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Abstract

Understanding soil respiration (RS) in moso bamboo stands is crucial for

accessing potential impact of bamboo invasion on terrestrial carbon cycle in Asian 

regions. This study aimed to evaluate the seasonal and diurnal variations of RS in a 

moso bamboo (Phyllostachys pubescens) forest in central Taiwan with their abiotic 

drivers and to estimates annual Rs based on their temporal change characteristics. We 

selected a 401 m2 plot in a conservatively managed moso bamboo stand in National 

Taiwan University Forest, central Taiwan. The 20 measuring locations were set in a 

401 m2 plot. RS rates were measured from April 2012 to April 2013 by using a closed 

dynamic chamber system. Once a month, we observed the RS averaged over the 20

locations and the diurnal variation at 2 locations with soil temperature (TS) and soil 

volumetric water contents (SWC) measurements. To characterize seasonal variations 

in Rs, using models proposed by previous studies, this study examined the model 

performs in describing RS with TS and/or SWC. 

RS showed distinctive diurnal variations in some measurement campaigns. In the 

measurement campaign on June, we found the maximum RS rate exceed twice the 

minimum rate (from 3.43 to 9.91 µmol m-2s-1). One year observation showed RS

averaged over 20 locations ranged from 1.54 to 7.98 µmol m-2s-1 with the highest RS

in the summer season. Seasonal variations of RS were considerably corresponded to 
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TS. The relationship between RS and TS could be described the most significantly with 

the exponential Q10 function. In the equation, the Q10 value of 5.07 estimated in this 

study was considerably higher than those of adjacent Japanese cedar plantations under 

the same weather condition and the average from worldwide literatures (= 2 to 3).

Estimated annual RS rate using the function and continuously measured Ts was 

1304.85 gCm-2yr-1, which was higher than that of the Japanese cedar plantations (661 

to 729 gCm-2yr-1). Our results provided crucial information of the major CO2 source 

in moso bamboo forest in Sitou, Taiwan. 

Keywords: soil respiration, moso bamboo, biotic factors, temporal variation, Q10 value

sigggggggggggninininininininininin ffffifffiffificacaacacacacacacaacacaaacaac ntntntntnttttntntntntntntntnnntntn llylylylylylylylylyylylyylyy ww w w w w www wwwwwwitititittiiiiiii h hhhhhhhh

ssssssssssttititittittttitimmamamamamamamamamammamaatetetetetetetteteteteeeeddddddd dddddddddd ininininininininnininininininininini  t t tttt t tt ttttttttthihihihihihihihihihhhihhhihihhihih s sss ssssssssssss

plannnnnnnnntatatatatatatatataatatititittitititittitiionononononnoonononssss unununununununununnndedededededededededdeer rrr rrrrrr rr



1 
 

Content 

…………………………………………………………...………… i

Acknowledgement……………………..…………………………………………….…. ii

……………………………………………………………………..……...……… iii

Abstract..………………………………………………………………………………..iv

 

Chapter 1 Introduction .............................................................................................. 4

Chapter 2 Literature review ...................................................................................... 9

2.1 Soil respiration.................................................................................................... 9

2.2 Soil respiration in carbon cycle ........................................................................ 10

2.3 Sources of soil respiration ................................................................................ 12

2.4 Environmental influences on soil respiration ................................................... 13

2.4.1 Soil temperature..................................................................................... 14

2.4.2 Soil water content .................................................................................. 15

2.5 Moso bamboo (Phyllostachys pubescens)........................................................ 17

3. Methods 20

3.1 Site description ................................................................................................. 20

3.2 Measuring total soil CO2 efflux (RS) in field.................................................... 21

3.3 Measurements for environmental factors ......................................................... 22

3.3.1 Soil temperature (TS) ............................................................................. 22

……………………….............……………………………………………………………………………………………………………………………………  iiiiiiiiiiii



2 
 

3.3.2 Soil volumetric water content (SWC) ................................................... 22

3.3.3 Mass and carbon content of litter-fall .................................................... 23

3.3.4 Soil carbon content ................................................................................ 23

3.4 Estimating annual soil CO2 efflux .................................................................... 24

3.5 Calibration of soil temperature data ................................................................. 26

3.6 Total belowground carbon flux (TBCF) ........................................................... 27

Chapter 4 Results and Discussion ............................................................................... 28

4.1 Diurnal variation of RS and daily mean RS....................................................... 28

4.2 Seasonal pattern of RS, environmental factors and litter C content.................. 31

4.3 Controlling factors of RS seasonal variation – soil temperature (TS) and soil 

volumetric water content (SWC)............................................................................ 33

4.4 Annual soil respiration...................................................................................... 39

4.5 Soil carbon balance........................................................................................... 40

Chapter 5 Conclusion ............................................................................................... 42

References 44

Figures 54

................. ........... ...................... .......................................... .................. ....................................... 22222222222222222222222

........... ...... .............................. .......... ...... ................................ 23232323323232323232323232222

23



3 
 

Tables

Table 1 Empirical equations used to describe the relationships between soil 

respiration and temperature. ................................................................... 25

Table 2 Linear regression (y=ax+b) between the surface soil temperature 

averaged over 20 locations (x) and the soil temperature (y) measured at 

the depth of 10cm (Ts-10), 20cm (Ts-20), and 50 cm (Ts-50), respectively. 26

Table 3 Results of model fitting using all data points as independent 

observations, models are listed in Table 1. ............................................. 34

Table 4 Q10 values fitted with T0 of different group of data........................... 39

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

ipspspspspspspspspss b bbbb eteteteteteteetetetettee wewewewewewewewewewewewewew enenenenennenenennnennnnn ss s soioioioioioioioioioiiioioioioioilll l

25



4 
 

Chapter 1  Introduction 

 

Knowledge of global carbon cycle has received considerable attention in terms of

CO2 a greenhouse gas, which can have the similar increasing trend as global 

temperature rising. Therefore the rising concentration of CO2 is considered as a cause to 

global warming and further in relation to climatic changes. Numerous consequences 

resulting from global-warming have been proposed, showing directly or indirectly 

anthropogenic activities have been affecting our environments. In searching solution for 

mitigating CO2 concentration, scientists have been making efforts in clarifying and 

quantifying different paths of carbon cycle.

Among those carbon pathways, the one in fixing CO2 into terrestrial ecosystems 

is the photosynthesis process which naturally occurrs by all kinds of plants. Plants 

uptake CO2 and convert it into organic carbon through photosynthesis. The assimilated 

carbons are then either allocated to grow plant tissues (i.e., leaf, shoot, or root growth) 

or broken down into CO2 for energy supply. It is reported that 35% to 80% of total 

assimilated carbon is sent below-ground for root growth, micorrhizae, and root exudates

(Kuzyakov, 2006). Those below-ground plant tissues will afterwards form organic 

carbon and either stored or decomposed in soil, the major carbon pool in terrestrial 

ecosystem. Soil plays a pivotal role in global carbon cycle by holding approximately 

tentiiiononononononnononnnn inininninininininin t t t tt tttterereererererrere msmsmsmsmsmsmsmsmsmsmmsmm ooooooo ooo offffffffff
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1,500 Pg (1015 g) C, nearly twice the amount held in the atmosphere and three times the 

amount in terrestrial vegetation. In an aspect of terrestrial ecosystems, carbon input is 

mainly by vegetation uptake and allocation. On the other side, the output process is 

through respiratory process, from above-ground parts of vegetation or from soil surface. 

