
land-use change, and in turn, controlled the dynamics of CO, emis-
sion. Like MBC, the similar effects of MBN with soil CO, flux were
observed except that as compared to MBC, CO, flux had pronounced
dependency on MBN in all land uses (Table 3). Furthermore, the
quantity of MBN significantly correlated with CO, flux among dif-
ferentland uses (R? =0.53, P<0.001, data not shown). This indicates
that a shift in MBN provided a shift in CO, emission from different
land uses, which may be due to the different composition of the
substrate, turn over of roots or organisms, or organic or inorganic
fertilizer input into the soil. It was notable to see that soil MBC and
MBN did not follow a trend similar to that observed for soil TOC in
all land uses (Fig. 2D, E and F). Even soil TOC was not significantly
correlated with soil CO, flux (data not shown), which shows that
it is the quality, not the quantity of soil organic matter which con-
trolled the CO, flux in different land cover. Furthermore, MBC:MBN
ratio significantly correlated with soil CO flux (Fig. 5) which con-
firm that the quality of soil organic matter determines the soil CO,
emission, and along with MBC, MBN should also be included for
CO, modeling in different land uses.

To further assess the quality of soil TOC, microbial quotient
(Q¢ =the ratio of MBC to TOC) was calculated, as it is regarded by
some authors as a good index of the changes in SOM quality (Insam
and Merschak, 1997). Even, little is known about the quality of
organic matter inputs under different land uses i.e. from vegetable
field to pine forest. In this study, Q; significantly correlated with soil
CO; flux in different land uses (data not shown), which shows that
despite of the different quantities of substrates in different land
uses (Table 1 and Fig. 2D), microbial activity is a major factor reg-
ulating the seasonal variation of CO; fluxes in different land uses.
However, a poor correlation between Q; and CO, flux was observed
from Z-3, which had relatively lower TOC than other land uses. This
suggests that, to some extent, quantity of TOC might be responsible
for soil CO, emissions (Degens, 1998).

4.3.3. Dissolved organic substances

Among the factors associated with soil CO, flux, DOS (DOC, DON)
could be considered as the primary factors regulating the seasonal
variation of SMB, which in turn, controls the CO, emission from
the soil. DOC has been proposed as an indicator of the C availability
to soil microorganisms (Boyer and Groffman, 1996). It is assumed
that all the dissolved substances are labile and utilized rapidly (e.g.
Burford and Bremner, 1975). So, there is often a reasonably good
correlation found between the concentration of DOC and soil CO,
flux (e.g. Lou et al., 2004; Igbal et al., 2008). In this study, significant
relationships were found between soil CO, flux and DOC in differ-
ent land uses (Table 3 and Fig. 4). However, in spite of seasonality,
no significant correlation was observed between CO- flux and DOC
in Z-4, which suggests that the C substrate in Z-4 was not enough
suitable for mineralization to influence CO, emission. The quantity
of DOC also significantly correlated with CO, flux among differ-
ent land uses (R?=0.26, P=0.017, data not shown). DON represents
a significant pool of soluble N in most ecosystems, and previous
studies have shown that DON concentrations may show little sea-
sonality (Willett et al., 2004), consistent with the results observed
in this study. However, to our knowledge, its relationship with soil
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CO; fluxes is still unknown. In this study, the correlation between
DON and soil CO, fluxes differed in different land uses. Some corre-
lations between DON and CO,, flux were found at site Z-1, Z-3, Q-1,
Q-2 and Q-3 (Table 3 and Fig. 4). However, no significant correla-
tions were observed at Z-2 and Z-4 sites (Table 3). Although DON
enter the soil from a range of sources including dry and wet deposi-
tion, litterfall, root and microbial exudation, turnover of roots and
organisms, urine and feces, and organic fertilizer additions to soil
(Kalbitz et al., 2000). Of these sources, root exudation and turnover
are likely to be the most dominant in many agricultural systems
particularly where inorganic fertilizers are added (Christou et al.,
2006). However, in this study, although different amount of nitro-
gen fertilizers were used among different land uses. Neither DON
nor CO, fluxes correlated with amount of nitrogen fertilizer applied
(data not presented). This indicates that neither DON nor soil CO,
fluxes were influenced by sole applications of inorganic nitrogen
fertilizer, but it might be root exudation and turnover from dif-
ferent vegetation across different land uses (Christou et al., 2006)
which may be partial sources for DON and in turn, regulated the soil
CO, flux. However, the quantity of DON was not correlated with CO,
flux among different land uses (R? =0.03, P=0.436, data not shown).
This suggests that DON was only responsible for the sampling date
variation of CO, fluxes. Unlike MBC:MBN ratio, DOC:DON ratio did
not show consistent pattern during the year, and was poorly corre-
lated with soil CO, flux while excluding Z-3 (Fig. 5). This shows that
DOC:DON ratio was not directly involved in soil CO, emission, but
it was MBC:MBN ratio which might be influenced by DOC and DON
in the soil, and in turn, significantly influenced the soil respiration.

