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Soil CO7 fluxes in Irish agricultural systems

Suresh Kumar Jogi, Department of Botany, Trinity College, Dublin

Abstract:

Worldwide concern with climate change and its effects on our future environment 
requires a better understanding and quantification of the processes contributing to it. 
Studies on the role of soil processes is needed to quantify the large scale surface fluxes of 
water, heat and greenhouse gases and also to determine the effects o f land use and land 
cover changes. CO2 efflux from soil to atmosphere is an important part of the C cycle in 
nature. One of the key questions to be addressed is the future dynamics of the greenhouse 
gas emission and their impact on global warming. The potential increase in CO2 release 
from the soil caused by future elevated temperature may have a positive feedback effect 
on the atmospheric CO2 and global change. Soil respiration, one of the major fluxes o f 
global carbon cycling that could significantly slow down or accelerate the increase in 
atmospheric CO2, with consequent feedbacks to climate change. Soil respiration is 
influenced by land use, management practices, and environmental conditions. Soil CO2 
flux was measured in a cut and grazed pasture and a spring barley field managed under 
Conventional and reduced tillage at the Oak Park Crop Research Centre, Co. Carlow, 
Ireland in order to determine the relationship between soil CO2 flux and environmental 
factors and biomass. Soil CO2 flux increased as the day progressed, and was positively 
related to above & belowground biomass. Soil C02  efflux averaged 3.25 g CO2-C m'^ 
day ' for grassland, compared to 3.52 g C02 -C  m'^ day * for reduced tillage and 3.6 g 
CO2-C m'^ day’' for conventional tillage under spring barley crop. However, most of the 
variation in soil CO2 flux explained by a multiple regression model was attributed to the 
annual cycles o f soil temperature and moisture. Soil CO2 flux did not follow standard Qio 
relationships. Differences in soil CO2 efflux among treatments could be attributed to 
differences in SOC and MBC, and plant biomass input suggesting that land use plays a 
significant role in soil CO2 efflux from respiration. In addition, substrate regulation 
experiments were conducted in both the managed pasture and arable fields in order to 
determine the relative contributions of autotrophic and heterotrophic respiration towards 
total soil CO2 efflux. On an average roots contributed 27 and 50% in managed pasture 
and spring barley respectively. This study suggests a critical role of substrate supply in 
regulating soil respiration and its temperature sensitivity. Most importantly, 
standardization of systematic errors of the measuring system used for determining soil 
respiration was done by comparing of measured against known CO2 effluxes. Two closed 
dynamic systems manufactured by the same company were tested against known CO2 
effluxes using a well designed calibration system, and to derive calibration coefficients 
for each. This was a quality control measure for reliable quantitative Carbon budgets of 
various agro ecosystems, based on soil CO2 efflux measurements. Future work should 
focus on quantifying the role of the interactive factors that could explain the large 
differences in soil CO2 flux across annual and regional scales.
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Chapter 1: Introduction

This current study investigates the role o f  soils in the terrestrial carbon cycle, focusing on 

the fluxes o f  soil carbon from managed pastures and arable cropping systems in Ireland. 

This work is part o f  the Co-ordinating Centre for Flux Measurements, accounting for 

greenhouse gas sources and sinks in major Irish Land-use categories, supported by the 

Environmental Protection Agency (EPA). The total land area o f  Ireland is 6.9 million 

hectares, o f  which, almost 5 million hectares is used for agriculture and forestry. Ireland 

is unique in Europe in that agriculture is overwhelmingly grassland oriented, with some 

91% o f  cultivated land given over to pasture, meadow and silage (CSO, 2002). O f the 

remaining 9%, 6.75% is made up o f cereals and maize, with less than 2% dedicated to 

fruit, vegetable and root crops (Appendix 1). Arable croplands are restricted in 

distribution, forming a significant minority o f  farmlands only in east Munster and south 

and east Leinster.

The CC Flux project aims to (i) assess the carbon sequestration potential o f  Irish Land 

use categories, mainly grasslands and arable systems, (ii) provide estimates o f  overall 

greenhouse gas (GHG) emissions, including nitrous oxide (from fertilization and 

manuring o f  soils) (iii) develop likely fiiture scenarios o f carbon sequestration and 

greenhouse gas em issions, and derive mitigation options at different spatial and temporal 

scales. Measurements o f  net ecosystem exchange (NEE) o f  CO2 by eddy covariance are 

being carried out on these two land categories. Management practices, such as silage cut, 

grazing and fertilizer application and tillage regime are intensively studied and 

manipulated for experimental purpose for their sensitivity to the timing and duration.

This study particularly deals with the gaseous loss o f  carbon from the soil through natural 

processes o f  decomposition and root respiration. These are influenced by several 

envirormiental factors. This chapter is a broad introduction to the topic o f  soil carbon 

fluxes. Instrumentation, a very important component for measuring carbon fluxes is dealt 

within chapter two. Soil carbon losses from managed pastures and arable crops (i.e. 

barley, in our case) are dealt with in chapter three and four respectively. Chapter 5
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investigates the role of substrate in controlling soil carbon fluxes, whilst chapter 6 is a 

comparative synthesis and discussion of all the experiments.

1.1 Soils and Soil Respiration

Soil carbon is an important component of the global carbon budget for several reasons. 

As Mielnick and Dugas (1999) suggested, soils evolve carbon dioxide to the atmosphere 

through plant root respiration and decomposition of soil organic matter by soil 

microorganisms. Global total carbon efflux from the soil is estimated to be between 50 

and 75 GT (C) y ‘ (Raich and Schlesinger, 1992). After the deep ocean, the soil is 

considered the second largest pool in the global carbon cycle, comprising more than 

twice the estimated pool of carbon in living biomass (Rayment and Jarvis, 2000). Fig.l 

illustrates the flow of carbon in the biosphere, indicating relative sources and sinks of the 

carbon cycle. However, knowing only the size of the reservoir of carbon stored in soils is 

not sufficient to predict its influence on atmospheric CO2 concentrations. Within the 

context of increasing interest regarding the significance and nature of the terrestrial 

biosphere as a global carbon source or sink, better knowledge of carbon flow is needed. 

Carbon flow through the ecosystem may be defined as the transfer of plant, animal and 

microbial biomass carbon from one trophic level to another (Buyanovsky et al, 1987). In 

this process, a portion of the carbon accumulated by plants is incorporated into different 

forms of organic matter and the rest is mineralized to CO2 and returned to the 

atmosphere. The rate of carbon transferred through the system and deposited in the soil 

profile is functionally related to the biological productivity and decomposition potential. 

In a steady-state system, the soil organic carbon content remains at equilibrium levels, 

since the input of carbon from primary production and output as a result of mineralization 

are balanced (Buyanovsky et al, 1987).
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Figure 1: G lobal carbon cycle with its storage and fluxes in different form s (Source: 

Schlesinger (1997) and values from  Schimel et a l ,  1995).

Soils in their natural state retain carbon in stable micro-aggregates for hundreds to 

thousands o f  years unless environmental conditions are changed. Cuhivation practices 

such as ploughing break soil aggregates, expose originally protected organic matter in 

soils to microbial attacks, and thus accelerate decomposition and respiratory carbon 

losses to the atmosphere. Total carbon loss from soils has been estimated as 78 Pg C, 

including 52 Pg C by soil organic matter (SOM) decomposition and soil respiration, and 

26 Pg C by soil erosion (Lai, 2004). O f particular importance are the soils in the boreal 

region, which form the largest soil organic matter reserves due to low soil temperatures 

(Rayment and Jarvis, 2000). In addition, Schlesinger (1977) reported that forest and 

mineral soil in temperate forests, account for 45% o f the total ecosystem carbon storage. 

More recently, Rhoades et a l ,  (2000) also added the contribution o f  tropical soils to an 

increased emission o f  CO2 from terrestrial ecosystems and showed that 32% o f  the global 

soil carbon (including the above and belowground storage) is contained in tropical soils.
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Finally, the areas with the lowest soil carbon input to the global total soil CO2 efflux rates 

are deserts, tundra and swamps (Raich and Schlesinger, 1992).

1.2 Soil respiration

Early studies of soil respiration by Lundegardh (1927) and others were performed in the 

laboratory or under agronomic conditions. Only in more recent years has the complexity 

of the heterotrophic processes in the soil been decoded. Soil respiration is the process by 

which the carbon dioxide produced by soil microorganisms and plant roots is released at 

the soil surface (Rochette et al, 1991; Akinremi et al, 1999), and is the major pathway 

of ecosystem carbon flow, and contributes a significant fraction of the carbon dioxide 

fixed by photosynthesis.

Technically, the rate of CO2 production in the soil (i.e. soil respiration rate) cannot be 

directly measured in the field. Measurements are often made at the soil surface to 

quantify a rate of CO2 efflux from the soil to the atmosphere. At a steady state, the CO2 

efflux rate at the soil surface equals the rate of CO2 production in the soil. In the absence 

of major perturbations, the rate of CO2 production in the soil is indistinguishable from the 

rate of CO2 efflux at the soil surface on a daily or longer time scale (Hui and Luo, 2004). 

Thus, the term soil respiration is practically interchangeable with soil surface CO2 efflux.

Carbon storage in soil is regulated by a balance between aboveground and belowground 

production. The aboveground primary production is considered the main source of 

organic matter for most soils. Photosynthetically fixed carbon is transferred from the 

aboveground parts of living plants to the soil via litter fall and through translocation to 

the roots and from the roots into the soil (van Veen et al, 1991). Microbes utilize the 

transformed root-derived carbon compounds for energy production and biosynthesis. The 

functioning of soil ecosystems is possible only through the microbial activity which 

drives the nutrient cycling in soil and which uses the production of root-derived carbon. 

Toland and Zak (1994) also mentioned the large portion of the CO2 flux evolved from 

soil as a result of the decomposition of the belowground litter and plant root respiration.
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In the terrestrial carbon cycle, CO2 is produced by both plant respiration (Rp) and 

microbial respiration (R / ,)  that occurs due to the decomposition of litter and SOM. R p is 

often called autotrophic respiration and can be separated into aboveground plant 

respiration ( R o )  and belowground plant respiration (R ^ ). (Belowground plant respiration 

is often equivalent to root respiration.) Microbial respiration (R h )  during the 

decomposition of litter and SOM is called heterotrophic respiration. The flux rate 

measured at the soil surface ( R s )  is the sum of root respiration and microbial respiration;

Rs = Rr + Rh (1)

Throughout this thesis the CO2  efflux measured at the soil surface will be considered as 

soil respiration assuming that CO2 production and transport are at a steady state. R  ̂ is 

difficult to estimate in situ; few experiments have been done to measure root respiration 

directly at the field level. Many researchers have resorted to indirect measurement of Rr 

through partitioning techniques. Therefore, we can classify soil respiration as Autotrophic 

and Heterotrophic based on the source of the origin of soil CO2 .

1.2.1 Autotrophic respiration (Rr)

This is composed of root and rhizosphere respiration.

1. Root respiration

Root respiration includes all processes occurring in the rhizosphere following the 

definition of Wiant (1967), where “root respiration includes all respiration derived from 

organic compounds originating in plants including respiration of living root tissue, of 

symbiotic myccorrhizal fiingi and associated microorganisms, and decomposing 

organisms operating on root exudates and recent dead root tissues in the rhizosphere.” 

Kelting et a l, (1998) addressed the issue of three biologically relevant compartments 

among which carbon is transferred in soils: root tissue, rhizosphere, and root-fi-ee soil. 

The most easily distinguished is the root tissue compartment, consisting of living roots
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bounded by the soil matrix. The rhizosphere compartment is more disperse, being 

populated by a relatively large microbial community (Hanson et al, 2000), which utilizes 

root-derived organic matter as the primary energy substrate. The third compartment, 

known as the root-free soil compartment consists of a smaller microbial community, 

which obtains its energy from the root turnover, and organic matter from above ground 

litter via secondary products diffused into the root-free soil. Most investigators have 

found it difficult to quantify the contribution of roots to the total respiration. One 

approach suggested by Edwards and Sollins (1973) was to measure CO2 evolution from 

upper, root-free horizons, while measuring oxygen uptake from roots separated from 

portioned, lower horizons. Another procedure described by Hanson et al, (2000) is the 

root exclusion method that indirectly estimates root contribution to total soil CO2 efflux 

rates by measuring soil respiration with and without the presence of root. Much of the 

variability in these estimates might originate from the variety of measurement techniques, 

each with its unique set of limitations. Some estimates of total root respiration include 

soil disturbance and an extrapolation of the rates from individual roots to a whole system. 

Other estimates do not reflect conditions found in the natural environment, depending on 

data from laboratory studies or greenhouses (Andrews et al, 1999). In spite of these 

difficulties, CO2 evolution data are useful in comparing rates of biological activity and as 

diagnostic parameters of ecosystem types. Microbial respiration, root respiration, and 

plant litter production exert an important influence in the CO2 efflux from soil, and 

factors affecting these processes could change the release of stored carbon to the 

atmosphere.

Root respiration usually accounts for approximately half of the total soil respiration, but 

varies from 10 to 90% among different studies (Hanson et al, 2000). Root respiration 

consumes approximately 10-50% of the total carbon assimilated each day in 

photosynthesis (Lambers et al, 1996). The amount of CO2 produced through root 

respiration is determined by the root biomass and specific root respiration rates. Root 

biomass in an ecosystem depends on ecosystem production, allocation patterns of plant 

species, and varies with growth environments and seasons. Root respiration is regulated
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by a number of biotic and abiotic factors that are related to the status, life history, and 

environment o f the plants (Amthor, 1991; Wang and Curtis, 2002).

Other enviroimiental factors that influence respiratory processes include flooding, 

salinity, and water stress, nutrient supply, irradiance, pH values, and partial pressure of 

CO2 (Lambers et a l, 1998). Flooding inhibits root respiration except in the case of  

wetland plants, which have evolved mechanisms of aeration. Root respiration rates are 

low in dry soil in comparison to that in wet soil during the 110 days o f  study (Bryla et a l, 

1997).

2. Rhizosphere respiration with labile carbon supply

Interactions between plants and microorganisms in the rhizosphere play a critical role in 

regulating microbial activity, nutrient availability, decomposition o f litter, and dynamics 

of soil organic matter. Roots continuously release various substances to the soil such as, 

water-soluble exudates (sugars, amino acids, hormones, and vitamins), which leak from 

the root without involvement o f metabolic energy; and, secretions (polymeric 

carbohydrates and enzyme), which depend on metabolic processes for their release 

Estimated amounts o f carbon lost as exudates and secretions vary considerably with plant 

species, experimental facilities, sites, and measurement methods. Hutsch et al., (2002) 

demonstrated with different plant species that up to 20% of photosynthetically fixed 

carbon are released into the soil during the vegetation period. It was still not feasible to 

measure the amount o f rhizodeposition in natural ecosystems despite their importance in 

regulating plant and ecosystem carbon balance. While a large percentage (64-86%) o f  

these root-bome substances are rapidly respired by microorganisms, about 2-5% of the 

net carbon assimilation remains in soil (Hutsch et a l, 2002).

1.2.2. Heterotrophic respiration

Heterotrophic respiration is composed of surface and subsurface decomposition of plant 

litter and soil organisms and oxidation o f soil organic matter. Litter decomposition
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contributes to a significant amount of CO2 production at the soil surface and in the soil. 

Removal of soil surface litter has been found to have reduced aimual soil respiration by 

15% in an undisturbed grassland in Central California, and by 27% in an adjacent 

disturbed site with a lemon orchard (Wang et al, 1999). It is therefore vital in finding out 

the amount of litter production and its pool size along with its rate of decomposition to 

understand CO2 production, which leads to the loss of carbon from the soil.

Turnover of fine roots contributes a large amount of detritus to the soil in many 

ecosystems. The turnover quantifies the amount of deceased roots relative to the stock of 

live fine roots. Root turnover rates increase exponentially with mean annual temperature 

for fine roots in grasslands and forests, and for total root biomass in shrub lands (Gill and 

Jackson, 2000). Litter decomposition is usually measured as the mass remaining of 

original litter after a period of incubation either in laboratory or in the field. The mass 

remaining usually decreases rapidly at the beginning of the incubation and then slowly as 

the incubation time goes on. Over the time course, litter decomposition involves three 

processes: the fragmentation, leaching, and chemical alteration of dead organic matter to 

produce CO2 , mineral nutrients, and remnant complex organic compounds that are 

incorporated into soil organic matter. Leaching by water transfers soluble materials away 

from decomposing organic matter into the soil matrix. The water-soluble compounds that 

are not used by microbes can pass to soil to react with the minerals, or are lost from the 

system in solution. Microbes also secrete products of metabolism, such as CO2 and 

inorganic nitrogen, and produce polysaccharides that enable them to attach to soil 

particles. When microbes die, their bodies become part of the organic substrate available 

for decomposition.

Litter decomposition is regulated by many factors considering climatic variables, 

temperature and precipitation are the most important. Although there are several 

arguments regarding the relative importance of temperature versus moisture in affecting 

litter decomposition (Fillers and Sluart, 1993), temperature and moisture are usually 

interdependent and interactively determine litter decomposition. Litter decomposition



also varies with vegetation types, mainly resulting from differences in their associated 

litter quality and microclimates (Prescott et a l ,  2000).

Soil organic matter (SOM) is the organic fraction o f  the soil and usually does not include 

plant roots, undecayed macro-animal and plant residues in soil. Breakdown o f  organic 

matter involves complex processes, including chemical alterations o f  organic matter, 

physical fragmentation, and releases o f mineral nutrients. Organic matter breakdown is 

regulated by many factors, including soil moisture, thermal regimes, soil texture, bedrock 

type, nutrient status (cation exchange capacity), water holding capacity, illuviation and 

bioturbation rates, root penetration resistance, and the availability o f  oxygen to support 

aerobic microbial respiration. These variables tend to be coupled in such a way that soil 

texture becom es a useftil proxy for most o f  them, with SOC levels negatively correlating 

with the particle sizes o f  the soil substrate. Disturbances such as deforestration, logging, 

agricultural and grazing practices, and biomass burning usually reduce SOC by either 

lessening carbon input or increasing carbon release. Examples include, ploughing, which 

damages soil structure and accelerates the decomposition o f  SOM, and deforestration and 

biomass burning which decrease carbon input into SOC pools. SOM consists o f  stable 

materials with a decomposition rate o f  5% or less per year, depending on climatic 

conditions. An increase in soil temperature usually favors decomposition o f  humus 

materials. Increases in soil aeration favor oxidative decomposition. Adequate nitrogen 

supply usually increases the rate o f  decomposition o f  SOM. Mechanical disturbance by 

cultivation also favors decomposition. Wetlands, swamps or marshes, peat lands or bogs 

which have slow decomposition o f  plant litter due to anaerobic conditions, when drained, 

leads to rapid decomposition o f  SOM, releasing large amounts o f  CO2.

1.3 Soil respiration in different ecosystems

Soil respiration varies greatly with different ecosystem types, reflecting intrinsic 

characteristics o f  those ecosystems in prevailing envirormients and biological activities. 

Mean rates o f annual soil respiration differs by twenty fold among major vegetation 

biomes (Table 1). Soil respiration is lowest in the cold tundra and northern bogs, and the
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highest in tropical moist forests where both temperature and moisture availability are 

high all year round (Raich and Potter, 1995). At a global scale, mean rates of annual soil 

respiration are positively correlated with mean plant productivity among different biomes 

as primary production supplies the organic substrate that drives root and microbial 

processes. A recent synthesis by Hibbard et al, (2005) in the northem-hemisphere 

temperate ecosystems demonstrates that soil respiration averaged over the growing 

season is the lowest in grasslands and woodland/savarma, intermediate in deciduous 

forests, and highest in evergreen forests.

A global and regional syntheses by Raich and Tufekcioglu (2000), has shown that soil 

respiration rates are consistently greater by approximately 20% in grasslands than forests. 

Grasslands usually allocate more photosynthates belowground than forests, in which 

more C is allocated to wood production. Among forests, soil respiration rates in conifers 

are lower by an average of 10% than those in broad-leaved forests located on the same 

soil types. Crop fields have approximately 20% higher rates of soil respiration than do the 

adjacent fallow fields. Grasslands have about 25% higher soil respiration rates than do 

the adjacent crop fields. A similar trend was observed in three adjacent crop field, forest, 

and grassland with cumulative CO2 production from soil incubation being 390 ± 18.9, 

1300 ± 62.3, and 1800 ± 84.9 mg k g '\ respectively (Saviozzi et al, 2001).

1.4 Factors in influencing soil respiration

Soil respiration in various ecosystems is mainly influence by biotic and abiotic factors. 

Gupta and Singh (1981) measured soil respiration in a tropical grassland and found a 

positive relationship between CO2 flux and temperature. In general, the highest soil 

respiration rates are found in the tropics, where plant growth is luxuriant and the 

conditions are ideal for decomposers (Schlesinger and Andrew, 2000). Rates of soil 

respiration in a tall grass prairie have also been reported to be correlated with temperature 

(Kucera and Kirkham, 1971). More recently, Mielnick and Dugas (1999) in an effort to
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Table 1: Mean rates o f annual soil respiration among major vegetation biomes 

(Luo Y, andX. Zhou. 2006)

Vegetation type Soil respiration rate 

(g C m'̂  y r ‘, mean ± SE )

n

Tundra 60 ± 6 11

Boreal forests and woodlands 322 ±31 16

Temperate grasslands 442 ± 78 9

Temperate coniferous forests 681+ 95 23

Temperate deciduous forests 647 + 51 29

Mediterranean woodlands and 

heath
713 ± 88 13

Croplands, field, etc. 544 + 80 26

Desert scrub 224 ± 38 3

Tropic savannas and grasslands 629 + 53 9

Tropical Ary forests 673 + 134 4

Tropical moist forests 1260 ± 57 10

Northern bogs and mires 9 4 ±  16 12

Marshes 4 13 + 7 6 6
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quantify year-round soil CO2 fluxes in a tall grass prairie, also found a strong relationship 

between soil CO2 flux, soil temperature and soil moisture. Both soil temperature and 

moisture were combined into one equation that explained about 52% of the flux variance. 

In contrast, Fitter e/ a l, (1998) showed that root growth under grassland types, and the 

consequent input of carbon to soil, is controlled by radiation flux and not by temperature. 

One possible explanation for this discrepancy could be the short-term nature of this study. 

Another crucial unknown parameter in the root-production-temperature relationship is the 

effect o f climatic changes on root longevity and turnover. It is likely that increased 

temperature will also increase root production and turnover, but the increase in carbon 

storage in root biomass remains hard to predict (Fitter et a l,  1998).

In general, soil temperature and soil moisture are considered the main abiotic factors 

influencing soil respiration and are called as the primary factors. On the other hand, root 

respiration and substrate supply due to productivity and microbial interactions are the 

main biotic factors and are considered being secondary factors that influence soil 

respiration.

1.4.1. Temperature

Temperature is an important parameter known to determine most o f the major processes 

in the carbon cycle. Biochemical and physiological studies usually demonstrate a general 

temperature-response curve where respiration increases exponentially with temperature, 

reaches a maximum at approximately 45 - 50°C, and then declines. This response affects 

the allocation of carbon between roots and shoots (Farrar, 1988), respiratory losses of 

carbon by plants (Ryan, 1991), and mineralization potential of the microbial population 

(Ross e. al., 1999). Root respiration also increases exponentially with temperature in its 

low range when the respiration rate is mainly limited by biochemical reactions (Atkin et 

al, 2000). Responses of root respiration are also more sensitive to temperature for young 

roots than old roots. Temperature indirectly influences root respiration via its effects on 

root growth. Roots grow faster at higher temperatures in annual crop plants (Kasper and 

Bland, 1992) and perennials (Kutsch et al., 2001). The exact nature of the relationship
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between respiration and temperature is still not perfectly clear, thus understanding how 

temperature effects soil respiration is vital for predicting soil response to climate change.