In fact, many studies have pointed out that soil respiration generally accounts for 20 to 

95% of total ecosystem respiration (Law et al., 1999), making soil respiration the major 

pathway of carbon loss from terrestrial ecosystem. 

Soil respiration (or soil CO2 efflux, abbreviated as RS) indicates CO2 flux from 

the soil-litter surface and is the sum of complex respiration sources, including root 

respiration, soil organic matter decomposition, microbial activity, roots exudes, and soil 

animal activities which can be broadly categorized into autotrophic (RA) and 

heterotrophic (RH) sources (Boone et al. 1998, Widén and Majdi 2001). The interactions 

between sources, their responses to environmental variables, and the contribution ration 

of each source to the total soil CO2 efflux determine the characteristic of RS in forests. 

That is, RS characteristics are highly site dependent. Reported estimates of the 

contribution of root respiration to the total soil CO2 efflux in forests ranged from 10 to 

90% with the average of 40% to 60% (Hanson et al. 2000). In an aspect of temporal 

variation, both heterotrophic and autotrophic respirations are reported to perform high 

but different correlation with abiotic factors such as soil moisture and soil temperature. 

ndndndndndndnddndnddndnd t tt t t ttttthrhrhrhrhrhrhrhrhrhrhhrhhrhhrrreeeeeeeeeeeeeeeeeeeeeeeeeeeeee t t t t t ttt t t tttttimimimimimimimmesessesesessesesesessesesseseseses tttttt t ttthehehehehehehehehehehheheheheehhhh  
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For example, root respiration was found to perform stronger sensitivities to soil 

temperature dynamics than microbial decomposition in temperate coniferous forest 

(Buchmann, 2000); cool and wet soil are more sensitive to temperature changes (Lloyd 

and Taylor, 1994; Davidson et al., 1998); and in regions with regularly occurred draught 

(i.e., Mediterranean regions), soil respiration rate tend to have higher dependency on 

precipitation pulses (Inglima, 2009). The temporal dynamics are studied under intact or 

dynamic environment of certain vegetation types and thus inevitable biotic factors. 

Vegetation types determined the site qualities such as soil organic carbon (SOC) 

content, soil acidity, soil microbial community, stand structure, litter or root exudate 

supplement, and the ration of RS sources composition (Hanson et al., 2000; Kuzyakov et 

al., 2006). Therefore, changing vegetation type will alter soil condition in the region and 

further affect the soil respiration characteristics. 

Moso bamboo (Phyllostachys pubescens, sometimes described as Phyllostachys 

edulis is characterized as a temperate monopodial species in Phyllostachys genera. It is 

native to China, where it occurs broadly (30,000 km2 or 70% of total bamboo cover), 

accounts up to 20% of total bamboo cover around the globe (Jiang, 2008). It is widely

cultivated for both poles and edible shoots throughout South-Eastern and Eastern Asian

countries. It has been noticed that the moso bamboo forests have been expanding in 

some regions with their highly developed rhizome systems. In southwestern Tokyo, the 

iiiieseseseseseseseseese  t t t ttttttoo o o o oo oo o ooooooo sosososososoosoosossososooooooililillililiilililililillli   
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area of moso bamboo coverage increased 2.7 and 3.4 times from 1961 to 1974 and 1987, 

respectively (Okutomi et al., 1996). On the other hand, in Kyoto, moso bamboo 

coverage increased from 24km2 to 174 km2 from 1953 to 1985. The increase of bamboo 

vegetated area was originally covered with secondary broadleaf forest (Okutomi et al., 

2008). In Taiwan, aerial photographs showed that expansion of moso bamboo forest had 

been also occurring in regions with artificial moso bamboo stands (Chiou et al., 2009). 

As RS can change with vegetation types, it is possible that the invasion or expansion of 

moso bamboo will alter regional carbon cycle through the changes in Rs. Under the 

global trend of carbon-fixing oriented land-use management, it is necessary to take into 

consider the function of moso bamboo on regulating carbon and the impact of bamboo 

expansion on original carbon cycle. However, our understanding of Rs has been still 

limited in moso bamboo forests, because only very few studies have been conducted in 

China and no study was conducted in Taiwan. To complete this consideration, 

information in characterizing RS in moso bamboo forest is certainly needed. 

For the purpose of filling the gap of knowledge in moso bamboo forest carbon 

cycling and further linking regional carbon budgets in response to temperature rising 

under global warming scenario, the objectives of this study are (1) to clarify the diurnal 

and seasonal variations in RS; (2) to detect the environmental variables regulating 

seasonal variations in RS; (3) to provide annual RS amount; furthermore, (4) to 

1 t tttttttto o o o o o o o o oooo 191919191919919191999199199997474747474747474747447477444444 a a a aa   a   andndndndnddndndddddddd 1 11 1 1 1 1 1 11 119898989889898989889898888998887,7,7,7,7,77,   
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characterize RS in Moso bamboo forest by comparing with those of adjacent Japanese 

cedar forests under the same climate condition and also other forest types from 

worldwide literatures.
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Chapter 2  Literature review  

2.1 Soil respiration  

Respiration is defined as a biochemical process that catabolizes organic materials to 

generate energy and produce water and CO2 in a cell. All living organisms, including 

soil microbes, fauna, and plant parts such as plant roots and rhizomes, share similar 

respiratory processes for energy supply. Soil is defined as a mixture of living organisms 

including roots, soil microbes, soil fauna, and soil organic matters (Killham, 1994; Luo 

et al., 2006) and abiotic materials such as dead organic matter, air temperature, soil 

water content, and weathered rock, supporting plant growth (Buscot, 2005). Soil 

respiration, in this case, is considered as CO2 emission during energy generation by soil 

living organic components. Soil respiration is also called belowground respiration, 

contrasting to aboveground respiration which indicates CO2 produced by plant parts 

above soil surface. The belowground respiration processes is complex and hence it is 

difficult to quantify them directly (Hanson et al., 2000). Belowground respiratory 

processes consist of soil CO2 effluxes from different soil profiles and generate pressure 

gradients of CO2 concentration in the soils. The pressure gradient between soil profile 

and atmosphere triggers CO2 upward and finally release CO2 from soil surface. In this 

case, the CO2 efflux from soil surface is considered as soil respiration (belowground 
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respiration). 

2.2 Soil respiration in carbon cycle

To evaluate ecosystem carbon budgets, generally consider the balance between 

photosynthetic uptake and carbon loss from respiration, according to the formula: 

NEP=GPP-Ra-Rs. 

Where NEP, GPP, Ra, and Rs represent net ecosystem production, gross primary 

production, above ground respiration, and soil respiration, respectively. NEP indicates 

in physiological aspect, plants absorb CO2 through photosynthesis and convert it into 

organic carbon. Those assimilated carbons are either allocated to grow plant tissues (i.e., 

leaf, shoot, or root growth) or broken down into CO2 for energy supply. The term 

“allocation”, described by Litton et al., (2007), has been used to describe different 

subjects such as living biomass, carbon flux from some particular plant tissue, or carbon 

flux from a fraction of photo-assimilated carbon. In this study, the term carbon 

allocation indicates carbon distribution from photosynthesis production (i.e., carbon 

flux).