4.4. Predominating factors affecting soil CO, flux

The effects of soil temperature and WFPS on soil CO, fluxes
are well known and have been demonstrated in numerous field
studies (e.g. Igbal et al., 2008). In this study, a strong correla-
tion between soil temperature and CO, fluxes was observed in
all land uses (Table 3). However, poor relationship between WFPS
and CO, fluxes was observed in all land uses (Table 3). WFPS
can also affect the magnitude of soil CO, emissions as well as
its response to soil temperature due to the interaction between
WEFPS and soil temperature (Fang and Moncrieff, 2001). A sig-
nificant T x WFPS interaction was found in different land uses
(Table 3), which was in well agreement with Tang et al. (2006), who
observed a highly positive correlation between soil CO, flux and
soil temperature x WFPS interaction in subtropical Dinghushan
Nature Reserve. The coefficient of determination from our mul-
tiple regression model including soil temperature and WFPS was
36-72%. This was considerably less than the coefficient of determi-
nation of 69-85% reported for soil CO, flux in Dinghushan Nature
Reserve (Tangetal.,2006). The study in Dinghushan Nature Reserve
included WFPS and temperature variables and their interaction,
regressed separately. While in this study, these variables and their
interaction were regressed simultaneously in one model of varia-
tion, to show their relative effects in conjunction with each other.
In this study, however, no significant correlation between soil CO,
flux and soil temperature x WFPS interaction was observed from Z-
2 and Q-3 sites. We were not able to find any suitable reason for that,
but it was interesting to note that both of these sites have almost
similar magnitude of WFPS and CO, flux (Fig. 2A and C). In sum-
mary, from both of the above mentioned factors, soil temperature
had a more marked impact on soil CO, flux (Table 3), which agrees
well with our previous findings (Igbal et al., 2008). This indicates
that soil temperature was a major factor influencing soil respiration
in areas with small ranges of seasonal changes in WFPS.

Including MBC and MBN in the regression equation improved
or displaced part of the temperature effect that is intimately linked
with the soil CO, flux, since the general temperature trend is similar

to that of soil CO, flux (Igbal et al., 2008). The coefficient of deter-
mination for Z-1, Z-3, and Q-1 was reduced from 61 to 35%, 74 to
18%, and 78 to 66%, following inclusion of MBC and MBN. While for
Z-2,7-4,Q-2,and Q-3, it was increased from 47 to 80%, 62 to 78%, 69
to 84%, and 45 to 70%, respectively, following inclusion of MBC and
MBN. This indicates that the MBC and MBN had significant interac-
tions with soil temperature to show their mutualistic effect on soil
CO;, flux, since MBC and MBN are known to be well influenced by
soil temperature (Feng et al., 2009; Steenwerth and Belina, 2008).
Therefore, with the anticipated global warming, rising temperature
can lead to higher physiological activities of soil microorganisms,
and in turn to higher decomposition rates and soil respiration (Zhou
et al,, 2007). Although DOC and DON had significant seasonal vari-
ability (Fig. 2G and H), including DOC and DON in the regression
equation did not improve the regression fit compared to the soil
temperature while excluding Z-2 and Q-3 (Table 3). This occurred
since soil temperature is not well known to be strongly correlated
with DOC and DON, but the agronomic events (e.g. onset of irri-
gation and plowing) which control the concentrations of DOC and
DON (Christou et al., 2006). Our results were consistent with those
ofIgbal etal.(2008) who found a decrease in coefficient of variation,
after inclusion of DOC in the multiple regression equation.