Temperature is the main envirormiental factor affecting soil CO2 efflux, although not all 

studies concur. Giardina and Ryan (2000) concluded that the decomposition (respiration) 

of organic carbon contained in forest mineral soil could not be stimulated by increased 

temperature alone. However, their data are in conflict with the soil CO2 flux data 

reviewed by Lloyd and Taylor (1994). Liski et al., (1999) also concluded that the 

decomposition of old soil organic matter is more tolerant of temperature change than is 

the decomposition of young litter. The same idea was supported by Thomley and Camiell 

(2001) who argued that the temperature sensitivity soil of CO2 efflux has been over

estimated. They concluded that, although in the short-term warming increases soil CO2 

efflux, in the long-term the carbon lost by microbial respiration is being offset due to 

acceleration of soil physico-chemical “stabilization” reactions and inputs in the soil from 

net production. Furthermore, they criticised soil CO2 efflux data from short-term 

measurements (incubation), as short-term experiments are heavily affected by the 

transient loss of readily available carbon (same argument as in Giardina and Ryan, 2000). 

Additionally they questioned the soil temperature response functions derived from the 

seasonal changes of soil CO2 efflux in the field. Despite all these arguments, many 

studies on different individual sites and at different time scales of the order of hours to 

months, have stated that soil CO2 efflux is strongly temperature-dependent (Howard and 

Howard, 1993; Kirschbaum 1995; Davidson et a l, 1998). Although many studies have 

shown a positive correlation between soil CO2 efflux and temperature, there is not an 

agreement on the exact form of the relationship. In addition, most of these relationships 

tend to be site-specific and so far no agreement has emerged on one common model. 

Some researchers have used a linear relationship (Raich and Schlesinger, 1992; Howard 

and Howard, 1993), especially when soil water content was included in the analysis 

(Gordon et a l, 1987; Rey et al., 2002). Soil CO2 efflux usually increases exponentially 

with increasing temperature and this relationship can be described with exponential or 

Arrhenius type equations, which have different theoretical bases (Lloyd and Taylor, 

1994). It has been suggested that the use of Arrhenius type functions effectively
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calculates the influence of temperature on rate constants for most chemical reactions and 

many biological reactions, although in biological systems the functions can only be 

applied over a limited range of temperatures (Winkler et ah, 1996). It is unclear if it 

would be usefiil to look for a theoretical description of such a complex system as the 

community of soil organisms, where the total activity is determined by the combined 

activity of a whole range of different organisms that may have different individual 

temperature sensitivities (Kirschbaum, 1995).

In order to describe the temperature sensitivity of soil CO2 efflux, the Qio is commonly 

used as a convenient indicator to summarize the observed responses (Kirschbaum, 1995). 

In the most conmionly used model, the Qio value is conceptually constant. In the other 

models, Qio is a variable with temperature. Lloyd and Taylor (1994) pointed that Qio 

decreases with increasing temperature. Consequently, for biomes in areas where soil 

temperatures are low, soil CO2 efflux is more sensitive to changes in soil temperature. 

Winkler et al, (1996) in incubation experiments with soil from the A horizon, calculated 

a Qio from 1.7 to 1.9, over the temperature range from 4 °C to 28 °C. Kirschbaum (1995) 

found over a wide range of studies that Qio decreases linearly with increasing 

temperature. In his review, the Qio value ranged from about 8 at 0 °C to about 2 at 30 °C. 

However, different Qio values, may be obtained with the same data set. Fang and 

Moncrieff (2001) incubated soils from farmland and forest and derived different Qio 

values at 10 °C and 30 °C, from different fitted relationships in their data. Qio varies 

among ecosystems and temperature ranges because the various components of soil 

respiration (e.g. root respiration, oxidation of plant detritus and organic matter by 

heterotrophs) exhibit different sensitivities to temperature (Kirschbaum, 1995; Trumbore 

et al, 1996). It has also been found that Qio varies with the depth of the active soil layer 

and the depth at which temperature is measured (Kirschbaum, 1995; Swanson and 

Flanagan, 2001).

The estimated values of Qio for soil respiration vary widely from little more than 1 to as 

high as 10, depending on the geographic location and ecosystem type (Lloyd and Taylor 

1994; Kirschbaum, 1995; Simmons et al, 1996; Chen et al, 2000). Holland et a l, (1995)
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has shown that estimates of global soil respiration are sensitive to the selected Qio value 

for various biomes. Based on data compiled nearly 15 years ago, the global median value 

for Qio is 2.4 with the range of 1.3 -  3.3 (Raich and Schlesinger, 1992). Howard and 

Howard (1993), Lloyd and Taylor (1994), and Raich and Potter (1995) noted that the Qio 

value is frequently observed to change with temperature, with higher values typically 

found in colder climates. It may also be affected by soil moisture conditions (Mathes and 

Schriefer, 1985). Most of the empirical relationships that have been established between 

field measurements of soil respiration, soil moisture and soil temperature tend to be site 

specific (Raich and Potter, 1995; Howard and Howard, 1993). Compiling literature 

values from year-round field studies, Raich and Schlesinger (1992) calculated an average 

Qio of 2.4. In a study by Davidson et ai, (1998) in the Harvard Forest, high Qio values of 

3.4 -  5.6 were reported. In contrast, Raich and Potter (1995) found the Qio of soil CO2 

efflux in two empirically based, semi-mechanistic models to be only 1.5. These 

contradictory results appear to be related to the use of air versus soil temperature as an 

independent variable. Air temperature typically fluctuates more in vegetated sites than 

does soil temperature (Raich and Potter, 1995).

An explanation for varying Qio values in the literature, suggested by Davidson et ai, 

(1998), is the fact that many of the values reported in the older literature are based on 

soda lime measurements that probably underestimate high fluxes and therefore would 

underestimate Qio values. The possible differential response of microbial and root 

respiration to temperature could be reflected in the relatively high Qio values noted in 

Davidson’s (1998) study. Because of the different temperature sensitivities showed by 

various components of soil respiration, Qio values vary considerable among ecosystems 

and across temperatures ranges. These components include respiration by live roots, 

associated mycorrhizae, root exudates and humified organic matter by soil heterotrophs 

(Trumbore et al., 1996).
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1.4.2 Soil moisture

Soil moisture (soil water content) is another important abiotic factor affecting soil CO2 

efflux and often it interacts with soil temperature to affect soil respiration, making it 

difficult to separate the two factors. Generally, dry soils exhibit lower CO2 efflux than 

wet soils (Reichstein et ah, 2002; Davidson et al., 2000; Mielnick and Dugas, 2000). 

Davidson et al., (2000) found decreasing soil CO2 efflux in forests and pastures in eastern 

Amazonia with decreasing water content. However, at high levels of soil water content 

limitations on the diffusion o f oxygen suppress soil CO2 efflux. The results from 

published studies do not reveal a consistent relationship of soil water content with soil 

CO2 efflux and different functions have been used to describe the relationship. Gordon et 

al., (1987) used a linear regression to best fit the relationship between soil CO2 efflux and 

soil water content for the mineral horizon. The exponential function has also been used 

(Davidson et al., 1998), while many researchers have used quadratic functions (Bunnel et 

al., 1977; Liim and Doran, 1984; Howard and Howard, 1993; Mielnik and Dugas, 2000). 

Finally, hyperbolic functions have been also often used (Butmell et al., 1977; Schlentner 

and van Cleve 1985; Hanson et al., 1993). All these functions are empirical and site- 

specific. Howard and Howard (1993) tried to establish a regression model for the 

relationship between CO2 efflux and soil water content for different soil types. They 

found a range of curves with different shape for each soil type, with the water content 

where maximum CO2 efflux occurred differing between soil types. They concluded that 

the shape of the curve is related to the structural stability of the soils at different soil 

water contents and the type of the soil organic matter, rather than the amount. Soil water 

content has been expressed in different forms such as, volumetric soil water content 

(Hanson et al., 1993; Mielnick and Dugas, 2000), matric potential (Orchard and Cook, 

1983; Davidson et al., 2000), gravimetric water content (Schentner and Van Cleve, 

1985), precipitation (Raich and Potter, 1995), water table depth (Kim and Verma, 1992). 

Soil CO2 efflux is not very sensitive to temperature at very low soil water content 

(<75%), but it is responsive at higher water content (100 to 250%). Also, soil CO2 flux is 

not sensitive to water content at low temperatures (<5 °C), but it is responsive at higher 

temperatures (10-20 °C) (Schlenter and Van Cleve, 1985; Carlyle and Than, 1988;
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Howard and Howard, 1993). The optimum water content is usually somewhere near field 

capacity, where the macropore spaces are mostly air filled, thus facilitating O2 diffusion, 

and the micropore spaces are mostly water filled, thus facilitating diffiision of soluble 

substrates (Davidson et al., 2000). When soils are too wet, aerobic respiration is inhibited 

by oxygen deficiency (Skopp et al., 1990). Water content also affects the rate of diffusion 

of CO2 within the soil profile (Davidson and Trumbore, 1995).

1.4.3 Root respiration

Root respiration is considered a primary contributor to the soil CO2 pool and one of the 

major factors affecting soil respiration. The proportion to the total soil respiration flux 

that is attributed to root respiration ranges from 50-93% in artic tundra (Raich and 

Tufekcioglu, 2000), fi-om 40-50% in temperate forests (Epron et al., 1999; Ohashi et al., 

2000), and fi-om 17-60% in grasslands (Kucera and Kirham, 1971; Dugas et al., 1999). A 

study by Boone et al., (1998) in a mixed temperate forest has reported that systems most 

sensitive to temperature are those in which roots and the associated rhizophere contribute 

the largest portion of total CO2 flux. This statement is in agreement with the findings of 

Lawrence and Oechel (1983) who noted on average a four time increase in total root 

respiration for Alnus crispa, Populus balsamifera, Populus tremuloides and Betula 

papyri/era determined by a 20 °C increase in soil temperature.

J.4.4 Substrate supply and ecosystem productivity

At the ecosystem level, soil respiration is a composite o f multiple processes, consuming 

substrates from various sources. It is difficult to derive simple relationships between 

substrate supply and respiratory CO2 production. Clipping and shading experiments in 

grasslands in Great Plains, USA, have shown a 70% decrease in soil respiration after 

within a week after treatment (Craine et a l, 1999; Wan and Luo, 2003) indicating a 

significant link between soil respiration and substrate supply from photosynthesis.
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Direct control of soil respiration by photosynthesis has been demonstrated in a mesocosm 

experiment of a grassland ecosystem at constant temperature and soil moisture content 

(Verburg et al, 2004). This experiment sparmed two growing seasons and given that the 

temperature and water content regimes were constant, the strong seasonal variation in soil 

respiration resulted only from changes in substrate supply from photosynthesis.

The above relationship between soil respiration with photosynthesis has been 

demonstrated by other studies. Root and soil respiration, for example, respond to above

ground herbivory (Ruess et al, 1996), availability of nutrients (Nadelhoffer, 2000; 

Burton et al., 1997), light (Craine et al, 1999), and other factors that govern plant carbon 

gain. On the other hand, the belowground environment strongly influences root growth 

and demand for carbohydrate from photosynthesis. Indirect indices have also been used 

to link soil respiration with aboveground substrate supply. For example, Reichstein et 

al, (2003) used leaf area index (LAI) as a surrogate of above-ground vegetation 

productivity and found strong correlations between normalized soil respiration (18°C, 

without water limitation) and peak LAI.

In addition to the control of soil respiration by photosynthesis, litter provides substantial 

amounts of carbon substrate to microbial respiration. Consequently, soil respiration 

usually increases with the amount of litter. For example, Maier (2000) manipulated the 

aboveground litter fall at the soil surface in a loblolly pine forest and found a linear 

relationship between the increase in soil respiration and the amount of litter added to the 

soil surface. Similar relationships between the litter amount and soil respiration have 

been found in other ecosystems (Boone et al, 1998; Bowden et al, 1993; Sulzman et al, 

2005). Soil respiration is also strongly regulated by carbon substrate in SOM as often 

demonstrated by many laboratory incubation studies. Franzluebbers et al, (2000), found 

that basal soil respiration is linearly correlated with the content of soil organic carbon. 

Rewetting air-dried soils, for example, results in a large respiratory flush directly related 

to the amount of amino acids and other nitrogenous material released by the drying 

process (Borken et al, 1999; Mclnemey and Bolger, 2000; Fierer and Schimel, 2003).
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At regional scales, soil respiration is correlated with ecosystem productivity. In a 

comparison of 18 European forests, Janssens et al, (2001) demonstrated that annual 

gross primary production (GPP) is the main factor influencing soil respiration over years 

and across sites. Reichstein et al., (2003) suggested that measures of vegetation 

productivity are necessary to reliably model large-scale patterns of soil respiration. While 

Heilmeier et al, (1997) coupled root respiration to shoot photosynthetic activity via 

allometric relationship. The largest fraction of heterotrophic respiration originates fi'om 

decomposition of young organic matter (dead leaves and fine roots). Thus, both the root 

respiration and heterotrophic respiration are dependent on primary productivity over 

broad spatial scales. However, Davidson et al, (2002) questions this view as such 

relationships that usually emerge at large scales (across sites, regional, and global) 

between soil respiration and primary productivity may not be applicable to a specific site 

across years.

1.5. Spatial and Temporal Variability

In order to accurately model soil CO2 efflux, we must begin to understand the complex 

interactions between the biotic and abiotic factors that influence it. The most difficult part 

is to build models based on small-scale studies and to extrapolate them to larger temporal 

and spatial scales (Reynolds et al., 1993). Soil respiration is difficult to characterize 

spatially and temporally for most ecosystems. Many studies on total soil respiration have 

shown high spatial and temporal variability and a dependence on the method of 

measurement and type of ecosystem involved. A high degree of spatial and temporal 

variability in soil respiration is not only a source of measurement error (Parkin and 

Kaspar, 2004) but also makes it very difficult to the point measurements to estimate 

regional and global carbon budget (Law et al., 2001; Tang and Baldocchi, 2005).

1.5.1. Temporal variation

Soil respiration displays strong temporal variation over time. Over a day, soil CO2 efflux 

usually increases in the morning with an increase of soil temperature, reaches a peak at
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noon to mid-aftemoon while soil temperature keeps increasing, and then declines in the 

afternoon and throughout the night as temperature decreases (Bajracharya et al, 2000; 

Xu and Qi, 2001). In most situations, the diumal variation in soil respiration can be 

explained as a close function of soil temperature because this is the variable that changes 

most at the diumal time scale (Rayment, 2000). Nevertheless, soil respiration is strongly 

correlated with photosynthesis with a time delay at 7-12 h (Tang and Baldocchi, 2005). 

In general, mid-moming fluxes closely approximate the 24 h mean flux (Davidson et al, 

1998), while Xu and Qi (2001) suggest that the measurements taken between 0900-1100 

better represent the mean daily soil respiration rates with a sampling error of 0.9-1.5% 

compared to whole daytime measurements which tends to overestimate the daily mean 

rates by 4-6%.

On a weekly timescale, fluctuations in soil CO2 efflux may be influenced by synoptic 

weather changes associated with pressure system fronts (Subke et al, 2003). Such multi

dimensional changes in climate variables can directly and interactively influence 

photosynthesis and respiration (Gu et al, 1999) whereby these changes in photosynthetic 

assimilation, in turn, which affect root and soil respiration.

Seasonal variation in soil CO2 efflux has been observed in almost all ecosystems with 

respiration rates being maximum during summer months. This seasonal variation is 

largely driven by changes in temperature, moisture, photosynthate production, and/or 

their combinations, depending on the type of ecosystem and climate. Seasonal pattems of 

soil respiration closely follow dynamics of soil moisture, where soil moisture is the main 

limiting factor on soil respiration (Davidson et al, 2000). Soil respiration rates are 

correlated positively with soil water content and negatively with soil temperature in 

sandstone and serpentine grasslands (Luo et al, 1996). On a global scale, seasonal 

variations in soil CO2 emissions match periods of active plant growth with maximal 

fluxes coinciding with summer in both temperate zones and near-equatorial regions 

(Raich and Potter, 1995; Raich et al, 2002). In general, the factors favoring plant growth 

also favor soil metabolic activity, and plants allocates considerable substrate to roots and 

microbes during active growing seasons, stimulating soil respiration.
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Interaimual variability in soil respiration could be ascribed to climatic variations. Soil 

temperature and/or soil water content are the most common variables used to describe the 

interannual difference in soil respiration. Significant year-to-year variability in soil 

respiration has been observed in a variety of ecosystems such as grasslands (Frank et al, 

2002), a beech forest (Epron et al, 2004), and mixed temperate forests (Savage and 

Davidson, 2001). This interannual variability appears to be a widespread phenomenon 

and results from (1) year-to-year changes in climatic variables (e.g., temperature, summer 

drought, winter snow depth, and the time of snowmelt) (Epron et al, 2004); (2) changes 

in physiological and ecological processes e.g., growing season length, stand structure, 

and timing of leaf emergence in response to climatic variability and disturbance regime 

(Hui et al, 2003); and (3) changes in nutrient availability (King et al, 2004).

1.5.2. Spatial variation

Spatial variability in soil respiration occurs at various scales from a few square 

centimeters to several hectares (ha.) (Rochette et al, 1999; Rayment, 2000) and has to be 

well understood in order to derive a representative estimate of regional carbon budget. To 

characterize the spatial variability in soil respiration, it is imperative to recognize its 

patterns at various scales and identify underlying causes. The high spatial variability in 

soil respiration results from large variations in soil physical properties (e.g., soil water 

content, thermal conditions, porosity, texture, and chemistry), biological conditions (e.g., 

fine root biomass, tunneling soil animals, fimgi, and bacteria), nutrient availability (e.g., 

deposit litter and N mineralization), and others (e.g., disturbed history and weathering).

Spatial differences in soil respiration have been observed in various ecosystems with high 

coefficients of variation (CV), Grasslands (CV=35%, Pol-van Dasselaar et al, 1998), 

temperate forests (CV=10-100%; Hanson et al, 1993; Jensen et al., 1996; Law et al, 

1999), agricultural fields (CV=150%; Cambardella et al, 1994). While variability over a 

few square centimeters can be dealt with by appropriate chamber design, variability at 

larger scale must be tackled with appropriately designed sampling strategies (i.e., 

replicates, area covered, locations of collars or chambers, etc.) and by using suitable up-
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scaling techniques. From our understanding of the forest ecosystems, due to the bulk of 

work focusing on forests, Rayment (2000) advices for sound sampling strategies, such as 

random sampling and stratified sampling with adequate replicates. This should be equally 

applicable across various ecosystems, give the extent of variability.

1.6 Carbon efflux measurements techniques

Soil respiration (Soil CO2 efflux) can be measured using several techniques. According to 

Janssens et al, (2000), accurate measurements of soil CO2 efflux can only be taken by a 

system that does not change either soil respiratory activity, the CO2 concentration 

gradient, or the pressure and air motion near the soil surface. Given the fact that the 

methods of measuring soil CO2 efflux might have large differences in accuracy, spatial 

and temporal resolution, and applicability, the option of a specific technique is in most 

cases an exchange between accuracy and feasibility (Janssens et al., 2000). Accurate 

measurements of soil CO2 efflux are extraordinarily challenging due to the very 

properties of CO2 transport in a porous medium of soil. Any measurement method that 

disturbs the soil CO2 concentration and/or distorts the gradient may result in serious 

errors. At the soil surface, CO2 release is strongly influenced by changes in atmospheric 

pressure and pressure fluctuations caused by gusts of wind. It is highly challenging to 

sample representative spots at representative times and to accurately quantify spatial and 

temporal variability in soil respiration.

To cope with such challenges a variety of measurement methods have been developed. 

Soil CO2 fluxes were usually measured by using closed chambers covering small patches 

of soil (Rochette et a l, 1997; Janssens et al., 2000). Depending on the presence or 

absence of air circulating through chamber, Witkamp and Frank (1967) have categorized 

chamber methods for measuring carbon dioxide evolution from soil, in situ, as either 

static or dynamic. However, Hutchinson and Livingston’s (1995) classification (as 

modified in Table-2) is regarded as a standard for soil surface fluxes measurements using 

chambers and a detailed synthesis of the chambers is listed in Table-2 and also dealt in 

chapter 2.
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The dynamic method, involves enclosing a known area of soil surface with a chamber 

that allows air to circulate between the chamber and measurement sensor, which is 

usually an infrared gas analyzer (IRGA). Two approaches have been developed with the 

dynamic method: the closed-chamber IRGA system and the open-chamber system 

(Janssens et al, 2000). In a closed-chamber IRGA system, CO2 evolution is determined 

by passing a stream of air through the chamber at a known flow rate and then measuring 

the CO2 content of the out flowing air by passing it either through an infrared gas 

analyzer (IRGA) or CO2 absorbant (Schwartzkopf, 1978; Janssens et al., 2000). 

Presently, the most commonly used in the laboratory and field measurements is the 

closed dynamic chamber (CDC) method.

Some scientists employ the open dynamic chamber (ODC) method to measure soil CO2 

efflux. Open-chamber systems have a constant airflow through the chamber, which is 

vented to the atmosphere, instead of being circulated (Schwartzkopf, 1978; Janssens et 

al., 2000. The ODC method operates in a continuously ventilated, quasi-steady-state 

mode to measure differential changes in CO2 concentration as air passes over the soil 

surface. The relative accuracy of these methods has been, and probably will continue to 

be, a subject for debate.

With a static chamber, CO2 concentrations can be also measured from air samples at two 

or more different time points during enclosure by using syringe samples, which are 

analyzed with either gas chromatography (GC) or IRGA to estimate a rate o f soil CO2 

efflux. Another static method is based on covering a known area of soil surface with an 

airtight chamber, with a container of CO2 absorbant (usually KOH) placed inside. After a 

measured time period, the absorbant is removed, and the amount of released CO2 is 

determined by analytical methods. Nay et al., (1994) pointed out the risk of using static- 

chambers method because of their tendency to overestimate small fluxes. On the 

contrary, a comparative study o f static and dynamic closed chambers conducted by 

Rochette et al., (1992) suggested an underestimation of soil respiration in the static 

chamber. Furthermore, depending on the range of effluxes, true differences in soil CO2 

efflux could be nearly impossible to detect with this method.
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1.6.1 Some commercial soil respiration systems

Most of the commercially available systems for measurement o f soil CO2 efflux are built 

according to the principles of the CDC method. The soil respiration system developed by 

PP Systems (Hitchin, UK) consists of the soil respiration chamber and either the 

Environmental Gas Monitor (EGM) or Differential CO2/H2O Infrared Gas Analyzers 

(CIRAS). The portable CDC systems developed by the Li-Cor BioSciences in Lincoln, 

Nebraska, USA, combines the Li-Cor 6200 gas analyzer with the Li 6000-09 chamber or 

the Li-Cor 6400 gas analyzer with the Li 64000-09 soil chamber. A newly developed, 

fully automated system, Li-Cor 8100, is also based on principles of the CDC method and 

can continuously make measurements o f soil CO2 flux. The system includes the analyzer 

control unit, which houses the system electronics and the IRGA, and the movable 

chamber.
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Fig 2: Classification o f methods o f measuring soil respiration.