Carbon allocated belowground for root growth, micorrhizae, root exudates, 

account for 35% to 80% of total amount of photo-assimilated carbon (Kuzyakov, 2006).

Among those belowground processes, the growth of fine roots is one of the most 

important processes. Noted that fine roots are non-woody roots that in charge of water 
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and nutrition uptake. They accounts a small part in total ecosystem living biomass but 

with a relatively fast turnover rate of fine roots, comparing to woody plant tissue that 

determines fine roots the main belowground organic carbon input (or belowground 

detritus production) pathway in the scale of carbon cycle (Kuzyakov, 2006). Except the 

growth of fine roots, the other important pathway to belowground input is plant 

litter-fall, which accounted for 10% of total carbon allocation (Kuzyakov, 2006).

However, our understanding for the allocation ratio of total assimilated carbon has been 

not enough. 

The carbon allocation can change with not only tree species but also 

environmental conditions (Nadelhoffer and Raich, 1989). For instance, it was found 

that increasing in soil nutrient availability and soil water content will lead to decrease 

of carbon amount allocated belowground (Running and Gower., 1991). Despite that, a 

range of estimated amount of 35% to 80% plant-assimilated carbon is sent 

belowground for root growth, micorrhizae, root exudates (Kuzyakov, 2006), and 10% 

contributes annually to aboveground litter. Those carbons allocated to the growth of 

leaves, stems, and roots fixed in plants until the tissue reach the end of its life span. 

Leaves and fine roots have life spans last from months to a few years while wood 

(stems, bulks or course roots) can live for decades. Those organic residuals from dead 

plants mix with other non-living organic factors form soil organic matter (SOM).  

viiiiiiiiiiingngngngngngngngngnggngg b b b bbbb b bb bbbbbbbiioioioioiioioioioioiioooi mamamamamamammmmammaammmmmamaassssssssssssss b b bbbbb b bbbbbbbbbbbutututututututututtutu  
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SOM is known to have a relatively long turnover rate that enables carbon to 

store in soils for decades or hundreds of years (reviewed by Kuzyakov, 2006) to those 

from other sources. The turnover rate of different sources, as previously mentioned, is 

pointed out an important factor for evaluating carbon cycle in different temporal scales 

(Kuzyakov, 2006). Qualities (i.e., lignin content) of plant tissues will determine its 

turnover rate and influence the time it remains in soil. Therefore, inspecting soil 

respiration in partitioned components has become important in studying soil 

respiration temporal dynamics.  

2.3 Sources of soil respiration

RS is a combination of several respiratory processes that we can broadly 

categorize into two components: respiration by heterotrophs (RH) and respiration by 

autotrophs (RA). As shows, RH is the sum of CO2 efflux from root exudates, microbial 

decomposition of soil organic matter (SOM), and activity of mycorrhizal hyphae; RA

means roots derived respiration; respiration from mycorrhizal hyphae and 

root-associated microbes are classified as RA while they are RH in some studies. Both 

components RA and RH are known to contribute to total RS with a ratio of 10% to 95% 

(Hanson et al., 2000), varying among ecosystems and seasons. For example the RA

components contribute 23% to total RS in a boreal coniferous forest (Bomd-Lamberty 

et al., 2004) while it is 70% to total RS in a tropical deciduous forest (Epron et al., 

bbbbbbleleleleleleeleleleles s s s s s ss ss sss ccacacacacacacacacaccccaccac rbrbrbrbrbrbrbrbrbbbbrrbbbbbbonononononoonoooooooo  tt t tttto o o ooo ooooo o oooo
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2004). In addition, all contributors have different turnover rates, which influence the 

flux contribution of each component in different time scales. Composition rates of 

those sources, soil organic carbon content, and types of heterotroph and autotroph 

components determine the characteristics of soil respiration, and the CO2 fluxes rates

originated from different sources responds differently to environmental conditions (i.e., 

soil temperature and soil water content). Therefore, it is important for us to partition 

and discuss these CO2 sources separately, for better understanding the mechanisms of 

changing RS efflux (Ryan and Law, 2005). 

2.4 Environmental influences on soil respiration 

Soil respiration involves an array of chemical, physical, and biological processes 

that direct or indirectly respond to external influences. Soil respiration is sensitive to 

many environmental influences such as soil temperature (Lloyd and Taylor, 1994;

Boone et al., 1998), soil water content (Moore and Knowles, 1989), substrate quality 

(Raich and Tufekcioglu, 2000), and photosynthesis active radiation (PAR) (Högberg et 

al., 2001; Kuzyakov and Cheng, 2002). Plenty of studies have dedicated to 

understanding the mechanisms of these variables effect on Rs in different spatial or 

temporal scale, in order to estimate or predict the dynamic of carbon cycle under global 

warming scenario.

ccccccccccch hhh h h h hhhh inininininininininiinnnini fflflflflfflflflflflfflffflffff ueueueueueueueueueueuueueueueeueeuencncncncncnncnnnnnnnn e ee e ee e thththththththththththhhththhthththheeeeee e e ee
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2.4.1 Soil temperature

Soil temperature is the most significant driver having impact on almost all aspects 

of soil respiration processes. The soil temperature impacts on root respiration (result 

from root growth) and microbial activity differently. Note that both components 

contribute to a large part in total RS. Buchmann (2000) found root exert stronger 

sensitivities to TS dynamics than microbial decomposition in temporal forest. 

Exponential dependence of RS upon TS is found in many studies, described models 

according to site conditions of each study. 

Most models are basically modified from a theoretical model which was previously 

developed by van’t Hoff (1884):

R = αeβT

R indicates respiration, α indicates the respiration rate at 0 , β is a coefficient of 

temperature response, and T indicates temperature. Many other equations are modified 

from this exponential equation applied with empirical data. 14 years later, van’s Hoff 

(1898) provided another function which becomes the most widely used Q10 function : 

Q10 = (RT0+10)/RT0

Where RT0 and RT0+10 are respiration rates at reference soil temperature T0 and T0+10 ,

respectively. Q10 is an indicator for respiration temperature sensitivity by representing 

the relative increase of CO2 flux as temperature increases by 10 . Q10 value provides 

almmmmmmmmmmmososososossosososoosost t t ttttttt alalllllllalllalalllll l llllllllll lll ll asasasasasasasasasasaassasaaaspepepepepppepeppepepppepeepeectctctctcttctctctctcttcttctts ss sss s sss s
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an information of times of soil respiration rate increase with the soil temperature 

increased by 10 .Cited Q10 from literature is averagely 2.4 (ranged from 1.3 to 3.3)

(Raich and Schlesinger 1992). In Raich and Schlesinger’s (1992) study, Q10 is pointed 

out to vary with temperature and biomes. It is reported that the increase of Ts from a 

relative low temperature will positively alter Q10 value (Lloyd and Taylor, 1994). In 

other words, biomes such as temperate or boreal forests are likely to perform stronger 

positive feedback between the increasing TS and soil respiration rate..

Changes in TS can explain RS variation in different time scale, diurnal to annual, 

and also varies spatially. On a global scale, annual TS can be a powerful indicator of 

annual mean RS rate among biomes (Raich and Schlesinger, 1992). Linear models using

mean annual TS and precipitation to predict RS have been provided to estimate monthly 

mean RS by Fung et al. (1987), though the models with only TS as variant shows high 

representative. Some studies have pointed out the uncertainties covered by Q10. For 

example, Davidson et al (2006) proposed that Q10 estimated in growing season tend to 

be affected by seasonality of plant phenology of increased root growth. 