When all the variables (soil temperature, WFPS, MBC, MBN,
DOC, and DON) were included in the multiple regression equation,
improved/reduced regression fit was obtained among different
land uses with the same trend as described following inclusion of
MBC and MBN (Table 3). This indicates that MBC and MBN were the
dominant factors regulating soil CO, flux. However, when all the
variables were included in the multiple stepwise regression analy-
sis, among all variables, different trend of dominancy was observed
in all land uses as: soil temperature for Z-3 and Q-1, MBC for Z-4,
MBN for Q-2, DOC for Z-1 and Z-2, DON for Q-3 (data not shown).
Since, the soil temperature has been regarded as the dominating
factor controlling soil CO, flux (Lou et al., 2004), our results indicate
that, apart from soil temperature, MBC, MBN, DOC, and DON exert
strong controls on soil CO, flux. This was in contrast with the find-
ing of Igbal and Ronggui (2009), who reported that soil temperature
was the dominant variable in controlling soil CO, flux while exclud-
ing all the other variables. Furthermore, a whole regression model
including all the predictors, accounted for 89 to 98% of soil CO, flux
variability (Table 3) in all land-use types. The presence of strong
statistical relationships between soil CO, fluxes and environmen-
tal factors is probably because of inclusion of all the environmental
variables in one model of linear regression (Franzluebbers et al.,
2002; Igbal et al., 2008), because the soil environment is quite com-
plicated and involves a lot of variables which are always interacting
with each other. In summary, the results presented in this study
indicates that for estimating the future soil-to-atmosphere C flux,
apart from the soil temperature, microbial biomass and dissolve
organic substances must be considered in a warming future as these
can explain a major part of temporal variation of soil CO, fluxes.

5. Conclusion

Agricultural soils in Tropic of Cancer are important global
sources of CO, emissions. Since CO- fluxes vary by orders of magni-
tude in time and space, depending upon land use and management,
rainfall, soils and carbon input, it is clear that more information is
needed that can explain major part of temporal variation of CO,
fluxes in different land uses. Therefore, this study was conducted
to explain the quality and quantity of substrate, and the environ-
mental variables with relation to CO, emission in different land
uses in a subtropical region.

Soil CO, fluxes were significantly different among different land
uses, being higher for agriculture land uses than pine forest soil.
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Even significant differences were observed among agriculture land
uses. Different quantities of MBC and MBN significantly regulated
the CO, emission among different land uses, relatively weakly reg-
ulated by DOC, while not being regulated by DON. This indicates
that there was a significant shift in MBC and MBN which caused to
induce a shift in CO, emission among different land uses.

Soil CO, fluxes were significantly correlated with Q; and
MBC:MBN ratio, while not being correlated with TOC, which indi-
cate that the quality, not the quantity of substrate was responsible
for soil-to-atmosphere emission of CO,, as different carbon inputs
from different land uses supports different amounts of microbial
biomass per unit of substrate. The relationship between CO, fluxes
and all the concerned variables were presented in one linear model
of variation. The primary advantages of this model were that, we
used a single set of parameters to predict soil CO, fluxes, which
can be used to explain a large percentage of the temporal variabil-
ity observed in soil CO; efflux rates from the agroforest ecosystem.
As compared to CO, emission predicted by soil temperature and
moisture, a generally improved and significant interaction term
was obtained with all of the predictors together, explaining 89-98%
of soil CO, flux variability in all land uses. This indicates that to
improve the predictions of soil-to-atmosphere CO, emissions, it
appears necessary to include SMB and DOS in the model. Further-
more, when all the variables were included in the multiple stepwise
regression analysis, among all variables, different trend of domi-
nancy was observed in all land uses as: soil temperature for Z-3
and Q-1, MBC for Z-4, MBN for Q-2, DOC for Z-1 and Z-2, DON for
Q-3. This suggests that, apart from soil temperature, SMB and DOS
should also be included for estimating the soil CO, fluxes for dif-
ferent land uses probably at global and especially at the regional
scale. However, it seems that carbon cycling responses to environ-
mental change can be highly ecosystem-specific (e.g. with rainfall
pattern), and thus needs to be verified across different ecosystems.
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