Methods of soil respiration measurement

Chamber methods

Dynamic chambers 
(IRGA)

Static chambers 
(Closed)

C02-well method

CO2 samples at 
various depths

Open Closed Alkali Gas
system system Soda lime chromatograph

ODC CDC CSC GC
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Table 2. Illustration o f operating principles, advantages and disadvantages o f various methods for measurements o f soil respiration

Method Abbreviation Operating principle Advantage Disadvantage Comments

Closed

dynam ic

cham ber

CDC
Continuous tem poral gradient by 

building up CO 2  in cham ber

1)Comm ercially available and easy to use;

2) IRGA calibration is less im portant due 

to non-steady state;

3)Short m easurem ent tim e and flexible for 

spatial sam pling w ith a portable 

system.

1) Building-up CO 2 

concentration in 

cham ber that distorts the 

gradient for diffusion

2) Labor intensive with 

a portable system to 

sam ple tem poral 

variation.

Most o f  the

commercially available 

systems are based on the 

principles o f this 

method.

Open

dynamic

cham ber

ODC Spatial gradient by  advection

1) H igh accuracy i f  artifacts removed;

2)Steady state measurem ent

3) A llow continuous m easurem ents and 

high tem poral resolution.

1)Sensitive to pressure 

differences inside 

and outside the 

chamber;

2) Take a long time to 

reach steady state in 

chamber;

3) N eed more power 

supply;

4)Requires differential 

gas analyzer and

M ost o f  the open 

dynamic chambers are 

homem ade and run 

continuously.



mass flow controller.

Closed 

static 

chamber 

(alkali or 

soda lime 

trapping)

CSC
Stored or absorbed by base 

solutions or soda lime

1) Inexpensive

2) Potential to integrate the diurnal 

change;

3) Easy operation in the field and fast 

laboratory preparation;

4) Off-site analysis o f samples.

1) Less accurate due to 

effects o f  CO2 

building-up on 

diffusion process;

2) Long 

enclosure/exposure 

times to cause 

change in

microenvironments 

in chamber;

3) Edge effects, 

especially in small, 

shallow chambers;

Gas

Chromat

ograph

GC
Discrete temporal gradient by 

building up CO 2 in chamber

1) Parallel analyses o f other trace gases 

and isotopic composition.

2) Easy to use and samples can be stored;

1) Labor intensive to 

sample temporal 

variation;

2) Need a trajectory of 

headspace CO2 

building-up to 

correctly estimate 

respiration;

3) Requires a GC in the 

lab.
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Chapter 2: Calibration of the soil respiratory apparatus

2.1 Introduction

As described in the previous chapter the most popular means o f  measuring soil 

respiration is by using a portable IRGA and a chamber system. These can be adapted to a 

wide range o f  field conditions and experimental objectives permitting the measurement 

o f relatively small soil CO2 flux values, and are relatively inexpensive to build and use. 

Chamber techniques have been reviewed by Holland et a l ,  (1999) and Hutchinson and 

Livingston (2002). Regardless o f the type o f  chamber used, its placement on the soil 

surface perturbs natural conditions and can modify the flux it was intended to measure. 

Careful consideration o f  the physical and biological factors affected by chamber 

deployment should be studied and taken care o f  in order to minimize the impact these 

changes will have on determining soil CO2 flux.

2.2 Factors influencing chamber performance

2.2.1 Soil and A ir Temperature

Soil respiration approximately doubles for every 10° C rise in soil temperature between 5 

and 30 °C (Qio = 2) and decreases sharply above 40° C. When Qio = 2, a change o f  1 °C 

in soil temperature results in a 7% change in soil respiration. Most o f the respiration 

activity occurs in the top 25 cm o f soil, so care should be taken to minimize changes near 

the soil surface, which would alter soil temperature during measurement. Change in air 

temperature inside the chamber can affect soil CO2 flux measurements by inducing 

variations in air pressure or volume. Expansion or contraction o f chamber air in response 

to changes in temperature acts as a piston pushing the air into, or pulling the air out o f  the 

soil beneath a non-vented chamber, thereby altering the measured gas flux across the soil 

surface (Hutchinson and Livingston, 2001). Some systems have a vent to overcome the 

effects o f  pressure, but the resultant mass flow through the vent can cause substantial 

leakage or dilution problems if  the chamber CO2 concentration differs from the ambient
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C02 concentration. A review by Rochette and Hutchinson (2005) highlighted a lack of 

relevant information on the impact of chamber design on soil temperature within the 

chamber. Chambers should be designed in such a way as to prevent large differences in 

both air temperature and soil temperature for short-term deployments, while for longer 

deployments changes in soil temperature should be kept to a minimum in order to avoid 

altering the rate of soil respiration (Matthias et a l, 1980).

2.2.2 Soil Water Content and Humidity

Variations in CO2 flux across the soil surface are related to changes in soil water content. 

It has been shown that while aerobic microbial activity is maximum at approximately 

60% of the water filled pore space (Linn and Doran, 1984), this is reduced at lower water 

contents by slow diffusion of substrates and products, and at higher soil water contents by 

restriction of O2 supply. It has been a perceived notion that chambers or collars can 

modify soil moisture, and thus Fc, by intercepting or excluding rainfall and run-off water, 

reducing evaporation. Use of chambers in the field is therefore avoided during period of 

rainfall, as an infiltrating wetting fi-ont outside the chamber may induce mass flow of 

gases into the chamber.

Humidity of the headspace air within the chamber often increases during deployment and 

can have a significant effect on the measurement of soil CO2 flux. Water evaporated at 

the soil surface increases the headspace air pressure (or volume) and creates mass flow 

problems similar to those induced by rising temperature (Welles et al, 2001). 

Evaporation increases with increasing soil and air temperature and soil water content, 

which cannot be stopped during chamber deployment. However, this error could be 

minimized by using reflective and insulated chambers that decrease available energy at 

the soil surface. The drying column of the IRGA proves useful in reducing the surplus 

water content in the air due to continuous circulation.
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2.2.3 Pressure Fluctuations

Pressure differences between the atmosphere and the chamber can cause large errors in 

flux measurement, and is one o f the main disadvantages o f  the chamber technique. 

Differences in wind speed and direction also influence the magnitude o f  error, but these 

effects are poorly understood. While errors due to chamber pressure can be minimized 

with an appropriately sized vent, Davidson et al., (2002) suggests testing for pressure 

differences and their effects on flux measurements. A venting tube transmits changes in 

external atmospheric pressure to the chamber headspace by allowing a small exchange o f  

air between the inside and outside o f  the chamber, there by minimizing the chamber’s 

effect on soil CO2 flux. This also overcomes the effects o f  reductions in the chamber 

volume during chamber deployment and headspace air sampling (Livingston and 

Hutchinson, 1995; Hutchinson and Livingston, 2001). Lund et al., (1999) has shown that 

large errors can result due to over-pressurisation, where increases in chamber pressure of 

0.5 Pa may reduce the measured flux by 20-70% with the large errors occurring in dry 

soils, hi contrast. Fang and M oncrieff (1998) demonstrated that under-pressurisation o f  

the chamber could result in overestimation o f  fluxes. One o f  the possible alternatives to 

minimise the pressure effect is controlling the airflow. Longdoz et al., (2000) calculated 

that slight under-pressurisation o f  a non-steady chamber during normal operation caused 

an overestimation o f  the flux by only 0.4% and for an open chamber system caused an 

overestimation by 6.3%.

2.2.4 Chamber A ir Mixing

Adequate mixing o f chamber air is required to ensure that air samples are representative 

estimates o f  soil CO2 flux based on measurements o f  the mean chamber concentration. 

Literature has varied reports concerning the effects o f chamber air mixing on soil CO 2 

flux. Nowadays, most commercial systems have fans to help generate mixing the air 

inside the chamber. However, the speed o f  the fan and its mixing intensity is widely  

debated as a drawback as both alter the soil surface laminar layer, which could be a 

source o f artificial turbulence. Deploying a chamber in which the turbulence intensity
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differs from pre-deployment conditions may result in transient effects on gas transfer and 

biased measurements (Hutchinson et a l ,  2000). Measured fluxes have been recorded 

several magnitudes higher using fans for chamber air mixing (Hanson et a l ,  1993;

Reicosky et a l ,  1997), and these reports were strengthened by Le Dantec et a l ,  (1999) 

and Janssens et al., (2000) who have reported the sensitivity o f  flux measurements to 

headspace fan mixing. While, Norman et al., (1997) reported that the use o f  fans in a 

non-steady state chamber had no effect on flux measurement, Rochette & Hutchinson 

(2005) support the view  that fan speed must match pre-deployment conditions as closely  

as possible to avoid biased flux estimates. Orientation o f  the fan is another important 

factor in the mixing o f  air within the chamber. Vertical orientation o f  the fan or a high 

flow  rate may induce mass flow  altering air pressure above the soil surface especially in 

soils with a high porosity. This could be avoided by mounting the fan horizontally and 

altering the speed (Normal et al., 1992; Rochette et al., 1997).

5
2.2.5 Leaks and Site D isturbance  |

i

Chamber techniques are based on the assumption that the chamber and its underlying soil 

column are isolated from the surrounding environment. Contamination o f  headspace CO2 

concentration is caused by leaks in the chamber through imperfect seals at the chamber- 

collar, chamber-collar and soil, and direct chamber-soil joints, or due to venting tubes.

While the provision o f  venting is still highly debatable (Hutchinson and Livingston,

2001; Conen and Smith, 1998; Norman et al., 1992), existing literature offers little 

guidance regarding vent tube location and shielding. A  good seal between the chamber 

and soil requires insertion o f  chamber walls into the soil (Healy et al., 1996).

2.3 Types o f Chambers and Closed Dynamic Systems

As described in the first chapter, Livingston and Hutchinson’s (1995) classification is 

widely accepted and all types o f  chambers can be grouped into either steady-state  (SS) 

and non steady state  (NSS) chambers. In steady state  chambers, soil CO2 flux is 

calculated from the difference between CO2 concentration at the inlet and the outlet o f  the
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chamber. For non-steady state (NSS) chambers, the flux is determined from the rate of 

increase of CO2 in an isolated chamber that has been placed on the soil surface for a 

known period of time (Jensen et al, 1996). Both of these chamber types can be further 

divided into flow  through (FT) or non-flow-through (NFT) chambers depending on 

whether air is circulated through the chamber or not. Currently the most widely used 

systems are:

1. Steady state through flow chamber (Open Dynamic Chamber)

2. Non-steady state through flow chamber (Closed Dynamic Chamber

3. Non-steady-state non flow through chamber (Closed Static chamber)

In our experiments, we used a non-steady state flow through chamber, which is also 

referred to as a closed dynamic chamber. The underlying principle for a dynamic 

chamber is that the emitted CO2 accumulates in the chamber, and the estimate of soil CO2 

efflux depends on the change in chamber concentration of CO2 with time (dC/dT). The 

most common method to estimate dC/dT is to measure as early as possible during 

deployment and to use a simple linear regression. However, this simple regression may 

itself introduce bias (Healy et al., 1996; Hutchinson and Livingston, 2001) and other 

non-linear models (quadratic, cubic and exponential) yield less biased estimates, but may 

exhibit extreme sensitivity to measurement precision (Pendersen, 2000). Keeping this in 

view, most researchers adopt linear model as a best choice for estimating soil CO2 fluxes. 

Field tests by Rochette and Hutchinson (2005) conclude that across short deployments, a 

linear fit is probably the best estimator of dC/dT, which is used for soil CO2 flux 

estimation.

However, the length of time of deployment may also affect the flux values. Healy et al., 

(1996) has suggested that decreasing the length of deployment from 30 min to 1 min 

reduces the underestimation of flux, while Rochette and Hutchinson (2005) are critical 

about shorter deployment times as flux values would be influenced by site disturbance. 

For instance, abrupt changes in the rate of CO2 accumulation the chamber or deviation 

from a linear model might occur during the first 2 minutes because o f chamber
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perturbations. When dC/dT does not remain constant, that data should be rejected. PP 

systems adopt this approach in their CIRAS system. In essence, users of chambers must 

remain aware of all potential sources of measurement error and be prepared to make 

compensating adjustments in deployment time, chamber wall insertion depth and 

chamber height etc., for reliable flux estimates.

2.4 Chamber calibration

Comparison of measured against known CO2 effluxes is the only way to standardize 

systematic errors of the measuring system used for determining soil respiration. Since 

2000, there has been rapid progress in comparing all types of chamber methods with 

known CO2 effluxes, i.e. calibrated in an absolute manner, as a quality control.. Several 

researchers like Nay et al, (1994), Gao and Yates (1998“'̂ '’), and Butnor and Johnsen 

(2004) have all independently come out with calibration systems for detecting errors in 

chamber measurements. However, Widen and Lindroth (2003) have developed a 

repeatable and robust calibration system for chambers, in which a known CO2 efflux 

generated through a layer of quartz sand from a box filled with a known CO2 

concentration. Pumpanen et al, (2004) who for the first time has attempted to test all the 

known chamber types using this calibration system, have further modified this. Thus the 

aim of this chapter is to test two closed dynamic systems manufactured by the same 

company (PP Systems, UK), against known CO2 effluxes using the system of Pumpanen 

et al., (2004), and to derive calibration coefficients for each.

2.5. Materials and Methods

2.5.1. Calibration tank

This work was carried out at Hyytiala Forestry Field station in Finland with the kind 

permission and supervision of Dr. Jukka Pumpanen, Research Fellow, University of 

Helsinki from 18 to 22"^ October 2004. A large calibration tank was used based on the 

design of Widen and Lindroth (2003) and modified by Pumpanen et al, (2004), in which
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a known flux of CO2 was generated over a sand layer and the soil respiration chambers to 

be calibrated were inserted into this. The experimental set up is illustrated in Figure. 1 and 

the standard protocol developed by Pumpanen et a l, (2004) was followed through out.

Quartz sand Chamber being
V tested Gas

analyser
Oifferential
pressure
transducer

G as
analyser 170 nnm

1000 mm

FANS

^
1130 mm

Fig. 1. Schematic representation of the calibration system.

The internal concentration of CO2 in the calibration tank was measured continuously and 

logged at 1-minute intervals by an IRGA (EGM-4; PP Systems, UK). A homogenous 

CO2 concentration was achieved by fans installed at the bottom of the tank. CO2 fluxes 

ranging from 0.32 to 10.01 |x mol CO2 m'^ s ' were generated by raising the CO2 

concentration to the desired level with a gas cylinder containing 97.5% CO2 . From a 

previous experimental run, there was very little pressure difference between the chamber 

and the outside air (Persn Communication; Pumpanen) also no significant pressure 

fluctuations between tank and ambient air were detected since the test was carried out in 

a large workshop, which was protected from the wind.
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2.5.2 Calculation o f  Flux

Absolute flux of the calibration tank was calculated every minute with a simultaneous 

record of the change in CO2 concentration of the calibration tank. The change in 

concentration is best described by fitting an exponential equation.

Cf(U)=Coexp^-^‘̂  ̂ ( 1)

Where C/ti) is the fitted CO2 concentration inside the tank at time Co the measured 

concentration in the tank at the beginning of the testing period, t the time and a a 

parameter. The fitting was essential and was done by using least squares method over 

each 45-120 minutes testing period to eliminate the noise of the analyzer used for 

determining the CO2 concentration inside the calibration tank. The number of points was 

sufficiently large ensure a reliable fit (r  ̂ values were usually larger than 0.995). 

Therefore, equation 1 was used in order to calculate the absolute flux using a time 

discrete function modified by Widen and Lindroth (2003);

Fc = V (Cf(ti)-Cf(t2))+ V. ((C f(t,)+ g^h(ti))/2  -  (Cf fe )  + (2)

(t2-ti)A

Where C a m b f t )  is the ambient C O 2  concentration at time t i ,  V the volume of the tank (m^). 

Vs the volume of air-filled porosity in the sand (0.038 and 0.061 m  ̂ for dry and wet fine 

sands, respectively) and A is the surface area of the sand layer (0.77 m^). The change in C 

pool in Vs was taken into account by assuming the concentration in the sand to be an 

average of C f  and C am b-

Given the large volume of the workshop and the slow diffusion rate o f CO2 through a 

thick sand layer, a rapid fluctuation in Camb would have only a minor effect on the 

diffusion process and thus the flux measured. So, Camb was therefore assumed to be 

constant over all. Under this assumption, the flux calculation is based solely on the 

change in CO2 concentration within the tank and is thus represented by:



Fc =  V(Cf(t, )-Cf(t2))+ V/(Cf{t, )-C /h  ))/2) 

(t2-ti)A

(3)

As can be seen the volume o f  the calibration tank coupled with the large surface area of  

the sand medium is the major determinant o f a stable flux our testing had no effect on the 

reference fluxes generated by the calibration system.

2.S.S Chambers tested

The soil respiration chambers used in this calibration system were both manufactured by 

the same company (PP systems, UK) and consisted o f an IRGA and a soil chamber 

(SRC-1, PP systems, UK) equipped with a fan. Two test chambers, hereby referred to as 

CIRAS A (CIRAS-1 Auto Diagnostics Software Version 1.00) and CIRAS B (CIRAS 

SC/DC Software Version 1.02) were calibrated in this experiment. Both systems were 

calibrated with and without the use o f  a collar. These chambers were attached to a collar 

(10 cm in height), which was inserted into the sand media at the time o f  sand medium 

preparation. Each IRGA was calibrated with 500ppm CO2 (absolute standard) before the 

start o f  the calibration. Coarse (0.6 mm diameter), fine (0.05-0.2 mm diameter) and fine 

wet sand with 33% porosity, were used as three different simulating soil media for the 

experiment. The calibration system was allowed to stabilise for 1 hour before the 

measurements were taken with the test chambers. The flux generated stabilised normally 

within 45 minutes, and therefore 60 minutes was chosen as the stabilisation period 

needed for dry sand, and 90 minutes for wet sand. It took 45-60 minutes to the test the 

chambers on one flux level. Different flux levels were created sequentially by varying Co 

from 900 to 10,000 ppm. When the chambers were tested with five different flux levels, 

the simulating soil media (sand) was changed to another simulating soil medium and the 

procedure was repeated. Apparent CO2 fluxes as measured by CIRAS A  & B were 

plotted against the standard flux generated by the calibration tank and analysed by fitting 

linear and non-linear regression equations using Graph Pad Prism (V4) software. In each 

case, the line o f  best fit was used.
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2.6 Results

The range o f  standard fluxes generated by the calibration tank using all the soil 

simulation media is illustrated in Figure 2, where Fc calculated using equation 3 is plotted 

against the fitted CO2 concentration established within the tank. A s can be seen, a linear 

correlation exists between Fc and Cf but that the gradient obtained for the wet fine sand is 

approximately 50% that for coarse and fine sand. A  statistical analysis o f  the individual 

slopes revealed that the slope for wet fine sand treatment to be significantly different (p = 

0.0001) from that o f  the coarse and fine sand treatments, equations for which are listed in 

Table 1.

Tablel: Statistical analysis o f the linear flux generated across all sand media

Type o f  Sand Linear slope (1:1) r^

Coarse 1.701 X lO '^i 4.547x10'^ 0.99

Fine 1.596 X 10’̂  ±6.473x10'^ 0.99

Fine-wet 1.024 x  10'  ̂±  2.801 x  10’’ 0.99
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Figure 2: Plot o f  standard flu x  generated (Fc) against fitted  CO  2 concentration (Cf) in the 

calibration tank, using coarse, fine  and fine-wet sand as the diffusion medium. Each point 

represents a single measurement.

Figures 3 to 5 illustrate the disparity between the standard CO2 flux as generated in the 

calibration tank and that recorded by both CIRAS A and B either using a collar or not. 

Fig. 3 refers to the coarse sand, where CIRAS A showed linear plot o f standard reference 

flux (Fcr) Vs Measured flux (Fcm) that was noticeably different from the response of 

CIRAS B. This difference being an overestimation o f the actual flux generated (Fcr), 

particularly noticeable when the collar was omitted, where this overestimation was nearly 

double that o f the standard flux. This similar trend o f overestimation by CIRAS A was 

also seen for the fine (Fig. 4) and fme-wet sand (Fig. 5), the largest overestimation being 

obtained for the fme-wet sand, again without the soil collar being used. Analysis o f  the 

slopes in each case shows the response o f CIRAS A to be significantly different from the
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Figure 3: Plot o f standard reference flux (¥„) against measured flux (Fcm) by CIRAS A & 

B using coarse sand as diffusion medium. Each point represents a mean and standard 

error (n=6). Closed circles refer to measurements made on collars and open circles refer 

to non-collar measurements.
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-response of CIRAS B as shown in Table 2. There was no significant difference between 

collar and non-collar measurements recorded by CIRAS B on any of the soil media.

Assuming that a suitable range of soil conditions can be covered by using the three types 

of sand, in its broadest sense Table 2 gives over all statistics and calibration equations for 

CIRAS A and B either using a collar or without. In all cases, it was very clear that 

corresponding slopes for CIRAS A with and without the collar were significantly 

different from that of CIRAS B.

Table 2: Calibration equations for the linearised flux generated across all media as 

measured by CIRAS A &B. Y is the true flux generated by the Calibration system and X  is 

the flux measured by the CIRAS (test machines).

Coarse sand Fine sand Fine wet sand

CIRAS A 

Collar
Y = 0.814X ±0.08 0.97 Y = 0.952X ±0.I01 0,97 Y =0.702X ±0.109 0.96

CIRAS A 

No Collar

Y= 0.538 X ±  0.033 0.99 Y= 0.647 X ±  0.107 0.98 Y= 0.361 X ±  0.063 0.91

Ciras B 

Collar

Y= 1.028 X ±  0.06126 0.98 Y= 0.807 X ±  0.0585 0.95 Y= 1.183 X ±0.039 0.97

Ciras B 

No Collar
Y= 1.006 X ±  0.08 0.99 Y = 0 .8 I7 X ±  0.087 0.97 Y= 1.132 X ±  0.047 0.96
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2.7 Discussion

Results from this chapter show a definitive requirement for the calibration o f  soil 

respiration system s in full (i.e. chamber head + IRGA) prior to field measurements where 

systems manufactured by the same company can give alarmingly different values.

The calibration system used in this experiment generated fluxes that were repeatable as 

happened in the previous calibration campaign for several weeks under the same 

temperature conditions (Persn. communication. Pumpanen). So the disparities shown by 

the two CIRAS systems were real, as the error caused by possible bias in the calibration 

system was small. One can argue that the homogenous sand used in this system represent 

soil to a certain extent, contrary N ay et a l ,  (1994) who used artificial foam as a diffusion 

medium. Quartz sand simulates mineral soil, wherein the soil characteristics o f  our 

experimental sites (grassland and arable land) are sandy to a major extent. However, 

water characteristic curves for the sand differ from natural soil because o f  the constituent 

clay and organic material. The source o f  CO2 in our calibration system is at a depth o f  15 

cm from the chamber headspace. It is convincing that despite lacking some 

characteristics o f  natural soil, this calibration system has enabled us to measure known, 

homogenous, and stable fluxes under controlled conditions. Throughout this work, given  

only three ranges o f  soil types, one could possibly argue for a measurement bias, which 

might have occurred occur among the soil media used, however the relationship 

generated and measured flux rates were linear, to address this concern.

Soil physical properties can affect how accurately a dynamic closed-chamber system  

estimates soil respiration (Butnor & Johnsen, 2004). They observed that in a soil medium 

with the lowest porosity, there was minimal deviation between observed and expected  

flux rate. CIRAS B has shown similar trends on the fine-wet sand but on other media 

with higher porosities there was slight underestimation. On the contrary, CIRAS A  has 

consistently overestimated CO 2 flux across all soil media as also observed for dynamic 

chamber systems by Widen and Lindroth (2003). Results for CIRAS B are in close 

agreement with other findings (Nay et a l ,  1994; Conen and Smith, 2000; Butnor and
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Johnsen, 2004; Widen and Lindroth, 2003) while results for CIRAS A are contradictory 

to calibrations performed.