2.4.2 Soil water content 

Soil water content (SWC) is another influencing factor that has been studied for a 

long time. It theoretically affects soil respiration by two mechanisms: soil physical 

property (i.e., soil type and soil porosity) and physiologically. Laboratory studies 

empmpmpmpmpmpmpmpmpmppmppeeeeeeeeeeeerrararararararararararrrrarrrarr tututututuutuuuututuuuuuuurererererererrrrrrrrr  
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showed that high soil water content could impede gas diffusion in soil by directly 

influences soil aeration (Romell, 1922). Soil porosity directly determines gas movement 

within soil. Soil water content levels too high or too low will limit substrate or O2

diffusion meanwhile influence CO2 diffusion (Liu et al., 2002).

Soil respiration rate maximizes at optimum water content and declines both with 

the increasing and decreasing soil water content. The theoretical optimum water content, 

which differed among soil conditions, is suggested to near water capacity when 

macropore spaces are filled with air and microspore spaces are water-filled. In fact, 

studies have shown that in some water-limited ecosystems, soil CO2 release increased 

temporarily after precipitation events (Almagro et al., 2009). Inspecting precipitation in 

a physical aspect, however, is not likely to explain the pulse release of CO2 from soil 

surface. During or after rainfall, the infiltrated water moving downward in soil, forming 

a wetting front which is estimated to accounts for only 7 to 9% of the normal aeration 

and the entrapped air mostly not forced out and remains (Romell, 1922). The rewetting 

of dry soil results from rainfall that immediately activates microbe activities (Gliński, W. 

Stępniewski, 1985) and further increase the CO2 released from decomposition of SOM 

by up to 200% (Fiereer and Schimel, 2003).

Predictability of models varies with studying ecosystems and is highly 

site-dependent. Therefore, no general consistent dependence pattern of soil respiration 

 bbbbbbbbbbby y y y y yy y y yyyy didididiidididididiiidididddddiidirererereererrerererereereeeeectctctctctctctctcctctctctctctctlylylylylylyyyy 
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to soil water content has been found. Models have been constructed to predict RS from 

SWC, however, most studies suggest that SWC coherent with TS on influencing RS.

2.5 Moso bamboo (Phyllostachys pubescens)

“Bamboo” is the common term of a taxonomic group of the largest woody grass 

family Poaceae. Bamboos encompass 1,439 species (which Asia accounts for about 

1,000 about) within 116 genera (Grass Phylogeny Working Group (GPWG), 2001).

Different species can vary with their adaptation of climate conditions. It is reported that 

most bamboos distributed in the tropical region and adapt to typical monsoon climate 

(Fu, 1998). In fact, bamboos origin from across a range of climate zones from tropical 

to temperate and distributes worldwide across latitudes from 46’N to 47’S and can 

disperse to 4,300 m above sea level (IFAR/INBAR, 1991; Isagi et al., 1997). The moso 

bamboo species is habituated in temperate regions. The general climate regulations are 

15 to 20 of mean annual temperature and 1000-1500 mm of least mean annual 

precipitation (Scurlock et al., 2000).

Bamboos are known to have very long flowering periods of 30 to 130 years (Lin, 

1996). They regenerate mainly by asexual reproduction that budding from the 

internodes of the underground rhizome systems which generally occupy the top 30-50

cm of soil and may spread for tens of meters. Through the characteristic of sprouting 

from rhizome, all bamboo culms in a stand are connected together underground (Isagi,

o prprprprprprprprprprrprredededededdddeddededededddedddediiciciciciiciciciciciccci t t tttt t t tt ttt ttt tt RRRRRRRRRRRRRRRRRRRRRSSSSSSSSS frfrfrfrfrfrffrfrfrfrrrfrfrfrromomomomomomomomomomomomomommommomo   

nfnfnfffnfnfnfnfffflulululululululuuluennnnennnnennnnenncicciciiciciiciiiciciciingngngnngngngnngnnnnn  RRRRRRRRRRRRRRRRRRRS...



18 
 

1994). Morphologically, all rhizome systems are categorized into monopodial or 

sympodial types (Fu and Banic, 1995; Valade and Dahlan, 1991). Rhizome systems are 

found to determine the adaptations of a bamboo species to climatic conditions. In the 

study by Kleinhenz and Midmore (2001), bamboo species with monopodial rhizomes 

are likely to adapt for temperate climates, while those with sympodial types of bamboo 

are likely to adapt for tropical climates. 

Bamboo are generally considered as crop for food and material productions, 

therefore many studies on bamboo morphology, physiology, productivity and potential 

applications. Phyllostachys pubescens (moso bamboo, sometimes described as 

Phyllostachys edulis), the researching subject of this study, is characterized as a 

temperate monopodial species in Phyllostachys genera. It is native to China, where it 

occurs broadly (30,000 km2 or 70% of total bamboo cover), accounts up to 20% of total 

bamboo cover around the globe (Jiang, 2008). It is widely cultivated for both poles and 

edible shoots throughout South-East Asia. The climate requirement for growth of moso 

bamboo is precipitation of 1200-1800 mm, mean annual temperature of 13-20° C 

without freezing (Qiu et al., 1992). The sprouting season last from March to May, 

sprouts emerge from rhizome internodes and generally elongate to full height in 30 to 

33 days. 

Moso bamboo was introduced to Japan in 1746 (Suzuki, 1978) on the purpose of 
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economical utility, and has well adapted and naturalized since then. It has been reported 

that the naturalization of bamboo was resulting from the vigorous rhizome system with 

fast sprouting and the mechanism of undemanding to light conditions either to 

regeneration or elongation of culms (Isagi et al., 1997; Okutomi et al., 1996). Under this 

growing condition, the abandoned moso bamboo stand has been invading and 

substituting the surrounding vegetation (mainly consist of secondary broad-leafed 

forest). The expansion of bamboo stands has provided regional ecological problems of 

invasion and substitution to original vegetation. Studies of the expansion area of moso 

bamboo have occurred in several regions. Cases of expansion have been studied in 

Japan since 1950s. The study conducted in Kyoto, central Japan pointed out that the

moso bamboo covered area increased from 24km2 to 174 km2 in 1953 – 1985 (Ogura, 

1981). Another study in southwestern Tokyo (Okutomi et al., 1996) found that that 

bamboo coverage in 1974 and 1987 has increased by 2.7 and 3.4 times compared with 

that in 1961, respectively. Despite the fact that many studies, most from Japan, 

emphasize the ecological threats of alternating local plant communities and caused by 

moso bamboo expansion (Isagi, 1994; Isagi et al, 1997).
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3. Methods 

3.1Site description

This study was conducted in a conventionally managed pure moso bamboo forest 

in National Taiwan University experimental forest, Sitou, central Taiwan (23° 40′ N, 

120°47′ E, elevation 1120 m) under the influence of a montane subtropical humid 

climate (Fig. 1). The monthly average temperature and precipitation data shown in 

figure 2 were acquired by averaging monthly average data of years from 1941 to 2008. 