Contrary to an overestimation of CO2 flux by closed dynamic chambers as observed by 

Butnor and Johnsen (2004), our chamber systems mostly CIRAS A, underestimated the 

lower fluxes and over estimated the higher flux values. One o f the possible explanations 

could be that the gas mixing or circulation in the measurement chamber may be 

disturbing soil air and making it detectable at higher flux rates

Throughout the experiment, the CIRAS chambers showed over and under estimation 

depending on whether or not a collar was used. While use of collars had no significant 

effect on the flux measured by CIRAS B and this behaviour was consistent across all the 

soil media. In this study, use of collar for CIRAS A has reduced the overestimation of 

CO2 flux to 30% in contrary to the findings of Pumpanen et a i, (2004) who has shown 

that, when collars were used with an unmodified SRC-1 chamber, the fluxes were 

overestimated by as much as 33%. However, in general, Pumpanen et al., (2004) has 

confirmed that most of the non steady state systems underestimate fluxes by about 10%. 

The non-steady-state chamber of PP systems worked best without a collar while they 

overestimated fluxes significantly when a collar was used to seal the chamber to soil. 

This could be possibly attributed to the turbulence caused by the fan. The effective fan 

and tightly sealed soil may have caused mass flow of CO2 from soil directly under the 

chamber. Better results without the collars could be explained by leakage through soil 

under the edges of the chamber, which would have compensated for the disturbance 

caused by the fan on the CO2 flux from the soil beneath the chamber. Underestimation of 

the fluxes by non-steady-state chambers is often explained by an altered diffusion 

gradient, which slows the CO2 diffusion from soil when the chamber is placed on the soil 

surface (Healy et al., 1996).

This experiment also supports earlier findings by Yim et al., (2002) where two different 

versions of LICOR soil respiration systems (6200 and 6400) gave different flux values. 

The LICOR 6200 consistently underestimated mean soil respiration over a 24 hours
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measurement period by 10-24% when compared with LICOR 6400 (Yim et al, 2002). 

This could be due to the chamber effect due to pressure differences between headspace 

and the atmosphere (Fang and Moncrieff, 1998). In our experiments, interchanging the 

soil respiration chambers between the CIRAS systems had no effect. Hence we could 

possibly attribute the difference between CIRAS A and B flux values due to the air flow 

rates and speed of the fan, that couldn’t be altered due to the default settings that were 

taken as standard at the start of the field campaigns. It is worthwhile to note that the 

airflow within the chamber itself disturbs the boundary layer and can influence 

measurement values (Le Dantec et al, 1999) and the presence of a fan could significantly 

alter the measured values as observed from the values by CIRAS -A.
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Figure 6: Derivation of a single calibration equation across all soil media for CIRAS A. 

Closed circles refers to collar measurements (Y = 0.8313 X + 0.0946) and open circles 

refer to non-collar measurements (Y = 0.4906 X + 0.091)
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Figure 7: Derivation o f single calibration factor across all soil media for CIRAS B. 

Closed circles refer to collar measurements (Y= 0.9077X  + 0.1365) and open circles refer 

to non-collar measurements (Y = 0.8879X + 0.1139)

Figures 6 and 7 illustrate the derived equations across all the media for the two different 

systems (CIRAS A and CIRAS B) to calculate true fluxes from the measured fluxes by 

the respective CIRAS systems as they have been calibrated against standard fluxes. These 

equations are indeed correction factors that could possibly be applied to the 

measurements taken under filed conditions. There has been hardly a mention about using 

agreeable calibration factor in the entire literature apart from the correction factors due to 

individual factor effects as shown by Rochette and Hutchinson (2005). This experiment 

as such is an attempt in using the calibration factor derived across the three different 

media in using to re-calculate fluxes measured in situ  under field conditions. Using data 

from a cereal field after ploughing, the suitability o f  our approach to calibration is clear. 

As illustrated in Figure 8, separate diurnal recordings o f  soil CO2 are illustrated by both 

CIRAS A & B, without the use o f collar, both prior to and after application o f  calibration 

equation. CIRAS B was used for conventional tillage and given the nature o f  the small
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values o f soil CO2 fluxes, there was no significant difference before and after applying 

the calibration factor. However, CIRAS A was used for the reduced tillage treatments and 

on an average o f 30% reduction in overestimation o f  the flux values was observed. 

Although some differences are apparent, between the two commercial systems the 

calibration exercise has allowed a greater set o f data points to be incorporated into the 

same graph, thus, allowing us for a general comparison to the diurnal values observed by 

the eddie-covariance towers present on the same field. This calibration has been a useful 

exercise as a quality control, in order to avoid any bias in calculating carbon budgets o f 

ecosystems based on soil CO2 fluxes. Chamber-based soil respiration sampling allows 

analysis of micro site variability and closely spaced treatments and plots. Rigorous 

testing and calibration are necessary to ensure the accuracy chamber-based soil 

respiration measurements so that their use in quantifying absolute C fluxes is tenable.
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Chapter 3: Soil CO2 fluxes in a cut and grazed pasture in Ireland

3.1 Introduction

Soil CO2 flux to the atmosphere is a significant component of the global C cycle, 

equivalent to approximately 10% of the atmospheric CO2 pool (Jenkinson et a l, 1991), 

and represents the second largest flux between terrestrial ecosystems and the atmosphere 

(Raich and Tufekcioglu, 2000). Soil CO2 flux integrates root and microbial activity 

(Raich and Nadelhoffer, 1989; Schlesinger and Andrews 2000) and represents total 

belowground C metabolism. Although the large variation among ecosystem types with 

regard to annual soil CO2 flux has been correlated with factors such as annual 

precipitation and temperature (Raich and Schlesinger, 1992), there has been little work to 

determine if variation in soil CO2 flux is best explained by variations in environmental 

factors, living plant biomass, or soil C and N. Temperature has been the abiotic factor 

most associated with patterns of soil CO2 flux (Lloyd and Taylor, 1994; Raich and Potter, 

1995; Boone et al., 1998) and models of ecosystem carbon exchange (e.g. Ryan, 1991; 

Raich and Tufekcioglu, 2000 ; Keith et al., 1997). However, some studies show weak 

relationships between temperature and soil CO2 flux or temperature and root respiration 

(Ham et al,. 1995; Lambers et al, 1996; Craine et a l, 1998), and better relationships with 

factors that affect sources of fixed C, such as light intensity and interception (Craine et 

al, 1998; Fitter et al, 1999). Although soil temperature and soil CO2 flux may be 

correlated within a site on an annual time scale, this relationship may not adequately 

predict soil CO2 flux at shorter time scales, especially since respiration can acclimate to 

changes in temperature (Ryan, 1991; Amthor et a l, 1994; Bryla et al., 1997). To predict 

patterns of ecosystem C cycling, future models of soil CO2 flux will need to be based on 

mechanistic data that go beyond within-site differences in soil temperature and soil 

moisture or differences among broad ecosystem types (e.g. biomes). In this study, soil 

CO2 efflux was measured every two weeks on a cut and grazed pasture (grassland) over 3 

years along with parallel measurements of soil temperature and moisture. A multiple 

regression was then carried out to investigate the relationship between soil CO2 efflux, 

soil temperature, soil moisture and above and belowground biomass.
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3.2 Material and methods

3.2.1 Site

The experimental site is located at the Teagasc Oak Park Crop Research Centre, Co. 

Carlow, Ireland. The site is a cut and grazed pasture (10 ha) which has been a permanent 

grassland for the past 80 years and was ploughed and reseeded in October 2001, with 

perennial rye grass {Loliumperenne L. cv Cashel) at a density o f 13.5 kg ha ', and white 

clover ( Trifolium reprens L. cv Aran) at a density o f 3.4 kg ha ’. The field is a shallow 

soil up to 60 cm depth and is sandy clay with an organic carbon content o f  2%. The field 

received 2 split applications o f Calcium Ammonium Nitrate (CAN) fertilizer each year 

equal to 200 kg N ha' .̂ Silage cuts were taken during either May or June depending on 

the weather conditions after which the second treatment o f fertilizer was added. In 2005 

two silage cuts were taken, one in mid May and the second one in late June. Throughout 

the measuring period (2002 to 2005), the pasture was grazed from July to October o f each 

year at a stocking rate o f 2 cattle ha''.

On the raised elevation, at the centre o f  the field, an eddy covariance flux tower and a 

weather station were situated as shown in the Figure. 1, where measurements were carried 

out

3.2.2 F lia  measurements

Measurements o f  soil CO2 flux were taken 15 m outside o f the Eddy Covariance tower in 

a semi-circle with each measurement taken every 5 m. Eighteen measurements were 

taken in total for every two weeks from July 2002 to August 2005. Measurements were 

made using a CIRAS gas exchange system (PP systems, UK) fitted with the SRC-1 soil 

respiration chamber; soil chamber collars were not used. All measurements were taken 

from 10 am to 1 pm. Soil flux values collected were transformed with the calibration 

equation derived in chapter 2.
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Figurel: Location o f the cut and grazed pasture in Oak Park Research Centre where the 

experiment was carried out. (Map scaled to the 6 inch map o f the OSI)

3.2.3 Biomass and ancillary measurements

In September 2002, soil cores (6.5 cm diameter) were taken at multiple locations around 

the eddy covariance tower to a depth o f  50 cm. Soils were dried to constant mass at 55 °C 

and passed through a 1 mm sieve, and C and N concentrations were determined with a 

LECO elemental analyzer. For belowground plant biomass, 8-10 soil cores (6.5cm  

diameter) to a depth o f  30 cm were taken every three months. Each core was washed and 

sieved (2mm mesh) and the root material dried to constant weight at 60°C. Aboveground 

biomass, was sampled from early 2002 until September 2004. Biomass was harvested 

from four circular rings o f 50 cm diameter and prior to drying, the total leaf area 

determined using a Delta-T Leaf Area meter. Results were expressed in terms o f  dry 

weight and Lead Area Index (LAI). Along with biomass measurements, soil temperature 

and soil moisture measurements were collected using a portable WET sensor (Delta-T 

devices, UK) simultaneously with the soil CO2 efflux measurements. Soil samples were

78



also collected simultaneously to determine gravimetric water content for calibration of 

the soil moisture probe that was permanently installed in the weather station. Due to 

occasional breakdown of the portable probe, values of soil temperature and soil moisture 

from the weather station were used for our analysis, as there seems to be a greater 

agreement between the portable probe and the weather station data (r̂  = 0.91).

3.3 Results

3.3.1 Soil properties

Figures 2 a&b illustrate the variation in organic carbon and nitrogen with depth for the 

soil cores taken in 2002. In the case of organic carbon and nitrogen, there is a significant 

linear relationship with increasing depth (r  ̂= 0.99) where approximately 50% of organic 

carbon and nitrogen is in the top 10 cm. Organic nitrogen represents approximately 10% 

of the organic accumulated in the top 30 cm but 25% in the lower layers, hence C: N ratio 

is not linearly related to depth. On average, the soils contained 2.3 ± 0.8% organic carbon 

and 0.2 ±0 . 1% nitrogen. Bulk density of the soil profile remained the same at each depth 

sample having a mean of 1.2 g cm'^, which would be classified as a less compacted soil.

3.3.2 Meteorological condition

Figure 3 a illustrates the distribution of monthly rainfall against the 30-year mean monthly 

values. With the exception of 2003, annual precipitation did not differ from the long-term 

average for all the years of flux measurement. During the period of maximum growth i.e. 

March to July, the monthly rainfall values were close to the 30-year mean. However, for 

the year 2004, the monthly rainfall in May was lower than the normal rainfall, therefore 

influencing the amount of biomass harvested as silage. Rainfall pattern for rest of the 

summer, autumn and early winter was observed to be lower than 30-year mean, with the 

few exceptions of August 2004 and October 2004 & 2005. 2003 had less rainfall when
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compared with the rest o f the years and the 30-year mean. This could be due to the mid 

summer drought which has occurred across continental Europe.
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Figure 3a: Monthly trends o f rainfall for the 2003, 2004 & 2005 and the 30-year mean 

monthly rainfall. Data kindly supplied by John Hogan, Teagasc.

Figure 3 b illustrates the annual cycles of soil moisture and soil temperature over the 

measurement period from July 2002 to August 2005. Soil temperature shows seasonality 

with increasing trend from early spring to late summer. Mean monthly values did not 

differ between the years. The lowest values of 2-4 °C observed during the winter months 

winter and the maximum value o f 20 °C in August. Soil moisture expressed as volumetric 

soil water content (%) was observed to be higher during late autumn to early spring and 

then steadily declined over the summer period, with occasional spells of water stress.
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Figure 3b: Annual cycles o f soil temperature (open triangles) and volumetric soil water 

content (closed triangles) measured at 10 cm and 20 cm, respectively. Each point 

represents the daily mean value.
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Figure 3c illustrates the relationship between soil temperature and moisture across all 

months. The linear regression could account for 40% of the variation of the data and 

highlights the interaction between the environmental parameters that must be taken into 

account in any multiple regression of soil respiration.

3.3.3. Leaf Area Index, above and below ground biomass

Figure 4a illustrates the changes in both above ground biomass and leaf area index (LAI) 

from June 2002 to September 2004, where arrows highlight the times o f silage harvest. 

Maximum values for LAI and biomass were achieved prior to the silage cut for each year. 

With regard to annual variation, the rate o f biomass accumulation was determined for 

2003 and 2004 for the linear part of the graph prior to the silage cut. The rate of biomass 

accumulation for March to May 2003 was 0.13 t dm ha'^ d ' whilst that for 2004 over the 

same period was 0.05 t dm ha ’ d '\  less than 50% of the previous year’s value. Analysis 

o f the slopes showed that the gradients were significantly different from one another (p = 

0 .0002).

Peak above ground biomass values before the silage cut averaged 6.7, 9.0 and 2.9 t dry 

matter ha'* for year 2002, 2003 and 2004 respectively. Figure 4b illustrates the change in 

root biomass from April 2003 to August 2005. For each year, maximum values were 

observed towards the end o f May, soon after the silage cut. Taking the entire measuring 

period however, root biomass increased from 5 to 25 t diy matter ha ’, representing a 

constant increase of 0.03 t diy matter h a ’ d ’. No distinction was made between living 

and dead roots.
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Figure 4a: The seasonal patterns o f  aboveground biomass in open triangles (t dry matter 

ha'^) and LA I values in open circles. Arrows indicate the periods o f  silage cut. Each 

value represents the Mean ± SE (n=4) taken fortnightly during the growing season and 

monthly during the non-growing period.
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Figure 4b: Seasonal patterns o f  below ground biomass (t dry matter ha'^). Each value 

represents the mean ±  se (n=8) taken every three months since A pril 2003.
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3.3.4 Soil respiration

Figure 5 illustrates the change in soil CO2 flux over 2002 to 2005 inclusive, where peaks 

in soil respiration were on a seasonal basis. Minimum values of soil CO2 flux were 

approximately 0.15g CO2 h ’. The annual variation in soil CO2 flux has been 

calculated in terms of mean, median and range and is illustrated in Figure 6. Here the 

mean annual soil respiration values are 0.41, 0.60 and 0.47 g CO2 m'^ h'^ for 2003, 2004 

and 2005 respectively, where in these mean values are significantly different from one 

another (p = 0.0227). During the summer months of June to August soil respiration was 

0.66 ± 0.04 g CO2 m'^ h ‘ in 2003 and 0.67 ± 0.05 g CO2 m'^ h ' in 2004 and 0.57 ± 0.05 

g CO2 m'^ h ' in 2005 respectively. As complete datasets are only available for 2003 and 

2004, a gross annual flux of CO2 from the soil can only be calculated for these years. 

Here the daily CO2 flux rate was multiplied by 24 and the cumulative sum calculated. 

Hence, for 2003 the gross flux of CO2 from the soil was calculated as 9.9 ± 1.9 t CO2 -C  

ha ',  whilst for 2004 this value was 13.1 ± 2.3 t CO2 -C h a '\

Seasonal soil CO2 flux patterns were similar to that for soil temperature. The maximum 

flux coincided with the peak above ground biomass and increasing trend o f soil 

temperatures. As illustrated in Figure 6, soil temperature during the growing period 

ranged typically ranged between 9-20 °C starting from early April to the end of 

September however soil temperatures on dates of maximum fluxes were in between 10- 

15 °C during the measuring campaign. Soil temperatures for the non-growing period 

averaged from 2- 9 °C. Soil water content was at field capacity during the non-growing 

season over the whole measurement period and declined as the growing season 

progressed as illustrated in Figure 8. After the silage cut and during the grazing regime, 

soil moisture declined causing periods o f moisture stress. However, in 2002 no periods 

of moisture stress were observed unlike in 2003, 2004 and 2005 where were prolonged 

periods of moisture stress due to decreasing water content was observed. Soil water 

content varied with precipitation and decreased to levels less than 15% volumetric water 

content during the summer period o f 2004 & 2005.
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Fig 5: Seasonal variation o f  so il respiration from  July 2002 to August 2005. Each value 

represents the mean ± s e  o f  18 separate determinations.
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Fig 1: Seasonal cycles o f soil respiration (open circles) and soil temperature (open 

triangles) from  July 2002 to August 2005. Each value represents the mean ± se o f 18 

separate determinations.
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3.3.5 Statistical analysis and soil CO2JIUX prediction

Soil CO2 flux was modeled as a function of soil temperature at 10 cm, volumetric soil 

water content up to 20cm and aboveground biomass (available from July 2002 to August 

2004) as illustrated in Figures 9 and 10 respectively. All pair wise interactions for all 

terms were included. Using regression protocol of Datadesk 6.0, all the above-mentioned 

parameters were included in a regression model and then parameters with p  > 0.05 were 

serially deleted.

3.3.5.1 Influence o f soil temperature, moisture on soil CO iflux

As the dataset for both above and below biomass was limited to occasional time points, 

the effect of soil temperature and moisture on soil CO2 efflux was investigated. Initially, 

as all years could be incorporated into the analysis, a multiple regression was carried out 

for each year whereby soil CO2 flux was fixed on the Y variable and analysed against 

temperature, moisture and the interaction between temperature and moisture (TxM). This 

multiple regression is based on a general linear model and assumes that all the variables 

are normally distributed. This was tested and found to be true for CO2 efflux, 

temperature, moisture and TxM. Results for the regression equation that gave the best 

linear correlation is given in Table 1.

In 2002 soil CO2 flux was best explained as a function o f soil temperature, however in 

the following year (2003), soil CO2 flux was dependent upon both soil temperature and 

moisture, as was the case for 2005. What is clear is the fact that 2004 soil CO2 flux date 

set is different in all respects to 2002, 2003 and 2005 in that only 16% of the variation of 

the data could be explained at best by soil temperature.

3.3.5.2 Influence o f above ground biomass, soil temperature and moisture

Results from the multiple regressions are given in Table 2. In 2002, unfortunately, only 7
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Table 1: Stepwise regression analysis o f Soil CO2 efflia (S) based on soil temperature 

(T) and soil water content (M) and their interaction (TxM)

Year n Regression equation r '

2002 15 S = 0.1109 (T )-0 .7 9 0.73

2003 25 8 = 0.00148 (TxM)-0 .059 0.65

2004 29 S = 0.6622 + 0.00073(TxM) -  0.01039 (M) 0.14

2005 18 S = 0.0046 (TxM) -  0.06(M) -  0.125 (T) + 2.35 0.64

All years 87 S = 0.343 -  0.0036 (T) -  0.011 (M) + O.OOl(TxM) 0.41

All years 

(excluding 

2004)

58 S = 0.0155 -  0.011(M) -  0.002 (T) + 0.002( TxM) 0.59

dates could be included in the analysis where respiration and biomass date coincided. As 

such, biomass was found not to be a determinant of soil CO2 flux. Again as in Table-1, 

soil CO2 efflux was determined by soil temperature only, even accepting the reduced 

number of observation (r  ̂= 0.54).

In 2003, 15 dates could be used where biomass and respiration coincided. Inclusion of 

biomass, an interaction of biomass and moisture (BxM) and interaction of biomass and 

soil temperature (BxT) explained more of the variation in the soil CO2 flux values (r^= 

67.2) than a relationship between temperature and moisture alone. In 2004, 13 dates 

could be used where respiration and biomass coincided. Inclusion of biomass, an 

interaction between biomass and temperature (BxT) and an interaction of biomass and 

moisture (BxM) accounted for almost 46% of variation of the observed variation in the
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soil CO2 flux data as appeared to be only 16%, when considering soil temperature and 

soil moisture alone. Data from 2002 was not included in the regression analysis as only 6 

data points were available which were not normally distributed.

Table 2: Equations from  stepwise regression analysis, Daily soil flux  (S) =  soil 

temperature (T), Soil water content (M) and above ground biomass (B).

Year n Regression equation r^

2003 15 S = 0.0016 (TxM) + 0.516 (B) -  0.0097(BxT) -  0.011 

(B x M )-0.167

0.67

2004 13 S = 0.470 + 0.053 (BxT) -  0.893 (B) + 0.017 (BxM) 0.46

3.3.6 Diel and diurnal course o f  Soil CO2 flux measurements

Two diel measurements o f the soil CO2 flux were carried out before and after the harvest 

o f the grass for silage on the 18 and 19* of May 2004 respectively. A set of 10 

measurements were made for eveiy hour. Figures 11, illustrates the daily course of soil 

CO2 efflux before and after the harvest of grass for silage. Evidently, there was a 50% 

reduction in the CO2 efflux after the silage cut indicating that bulk of the soil CO2 efflux 

could be due to the photosynthetic contribution and active root growth. The mean flux 

values were 1.39 and 0.64 g CO2 m'^ h ‘ before and after silage cuts respectively. 

However, soil temperatures measured were significantly different (p < 0.0001) with mean 

value of 12.2 °C been recorded after the silage cut due to direct exposure of the soil 

surface, while the mean soil temperature was 10.8 °C before the silage was harvested. 

Higher soil temperature does not seem to have any affect on the fluxes measured, as 

substrate availability seems to override the temperature effect thus the temperature 

response function of soil respiration could not be accounted for. Therefore, in this case.
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photosynthetic contribution towards soil CO2 efflux is a major factor during the growing 

season. The follow up of this a diurnal flux measurement carried out during the grazing 

period on 24**' August 2004. Figure 12 illustrates the diurnal course of soil respiration 

along with soil temperature. Soil respiration seems to show a diurnal pattern however, it 

remains constant during the daytime around 1.0 g CO2 m‘̂  h"' and drops eventually with 

during the later part o f the evening. The average flux measured is 0.64 g CO2 m'^ h '\  

which is the norm for the daily flux values observed during the grazing period, in the mid 

summer. Even under this case, lack o f enough photosynthetically active above ground 

biomass limits the diurnal response o f soil respiration as limited substrate availability 

overrides the temperature effect.

Dugas et al., (1999) showed that overnight soil CO2 fluxes were about equal to those 

measured near dawn and dusk. On the 23 and 24*'' August 2004, when measurements 

were made continuously for 24 h, the 24 hour average flux 0.89 g CO2 m'^ h ' ' . While the 

average flux for dusk and the dawn were 1.004 and 0.885 g CO2 m'^ h‘' . Thus on this 

day the average flux values during dusk was 11 % greater than the 24 hours average flux 

while the fluxes measured during the dawn was almost the same value. This is in 

agreement with the statement of Xu and Qi (2001) who suggested that the measurements 

taken between 0900 and 1100 hours had better represent mean daily soil respiration 

values.

Further evidence to the findings of the appropriate time to take soil CO2 flux 

measurements also comes from the daily course measurements before and after the silage 

cut. Before the silage cut, the average value (1.25 g CO2 h"') during the morning 

hours (0900-1200) was 15% lower than the mean daily value of 1.39 g CO2 m'^ h '' when 

compared to the later afternoon measurement (1.66 g CO2 h ' ) which is 27% more 

than the mean daily value. However, after the silage cut the morning flux values are 

almost equal to the mean daily flux and the late afternoon values overestimate the flux by 

16%. During the growth period, downwards translocation of the substrate could possibly 

permit higher flux values despite the onset of dusk.
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Figure 11: Comparison o f  daily course o f  the soil respiratory fluxes on a cut and grazed  

pasture before (18‘̂  May) and after (19̂  ̂May) harvest o f  silage in the year 2004. Each 

point is a mean ± SEM o f  10 measurements.
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Figure 12: Relationship between diurnal variation in soil temperature and CO 2 fluxes on 

a cut and grazed pasture starting on 12 noon 23'̂ '̂  August to 12 noon 24''' August 2004. 

Each point is represents a mean ± se (n=10).

93



3.4 Discussion

Carbon dioxide (soil respiratory) fluxes from grassland soils are naturally high, as these 

soils are high in organic C, contain an extensive fibrous root system, microbial 

population, and generally have surface residues which add CO2 through decomposition. It 

was presumed that soil organic carbon did not change during this study (soil analysis can 

be done). This could be a possible suggestion that the carbon budgets for this grassland is 

at or near equilibrium but the short-term nature of this study may have precluded 

detecting soil carbon changes. Daily quantity of CO2 flux from soils at this site represents 

amounts of CO2 that is substantial and must be considered when determining the 

potential of grasslands to sequester carbon. In this study, the rate of loss during the 

dormant period is mainly a function of soil temperature and moisture as explained by the 

multiple regression and agrees with the findings of Frank et al, (2002). Winter fluxes 

measured on this pasture were 0.76 5.35 g C02 m‘̂  day * and is lesser than findings of 

Bremer et al, (1998) who reported winter soil fluxes of 5.35 g CO2 m‘̂  day ' for a tall 

grass prairie site in Kansas where soil temperatures were at or greater than 0°C.

The period of maximum flux reported at this site coincides with periods of maximum 

LAI and biomass production confirming the findings of Frank and Dougas (2001). While 

it was reported that annual root respiration contributed 15-70% of total soil respiration for 

grasslands in Nebraska (Norman et al, 1992), 40% for a tall grass prairie in Kansas 

(Kucera and Kirkham, 1971) 90% for a tall grass prairie in Texas (Dougas et al, 1999), it 

was possible to partition the contribution of root respiration as reported in chapter 4 and 

this value fluctuates around 30% in this study.

The measured daily net flux was highly variable within and across years. Such 

variability is related to changes in LAI, and above ground biomass that occurred 

independently of precipitation, especially short-term droughts induced moisture stress. 

The variability in daily CO2 fluxes during the peak growth period could be also due to the 

varying radiation and precipitation. In addition, timing and magnitude of precipitation 

events influenced total seasonal flux. Estimated annual net CO2 flux was 36.6 t ha ' in
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2003 when the annual precipitation was 575.2 mm about 27 % of lesser rainfall than the 

long-term average (790 mm). CO2 flux was 48.6 T ha ' in 2004 when the precipitation 

was 794 mm, almost the normal. In 2004, however, the January -  May precipitation was 

well below normal and has reduced net CO2 flux as there was apparent reduction in the 

yield of biomass. Meyers (2001) found significant efflux of CO2 in excess of 500 g m'^ 

during summer drought on a central Oklahama site. Evidently, losses from respiration 

and decomposition and the late summer drought might as well contribute to a net loss of 

soil carbon for the year 2004, in addition to the extra N fertilization for a second silage 

harvest. The annual precipitation variability in this study underscores the need for 

several years of measurement to accurately assess ecosystem CO2 fluxes.

Franzleubbers et al, (2002) proposed a 10-day interval for sampling based on temporal 

variograms, to minimize sampling cost and to minimize environmental changes that 

controlled soil and respiration and whole ecosystem. However, this study emphasizes the 

need for a continuous sampling of soil respiration is mandatory to derive a meaningftjl 

relationship for formulating mechanistic models as synoptic weather events such as 

precipitation intermittent droughts and daily course of PAR could possibly influence soil 

respiration.

Results from diel measurements were in accordance with the findings of Davidson et al, 

(2000), there was a significant interaction between soil temperature and soil respiration. 

During the daily course measurements, soil respiration increased by a factor of 2 between 

Sam to 3pm and then fell by the factor of 1.5 after 7pm before the silage was harvested. 

However, no such trend was observed after the silage harvest suggesting the role of 

photosynthetic contribution towards soil respiration. After silage cut, low leaf area and 

warmer soil conditions might have made less C allocated to belowground. It is rather 

difficult to ascertain the relationship between temperature and soil respiration by any 

typical exponential function with such a narrow temperature range and fitting an 

empirical function was not possible. The steady drop in soil respiration as observed 

before the harvest of silage at the end of daylight suggests that this pattern may be related 

more to the response of the entire plant to light and this deserves more attention.
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However, post silage cut did not show the same diel pattern owing to the lack of active 

vegetative tissues. Thus, vegetation exerts a clear control on soil CO2 efflux that is 

probably more important than direct effects of temperature and moisture. Although 

interannual and seasonal patterns in soil CO2 efflux followed vegetation development 

(Verburg et al, 2005) in this study, a mechanistic explanation o f the observed patterns 

remains difficult and gets even more complicated due the harvest o f grass for silage and 

subsequent grazing regime.

The varying seasonality of leaf production and LAI and above ground biomass partly 

altered by grazing could explain the CO2 efflux patterns across various years. Differences 

in the amount of root production over the years may also contribute to the differences in 

the measured CO2 efflux. However, root data does not provide sufficient definitive 

information to make this determination. Moderate grazing after the silage harvest might 

have resulted in an accumulation of C as litter and dead plant material.

Most of the explainable variation in soil CO2 flux was associated with soil temperature. 

Consequently, there are still unmeasured factors that were consistently associated with 

differences in soil CO2 flux during different parts of the year. Although decomposition 

and respiration are sensitive to soil moisture and soil temperature, it is not clear whether 

how much of soil CO2 flux is derived from recently fixed carbon, as substrate regulation 

experiment that is dealt in Chapter 4, took a long time to partition the total respiration 

into autotrophic and heterotrophic components.

Ahhough the relationship between soil respiration with soil temperature and soil moisture 

can be empirically described, soil respiration remains the most unknown process in 

predicting ecosystem productivity (Grace and Rayment, 2000; Schulze et al., 2000; 

Valentini et al, 2000). Results from the muhiple regression analysis suggest that there 

was an interaction between abiotic factors (soil temperature and moisture) with 

aboveground biomass in predicting soil respiration. These interactions may have been 

due to either direct effects of temperature on photosynthesis or to correlations between 

soil temperature and other factors, such as levels of soil moisture. Therefore, combining
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biomass in later analysis across the 2 years of sampling broadened the environmental 

conditions sampled and strengthened the deterministic relationship between 

environmental variables, biomass and soil respiration. It can concluded that the process of 

soil respiration can be quantitatively estimated through predictions with the regressions 

equations developed and measurement of environmental (i.e. soil temperature and 

moisture) and physiological (i.e. biomass) controls on soil carbon dynamics. Soil CO2 

flux results from the decomposition of older C and the respiration of younger, labile C by 

roots and microbes and there is thus a need model respiration of each component 

separately. From this study and the literature, there is increasing evidence that models of 

soil CO2 flux that incorporate only soil temperature and soil moisture will be inadequate 

to mechanistically understand soil CO2 flux dynamics. Although good relationships 

between soil temperature and soil CO2 flux were observed in this study, most o f the 

variation in soil CO2 flux could be further explained by the above ground biomass and 

LAI, which related to soil flux. Interactions with other factors, such as time since harvest 

of aboveground biomass and time of day, imply that soil CO2 flux is greatly affected by 

plant physiological controls over photosynthate production and allocation belowground. 

More research is necessary to understand how much additional variance can be explained 

by environmental factors such as ambient soil moisture, radiation, or nutrient availability 

or biotic factors such as vegetation composition/structure or microbial biomass. Initial 

investigation conclude that this cut and grazed pasture has potential to sequester C. 

however this potential should be validated on further studies on a long term basis.
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Chapter 4: Substrate regulation of soil respiration in a cut and grazed 

pasture

4.1 Introduction

As a major carbon flux between terrestrial ecosystems and the atmosphere, soil 

respiration releases about 68 Pg C (Raich and Schlesinger, 1992) to 80 Pg C (Raich et al, 

2002) to the atmosphere each year, which is more than 10 times the current rate of fossil 

fiiel combustion (Schlesinger, 1997). A small change in soil respiration could 

significantly slow down or accelerate the rate of increase in atmospheric CO2 , with 

consequent feedbacks to climate change (Raich and Schlesinger, 1992; Rustad et al, 

2000). Despite substantial research efforts on soil respiration, there are still uncertainties 

about the role of environmental factors in regulating soil respiration. Rates of soil 

respiration vary strongly with soil temperature and moisture availability (Kucera and 

Kirkham, 1971; Singh and Gupta, 1977; Lloyd and Taylor, 1994; Rustad et al, 2000). 

Diurnal and seasonal variations in soil microclimate result in substantial differences in 

soil respiration within sites. As a result, soil temperature and moisture are frequently 

considered as the major factors regulating soil respiration in global C cycling models 

(Raich et al., 2002). However, release of CO2 fi'om soils requires C sources, in particular 

the quantity and quality of the substrate may play a critical role in controlling soil 

respiration (Singh and Gupta, 1977; Boone et al, 1998; Raich and Tufekcioglu, 2000). 

Substrate supply for soil respiration comes from at least three sources, including (1) 

rhizosphere labile C supply from photosynthesis, (2) aboveground litter, and (3) soil 

organic matter (SOM) and dead roots (Hogberg et al, 2001). Partitioning the total soil 

respiration into its components (i.e., rhizosphere respiration, microbial respiration from 

aboveground litter and microbial respiration from SOM and dead roots) is another critical 

issue in understanding C cycling at ecosystem and global scales. Thus, the relative 

contributions from different components will determine the rate of soil respiration and its 

response to environmental change (Hanson et al, 2000; Schlesinger and Andrews, 2000; 

Hogberg et al, 2001). There fore, it is crucial, but very difficult, to separate seasonal
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variation o f substrate supply from concurrent seasonal variations of soil temperature and 

moisture in regulating soil respiration.

There is a stronger seasonal variation o f the rhizosphere labile C supply from 

photosynthesis than those of aboveground litter or SOM and dead roots. The former 

contributes 10 to 90% to total soil respiration depending on the season (Hanson et al,  

2000; Raich et al,  2002). Precise estimates of this contribution to soil respiration need at 

least year-around data. The differences in the turnover rates, magnitudes, and seasonal 

patterns of the substrate sources of soil respiration result in different responses to 

temperature. Consequently, the temperature sensitivity (Qio) may differ among these 

components (Holland et al,  2000). Most simulation models of regional and global C 

cycling generally use a single, fixed Qio coefficient for the exponential function between 

soil respiration and temperature. Recent experimental studies have found that the Qio of 

soil respiration and SOM and litter decomposition decreases under elevated temperature 

(Kirschbaum, 1995; Liski et al,  1999; Giardina and Ryan, 2000; Luo et al,  2001), thus 

questioning the validity of using a fixed Qio coefficient. Therefore, better understanding 

of the interdependence between substrate supply and the temperature sensitivities of the 

three components will be helpful in projection of the feedbacks between climate change 

and global C cycling. To examine the regulation of substrate supply on soil respiration 

and its temperature sensitivity, we conducted a 14-month manipulative experiment 

according to the methods of Wan and Luo (2003) in a managed grassland with the 

following specific objectives:

(1) Examining the responses of soil respiration and its temperature sensitivity to reduced 

substrate supply

(2) Partitioning the total soil respiration into different components, and

(3) Determining the temperature sensitivities of the three components.
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4.2. Material and Methods

4.2.1. Site Description and Experiment Design

The experimental site is located at Teagasc Oak Park Crop research centre, Co. Carlow, 

Ireland. The site is a cut and grazed pasture which has been a permanent grassland for the 

past 80 years and was ploughed and reseeded in October 2001, with perennial rye grass 

(Lolium perenne L. cv Cashel) at a density o f 13.5 kg ha'' and white clover {Trifolium 

reprens L. cv Aran) at a density of 3.4 kg ha"’. The field is a shallow soil up to 60 cm 

depth and is sandy clay with an organic carbon content of 2%. The field received 2 split 

applications of Calcium Ammonium Nitrate (CAN) fertilizer each year equal to 200 kg N 

ha”'. Silage cuts were taken during either May or June depending on the weather 

conditions after which, the second treatment of fertilizer was added. The pasture was 

grazed from July to October of each year at a stocking rate of 2 cattle ha"'. An area of 

15x15 m adjacent to the weather station was selected for conducting this experiment. We 

used randomized complete block design with four treatments, namely, control, clipping, 

shading, and clipping plus shading, each replicated five times. The plot size was 1x1 m. 

Distance between plots was 1.5 m. Field facilities were set up in June 2004. In the 

clipped and clipped plus shaded plots, plants were clipped at the soil surface once a week 

and removed from the plots. The shaded plots were covered with a double layer of black 

cloth that provided a 100% percent reduction in light intensity but maintained air flow.

4.2.2. Field Measurements

Soil respiration was measured at the center of each plot. Living plants inside the 

measurement area were clipped at the soil surface 2/3 days before each measurement of 

soil respiration. The clipped plant material was left in place for the control and shaded 

plots or removed from the clipped and clipped plus shaded plots. In the first two months, 

soil respiration was measured 1 day before and 1 day after the manipulation and later on 

continuously every week for four months to quantify the treatment’s transient responses. 

In the rest o f the experiment, soil respiration was measured 2 or three times a month. Soil
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respiration was measured using a CIRAS-I portable photosynthesis system (PP systems,, 

UK) attached with a soil respiration chamber. In order to minimize the temperature 

difference among the four treatments, measurement o f soil respiration began around 1100 

LT (local time) in the early morning of each measuring date. Soil moisture (percent 

volumetric) and soil temperature at the depth of 8 cm was measured for each plot, 

alongside measurements of soil respiration using a WET sensor (Delta- T devices, UK). 

One soil core (30 cm in depth) was sampled at the center of each plot to measure root 

biomass by the end of the experiment. Two daily courses of soil respiration were carried 

out in 2004 and 2005.

4. 2.3. S tatistical Analysis

Based on the whole year’s data, we established exponential and polynomial functions to 

describe the relationship between soil respiration and soil temperature and between soil 

respiration and soil moisture:

R =

R = + 6M + £

where R, T, and M are soil respiration, temperature, and moisture, respectively, and a, p x 

5 and are constants coefficients. Clipping and shading manipulations did not affect soil 

temperature and soil moisture in our study. A regression equation was developed for each 

of the treatments, using the soil temperature and moisture data. Comparison were made 

between all the treatments and reported in the results below.

When compared with the control, clipping cut off the substrate supply from 

photosynthesis to roots and rhizosphere microbes and from aboveground litter to 

microbes and thus suppressed rhizosphere respiration and microbial respiration from 

aboveground litter (Table-1). Shading cut off substrate supply from photosynthesis to 

plant roots and rhizosphere microbes and blocked rhizosphere respiration.
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Table I : Contributions o f various components towards soil respiration according to Wan 

and Luo (2003)

Control - Shaded Rhizosphere respiration Autotrophic

respiration

Shaded - (Clipped & 

Shaded)

Microbial respiration 

(above ground)

Soil

respiration

or

Soil CO2

Heterotrophic efflux

Avg. of Clipped + 

Clipped & Shaded

Microbial respiration 

(below ground)

respiration

Therefore, with the respiration from the shaded plots used as a proxy for the sum of 

respiration from SOM and dead roots and from aboveground litter, rhizosphere 

respiration was estimated as the difference in soil respiration between the control and 

shaded plots. Microbial respiration from aboveground litter was calculated by subtracting 

soil respiration in the clipped plus shaded plots from that in the shaded plots. Microbial 

respiration from SOM and dead roots was the average o f the soil respiration in the 

clipped and clipped plus shaded plots. Statistical significance o f treatment effects was 

evaluated by analysis o f variance (ANOVA). All statistical analyses were performed 

using Graphpad Prism (V.4) and Datadesk.
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4.3 Results

The resuhs of this experiment are discussed as follows. Firstly, soil moisture and soil 

temperature were analyzed for differences due to experimental manipulation, which 

could have altered soil surface conditions. Soil respiration was studied under three stages. 

The first stage is a transient response, which is the immediate change in soil respiration 

due to experimental manipulation of substrate and light. The second stage comprises of 

stabilization where, the onset of non-growing season, confounded with low soil 

temperatures and decreasing day length. The third stage comprises of growing season 

with rising soil temperatures and increasing day length.

4.3.1 Environmental variables

Figure 1 A&B illustrates the cycles of soil temperature and soil moisture through the 

measurement period. Soil temperature shows seasonality with increasing soil 

temperatures towards the later spring period. Soil moisture is maximum during the winter 

period and declines with increasing soil temperatures during late spring and during the 

summer period. Statistical analysis was carried out to test for any significant difference 

between the slopes. Coefficients of variation did not differ between treatments either for 

soil moisture (Table-2) or for soil temperature (Table-3). Such a relationship is illustrated 

in Fig 3 for all the treatments. The polynomial regression could account for 65% of the 

variation of the data for shaded and 67% for clipped, 71% for clipped and shaded, 68% 

for control and 68% for all the data combined. This over all relationship can be 

highlighted by the interaction between the enviroimiental parameters that must be taken 

into account in any multiple regression analysis of soil respiration.
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Table 2: Two-way ANOVA for soil moisture between all the treatments

Source of Variation % of total variation P value 

Interaction 1.88 0.0003

Treatments 0.06 0.1345

Time 91.58 P<0.0001

Source of Variation P value summary Significant?

Interaction *** Yes

Treatments ns No

Time *** Yes

Source of Variation Df Sum-of-squares Mean square F

Interaction 114 1399 12.27 1.593

Treatments 3 43.05 14.35 1.863

Time 38 67980 1789 232.3

Residual 624 4806 7.702
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Table 3: Two-way ANOVA fo r  soil temperature between all the treatments

Source of Variation % of total variation P value

Interaction 0.27 1

Treatment 0.03 0.1114

Time 96.62 P<0.0001

Source of Variation P value summary Significant?

Interaction ns No

Treatment ns No

Time *** Yes

Mean square F 

0.6353 0.4712

2.709 2.009

693 514.1

1.348

Source of Variation Df 

Interaction 114

Treatment 3

Time 38

Residual 624

Sum-of-squares

72.43

8.127

26340

841.3
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the date o f  experimental manipulation during the week o f  July 2007.
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Figure 3: Relationship between soil temperature and volumetric soil water content in all 

the treatments. Each point represents the mean ± SEM  (n=5) taken on the day o f soil CO2 

flux measurements.

4.3.2 Soil respiration

Figure 3 illustrates the response of soil respiration towards experimental manipulation of 

substrate due to shading, clipping, clipping and shading and control conditions. Before 

the start o f the experimental manipulation, soil respiration was measured for two weeks 

(15*’’ - 30* June 2004) and there was no significant difference (p > 0.05) among grouped 

unmanipulated 20 plots. Soon after the manipulation during the first week o f July 2004, 

soil respiration measurements were studied and the results are discussed under three 

different sub sections based on the time scale of the experiment.

4.3.2.1 Immediate response o f  soil respiration after experimental manipulation

In order to understand immediate response (also called as transient response) due to 

abrupt reduction in substrate supply, intense measurements of soil respiration were made 

for two weeks before and 6 weeks after the experimental manipulation. No differences in 

soil moisture and soil temperature among the treatments were observed immediately after
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manipulation. As started earlier, before manipulating the plots, soil respiration did not 

differ among the grouped plots. Within the first week after manipulation, soil respiration 

in the clipped, clipped and shaded, and shaded plots were still similar to the respiration 

rates in the control plots and began to decrease only after the second week after the 

experimental manipulation. This drop in respiration was due to declining soil moisture 

and higher soil temperatures. The mean respiration values during this transient response 

period were 0.79, 0.93, 0.99 and 0. 85 g CO2 m'  ̂ h‘‘ in shaded, clipped, clipped and 

shaded, and control plots respectively. The results also suggested shaded plots were 

affected more rapidly than other treatments because shading cut o ff substrate supply from 

photosynthesis immediately. However, soil respiration values did not differ significantly 

(p value > 0.5005) during this transient period. Table-4 shows the ANOVA o f  the soil 

respiration for all the treatments during the transient response period. This lack o f  

difference among the treatments was further evident in diel measurements taken during 

the second week (7* July 2004) o f  the experimental manipulation as illustrated in figure 

4. Mean respiration values were 0.72, 0.81, 0.76, 0.72 g CO2 m'  ̂ h"' in shaded, clipped, 

clipped and shaded, and control treatments respectively. Soil respiration had a significant 

interaction with the measuring time with maximum values during the mid day and the 

lower values during the morning time. Soil respiration values in the clipped plots were 

slightly higher compared to other treatments however, analysis o f  variance (Table-5) has 

shown no significant differences between the treatments.
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Table 4: Two-way ANOVA o f Soil response during the transient period

Source of Variation 

Interaction 

Treatments 

Julian days

Source of Variation 

Interaction 

Treatments 

Julian days

Source o f Variation 

Interaction 

Treatments 

Time 

Residual

% of total variation P value

4.28 0.9963

1.77 0.3888

19.65 P<0.0001

P value summary Significant?

ns No

ns No
*** Yes

Df Sum-of-squares Mean

21 2.247 0.107

3 0.9268 0.309

7 10.31 1.473

128 39 0.305

F

0.351

1.014

4.835
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Table 5- Two-way ANOVA of diel measurements o f  soil respiration in July 2004

Source of Variation % of total variation P value

Interaction 1.57 1

Treatments 3.89 0.0969

Time 17.33 0.0004

Source of Variation P value summary Significant?

Interaction ns No

treatments ns No

hours *** Yes

Source of Variation Df Sum-of-squares Mean square F

Interaction 21 0.0933 0.004443 0.124

treatments 3 0.2318 0.07725 2.152

hours 7 1.031 0.1473 4.104

Residual 128 4.595 0.0359
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Figure 4: D iel response o f  so il respiration in a m anaged pasture, which is experimentally
thmanipulated by various treatments on 17 July 2004. Each poin t is a mean ±  SEM  o f  5 

measurements.

4.3.2.2 Non growing season fluxes

Soil respirations in the clipped, shaded, and clipped and shaded plots reduced sharply and 

stabilized at low levels during this period (mid August 2004 to January 2005) o f  the 

experiment as illustrated in Figures, suggesting rapid loss o f  substrate from dead roots 

and aboveground litter, with little contribution due to photosynthetic activity. During this 

phase, reduction in light intensity contributing towards non-growing season, lowering soil 

temperatures have all contributed towards lower soil CO 2  fluxes. While soil respiration in 

control plots was slightly higher when compared to manipulated plots, there was no 

significant difference (p value >  0.05, Table-6) between the treatments through out this 

period. The mean soil respiration values during this period were 0.57, 0.61, 0.65, 0.66 g 

CO2 m'  ̂ h'* for shaded, clipped, clipped and shaded, and control plots respectively. 

Maximum values were 1.24, 1.54, 1.65, 1.16 g CO2 m^ h’  ̂ while minimum values were 

0.13, 0.12, 0.14 and 0.12 g CO2  m'  ̂ h'* in shaded, clipped, clipped and shaded, and 

control plots respectively.
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Table 6: Two-way ANOVA of Soil response during the stabilization phase

Source of Variation % of total variation P value

Interaction 

treatments 

Julian days

3.48

0.44

37.71

1

0.4117

P<0.0001

Source o f Variation P value summary

Interaction 

treatments 

Julian days

ns

ns

Significant?