The average annual temperature was 16.6°C with the lowest temperature of 7.7 °C 

occurred in January and the highest of 24.2°C in July(Fig. 2). Average annual 

precipitation was 2,614 mm, mostly concentrated between May to September with 

annually occurred typhoon events in the time period from July to October. The site has 

soils with a loam to sandy-loam texture. Average soil acidity was pH 4.1. The moso 

bamboo stand under study (target area) is an area of 401 m2. The plant community was 

consisted of pure moso bamboo (Phyllostachys pubescens) stand in the height up to 12 

m with average DBH of 8.9 cm. This bamboo stand was conventionally managed (stand 

density was 5000 live stems/ha). It has been fertilized once with nitrate fertilizer in 

March of 2012 before measurement. 
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3.2 Measuring total soil CO2 efflux (RS) in field

We established a 10 x 20 m plot within the 400m2 moso bamboo stand. The plot 

was divided into fifty 2 x 2 m grids. In 2012 April, twenty measurement locations were 

randomly selected from these 50 grids. In each selected grid, a polyvinyl chloride (PVC) 

collar (10 cm inside diameter, 5 cm tall) was inserted to a depth of 2– 3 cm in the soil 

for measuring total soil respiration. All collars were left under undisturbed conditions 

throughout the study and all aboveground parts of living plant or moss in the collar were 

removed with minimal soil disturbance.

Soil CO2 efflux was measured with an EGM-4 portable CO2 infrared gas analyzer 

(IRGA; PP Systems, Amesbury, MA) equipped with a 10 cm inside diameter, closed 

dynamic chamber (SRC-1 closed type chamber; PP Systems, Amesbury, MA). Every 

measurement at a collar was repeated three times and the average of the three 

measurements was used in this study. Within each measuring campaign, we observed RS

of the 20 locations generally within the time period from 8:00 to 13:00. 

We selected location No. 5 and No. 9 for observing diurnal variations, which were 

measured within 24 to 28 hours in every measuring campaign, generally starting from 

9:00 and ending around 12:00 the next day. The measuring interval was every 2 to 3 

hours.
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3.3 Measurements for environmental factors

3.3.1 Soil temperature (TS)

TS data was measured concurrently with RS in 20 locationswith a simple portable 

thermometer (E-3630, Every Day, Taiwan). Every measurement was taken by inserting 

the thermometer into soil of 10 cm deep and remained 5 minute for temperature 

synchronizing. The measured TS is averaged from TS within from soil surface to the soil 

depth of 10 cm. Continuous TS measurement of different soil depths was set in two 

locations within the plot, which commenced in 12 May of 2012. The two sets of 

thermistas (Model 111N, Campbell Inc, UT) were buried in depths of 10, 20 and 50 cm, 

and the measurements were performed every 30 minutes and stored in a data logger 

(CR1000, Campbell Inc., UT). 

3.3.2 Soil volumetric water content (SWC)

Soil SWC data of the 20 locations was measured every time when measuring RS,

by using a simple portable thermometer (Delta-T Devices, Cambridge, EG). Within 

every measurement, moisture meter was inserted into soil depth of 7 cm. The 

measurements of SWC were repeated three times at each measurement location and the 

three measurements were averaged. As well, SWC was measured continuously using a 

dielectric aquameter senser (EC-5, Decagon Device Inc., WA). The 2 set of 3 sensors 

ssssssssssssss



23 
 

were buried in the depth of 10, 20, and 50 cm in the plot and the SWC measurements 

were performed every 30 minutes. 

3.3.3 Mass and carbon content of litter-fall

Above ground litter consist of bamboo leafs, twigs, and sheaths. We collected 

aboveground litters for a year from April 12, 2012, to April 25, 2013 with five 1 m2 area 

litter-traps which distributed throughout the study plot. Litters were collected once a 

month, and were oven-dried at 70 to a constant mass and weighted. Oven-dried litter 

were powdered and analyzed for carbon content with element analyzer (Perkin Elmer 

2400, Waltham, MA, USA). All litter C content was obtained by multiplying average 

litter C content percentage (45%) to oven-dried litter mass. We separated litters into 

three categories: leaf, branch, and sheath.

3.3.4 Soil carbon content

We estimated soil carbon content in the top 30 cm layer. Soil samples were 

collected and mixed from surface to the depth of 30 cm in 6 different locations within 

study area in March 12, 2012 and February 13, 2013. Soil samples were air-dried and 

sieved with a 2 mm mesh. Powdered samples were then analyzed for the carbon content 

with an element analyzer (Perkin Elmer 2400, Waltham, MA, USA). 
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3.4 Estimating annual soil CO2 efflux

As to find the influences of environmental variables to seasonal changes in RS, we 

use TS and/or SWC as parameters and correlates RS to both factors with empirical 

models introduced by previous studies (Table 1). Considering different possibilities of 

RS to be influenced by single or multiple factors, the RS dependence was tested with TS

or SWC as single influence, as well as the function combining TS and SWC. Non-linear 

regression was fitted with function optimize using software R (version i386 2.15.2). 

Based on this analysis, the most appropriate models for interpolation of RS and hence 

annual RS estimates were determined in this study.  
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Table 1 Empirical equations used to describe the relationships between soil respiration and 

temperature.

Parameter Equation Reference Number
TS = Soil 
temperature of 
0 – 10 cm depth

Arrhenius (1889) Eq. 1

(T=kelvin 
Temperautre; 
R=8.314 JK-1mol-1)

van’t Hoff (1898) Eq. 2

θ = % volumetric 
water content

Mielnick and Dugas 
(2000)

Eq. 3

modified version of 
Janssens et al. (2001)

Eq. 4

Subke et al. (2003) Eq. 5

TS = Soil 
temperature of 
0 – 10 cm depth
θ = % volumetric 
water content

Eq. 6

Ea = activate energy
Eq. 7

Eq. 8

Eq. 9

Eq. 10

Eq. 11

Note: a, b, c, d, R0, and Q10 are empirical coefficients to be estimated by maximum 
likelihood analysis. Ea is the activate energy fitted with data of this study, 99 KJ mol-1.
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3.5 Calibration of soil temperature data 

In this study, portable- and fixed-type thermometers were used to measure soil 

temperature in different depths and frequencies. Differences among the two kinds of 

temperature measurements were found as shown in Figure 3. Thus, calibration between 

surface TS and continuous TS from different depths is necessary for interpolation of RS

data using the models mentioned above. Note that the TS data used for model fitting 

were obtained with portable thermometer. For avoiding potential error result from TS

differences, we computed linear regressions between the surface TS averaged over 20 

points and daily mean TS from fix-typed sensors in same day at the three depths,

respectively.

Table 2 Linear regression (y=ax+b) between the surface soil temperature averaged 
over 20 locations (x) and the soil temperature (y) measured at the depth of 10cm 
(Ts-10), 20cm (Ts-20), and 50 cm (Ts-50), respectively. 
 