No

No

Yes

Source of Variation Df Sum-of-squares Mean square F

Interaction 69 4.208 0.061 0.33

treatments 3 0.5288 0.176 0.96

Julian days 23 45.56 1.981 10.8

Residual 384 70.52 0.184

4.3.23 Fluxes during growing season

Eight months after manipulation, the measured soil respiration showed a distinct variation 

between the treatments during this growing season (Feb -  July 2005) as illustrated in the 

Figure 3. Soil respiration in the shaded, and clipped and shaded plots decreased by 51 and 

54% when compare to control while this decline was 25% in the and clipped plots. Mean 

soil respiration values during the growth phase were 0.40, 0.61, 0.38 and 0.83 g CO2 m'^ 

h'  ̂ for shaded, clipped, clipped and shaded, and control plots respectively. The maximum 

values recorded were 0.67, 0.86, 0.76 and 1.38, while the minimum values were 0.16, 

0.18, 0.15, 0.27 g CO2 h’’ in shaded, clipped, clipped and shaded, and control plots
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respectively. The maximum values coincided with the peak biomass in the month of May 

and low values corresponded with the low temperature at the start of the growing season 

in March. Statistical analysis has shown significant differences between the treatments (p 

value < 0.001; Table-7). However, there were no significant differences between shaded 

and clipped and shaded plots during this period. These findings were further supported by 

the diel measurements of the soil CO2 fluxes during the peak biomass period in May 

2005. Soil CO2 flux values in the shaded and clipped and shaded plots were lower, 

possibly due to limited substrate availability. However, soil respiration showed diel 

pattern as illustrated in Figure 5. Mean soil respiration values were 0.39, 0.41, 0.72 and 

0.88 g CO2 m'^ h'* in shaded, clipped and shaded, clipped and control plots respectively. 

Soil respiration values in the control plots were 50% higher compared to the shaded, 

shaded and clipped plots, and 18% higher when compared to the clipped plots. Over all 

significant differences between the treatments (p value = < 0.001) were observed during 

this entire growing period as shown in table 8.
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Figure 5: Diel variation in soil CO2 fluxes on a managed pasture fo r  various treatments 

in May 2005. Each point is a mean ±  SEM  o f  5 measurements.
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Table 7: Two-way ANOVA of Soil response during the growing season

Source o f Variation 

Interaction 

Treatments 

Julian days

Source of Variation 

Interaction 

Treatments 

Julian days

Source of Variation 

Interaction 

treatments 

Julian days 

Residual

% of total variation P value 

13.66 P<0.0001

30.51 P<0.0001

31.24 P<0.0001

P value summary Significant?
>(: $|c ̂  CS

*** Yes

♦♦♦ Yes

Df Sum-of-squares Mean square

42 4.499 0.1071

3 10.05 3.349

14 10.29 0.7349

240 8.099 0.03374

F

3.175

99.24

21.78
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Table 8: Two-way ANOVA o f  diel measurements o f soil respiration in May 2005

Source of Variation % of total variation P value

Interaction 5.33 P<0.0001

treatments 79.62 P<0.0001

hours 9.74 P<0.0001

Source of Variation P value summary Significant?

Interaction *** Yes

Treatments Yes

Time Yes

Source of Variation Df Sum-of-squares Mean square F

Interaction 21 0.4651 0.02215 6.132

Treatments 3 6.943 2.314 640.8

Time 7 0.8497 0.1214 33.61

Residual 128 0.4623 0.003612

4.4 Discussion

4.4.1 Seasonal variation and influence o f  environmental variables

The seasonal variation in soil temperature and moisture between the treatments were not 

influenced by experimental manipulation. The seasonal variation of soil respiration was 

similar to temperature but opposite to that of soil moisture. Summer droughts in 2004 and 

2005 caused low soil respiration rates in conjunction with high soil temperatures. The 

seasonal variation of soil respiration in this cut and grazed pasture was found to be 

inconsistent with another study, where the seasonal pattern of soil respiration was similar 

to that of soil moisture and opposite to that of soil temperature (Luo et a l, 1996). 

Multiple regression analysis showed an interactive role of soil temperature and moisture
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in influencing the seasonal variations o f  soil respiration (Table-9). Respiration in the 

control plots was not majorly influenced by the interactive affects o f soil moisture and 

soil temperature, attributing towards the possible effect o f  photosynthetic contribution. 

This was evident in the long-term experiment on the same site where in biomass was a 

one o f  major determinants o f  the soil CO2 efflux as discussed in chapter 3. During the 

growing season, soil respiration in the clipped and/or shaded plots was significantly 

lower than control plots. However, clipping, shading and clipped and shading did not 

show any significant decrease when compared to control plots even during the non

growing season.

Table 3: Regression analysis o f  soil respiration involving soil temperature (T), soil 

moisture (M) and their interaction (T x M) fo r  later half o f the substrate experiment

Treatment Regression equation r̂

Control S = 2.75 - 0.068M  -  0 .1 12T + 0.004 (TxM) 0.28

Shaded S = 0 .8 3 2 -0 .0 1 0 2 1 +  0.001 (T xM )-0 .1 3 2  Vm 0.53

Clipped S = 1.313 -  0.0.34M  -  0.049T + 0.0026(TxM ) 0.35

Clipped & shaded S =  0.0134M  + 0.047T -  0.638 0.60
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During the year 2004, incident drought had significant effect on the grass growth and any 

apparent differences in soil respiration values between the treatments could not be 

detected in this experiment when compared to the results of Wan and Luo (2003) and 

Cao et al, (2004). The larger differences in soil respirations between the control and 

treated plots during the growing seasons were also observed in harvested and girdled 

((Nakane et al, 1996; Hogberg et al, 2001) forest ecosystems. These results confirm the 

that contribution of photosynthesis is substantial to total substrate supply and of 

rhizosphere respiration to total soil respiration. In this experiment clipping, which would 

leave the soil surface bare, possibly leading to higher surface temperature was not evident 

at all, however, Wan and Luo (2003) reported that, shading and clipping plus shading 

significantly reduced soil temperature by 0.9 and 0.7 °C, respectively and decreased 

annual mean soil moisture, while shading and clipping plus shading slightly increased 

annual mean soil moisture, but neither the decreases nor the increases were statistically 

significant as observed in the result section. Averages of the measured soil respiration 

during the growing season in the shaded, and clipped plus shaded plots were almost 50% 

lower when compared to control plots, while it was 18 % lower for the clipped plots.

During the growing season, soil respiration values measured in the clipped plots were 

significantly higher, than those in the shaded and clipped and shaded plots, which was 

attributed to the fact that shading only cut off substrate supply fi-om photosynthesis, 

whereas clipping and shading cut off substrate supply fi-om both photosynthesis and 

aboveground litter. In this experiment, constant clipping might have produced more root 

biomass (2.2 kg dm m' )̂, possibly contributing to higher CO2 flux rates. However, 

clipped plots had relatively lower soil respiration rates compared to control plots during 

the growing season suggesting that all the treatments had the difference in the duration 

and quantity o f substrate supply.

Plants control autotrophic and heterotrophic respiration via substrate availability (Zak et 

al, 1994; Janssens et al, 2001; Kuzyakov and Cheng, 2001). For example, soil 

respirations are positively correlated with aboveground net primary productivity in 

grassland and litter production in forests, which are related to the quantity of C supplied
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to soil (Raich and Schlesinger, 1992; Luo et a l, 1996; Raich and Tufekcioglu, 2000). 

Growing season rates on control plots and diel measurement in May 2005 of this 

experiment are in agreement with Janssens et al, (2001) who hypothesized that 

differences in soil respiration among 18 European forests are likely to depend more on 

productivity than on temperature based on eddy covariance data. Growing season results 

o f this grassland were found to be consistent with those o f similar experiments in 

Minnesota (Craine et al, 1999) and Kansas (Bremer et al, 1998) grasslands and in a tall 

grass prairie (Wan and Luo, 2003).

4.4.2 Substrate supply and Temperature Sensitivity (Qio) o f soil respiration

Given that no temperature differences existed between the treatments, investigating the 

role of the substrate towards the temperature is essential. The temperature sensitivity (Qio 

calculated from the natural logarithm of the coefficient of exponential fimction) of soil 

respiration govems the response o f soil C efflux to elevated temperature, given the 

seasonal nature of temperature. Qio varies with soil temperature, soil moisture, and the 

seasons (Kirschbaum, 1995; Liski et al, 1999; Giardina and Ryan, 2000; Luo et al, 

2001; Xu and Qi, 2001b).

Table 10: Qw values o f soil respiration due to experimental manipulation.

Treatments Qio values

Shaded 2.14

Clipped 2.17

Clipped + shaded 1.94

Control 2.35
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Qio values for the growing season (2005) as listed in Table-10 for the clipped, shaded, 

clipped and shaded plots were relatively low when compared to control plots. The results 

o f this experiment show that clipping and shading had not effect on Qio of soil respiration 

which were contrary to the finding o f Wan and Luo (2003) and Townsend et al. (1997) 

who reported a slight but insignificant decline in Qio in their laboratory examination o f  

the temperature dependence o f the slow and active SOM pools. Boone et a l, (1998), 

Holland et a l, (2000), and Atkin et a l, (2000) explained reductions in Qio with 

decreasing substrate availability. Decline in soil respiration and Qio in response to 

reduced substrate supply indicate that ecosystems with low NPP and soil C content may 

be less responsive to global warming than ecosystems with high NPP and soil C content 

in terms o f soil respiration. In this experiment, soil respiration might have been 

stimulated by the application o f Nitrogen fertilizer and therefore the lack of large 

difference among Qio values was observed. It could also be suggest that, the rate o f  

decomposition in the shaded and clipped and shaded and clipped plots might have been 

slightly triggered by the N fertilization. Given the limitation o f soil moisture during the 

growing season while soil temperature were low, this study suggests that Qio values 

could either decrease or remain stable for significant amount o f time as explained by 

Kirschbaum, (1995), Liski et a l, (1999), while this experiment could not support the 

results o f Giardina and Ryan, (2000) and Luo et a l, (2001) reported decline in Qio under 

higher temperature ranges. Therefore substrate supply not only affected the rate o f soil 

respiration but also had effects on its response to temperature.

4.4.3 Contributions from  Different Components

Autotrophic and heterotrophic components were derived based on the equations provided 

in Table-1. Contribution o f roots towards autotrophic respiration and heterotrophic 

respiration are illustrated in Figure 6. Over the growing season, rhizosphere respiration 

peaked to 1.09 g CO2 m'  ̂ h'̂  before the silage cut and later dropped with the harvest o f  

the aboveground biomass in the control plots in mid June. During this period following 

silage cut, heterotrophic respiration comprising of microbial respiration from SOM and 

dead roots, and also from aboveground litter contributed significantly to the measured

126



total soil respiration. Rhizosphere respiration, microbial respiration from aboveground 

litter, and SOM and dead roots accounted for, on average, 30.7 and 69.2% of the 

measured total soil respiration, respectively as illustrated in Figure 8. However, during 

the peak growing season rhizosphere respiration accounted for up to 45 % of total soil 

respiration. This estimate of the contribution of rhizosphere respiration to total soil 

respiration is close to those of a Missouri tall grass prairie (30%) (Herman, 1977), a 

temperate mixed hardwood forest (33%) (Bowden et al, 1993), and non forest 

vegetations (36.7%) (Hanson et al, 2000) 48% in a substrate regulation experiment by 

Wan and Luo (2003) but was much lower than that of planted wheat (75%) due to the 

short-term nature of the laboratory experiment during the early growing season 

(Kuzyakov and Cheng, 2001). Contribution of rhizosphere respiration to total soil 

respiration might be overestimated if data collected is based only on the growing season 

data only.
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Figure 6. Autotrophic (rhizosphere) and heterotrophic respiration CO2 efflux in 

experimentally manipulated grassland through clipping and shading. Each point is a 

mean ± SE M of 5 points.
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Over estimation o f  carbon gains and losses from various ecosystems could be possible if  

substantial contribution o f rhizosphere respiration to total soil respiration is considered 

for only during growing season as any future changes in environmental factors that 

influence plant photosynthesis and belowground C allocation, such as elevated CO2 and 

elevated temperature, could lead to varied responses o f rhizosphere and total soil 

respirations (Luo et a l,  1996; Hungate et ah, 1996; Zak et a l,  2000; Rustad etal., 2001). 

Qio of rhizosphere respiration, heterotrophic microbial respiration from aboveground 

litter and from SOM and dead roots were 1.01 and 1.04, respectively which are very low 

compared to Wan and Luo (2003) possibly due to lower moisture content as substrate 

was limited due to silage cut and less growth (silage was 3.6 t dry matter ha-1 compared 

to the 10 year average o f 6 t dm ha '; Pets Commn. John Hogan, Teagasc). In another 

experiment by Liu et a l ,  (2002), soil respiration was significantly restricted by low soil 

moisture, which further supports our results evidently. The results from this experiment 

could not explain whether rhizosphere respiration was more sensitive to temperature than 

heterotrophic respiration.
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Figure 1. Percentage contribution o f  autotrophic (rhizosphere) and heterotrophic 

respiration CO2 efflux in experimentally manipulated grassland through clipping and 

shading.
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In this experiment care was taken to leave 20 cm extra margin to eliminate any such C 

movement through rhizomes due to the relative small and non-trenched plots. Added to 

this, in order to minimize the possible influence of lateral C movement, soil respiration 

was measured at the center of each plot. Another concern was that reduced substrate 

supply firom photosynthesis might stimulate root death and decomposition in the clipped, 

shaded, clipped and shaded plots, leading to biased estimates of the relative contributions 

of different components to total soil respiration. Total root biomass (including living and 

dead roots) was measured by the end of the experiment. No root material was detected in 

the shaded and clipped and shaded treatments but the total root biomass in the clipped 

and control plots did not differ at all. Perhaps these results reflect the same where in 

heterotrophic components contribution towards total soil respiration, which could 

possibly have resulted from both the stimulated root decomposition in the clipped and/or 

shaded plots and the growth of new roots in the clipped despite clipping the above ground 

biomass periodically. It was not possible to quantify the magnitude of root decomposition 

because initial root biomass was not sampled for this experiment.

4.5 Conclusions

Results of this study suggest that rhizosphere respiration is a significant contributor to 

measured soil CO2 fluxes as autotrophic respiration is thought to comprise 40-60% of 

total soil CO2 flux (Raich and Schlesinger, 1992), an assertion supported by physiological 

studies (Bouma et al, 1996; Van der Werf 1996). Incidental drought, substrate limitation 

during the non-growing season, coupled with N fertilization has masked the effect of 

autotrophic respiration there by enhancing heterotrophic respiration. Subsequent 

fertilization during the growing season (March 2005) and harvest of silage (June) have 

also reduced the contributory role of photosynthetically derived root respiration 

significantly. While results from other experiments (Bremer et al, 1998; Crawford et al, 

2000; Craine et al, 1999) indicate that reduced substrate supply leads to an almost 

immediate decrease in soil respiration, results from this show that in a cut and managed 

grassland, similar results could not be easily repeated given the role of management 

practices in an intensively managed pasture. However, this manipulative experiment
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provides a unique data set to examine the effect o f reduced substrate supply on soil 

respiration and its temperature sensitivity and to quantify the relative contributions of 

different components to total soil respiration in an intensively managed (cut and grazed 

pasture). Noticeably, it was possible to demonstrate that substrate supply is one of the 

major factors in regulating soil respiration and confirms the earlier findings by Wan and 

Luo, (2003) that the regulation o f substrate supply on soil respiration indicate that the 

interannual variability in soil respiration may be attributable to the variability in C 

fixation through photosynthesis and belowground C allocation. However, much has to be 

ascertained by further and long-term experiments. Results from this experiment suggest 

that fixture work should be focused not only in the relative contributions of different 

components to total soil respiration but also in their responses to management practices.
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Chapter 5: Soil respiration in spring barley crop managed under 

conventional and reduced tillage

5.1 Introduction

During the last century, CO2 concentration in the atmosphere has increased by 33%, from 

285 to 366 ppm (IPCC, 2000a). It is also estimated that about 43% of the overall CO2 

emissions over this time period have remained in the atmosphere (IPCC, 2000b). 

Increases in atmospheric CO2 and temperature have been observed on a planetary scale 

(Price et al, 1999) and the potential consequences on climate change could be severe and 

numerous. Thus, the reduction of CO2 emissions and storage of emitted carbon is being 

looked into at an international level, especially within the context of the Kyoto protocol. 

The important role of CO2 emissions from soils (soil respiration) in the carbon cycle has 

been clearly recognized for nearly a decade. Estimates from Raich and Potter (1995) 

show that soil respiration on a global scale is 77x10*^ g C year'\ which is approximately 

10 times the contribution of industrial CO2 emissions (Schlesinger, 1997; Schlesinger and 

Andrews, 2000). Due to the large order of magnitude, small changes in soil CO2 flux 

across large areas can produce a great effect on CO2 atmospheric concentrations. About 

12% of the world’s terrestrial soil C is found in agricultural soils (Lee and Lameers, 

1990).

Soil, as an open system, can be a net source of CO2 released to the atmosphere while on 

the other hand, it can also function as a net sink for sequestering atmospheric CO2 under 

appropriate agronomic management, and thus reduce atmospheric CO2 (Paustian et al, 

1992; Lai et al, 1995). Therefore, SOC can be enriched via appropriate soil and crop 

management practices that either increase organic matter input to the soil, or decrease the 

mineralization rate of soil organic matter, or both (Paustian et al, 2000; Follett, 2001). 

Agricultural management activities such as crop rotation with leguminous crops, reduced 

tillage (RT) practices, and field application of manure and sludge, are means to sequester 

carbon or reduce CO2 emissions from agricultural soils (Dick et al, 1998; Hendrix et al, 

1998; Paustian et al, 2000). Soil tillage involves physical disturbance of the upper soil
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layers during seedbed preparation and incorporation of fertilizers and seeds. 

Conventional tillage (CT) is the most intensive type of tillage and involves, among other 

things, the mouldboard plough for inverting the soil followed by a second tillage to break 

up and homogenize soil clods. A management practice with less soil disturbance is non

tillage treatment, in which seeds are sown in a narrow slot cut into the soil. Weed growth 

is suppressed by herbicides and crop residues are left on the surface. In this case, soil is 

not mixed and there is minimal disturbance o f the soil profile. Reduced tillage (RT) is an 

intermediate practice, in which secondary tillage undertaken in order to break up and 

homogenize the soil layer is omitted. One effect of tillage is to increase compactness, 

which decreases soil pore size, thereby changing the pathway for CO2 diffusion.

It has been well documented that soil can be managed to increase SOC storage from a 

long-term (>10 years) perspective by implementing conservation soil and crop 

management practices such as conservation tillage also called as reduced tillage (Havlin 

et al, 1990; Franzluebbers et al, 1995; Halvorson et al, 2002) and crop rotations 

(Robinson et al, 1996). However, short-term (< 10 years) management effects on soil C 

dynamics are complex and often variable. After analyzing a large global data set, West 

and Post (2002) concluded that soil C sequestration was generally increased by no-tillage 

practices, but had a delayed response, with peaks in years 5-10. This finding agreed with 

the results reported by Franzluebbers and Arshad (1996), that there may be little to no 

detectable increase in SOC in the first 2-5 years, but a large increase 5-10 years after 

switching to conservation tillage. In a study on short-term crop rotation effects on SOC, 

Campbell et al, (2000a&b) found that measurable gain in SOC could be observed in 6 

years or less when weather conditions were favorable. Conservation tillage systems such 

as no-tillage, strip-tillage, and chisel plowing have been increasingly used in the Midwest 

of United States during 1990s due to their profitability and environmental advantages 

over moldboard plowing. Agricultural practices such as tillage and fertilizer applications 

have been shown to affect emission rates of one or more of these green house gases from 

agricultural soils. For example, tillage has long been known to accelerate the decay of 

soil organic matter and CO2 flux to the atmosphere (Lai et al, 1997).
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The release of carbon dioxide from soils to the atmosphere is the single largest pathway 

by which C is lost in most annual cropping systems (Paul et al, 1999). Measurements of 

soil CO2 emissions therefore provide useful insights into soil C cycling and provide a 

basis for evaluating soil C dynamics and potential C sequestration under different crop 

management systems (Duiker and Lai, 2000). Carbon dioxide is produced in soils by a 

variety of processes, including both root respiration and heterotrophic oxidation of soil 

organic matter (SOM). The specific effects of environmental variables on root and 

microbial processes in soils may differ (Boone et al, 1998), but measurement of total 

soil-C02 emissions represents their sum. Thus distinguishing and possibly quantifying 

among different soil-C02-producing processes is required if soil respiration 

measurements are to be used to investigate controls over those individual processes. 

Indeed several studies provide evidence that seasonal changes in soil respiration rates 

correlate with plant growth processes rather than with temperature per se (Franzluebbers 

et al, 2002). In annual croplands there is a variety of soil-COi producing processes that 

occur only during the growing season; the initiation and termination of these 

belowground processes may generate seasonal patterns in soil-COa emissions that 

correlate with temperature, even if temperature has no effect on decay on SOM decay 

rates. Distinguishing the sources of CO2 released from soils is a necessary prerequisite to 

understanding the mechanisms causing changes in soil-to-atmosphere CO2 fluxes in 

response to land use, cropping systems, soil management, or environmental changes 

(Bowden et al, 1993; Cheng, 1996; Kelting et al, 1998).

Leinster and Munster provinces, in southeastern Ireland, are the most extensive 

agricultural region of the country, with cereal grains and other tuber and root crops as 

major commodities. At the end of 2002, the Environmental Protection Agency (EPA) of 

Ireland has funded a strategic research program to study the effect of different tillage 

practices on CO2 emissions from arable agriculture, focusing on spring barley. In the 

framework of this research, soil CO2 flux was measured under two different tillage 

treatments, namely reduced and conventional tillage. Previous results of soil CO2 flux 

studies in a Spanish cereal steppe using the eddy co-variance technique (Sanchez et al, 

2000) demonstrated the quantitative importance of soil CO2 loss to the net carbon
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exchange. In addition to the comparisons between both the tillage treatments, an analysis 

o f  the influence o f  the soil temperature, soil water content and aboveground biomass 

were done to explain the process o f  soil respiration. In addition, part o f  our objective was 

to estimate the two main sources o f  soil-derived CO2 rhizosphere and SOM  

decomposition. In addition, we tested the influence o f  different levels o f  nitrogen 

fertiliser on soil respiration.

5.2 Material and methods

5. 2.1. Site description and management practices

The experimental site is located at the Teagasc Oak Park Crop Research Centre, Co. 

Carlow, Ireland. The selected crop type was spring barley (cv. Tavern) which, together 

with other cereals and root crops, corresponds to one o f  the major land uses in this region. 

The experimental out lay o f  this field o f  an area o f  13.2 ha is illustrated in F ig .l a & b. 

Soon after harvest o f  the barely crop in 2002, the entire field was divided into large and 

small plots to evaluate the impact o f  tillage practices on soil carbon stocks. The large 

plots were designed for the ecosystem  carbon study using eddy covariance towers, where 

the tillage treatments were replicated twice. On the other hand, a split block design was 

adopted for the small plot trial to evaluate the tillage practices statistically, this consisted  

o f  12 plots where in two tillage treatments were replicated 6  times (Fig l.b).

For the year 2004, the split block design (small plots) was slightly modified (Fig l .c )  in 

order to assess the relationship between soil respiration and soil nitrogen under the 

influence o f  different tillage practices. The plots were blocked into two and each block 

contained 6  main randomized plots (3 each o f  reduced and conventional tillage). 

Thereafter each plot was subdivided into two plots and three different nitrogen treatments 

were applied. N i = Normal dosage ofN itrogen  (140 kg N  ha"'), N 2 =  50% o f  N i and N 3 =  

Control (no nitrogen being applied). Therefore, in total there were 24 plots receiving 3 

doses o f  nitrogen fertiliser under conventional and reduced tillage treatments.
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Agronomic management included two different tillage treatments, conventional and 

reduced. Soon after the harvest, during the last week o f August or the first week of 

September depending on weather conditions, the designated reduced tillage plots were 

tilled {Min Till Cultivator, Horsch Simber Terrano 3Fx) up to 5-6 cm to incorporate the 

stubble and were later rolled.

During the field preparation in late February and early March, the conventional tillage 

plots were ploughed with a mould board plough (complete inversion) up to a depth o f 22- 

25cm, incorporating the stubble and the surface litter into the soil. All the plots were 

subsequently rolled prior to and after sowing during late March and early April. For the 

crop years, 2002 and 2003 fertiliser was applied in single dose at the rate o f 140 kg N 

ha"', but for the crop years 2004 and 2005 a split application of N, with two thirds as the 

first dose within two weeks after sowing and the later dose during the first week of May.
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Figure La: Experimental lay out o f  the large conventional and reduced (low) tillage 

plots o f the spring barley fie ld  at Teagasc Crop Research Centre Oak Park, Co. Carlow.
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Figure l.b: Experimental lay out o f the small plots under conventional (C) and reduced 

(L) tillage o f the spring barley field  at Oak Park, Co. Carlow.
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Figure l.c: Experimental lay out o f the split block deign o f small plots with different 

nitrogen treatments under conventional and reduced tillage.

5.2.2. Soil properties

In September 2002, soil cores (6.5 cm diameter) were taken at multiple locations on the 

field to a depth of 45 cm. Soils were dried to constant mass at 55 °C and passed through 

a 1 mm sieve, and C and N concentrations were determined with a LECO elemental 

analyzer. The soil is a sandy loam, with pH ranging from 6.8 to 7.3, organic carbon 

content from 1.6% to 1.9% ( 16-19 g C/ kg of soil) , total nitrogen content o f 0.08 to 

0.14%( 0.8- 1.4 g N/kg of soil) and a C: N ratio of 13.7 declining with soil depth. In the 

case o f organic carbon and nitrogen, approximately 70% of organic carbon and nitrogen 

was in the top 30 cm. Particle size analysis revealed 50% sand, 34 % silt and 16 % clay, 

and the bulk density was between 1.36 and 1.5. The soils o f this location are shallow (50- 

60 cm) and are well drained.

144



5.2.3 Meteorological condition

This site has mean annual rainfall of 789 mm and potential evapotranspiration ranging 

from 750 to 810 mm. The mean annual temperature is 11.2 °C with mean monthly 

extreme values of 1.7 and 20.2 °C in January and July, respectively (Courtesy: John 

Hogan, Oak Park, Carlow). Figure.3 illustrates the distribution of monthly rainfall against 

the 30-year mean monthly values. With the exception of 2003, annual precipitation did 

not differ from the long-term average for all the years of flux measurement. During the 

period of maximum growth i.e. March to July, the monthly rainfall values were close to 

the 30-year mean. However, for the year 2004, the monthly rainfall in May was lower 

than the normal rainfall, therefore influencing the amount of biomass harvested as silage. 

Rainfall pattern for rest of the summer, autumn and early winter was observed to be 

lower than 30-year mean, with the few exceptions of August 2004 and October 2004 & 

2005. 2003 had less rainfall when compared with the rest of the years and the 30-year 

mean. This could be due to the mid summer drought which has occurred across 

continental Europe.

2003

30 year mean

J F M A M J  J A S O N D

Figure 3: Monthly trends o f rainfallfor the 2003, 2004 & 2005 and the 30-year mean 

monthly rainfall Data kindly supplied by John Hogan, Teagasc, Carlow.
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varying soil depth o f spring barley subjected to different tillage treatments in October 

2002.Each bar represents the mean ±  standard error o f 8 samples
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5.2.4. Soil C02fli4x and ancillary measurements

Measurements were made using a CIRAS gas exchange system (PP systems, UK) fitted 

with the SRC-1 soil respiration chamber. All measurements were taken from 9 am to 

1pm. Soil flux values collected were transformed with the calibration equation derived in 

chapter 2. Each round of sampling was completed by recording the soil temperature and 

volumetric soil water content at a depth o f 10 cm with a WET sensor (Delta-T devices, 

UK). Most o f the sampling period covered all the seasons o f the year from late October 

2002 to early August 2005, and a wide soil temperature range from 2 to 21 °C. 

Measurements were taken fortnightly during the growing season and monthly during the 

non-growing season. For 2005, above ground biomass was harvested every fortnight in 

the large plots from quadrats o f dimensions 50 x 50 cm, during the cropping period. The 

shoot material was dried to constant weight at 60°C. Results were expressed in terms o f 

tones dry weight. No soil CO2 flux measurements were taken on the small plots for the 

year 2005.

One o f the objectives o f the study was to estimate the proportion o f total respiration 

provided for by either autotrophic or heterotrophic respiration. Temperate annual 

croplands provide a situation where autotrophic and heterotrophic respiration may be 

easily distinguished, as rhizosphere respiration is limited to the cropping phase, when 

living plants are present.. During the rest o f the year only soil heterotrophic activity 

produces CO2 . Since the two main sources o f CO2 in soils are segregated in time, to some 

extent, it was therefore felt necessary to separate these two sources during the growing 

season. Therefore, during the crop year 2005, 5 bare soil patches o f 2 x 2 m dimensions 

with an edge space o f 0.5 m were set up along a strip on conventional and reduced tillage 

treatments on the large plots. These soil patches were kept crop free and occasional 

weeding was done to prevent any root biomass input and would be referred to as fallow 

plots. Soil CO2 fluxes were measured on these fallow plots in conjunction with the 

regular soil respiration measurements taken on the large plots. Autotrophic and 

heterotrophic respirations are separated as follows.
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Autotrophic respiration -  Respiration on crop field -  respiration on fallow plots (1)

Heterotrophic respiration = respiration on fallow plots (2)

Total soil respiration = respiration on cropped plots (3)

5.3. Results

5.3.1. Soil CO2flux.es: seasonal variation

Figures 3 & 4 illustrate the CO2 efflux rates for the small and large plots under 

conventional and reduced tillage. Seasonal variation is due to climate, time of planting 

and management events. This variation is similar between both tillage treatments and 

among small and large plots. Thus, in both cases soil CO2 flux tended to increase fi-om 

March to October, peaking in May and June, corresponding with the period o f maximum 

crop growth. Then it began to decline, reaching minimum values during winter period, 

from November to the following February.

In the small plots (split block design) mean soil respiration values were 0.47 and 0.50 g 

CO2 m'^ h '’ for the year 2003 in reduced and conventional tillage treatments respectively. 

During the year 2004, mean soil respiration values in the small plots values were 0.36 

and 0.45 g CO2 m'^ h‘' in reduced and conventional tillage treatments. Maximum values 

during the growing season for the year 2003 were 1.01 and 1.22 g CO2 m'^ h ' under 

reduced and conventional tillage treatments, coinciding with the crop’s maximum 

tillering stage. The maximum values for the year 2004 were 0.60 and 0.72 g CO2 m'^ h i, 

which is 45% less, compared to the previous year’s values. Minimum values recorded 

were in the month o f February of each year with 0.14 and 0.11 g CO2 m'^ h"' on in 2003, 

0.128, and 0.131 g CO2 m‘̂  h ' in 2004 on RT and CT respectively.



In the large plots mean soil respiration values recorded were 0.60 and 0.61 g CO2 m‘̂  h ' 

for the year 2003 in reduced and conventional tillage treatments respectively. During the 

year 2004, mean soil respiration values were 0.53 and 0.51 g CO2 m'^ h '‘ in reduced and 

conventional tillage treatments. Maximum values during the growing season for the year

2003 were 1.45 and 1.48 g CO2 m'^ h ' under reduced and conventional tillage treatments, 

coinciding with the crop’s maximum tillering stage. The maximum values for the year

2004 were 1.02 and 1.11 g CO2 m' h 'l, which is 36 % less, compared to the previous 

year’s values. Minimum values recorded were in the month o f February o f each year with 

O.llSand 0.133 g CO2 m'^ h ’ on in 2003, 0.155, and 0.151 g CO2 m'^ h'' in 2004 on RT 

and CT respectively. O f particular interest are the mean values during growing season 

(March-August) which were 0.65 0 and 0.70 g CO2 m'^ h ', and in the non growing 

season (Jan- Feb and Sept- Dec) 0.372 and 0.278 g CO2 m'^ h ' in the RT and CT patches, 

respectively. Seasonal factors (here the ratio between the treatment means for different 

time periods), 1.07 and 0.74 clearly suggesting that CO2 fluxes are slightly higher for 

conventional tillage during growing season and lesser when compared to reduced tillage 

during the non growing season.

5.3.2. Comparison between soil CO2 fluxes in conventional and reduced tillage patches

To assess the influence o f tillage on soil CO2 flux, statistical tests were performed for the 

small and large plot data and transformed where appropriate for the 2003, 2004 and 2005 

respectively. Initially, the data was checked for normality and then mean values were 

compared to evaluate for significant differences between both treatments. In addition, 

using the data from the large plots, the levels o f significance were tested on the flux 

values measured during the period o f  maximum interest (March-October).

In the small plots, the differences between the means obtained, 0.47 and 0.50 g CO2 m'^ 

h ' in the CT and RT patches in 2003 were not significant at all (p value = 0.46: Table 

2a). However, for 2004, in which the means, 0.36 and 0.45 g CO2 m'^ h'* o f reduced and 

conventional tillage are significantly different (p value = 0.025, Table 2b). Bonferroni’s 

post test showed this significant difference to be associated with just one day.
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Table 1: Mean, median, Maximum and minimum values o f  soil respiration in spring 

barley managed under conventional and reduced tillage treatments in Oak Park, Co. 

Carlow.

Year Treatment

Min 

(g C O jm -'h -')

Max 

(g C O jm -'h -')

Mean ± SE 

(g C 02m -"h-')

Median

(g C O jm - 'h - ')

2003 Reduced tillage (LP) 0.12 1.45 0.61 ± 0 .07 0.56

Conventional

tillage(LP)

0.13 1.49 0.61 ±0 .08 0.49

Reduced tillage (SP) 0.14 1.01 0.47 ±0.05 0.46

Conventional

tillage(SP)

0.11 1.23 0.50 ± 0.06 0.41

2004

Reduced tillage (LP) 0.15 1.03 0.53 ± 0 .04 0.52

Conventional Tillage 

(LP)

0.16 L116 0.52 ±0.05 0.48

Reduced tillage (SP) 0.13 0.60 0.36 ±0 .03 0.31

Conventional

tillage(SP)

0.13 1.71 0.46 ± 0.06 0.44

2005

Reduced tillage (LP) 0.22 0.80 0.48 ± 0.05 0.49

Conventional tillage 

(LP)

0.16 0.82 0.54 ± 0 .0 6 0.59
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For the large plots, 2 way ANOVA revealed no significant difference between treatments 

for 2003 and 2004 (p value = 0.98 and 0.24 respectively). Statistical analysis are listed in 

Tables 3 a&b for 2003 and 2004 respectively. However in 2005, there was significant 

difference between the tillage treatments in large plots (p = 0.0001; Table 3c). 

Bonferroni’s post test revealed that this difference was associated with just out 4 days of 

the whole measuring season.

Table 2a: Two-way ANOVA for the small plots in 2003
Source o f  Variation % of total variation P value

Interaction 3.92 0.7318

Tillage treatments 0.12 0.4643

Time 44.36 P<0.0001

Source o f  Variation P value summary Significant?

Interaction ns No

Tillage treatments ns No

Time *** Yes

Source o f  Variation D f Sum-of-squares Mean square F

Interaction 22 1.738 0.07899 0.794

Tillage treatments 1 0.05345 0.05345 0.5373

Time 22 19.67 0.8941 8.988

Residual 230 22.88 0.09948
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Table 2 b: Two-way ANOVA for the small plots in 2004
Source o f Variation 

Interaction 

Tillage treatments 

Time

% of total variation

10.58

2.41

30.67

P value 

0.2801 

0.0251 

P<0.0001

Source o f Variation 

Interaction 

Tillage treatments 

Time

P value summary

ns
*

Significant?

No

Yes

Yes

Source o f Variation D f

Interaction 19

Tillage treatments 1

Time 19

Residual 120

Sum-of-squares

1.604

0.3659

4.648

8.537

Mean square

0.08442

0.3659

0.2446

0.07114

Table 3 a. Two-way ANOVA for the Large plots in 2003
Source o f Variation % of total variation P value

Interaction 3.37 0.0007

Tillage treatments 0 0.9084

Time 94.27 P<0.0001

Source o f Variation 

Interaction 

Tillage treatments 

Time

P value summary

ns

Significant?

Yes

No

Yes

Source o f Variation Df

Interaction 23

Tillage treatments 1

Time 23

Residual 48

Sum-of-squares

0.4691

0.00009192

13.14

0.3299

Mean square

0.0204

0.00009192

0.5712

0.006873

F

1.187

5.143

3.439

F

2.967

0.0134

83.1
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Table 3 b: Two-way ANOVA for the Large plots in 2004
Source o f  Variation % of total variation P value

Interaction 5.1 P<0.0001

Tillage treatments 0.08 0.2483

Time 91.85 P<0.0001

Source o f  Variation P value summary Significant?

Interaction *** Yes

Tillage treatments ns No

Time *** Yes

Mean square F

0.01119 3.586

0.004261 1.366

0.2016 64.64

0.003119

Source o f Variation D f

Interaction 23

Tillage treatments 1

Time 23

Residual 48

Sum-of-squares

0.2573

0.004261

4.637

0.1497

Table 3c: Two-way ANOVA for the Large plots in 2005
Source o f  Variation % o f total variation P value

Interaction 3.57 0.0004

Tillage 1.43 P<0.0001

Time 92.92 P<0.0001

Source o f  Variation

Interaction

Tillage

Time

P value summary
* *  *  

* *  *

Significant?

Yes

Yes

Yes

Source of Variation D f

Interaction 18

Tillage 1

Time Ig

Residual 38

Sum-of-squares

0.148

0.05933

3.854

0.08629

Mean square 

0.00822 

0.05933 

0.2141 

0.002271

F

3.62

26.13

94.29
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Table 4: Two-way ANOVA fo r  the different nitrogen treatments under conventional 

and reduced tillage in small plots
Source o f  Variation % o f total variation P value

Interaction 9.83 0.9852

Nitrogen and Tillage 1.5 0.0787

Treatments

Time 34.49 P<0.0001

Source o f  Variation P value summary Significant?

Interaction ns N o

Nitrogen and Tillage ns N o

Treatments

Time * * * Yes

Source o f  Variation D f Sum-of-squares Mean square F

Interaction 95 4.316 0.04543 0.6879

Nitrogen and Tillage 5 0.6588 0.1318 1.995

Treatments

Time 19 15.14 0.7967 12.06

Residual 360 23.77 0.06604

5.3.3 Influence o f Nitrogen on soil respiration

Figures 5 a & b illustrate the soil CO2 fluxes from the small plots subjected to different 

nitrogen doses on reduced and conventional tillage treatments respectively. The mean 

values for the reduced tillage plots for the control (N3), 50% Nitrogen (N 2) and the full 

nitrogen dosage (N i) plots are 0.38, 0.39 and 0.36 g CO2 m'  ̂ h'' respectively. Soil 

respiration values on the conventional tillage -plots were 0.44, 0.45 and 0.46 g CO2 m'  ̂ h'

’ for control, 50% nitrogen and full nitrogen dosage treatments. Two-way analysis o f  

variance has shown no significant differences between the means o f  these different 

nitrogen treatments (p value = 0.078; Table 4). The treatments differed for only one day 

in the whole data, which was preceded by rainfall leading to such a variation among the
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treatments. The year 2004 had an unusual drought that affected the crop growth due to 

prolonged moisture stress. There was reduced yield in both o f the plots with not much 

difference in the yields between the full dose nitrogen and 50% reduced nitrogen 

treatments (Persn. Comm. Kevin Murphy, Oak Park, Teagasc).

5.3.4 Multiple regression and soil flux  prediction

Using the data from the large plots, soil CO2 flux was modeled as a function o f soil 

temperature at 10 cm, volumetric soil water content up to 20cm. All pair wise interactions 

for all terms were included. Using regression protocol o f Datadesk 6.0, all the above- 

mentioned parameters were included in a regression model and then parameters with p  > 

0.05 were serially deleted. As the dataset for biomass was limited to the year 2005 only, 

the effect o f soil temperature and moisture on soil CO2 efflux was investigated for 2003 

and 2004. Initially both years were incorporated into the analysis. A multiple regression 

was carried out for each year whereby soil CO2 flux was fixed on the Y variable and 

analyzed against temperature, moisture and the interaction between temperature and 

moisture (T x M). This multiple regression is based on a general linear model and 

assumes that all the variables are normally distributed. This was tested and found to be 

true for CO2 efflux, temperature, moisture and T x M. Results for the regression equation 

that gave the best linear correlation is given in Table 5.

In 2003 soil CO2 flux was best explained as a function o f  soil moisture and its interaction 

with soil moisture (TxM) with the same level o f  interaction in the following year (2004), 

and this variability could be explained to even to the combined dataset for both the years.
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Figure 3: Soil respiration in a spring barley fie ld  managed under conventional and reduced tillage regimes in small plots from  

January 2003 to September 2004. Each point represents mean ±  SE o f up to 6 separate measurements.
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Table 5: Stepwise regression analysis o f Soil CO2 efflux (S) based on soil temperature 

(T) and soil water content (M) and their interaction (TxM).

Year n Regression equation r^

2003 50 S = 0.564 + 0.0012(TxM) -  0.0108 M 0.55

2004 48 S = 0.705 + 0.0013 (TxM) -  0.0236 M 0.45

All

years 98 S = 0.382 + 0.00215( TxM) -  0.0183 M 0.48

In 2005, only 14 dates could be used where biomass and respiration coincided. Inclusion 

of biomass, an interaction of biomass and moisture (B x M) and interaction o f biomass 

and soil temperature (B x T) explained more o f the variation in the soil CO2 flux values 

(r^ = 61.6) than a relationship between temperature and moisture alone for years 2003 and 

2004. Results from the multiple regressions are given in Table 6. As such, biomass was 

found to be a major determinant of soil CO2 flux in reduced tillage plots during the crop 

period

Table 6: Stepwise regression analysis, Daily soil flux (S) = soil temperature (T), Soil 

water content (M) and above ground biomass (B).

Year n Regression equation r̂

2005 14 S = 4 . 8-  0.73(M) -0.22(T) -  0.207(B) + 0.0033(TxM) + 0.0113(BxT) 0.61
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5.3.5 Contribution o f root respiration towards soil respiration

Figure 6 illustrates autotrophic and heterotrophic soil respiration measured during the 

cropping season in 2005. Heterotrophic respiration values were initially high (maximum 

value o f  0.43 g CO2 m'^ h ’) soon after ploughing and sowing, and later declined (0.23 g 

CO2 m'^ h ' ) towards the end o f the crop-growing season. Autotrophic respiration was 

very low at the start o f the season 0.0 Ig CO2 m'^ h"' and eventually peaked up to 0.59 g 

CO2 m'^ h"' during the growth period and declined as the crop matured. Percentage 

contribution o f  autotrophic respiration towards the total soil CO2 flux ranged from 3 - 

65% along with the crop growth while heterotrophic respiration ranged between 34 - 96 

%. On average, autotrophic and heterotrophic respiration varyingly contributed around 

40-60% during the cropping season.

Table 1: Equations from  stepwise regression analysis. Daily soil flux (S) =  soil 

temperature (T), Soil water content (M) and interaction o f  soil temperature and moisture 

( TxM)

Source n Regression equation r^

Autotrophic 12 S = - 0.204 -  0.006 (T) + 0.00176 (T x M)+ 

0.008(M)

0.44

Heterotrophic 12 S = 0.472 + 0.0003 ( T x M )  -  0.016 (M) 0.46

Total soil 

respiration

12 8 = 0.1335 + 0.00175 ( T x M ) 0.37
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A multiple regression was carried out for both auto and heterotrophic respiration as a 

function of soil temperature, moisture and their interaction, which explained around 45% 

variation o f the data (Table 7), and biomass had no quantitative significance despite the 

fact that autotrophic respiration is derived from the contribution of biomass.
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Figure 5a: Soil respiration in spring barley fie ld  managed under reduced tillage from  

January 2004 to September 2004 subjected to different nitrogen treatments (Ni = fu ll 

nitrogen dose, N2= 50% o f Ni, Ns =  control). Each point represents mean ±  SE o f  up to 4 

separate measurements.
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Figure 5b: Soil respiration in spring barley f ie ld  m anaged under conventional tillage 

from  January 2004 to Septem ber 2004 subjected to different nitrogen treatments (Nj = 

fu ll  nitrogen dose, N2 = 50%  o f  Nj, Ns =  control). Each p o in t represents mean  ±  SE o f  up 
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Figure 6: Autotrophic and heterotrophic soil respiration in the spring barley fie ld  during 

the year 2005 managed under reduced and conventional tillage treatments. Each point 

represents mean ± SE o f up to 5 separate measurements.

5.3.6 Short term nature o f CO2 efflux during tillage operation

During this study, soil CO2 fluxes were measured during the ploughing operation in 

March and September on conventional and reduced tillage treatments respectively. 

Figures 7 a «& b illustrate the patterns of soil CO2 efflux soon after a ploughing operation. 

During all the plough-pulse chase experiments, soil respiration values after tillage 

levelled to the pre ploughing values or remained slightly higher due to soil disturbance.
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Figures 7a: Short term pattern  o f  so il CO 2 efflux before and after tillage, with the p ea k  

value coinciding with the time o f  tillage conventional tillage in M arch 2003. Each value 

is a  p o in t observation along a  transect o f  110 m. Arrow indicates the time o f  ploughing.
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Figures 7b: Short term pattern o f  soil CO2 efflux before and after tillage, with the peak 

value coinciding with the time o f reduced tillage) in Sept 2004. Each value is a point 

observation along a transect o f  110 m. Arrow indicates the time o f ploughing.

Under conventional tillage in early March, 2003 during which soil temperatures were 

low, relatively lower soil CO2 fluxes were observed. Prior to the tillage, soil respiration 

ranged from 0.15 to 0.2 g CO2 m'^ h’’ and soon after ploughing the rapid flush o f CO2 

from the soil were measured at 3.5 g CO2 m'^ h ' eventually declining to 0.25- 0.4 g CO2 

h’’. Under reduced tillage treatments, soil respiration values prior to ploughing ranged 

from 0.27 to 0.31 g CO2 m'^ h '' and soon after ploughing, the rapid flush o f CO2 from the 

soil was 5 g CO2 m'^ h ' eventually declining to 0.47-0.56 g CO2 m'^ h '. On an average, 

there was an increase of 30-40% in soil respiration after tillage,

5.3.7 Diurnal Temperature-soil respiration relationship

Three diurnal measurements o f soil respiration were taken during the entire flux 

measurement period with one set o f measurements in 2003 and two in 2004. The diurnal 

trends o f soil respiration and temperature are illustrated in Figures 8-10 respectively. In
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general the diurnal pattern o f soil respiration coincided with changes in soil temperature 

and this is more pronounced during the growing season than the non-growing period. 