The derived results were shown in Table 3. Surface TS and TS-50 has the highest 

correlation with the function (r2=0.965, p<0.001) :

TS-surface = 1.384*TS-50 - 6.122. (Eq.12)

x a b r2

TS-10 1.075 -0.6743 0.91593
TS-20 1.189 -2.665 0.94657
TS-50 1.384 -6.122 0.96525
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3.6 Total belowground carbon flux (TBCF)

As to understand the soil carbon dynamics, we aim to characterize the Rs in this 

site. With the field data, we calculated total belowground carbon flux (TBCF) with an 

approach suggested by Raich and Nadelhoffer (1989): 

Previous literature has suggested negligible soil carbon dynamics and soil carbon 

stock in situ is under steady state in a long time period such as a year (Davidson et al., 

2002; Raich and Nadelhoffer, 1989). Validity of this function in tropical rainforests has 

also been examined (Giardina and Ryan, 2002; Malhi et al., 2009) though in this study, 

we could not examine the validity of this assumption with the data in situ. We therefore, 

highlight the requirement of further study in soil carbon dynamics in situ. 
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Chapter 4 Results and Discussion

4.1 Diurnal variation of RS and daily mean RS

We measured RS in all 20 locations once or twice a month, in the time between 

8:00 to 14:00 for seasonal variation. During the same time within every measuring 

campaign, we also measured RS in 2 of the 20 locations for 24 to 28 hours with the 

interval of 2 to 3 hours. 

In all measuring campaigns, RS rates tend to peak in the time period between 

afternoon to evening (18:00) and the lowest RS rates generally appear in morning before 

9:00. We found significant diurnal RS variations in some measuring campaigns, 

including April 28 to 29, June 8 to 9, and June 26 to 27 (Fig.4 a, c, and d), in which the 

highest RS rate exceed twice the lowest rate. Meanwhile, less significant diurnal 

variations in RS were found in some measurement campaigns between October and 

March. The seasonal variation of the amplitude in the diurnal RS variations (i.e., the 

difference between daily maximum and daily minimum) is shown in Figure 5. We can 

see stronger fluctuations in some measuring campaign where higher daily mean RS rate 

were also observed (Fig. 5 and 6).

The phenomenon of diurnal RS variations perform more significant in particular 

months within a year has been pointed out in previous literature (Liu et al., 2006;
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Savage et al., 2009). General mechanisms of diurnal RS dynamics in this study were not 

analyzed and have not clarified in related studies. However, assumptions have been 

made that some temperature-independent drivers can have stronger influence on RS than

temperature, by affecting dynamics of RA. Vargas et al., (2011) pointed out that diurnal 

canopy photosynthesis (flux rate inferred from eddy covariance technique) and RS

dynamics are very consistent and that canopy photosynthetic rate reacts faster than RS,

in four different forest types under different climate. Also, Savage et al.(2009) found the

diurnal pattern of photosynthetically active radiation (PAR), air temperature and RS

diurnal are highly similar. As for soil temperature dynamics, weaker correlations 

comparing to factors previously mentioned is reported (Savage et al., 2009; Vargas et al., 

2011). This finding, in addition to evidence provided by previous studies that canopy 

photosynthesis have direct influence on RS rate, had gave a plausible mechanism of 

daily photosynthesis influencing diurnal RS rate dynamics (Högberg et al., 2001; 

Kuzyakov and Cheng, 2001). These assumptions were examined with high resolution of 

RS rate and related flux data within the condition in a particular time period of a year 

which is often called the growing season. That is, the possible mechanism of diurnal RS

variation may only applicable in the particular time period of a year. The exact growing 

season in our study site is not clear, as the temperature and moisture in Sitou region in

the studying period did not reach to the values that will cause limitation to plant growth. 
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In addition, little knowledge to moso bamboo phenology has limited the speculation on 

growing season in this study. Besides, our field data is invalid for examine these 

hypothesis. Therefore, we suggest further examinations for clearer understanding of the

growing season in Sitou region and phenology of moso bamboo, in finding the 

mechanism of diurnal RS variation in Sitou moso bamboo forest.

Diurnal variations in RS can be a source of errors for daily or annual RS estimates if

they were not accounted appropriately. Previous study has suggested that the RS data 

taken between 0900 and 1100 provided the low sampling error of 0.9 to 1.5%, 

comparing with those of the entire daytime measurements (Xu and Qi, 2001). In our 

study, all 20 points data of single measurement were acquired between times of 0800 to 

1400. The result of single measurement and daily averaged data were shown in Figure 6.

The RS values between single measurements and daily averages were slightly different, 

but the trend of RS dynamics over study period was similar between both measurement 

frequencies. Then we calculated percentage of difference between the RS single 

measurement and daily mean values averaged over 24 hours at the two measurement 

locations. The percentage differences between the daily mean RS and the RS at single 

measurement at each location were calculated with formula: 
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Percentage of Eq (13)

Here, RS, represents RS acquired in single measurement and represent daily 

average of the diurnal measurements of RS.

Result of the seasonal variations in the percentage of difference (PD) is shown in 

Figure 7. The PD ranged between -20% and 10% and between -30 and 60% at the 

location of No5 and No9, respectively. The PD in the No9 showed larger PD in the 

winter season (Nov–Mar) with the low values of RS and the indistinctive diurnal 

variations in Rs (Fig. 4 and7). While PDs were mostly less than 10% through the year.

Further, mean PDs in the whole study period in both locations were -4.14%. That is,

diurnal variation of RS in our study site has contributed 4.14% difference to the RS

measured in 0800 to 1400. This may suggests high temporal representativeness of the 

single measurements performed in the period from 8:00 to 14:00 in our study site.

4.2 Seasonal pattern of RS, environmental factors and

litter C content

Seasonal fluctuations of RS were measured from April 2012 to April 2013. A 

relatively high RS was observed in June 9, 2012 (Fig. 8). High RS were observed in 
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April, June, and August. The seasonal variations in RS are likely to have a similar trend 

with TS. Mean annual RS was 3.24 2.21 µmol C m-2s-1, ranging from 1.54 to 7.98 µmol 

C m-2s-1. Soil temperature was 18.75 , ranging from 12.5 to 22.3 . SWC ranged 

from 0.2 to 0.54 which were higher in spring and summer than in fall and winter, which 

corresponded to precipitation pattern (Figure 8d).

Figure 8a shows monthly collected aboveground litter C content. From 2012 April 

28 to 2013 April 27, the total aboveground litter C was 209.54 g C m-2yr-1 with sheath 

of 12.32 g C m-2yr-1 and branch of 7.57 g C m-2yr-1, mainly consisted of leaf (= 189.65 g

C m-2yr-1). Bamboo leaves were collected throughout the year, accounts for 85% of total 

aboveground litter. Relatively higher amounts of leaves was collected in April and July, 

which were the beginning of the growing seasonand a typhoon event period,

respectively; Bamboo sheaths were collected in late April to June which is two months 

after newly formed bamboo shoots reached to full length; Branches were collected in 

the time of late June to middle September. 
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4.3 Controlling factors of RS seasonal variation – soil

temperature (TS) and soil volumetric water content 

(SWC)

Soil temperature and soil moisture are among the most important abiotic factors 

controlling the soil CO2 flux (Raich and Schlesinger, 1992; Raich and Potter, 1995; 

Davidson et al., 1998). The influences of TS and SWC are highly site-specific.

Correlations between soil temperature and RS are generally described with positive 

exponential functions. For example the Arrhenius type equation (Lloyd and Taylor, 

1994) or Q10 function proposed by van’t Hoff (1898). Soil moisture positively affects RS

in ecosystems with low soil moisture or previously experienced drought stress (Balogh 

et al., 2011; Inglima et al., 2009). Except that, many studies suggested fragment 

relationships of SWC negatively influence RS and coherent with TS (Davidson et al., 

1998; Xu and Baldocchi, 2004; Flanagan and Johnson, 2005).
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Table 3 Results of model fitting using all data points as independent observations,
models are listed in Table 1.

Equation RMSE value R-squared AIC 
1 1.791403 0.3769724 1304.741 143.014
2 1.739651 0.3799566 1163.902 2.175
3 2.002657 0.1901011 1246.687 84.96
4 2.022624 0.162351 1252.52 90.793
5 1.998375 0.1815543 1245.428 83.701
6 2.116606469 0.0953732 1303.964 142.237
7 2.046125447 0.1427011 1253.251 91.524
8 2.028636623 0.1787107 1250.583 88.856
9 1.786312 0.3698851 1181.466 19.739
10 1.73412 0.3838007 1166.03 4.303
11 1.727341 0.3887685 1161.727 0

Figure 9 and 10 represent relationships between TS, SWC and RS. The RS increased 

exponentially increasing with TS (Fig. 9). The larger RS were found around the SWC of 

0.4–0.5 (m3/ m3) and smaller RS were found in the SWC of <0.3 and >0.6 (Fig. 10).

In order to understand the RS seasonal variation mechanisms, 11 empirical models 

provided by previous studies have been fitted and evaluated with field data of this study 

(Table 1). Model 1 and 2 include TS as single parameter while model 3 to 5 include only 

SWC, and model 6 to 11 include both TS and SWC as parameters. The performances of 

models categorized with parameters are listed in Table 3.

Table 3 shows evaluations of all models fitted with field data of our study. TS as 

single parameter can explain 38% of seasonal RS variation (p<0.001, Fig. 7). The 
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correlation between TS and RS is described well by model 2. SWC as single parameter 

can explain at most 18% of total RS seasonal change; and TS and SWC both as 

parameters can explain 39%. That is, TS performs as a dominant driver in regulating 

seasonal RS change than SWC.

As well, model 11 have the lowest RMSE and AIC values (Table 3), showing its

performance is better than other models. Meanwhile, the subtle difference in AIC and 

RMSE values of Model 2 and 11 indicate that these four equations performs almost 

equally well and better than other equations (Table 3). In choosing model for estimating 

annual RS, due to the fact that the continuous measurement of SWC data is incomplete, 

we choose model 2 which performs almost as well as model 11, for year RS estimation. 

Annual RS was calculated by integrating modified TS data from continuous measured 

daily TS. Note that the calibration of TS was described in section 3.5 

Evaluating model performances, our study showed that TS have a stronger 

positive correlation with RS than SWC. Exponential function best correlates RS to TS

and performs almost equally well as the function including both TS and SWC as 

parameters, indicating TS is the major environmental driver rather than SWC.

In this study, the active energy (Ea) in Arrhenius equation was fitted to be 99 KJ mol-1

(r2=0.38) which is much larger than previous literature suggested around 50 KJ 

mol-1(Lloyd and Taylor, 1994). Based on the condition of Arrhenius equation only taken 
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temperature as influence, we assume that the high Ea fitted in this study result from the

vegetation system differences.

Our finding is similar to the study by Buchmann (2000) that TS controls regional 

RS in an exponential function, in a Norway spruce forest. The study by Liu et al (2011)

also showed similar result that either TS or SWC positively correlate to RS in two moso 

bamboo stands and a subtropical broad-leaved forest. In Taiwan, the RS rates have

positive correlation with TS and negative exponential correlation to SWC in three 

Japanese cedar (Cryptomeria japonica) forests under the same climate condition of this 

study (Hung, 2011). Also, in a subtropical mountain cloud forest in Taiwan, SWC and 

TS both affect RS in which high SWC and confounding low TS result in very low RS

(Chang et al., 2008). Therefore, controlling factors on RS and their effects on Rs can be 

highly site dependent.

Direct influence of TS on RS is difficult to obtain in field studies. Incubation studies 

have found positive correlations between TS and soil diffusivity (Nobel, 2005) and 

between TS and microbial respiration (Flanagan and Veum, 1974) at given SWC. SWC 

fluctuation in our study is between 20% and 60%, not lower than 0.2 (m3m-3) which is a 

suggested threshold of prohibiting microbial activities and not high above 0.7 (m3m-3) to

limit soil aeration (Papendick and Campbell, 1981). In other words, SWC in our study 

does not reach to both limitation conditions and thus contrasting the influence of TS.
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Model 2 directly provides extra information of TS sensitivity of RS, also known as 

Q10 value. Q10 value in this study is 5.07. That means RS rate in site will increase to 5.07

times by 10 degrees of TS increase, with the reference temperature of 12.5 (ie,

minimum temperature at this site). Comparing to the Q10 values with Japanese cedar,

which is 1.18 to 2.05 (Hung, 2012), the Q10 value of our study was much higher. In 

other words, RS in moso bamboo forest is more sensitive to temperature change than in 

Japanese cedar forests under the same climate condition. This difference can be partly

explained with the differences of soil water content between this study and Hung’s. The 

soil moisture was averagely higher in the Japanese cedar forests than the moso bamboo

forest of this study which may cause inhibition on TS directly influence RS and thus a 

lower Q10 value. We also supposed the phenology of fine root, such as growth rate and 

turnover rate of these two different vegetation types may respond differently to

meteorological dynamics and further result in different Q10 values. 

Liu et al (2011) found Q10 values were 1.92 in a subtropical broadleaf forest, 3.24 

in a conventionally managed moso bamboo forest, and 2.46 for intensively managed 

bamboo forest in Southern China, indicating Q10 in the bamboo forests were larger than 

surrounding vegetation, which agreed with the results in this study. However, Q10 value 

in moso bamboo forest in this study is much higher than the values reported in Liu’s

study.
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We assume that the different Q10 of this study and Liu’s can be partly explained 

with the soil organic carbon (SOC) content based on the data we have. The SOC of our 

study was 6.58(1.98) while in the study of Liu et al (2011) was 2.22(0.04). The 

influence of SOC on RS is by supplying substrate to decomposition whereas influence 

basal soil respiration and hence Rs (Franzluebbers et al., 2001). However, mechanisms 

of causing temperature sensitivity difference in same vegetation type but different 

environment is lack of study. We suggest further experiment filling this gap is needed.

On a global scale, Raich and Schlesinger (1992) had suggested a median Q10 value 

of 2.4 (ranging from 1.3-3.3) in RS from studies including most types of vegetation. 

Studies by Davidson et al (1998) and Janssens et al (2003) suggested that Q10 value 

ranged from 2.0 to 6.3 for European and North American forests. Q10 values vary with 

biome types and climate condition. The Q10 value differences among ecosystems can 

also result from the site-specific reference temperature difference. Lloyd and Taylor 

(1994) suggested that Q10 value decrease with reference temperature increase in a 

general scale. However, we found this theory invalid in this study as the relationship 

between Q10 value and reference is insignificant and even positively relates to reference 

temperature (Table 4). To examine this, we had arranged all data into 6 groups by the 

dates of measuring campaign. Table 4 listed the Q10 values fitted with different T0 which 

is the lowest temperature in each group.
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Table 4 Q10 values fitted with T0 of different group of data.
 

Data 
group

Date Q10 T0 n

A 4/13/2012 23.86 17.9 49
4/14/2012

4/28/2012

B 5/12/2012 23.85 18.8 56
6/8/2012

6/9/2012

C 6/28/2012 47.67 21.1 49
7/25/2012

D 8/6/2012 3.23 18.3 40
10/20/2012

11/16/2012

E 12/14/2012 0.97 12.5 60
1/24/2013

2/22/2013

F 3/16/2013 7.86 14.1 40
4/26/2013

For revealing the implications behind Q10 value in this study, we suggest 

experiments of RS partitioning into root respiration, and base soil respiration and 

incubation experiments is needed.

4.4 Annual soil respiration

We integrated calibrated TS data into model 2 with fitted parameters and summing 

up (Fig. 11). Based on the Ts data and the Model 2, the annual RS rate was estimated as

1304 g C m-2yr-1. The mean annual Rs, calculated by averaging over the 12
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measurement campaigns (=3.24 µmol m-2s-1) and directly scaling up to the unit of g C 

m-2yr-1, was 1226.12 g C m-2 yr-1, which is close to the value of annual RS estimation by 

integrating TS into function.

We compared our results with a study by Hung (2012) which reported soil 

respirations in three Japanese cedar (Cryptomeria japonica) plantations in Sitou 

experimental forest. The Rs in bamboo forest was considerably larger than that of 

Japanese cedar plantations (Fig. 12). Although they were under the same meteorological 

condition, the results indicated that the RS characteristics were very different between 

these two vegetation types and that in moso bamboo forest. Soil in the bamboo forest 

probably played a stronger source of CO2 than that of nearby Japanese cedar forests. On

a global scale, soil respiration varies greatly with vegetation types, climate, soil, and 

biological phenology. Moisture and annual mean temperature are positively correlated

to the mean annual RS of ecosystem (Raich and Potter, 1995). Among classifications of 

vegetation type, the annual RS estimated in this study falls in the group of “Tropical 

moist forest” (Raich and Schlesinger, 1992; Subke et al., 2003) while climate condition 

in Sitou is subtropical moist forest.

4.5 Soil carbon balance

Annual RS in this study was estimated as 1304 gCm-2yr-1. The annual litter-fall C

was estimated as 209.54 g C m-2yr-1 and hence TBCF was estimated as 1095.31 g C 
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m-2yr-1. A general trend of annual aboveground litter-fall C mass and annual RS was 

found linearly correlated, as shown in Figure 13 (Raich and Nadelhoffer,1989;

Davidson et al., 2002). TBCF of our study exceed those of the adjacent Japanese cedar 

plantations and the range of regression lines predicted from Rs and litter-fall C rate 

based on the world-wide literatures (Davidson et al., 2002). Some studies plotted in 

Figure 11 also exceed the regression lines, which were derived from Brazilian evergreen 

tropical rainforests with higher ration of root biomass for surviving in temporary 

drought (Nepstad et al., 1994). In our study, the relatively high TBCF has emphasized 

the belowground process in carbon cycle whereas given an aspect of implying 

mechanism of RS seasonal dynamics, which could link to plant phenology. In addition, 

moso bamboo species is mainly reproduced by rhizome systems extension and shooting, 

which intensive expansion of bamboos to surroundings have been reported. Therefore, 

the larger TBCF in moso bamboo than that of other forests might be a plausible

explanation to the intensive expansion of moso bamboo and the great RS seasonal 

fluctuations. As a global relationship demonstrated that TBCF is the single largest 

carbon flux in forest ecosystems aside from canopy assimilation, our result emphasized 

the importance of belowground processes on carbon budgets in the moso bamboo forest. 
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Chapter 5  Conclusion 

Our study showed temporal variations in soil respiration (RS) in the moso bamboo forest 

at the diurnal and the seasonal scale based on the 12-month observations. In this study, 

we found considerable diurnal variations in RS in some measurements campaigns, 

which generated averagely 4.14% error compared to the data acquired in the period 

between 9:00 and 13:00. The RS seasonal pattern showed maximum fluxes in April and 

summer and the minimum in winter. This seasonal variation could be explained using 

exponential Q10 function. The derived Q10 value was higher than that of the general 

average from forests worldwide, indicating the moso bamboo forest has a stronger 

positive feedback to global warming. In addition, Q10 values fitted in this study are 

positively correlates to reference temperature, which opposite to the theory suggest by 

previous study. Soil moisture also positively correlated to RS, although the model 

performance including solely the effect of soil moisture was not as significant as that of 

soil temperature. Estimated annual RS of this study using the Q10 function was almost 

twice as large as the annual RS observed in surrounding C. japonica forests and the 

amount in the bamboo forest was similar to that observed in tropical moist forests. The 

large total below ground carbon allocation (TBCA) estimated from the difference 

between Rs and litter C content in this site have indicated the importance of 
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belowground processes in carbon budget in the moso bamboo forest. Thus, our study 

showed that the inflated soil CO2 efflux and higher sensitivity to temperature increase

could support significant moso bamboo expansion into C. japonica.

Further studies including partition into RS sources (i.e. root and microbial processes) 

and understanding for the effects of TS, SWC, and plant phenology on each Rs source 

are needed to clarify our further understanding of soil respiration in moso bamboo 

forests.
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Figure 1 Site location of Sitou, central Taiwan.
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Figure 2 General climate condition in Xitou. Monthly average temperature and 
precipitation data were averaged over years from 1941 to 2008. 
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Figure 3 Soil temperature measured in soil surface and 3 different depths
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Figure 5 Ranges variation of diurnal RS rate dynamics of collar 5 and 9. The 
dynamic ranges are indicated by the maximum and minimum RS rates in observed 
in every measuring campaign.
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Figure 6 Seasonal RS variation of collar 5 and 9. Values were calculated with two 
different approaches: averaging the value of diurnal measurements and single 
measurement in the measuring campaign.
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Figure 7 Percentage of differences between RS of single measurement and of 
diurnal average in the studying period.



63 
 

Figure 8 Observed (a) soil respiration rates (Rs) and monthly accumulated litter 
C content, (b) soil surface temperature and (c) soil volumetric water content in P. 
pubescens stand (d) daily accumulated precipitation from 13 April 2012 to 27 
April 2013.

(a) 

(b) 

(c) 

(d) 



64 
 

Figure 9 Relationship between soil respiration rates and surface soil temperature. 

Red line indicates model 2: ; and green line indicate 

model 11: .
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Figure 10 Relationship between soil respiration rates and surface soil volumetric 
water content. Blue line indicate fitted model 3:

and green line indicates model 11:

.
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Figure 11 Modeled soil respiration (RS) from 12 May 2012 to 12 May 2013. Filled 
circles show calibrated soil respiration TS (calculated from TS measured in 50 cm 
depth) and hollow circles show estimated RS.
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Figure 12 Estimated annual RS of this study plotted with annual RS converted by 
Hung (2012) in three Japanese cedar (Cryptomeria japonica) forests in Sitou 
experimental forest. Vertical bars represent standard deviation (n=115, 121, 112 
and 293 for CJ73, CJ50, CJ20 and this study, respectively).
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Figure 13 Regression of annual soil respiration and annual aboveground litter-C
for all sites listed in studies by Davidson et al (2002) and Raich and Nadelhoffer 
(1989). Red symbol indicate this study. Green symbols represent data from the 
Japanese cedar plantations in Sitou. Black bold line, dashed line, and dotted line 
represent regression line of the study by Davidson et al (2002), regression line of 
the study by Raich and Nadelhoffer (1989):
Annual soil respiration=130 +2.92*annual litter-fall; and the 95%confidence 
interval of Davidson et al. (2002)’s regression line: Annual soil respiration =
287+2.80*annual litter-fall.