During the growing season in 2004 (Fig 9), a minimum o f 0.27 and 0.27 g CO2 m'^ h ’ 

was reached around the time when soil temperature reached its minimum (14.3 and 14.1 

°C respectively) while the maximum o f 0.53 and 0.49 g CO2 m ' h"' was reached in the 

afternoon coinciding with maximum soil temperature (19.9 and 20.2 °C) respectively. 

Two-way ANOVA has shown that time o f measurement significantly influences the soil 

CO2 flux (p value = 0.0017; Table 8 b)

Post tillage measurements on reduced tillage treatments has shown a very distinctive 

diurnal pattern during the years 2003 (Fig 8) and 2004 (Fig 10), which was unclear or 

almost lacking on conventional tillage measurements. In both post ploughing diurnal 

measurements in 2003 and 2004, there was significant difference between conventional 

and reduced tillage treatment (Table 8 a & c). The measured fluxes on reduced tillage 

plots were twice the values measured on conventional tillage plots during both years 

2003 and 2004.

For the diurnal measurements on 16*̂  September 2003 (Fig 8), maximum and minimum 

soil CO2 flux values measured on reduced and conventional tillage plots were 0.71, 0.36, 

0.21 and 0.14 g CO2 m'^ h ’ respectively. On an average, the reduced tillage had 65% 

more soil CO2 flux values when compared to conventional tillage, given that there was no 

temperature difference between the two treatments (P > 0.05). The maximum and the 

minimum temperature during this period was 19.9 and 15.1 °C, with the maximum and 

minimum respiration values corresponding to the temperature regimes.

For the year diurnal campaign on the 6*'’ October 2004 (Fig 10), maximum and minimum 

values o f soil CO2 fluxes observed on reduced -and conventional tillage plots were 1.158, 

0.22, 0.24 and 0.16 g CO2 m'^ h ' respectively. Once again, the measured flux values on 

the reduced tillage plots were 65% more than conventional tillage plots. The maximum 

and the minimum values o f  the soil temperature were 13.6 and 7.3 °C for reduced and 14 

and 8 .1 “C for conventional tillage treatments, which did not differ statistically.
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Figure 8: Diurnal trend o f soil respiration and soil temperature in spring barley during 

non-growing season in September 2003. Measurements were taken from 16”̂ to 17'^ 

September, noon to noon. No significant difference (p>0.05) was observed for the soil 

temperature between the tillage treatments. This diurnal measurement was taken after a 

reduced tillage operation in the last week of August 2003.
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Figure 9: Diurnal trend o f soil respiration and soil temperature in spring barley during 
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Table 8 a. Two-way ANOVA for diurnal soil respiration in September 2003
Source o f Variation % of total variation P value

Interaction 3.47 0.3665

Tillage 30.74 P<0.0001

Time 3.05 0.4787

Source of Variation P value summary Significant?

Interaction ns No

Tillage Yes

Time ns No

Source o f Variation Df Sum-of-squares Mean square F

Interaction 10 0.6767 0.06767 1.096

Tillage I 5.987 5.987 97.01

Time 10 0.5932 0.05932 0.9612

Residual 198 12.22 0.06172

Table 8 b. Two-way ANOVA for diurnal soil respiration in July 2004
Source o f Variation

Interaction

Tillage

Time

% of total variation P value

0.27 1

0 0.9196

12.61 0.0017

Source o f Variation

Interaction

Tillage

Time

P value summary 

ns

ns

Significant?

No

No

Yes

Source of Variation Df

Interaction 11

Tillage 1

Time 11

Residual 216

Sum-of-squares

0.02494

0.000375

1.147

7.922

Mean square 

0.002268 

0.000375 

0.1042 

0.03668

F

0.0618

0.0102

2.842
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Table 8c. Two-way ANOVA for diurnal soil respiration in October 2004
Source o f  Variation % o f total variation P value

Interaction 9.07 0.0021

Tillage 15.6 P<0.0001

Time 11.5 0.0001

Source o f  Variation P value summary Significant?

Interaction % * Yes

Tillage Yes

Time Yes

Source o f  Variation D f Sum-of-squares Mean square F

Interaction 11 4.99 0.4537 2.789

Tillage 1 8.586 8.586 52.78

Time 11 6.33 0.5754 3.537

Residual 216 35.14 0.1627

5.4. Discussion

Soil CO2 fluxes in spring barley were measured over three years under RT and CT 

practices under wide soil temperature conditions, ranging between 1.6 and 22 °C. The 

mean values of soil CO2 flux for each year on both reduced and conventional tillage 

patches were 0.514 and 0.491 g CO2 m'  ̂ year'\ respectively, which can be compared 

with those reported in other land uses (Raich and Tufekcioflu, 2000) and particularly in a 

similar experiment by Vinther et al, (2004) who reported soil respiration in the range 

between 0.20 and 0.85 g CO2 m"̂  h“' during the experimental period from early April to 

mid-September. However, it is worth noting that the soils of this experimental site are 

relatively low in organic matter and soil water content.

Soil CO2 flux exhibited seasonal variation, with greater values during the growing 

season, from March to October, and this being not significantly different in either of the 

tillage practices. Maximum fluxes were reached at around 16 °C in 2003 at the volumetric 

soil moisture content of 31% and at 16.25 °C at 33.45 (SWC) yielding 1.48 and 1.45 g 

CO2 m'  ̂ h’’ for conventional and reduced tillage plots respectively. Due to the relatively
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low rainfall during crop growth period, the main conclusion to be drawn is that low soil 

respiration rates are a prevailing feature, when compared with grasslands or forest 

ecosystems. What is clear is the fact that soil moisture played a major role in our tillage 

treatments, from the multiple regression analysis.

During the winter period, soil fluxes decreased roughly by a factor of 2 and, furthermore, 

slight variability o f the soil CO2 flux values on the reduced tillage treatments was the 

common feature in this experiment. However, efflux values on conventional tillage were 

lower and this could be the result o f little vitality o f soil biota and roots. In this 

experiment the increase observed in the reduced tillage plots (in Figures 3 & 4) in 

September should be partially attributed to the local soil disturbances produced by slight 

inversion o f the soil during the tillage and the growth of volunteer seedlmgs that have 

contributed to higher efflux rates.

Maximum variability in soil respiration values during the crop March-August, suggests 

the influence o f other factors, for example, crop biomass, soil temperature, as well as 

rainfall occurrences, which, in fact, were responsible for a large variation in the fluxes 

measured. However, the decline o f soil CO2 efflux in July, when maximum temperatures 

were reached, an event, which evident in both tillage treatments also suggests that other 

drivers o f CO2 emission, such as soil moisture, could be more important. Considering the 

large plots, despite the similarities, o f particular interest here are the higher non-growing 

season fluxes in the RT, which are due to the growth o f volunteer seedlings that 

germinate soon after the reduced tillage operation. Greater variation in the small plots 

when compared to the large plots could be due to the heterogeneous nature and large 

plots were pseudo replications that have reduced the error on the mean values measured. 

In 2005, the statistically significant difference between the tillage treatments on large 

plots could not be biologically significant as there was lack o f  uniform crop emergence 

for agronomic reasons (Persn. Commn. Kevin Murphy, Oak Park, Teagasc), therefore 

makes any comparisons between the cropping seasons o f 2003, 04 and 05 more difficult.
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Based on the mean values, the estimates of annual soil CO2- C loss as shown in Table 9 

are consistent with those compiled by other authors (Pilegaard et al, 1998; Epron et al, 

1999; Davidson et al, 2000). However, CO2 -C loss is very high upon comparison with 

studies by Eriksen and Jensen (2001) who reported a total emission loss of 2.6 and 1.4 t 

C ha however, this study was limited to only 3 months o f the cropping season. Vinther 

et al., (2004) calculated a total seasonal loss o f 5.3 and 5.4 T CO2 -C  ha ' in a spring 

barley under crop rotation with pea + grass and pea respectively, and are in agreement 

with our observed values o f 6.8 and 7.3 T CO2-C ha ' respectively for reduced and 

conventional tillage during the growing season.

The lack o f any significant difference between the tillage treatments during these two 

years should not be regarded as conclusive, as the rates obtained during both years do not 

suggest the effectiveness of the RT during the initial years following the implementation 

o f this agricultural practice. Lai et a l, (2004) and West and Marland (2002) reported that 

tillage operations would not be able to show any gain m soil carbon in the short term, and 

minimum time period of 10 years should be taken into consideration for evaluating gain 

in soil carbon stocks.

Table 9: Gross annual soil CO2-C loss fo r  the years 2003 & 2004from  a spring barley 

crop under conventional and reduced tillage treatments in Oak Park, Co. Carlow.

Year Treatm ent CO 2-C Loss (t C ha * y'*)

2003 Conv. Till 13.7± 1.1

Red. Till 13.7 ± 1.21

2004 Conv. Till 11.2± 0.73

Red. Till 11.7 ±0.87
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Based on studies by Kern and Johnson (1993) soil CO2 evolution is expected to be 

reduced under reduced tillage, however studies by Franzleubers et al, (1995) found that 

soil CO2 evolution may be equal or greater under no-tillage compared to CT. In order to 

reach to such a conclusion, this study needs to be extended for few more years as 

dynamics of carbon sequestration are not still easily understood and deserve long-term 

investigation.

Application of nitrogen fertilizers at different levels did not show significant differences 

between the treatments and the tillage practices. While the measurement period was 

confined to only one year, subsequent measurement should be followed up, as any 

conclusions drawn from this study could too soon to understand the role o f nitrogen 

levels on soil respiration. Russel et al, (2002) investigated effects of rate of N 

fertilization on soil organic carbon dynamics for 5 and 22 years suggesting that soil 

respiration was driven by root inputs, but no differences in soil respiration rates were 

observed among the tillage and nitrogen treatments.

Ellert and Janzen (1999) have reported that rates of soil CO2 efflux increased at least 2- 

fold after tillage and even 10 consequent tillage operations would account for less than 

5% of annual CO2 released to atmosphere. The tillage induced flush of CO2 , however was 

short-lived and this was inline with the results of this study. Results of this pulse chase 

experiments are in contrary to findings by Reicosky and Lindstorm (1993) who reported 

that influence o f tillage on CO2 effluxes persisted for at least 19 days after tillage and that 

the tillage method may influence the contribution of agriculture to atmospheric CO2 . 

Cumulative CO2 fluxes under conventional tillage over the measuring period (plough 

pulse chase) showed that ploughing contributed 38 g CO2 m'^ h ' and non-ploughing 

contribute 8 g CO2 m'^ h ' over the same period (11am to 4pm). However, cumulative 

CO2 fluxes under reduced tillage over the measuring time showed that tillage operation 

contributed to 47.9 g CO2 m'  ̂ h‘' while no tillage would contribute 21.7 g CO2 m'  ̂ h"' 

over the same period of time (Sam to 1pm). Given the short-term nature of the high efflux 

of soil CO2 , tillage operations are not considered to be contributing significantly to the
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annual carbon budget; however, they could modify soil conditions, making it more 

favourable for decomposition processes, there by contributing to the release of soil CO2 .

Soil CO2 flux measured in barley and fallow plots 2005 enabled to determine the relative 

values of autotrophic and heterotrophic respiration. The daily autotrophic soil respiration 

ranged from a low of 0.012g up to 0.47 g CO2 m"̂  h '. The corresponding values for 

heterotrophic respiration were 0.23 and 0.43 g CO2 m'  ̂ h"' respectively. During intense 

growth, the rhizosphere respiration is enhanced by photosynthetic activity due to 

allocation of assimilates into the roots and soil (Kuzyukov and Cheng, 2001). It can be 

concluded that barley roots were responsible for at least one half o f the soil respiration 

measured under barley which was also demonstrated in field condition by Rochette et ah, 

(1992). Greater soil respiration under barley indicates a significant contribution from 

barley roots either as direct root respiration as enhanced microbial activities in the 

rhizosphere due to root exudates and root turnover. The results of this study indicate that 

root respiration under barely is approximately 50% of total respiration on average, 

measured soil respiration under barley is twice that under fallow. This agrees with the 

results of 35 - 60% as reported by Akinremi et ah, (1998), Rochette & Flanagan (1997), 

Andrews et al, (1999). It could be speculated that the contribution of barley roots to total 

soil respiration is not a constant but depends on the surface moisture conditions. The 50% 

contribution by plan roots probably occurred under favourable conditions with active 

microbes producing as much CO2 as plant roots. As the soil surface becomes dry, the 

proportion of CO2 from roots will increase due to reduction of microbial activity by the 

low surface moisture. This may explain the wide range of the proportion of root 

respiration to total soil respiration that is reported in the literature, 50% by Akinremi et 

al, (1998) and Rochette et al, (1997), up to 70% by Chapman (1979). The highest root 

respiration has been shown to correlate with maximum amount of plant root matter 

(Schussler et al., 2000). Using isotopic techniques, Rochette and Flangan (1997) found 

that in a cornfield, the contribution of the rhizosphere to the soil surface CO2 increased to 

a maximum of 60% at the height of summer. At the beginning and end of the growing 

seasons, the role of root respiration (autotrophic) is markedly less. Lambers et al, (1982) 

found that the percentage of soil CO2 evolution derived from plant root respiration
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decreased from 46% during tillering to only 5% at maturity, indicating that the majority 

of soil CO2 evolution during wheat growth was a product of microbial respiration than 

root respiration

Multiple regression analysis has show soil moisture and its interaction with temperature, 

which is known to have a strong effect on soil microbial activity and CO2 emissions 

which disagrees with previous studies by Rochette et ah, (1991) who found out that soil 

respiration had highest correlation with soil temperature. There seem to be complex 

interaction of soil temperature and soil moisture in prediction soil CO2 emission in the 

crop plots with very poor correlations. Temperature and moisture responses of 

autotrophic and heterotrophic respiration are enlisted in Table 7. For example, Rochette 

et al, (1995) reported a linear relationship between soil respiration and soil temperature 

under soybean (r^=0.60) and in com (r^=0.75) by Rochette et al, (1996). In studies 

where good relationships were established between soil respiration and soil temperature, 

the data were often limited to periods when the soil moisture was non-limiting and 

relatively constant. The dominant influence of soil moisture, which varied significantly 

during this study period, overrode the temperature effects. As well, there is an inverse 

relationship between soil moisture and soil temperature, with moist days having lower 

temperatures than dry days. Higher CO2 fluxes observed during the cropping period when 

soil moisture levels are low, confirms that plant biotic component is an important factor 

controlling soil respiration under field conditions, with higher rates observed in the crop 

than the fallow. Further work is needed to assess the relative contribution o f biotic and 

abiotic factors on the soil respiration in cropped fields.

Temperature has commonly been found to be the major factor explaining annual 

variations in CO2 flux (e.g. Buyanovsky et al., 1986; Duiker and Lai, 2000; Rayment and 

Jarvis, 2000) and differences due to management practices have largely shown to be 

indirect effects on soil temperature (Wagai et al, 1998). Diurnal measurements during 

the cropping season did not reveal any difference in tillage treatments despite their 

interaction with temperature. Conventional tillage did not show a distinctive diurnal 

variation in September 2003 and October 2004, while reduced tillage has shown a diurnal
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response due to the photosynthetic contribution from the volunteer seedlings, suggesting 

that perhaps autotrophic respiration has more temperature response than heterotrophic 

respiration (conventional tillage has no plant cover), when temperatures are low.

A close inspection of the diurnal relationship between CO2 flux and temperature shows 

that morning fluxes were close to the average fluxes measured over the diurnal period. 

While these measurements may relate to soil temperature at the time o f  measurement, 

over estimation of daily soil respiration is a possibility especially time coincides with 

maximum temperature given that moisture values remain the same.

Comparisons between soil CO2 fluxes have allowed us to conclude that there are no 

significant differences even after two year after conventional and reduced tillage 

practices have been implemented. While this agricultural practice would have led to more 

efficiency in terms o f fossil fuel consumption, short terms studies showed no differences 

in soil CO2 loss between these tillage systems. Hence, future work should focus on 

monitoring soil CO2 losses under varying climatic conditions and extreme weather events 

in order to determine the potential carbon sequestration under different tillage regimes.
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Chapter 6: A comparative synthesis of soil carbon fluxes in a cut and 

grazed pasture and a spring barley field managed under reduced and 

conventional tillage in Ireland

6.1 Introduction

Land use influences soil organic carbon (SOC) content. One study by Davidson and 

Ackerman, (1993) has reported that conversion of grasslands in the Great Plains of the 

USA to cultivated cropland has resulted in a loss of 15-30% of soil organic matter. It is 

worth noting that 80% of the total land area of Ireland is under grasslands. On the other 

hand, adoption of minimum- and no-till practices has partly reversed the trend in SOC 

losses observed under conventional tillage (Fortin et al, 1996; Dao, 1998; Curtin et al, 

2000). In tillage systems, residue management affects soil CO2 efflux by altering soil 

temperature and water content, both of which affect microbial population and activity 

(Doran, 1980; Rochette et al, 1991; Fortin et al, 1996). Soil carbon (C) loss in a 

conservation tillage system, where soil erosion is nonexistent, is almost entirely the 

product of root and microbial respiration.

Grassland often contains higher amount of SOC than cultivated cropland mainly due to 

the absence of disturbance and an extensive fibrous root system. Reduction in soil 

disturbance greatly reduces soil respiratory C efflux (Rochette et al, 1991; Fortin et al, 

1996; Reicosky, 1997; Dao, 1998; Curtin et al, 2000; McGinn and Akinremi, 2001) and 

along with C supply are the major factors determining the magnitude of soil respiration 

(Carpenter- Boggs et al, 2003; Lohila et al, 2003; Wang et al, 2003). Tillage practices 

alone strongly affect soil CO2 efflux. Examples include comparisons of no-till and 

conventional tillage to permanent grass fields which showed about 50% lower soil 

respiration in the tillage treatments and about 50% greater microbial biomass in the grass 

fields (Carpenter-Boggs et al, 2003). Soil CO2 efflux during a 60-day period following a 

wheat crop (Hordeum vulagre L.) was twice as great under mouldboard plough tillage 

than no-till (Dao, 1998). Small grain cropping systems under conventional tillage in 

eastern Canada had soil CO2 efflux rates of 75 g C m'^ year ' which is greater than no-till
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(Fortin et al, 1996); and soil CO2 efflux was lower under continuous cropping than in a 

crop-fallow system under no-till due to slower decomposition of residues near the soil 

surface and reduced soil temperatures (Curtin et al, 2000).

Soil CO2 efflux rates may also vary with crop species. Daily soil respiration rates under 

barley {Hordeum vulgare L.) were nearly twice that of fallow; a result attributed to the 

presence of roots and higher microbial activity under barley than fallow (Akinremi et al, 

1999). Soil CO2 efflux from grasslands is generally greater than for annual crop systems. 

A comparative study of two grassland sites and a sorghum crop showed CO2 efflux of 

450 g C m'^ year ’ from Bermuda grass {Cynodon dactylon (L.) Pers) and 650 g C m'^ 

year’ from native prairie compared to 60 g C m'^ year' from sorghum {Sorghum 

bicolour. L.) (Dugas et al, 1999). Grazing also influences soil CO2 fluxes. A grazed 

mixed-grass prairie had higher efflux rates (4.3 g C m’̂  day ') than a non-grazed mixed- 

grass prairie (3.5 g C m'^ day'') (Frank et al, 2002).

Recapture of CO2 by crops is important to net ecosystem C loss as it has been reported 

that soil respiration from a com {Zea mays L.) field was equivalent to about 30% of net 

CO2 assimilation from photosynthesis during the growing season (Rochette and 

Flanagan, 1997). There is a need to better understand seasonal respiratory CO2 losses 

from soils that differ in management-induced SOC. Such understanding will provide 

information on how management practices influence net C exchange, and therefore, their 

role to mitigate, or contribute to, the greenhouse effect. This synthesis chapter 

summarises the seasonality and rates of soil CO2 efflux from two agroecosystems in Oak 

Park, Co. Carlow, differing in management and SOC and compares biotic components of 

the ecosystems (SOC, and microbial activity) and relationship of abiotic (SWC and soil 

temperature) and biotic factors governing soil respiration.
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6.2. Soil properties

Figures l.a, b & c illustrate the variation in organic carbon, total nitrogen and bulk 

density for the soil cores taken in 2002 on arable (spring barley) and the managed 

pasture. In the case of the managed pasture, approximately 80% of organic carbon and 

total nitrogen is in the top 30 cm. similarly, 70 % of organic carbon and nitrogen is 

present within the top 30 cm in the arable site. However, the arable site has 30% more 

nitrogen in its lower layers due to conventional tillage for many years. On average, the 

pasture soil contained 23 g organic C k g ' soil and 2 g N kg ' soil while the arable soils 

contained 16-19 g organic C kg ' so il, total nitrogen of 0.8 to 1.4 g kg"' soil and a C: N 

ratio of 13.7 declining with soil depth. Organic carbon and total nitrogen stocks o f the 

soil are presented in Table - 1. The soils of both these sites are shallow (50-60 cm) and 

are well drained with a gentle slope. Bulk density of the pasture was 30% lighter when 

compared to arable site, however on the both the sites, the deeper soils had higher bulk 

density 10% for the arable and 21% for the managed pasture. The grassland had a fibrous 

root system where the root distribution is confined to the top 30 cm of the soil profile, 

thus making the soil more porous.

Table 1: Soil organic carbon and total nitrogen stocks in the managed pasture and spring 

barley crop measured during the year 2002 in Oak Park, Co. Carlow. Each value is 

represents mean and SE.

Site Depth (cm) Organic carbon (t ha"') Total Nitrogen(t ha‘‘)

Arable 0-30 76.8 ± 10.5 5.8 ± 1.6

30-45 18.5 ± 2.5 1.2 ± 0.4

Pasture 0-30 97.6 ± 12.3 8.8 ± 1.6

30-45 16.3 ± 4.3 0.6 ± 0.6
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Figure la: Soil organic carbon in a cut and grazed pasture and a spring barley field  

managed under conventional and reduced tillage in Oak Park, Co. Carlow.
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Figure 1 b: Soil nitrogen in a cute and grazed pasture and a spring barley field managed 

under conventional and reduced tillage treatments in Oak Park, Co. Carlow.
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Figure Ic: Bulk density o f the soil profile in a cut and grazed pasture and a spring barley 

field managed under conventional and reduced tillage in Oak Park, Co. Carlow.

6.3 Comparison o f soil CO2 fluxes and abiotic variables

Figure 2, derived from chapters 3 and 5 illustrates the annual variation o f soil CO2 flux in 

the cut and grazed pasture and spring barley field from 2002 to 2005 inclusive, where 

peaks in soil respiration were on a seasonal basis. Minimum values o f soil CO2 flux on 

cut and grazed pasture were approximately 0.15g CO2 m'^ h 'and the mean annual soil 

respiration values are 0.564, 0.60 and 0.47 g CO2 m'^ h'* for 2003, 2004 and 2005 

respectively. During the summer months of June to August soil respiration was 0.66 ± 

0.04 g CO2 m'^ h ' in 2003 and 0.67 ± 0.05 g CO2 m'^ h"’ in 2004 and 0.57 ± 0.05 g CO2 

m'^ h '' in 2005. In the spring barley field, mean soil respiration values recorded were 0.60 

and 0.61 g CO2 m'^ h * for the year 2003 in reduced and conventional tillage treatments 

respectively. During the year 2004, mean soil respiration values were 0.53 and 0.51 g 

CO2 m'^ h"' in reduced and conventional tillage treatments. Maximum values during the 

growing season for the year 2003 were 1.45 and 1.48 g CO2 m'^ h’' under reduced and 

conventional tillage treatments, coinciding with the crop’s maximum tillering stage. The

Arable

Pasture
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maximum values for the year 2004 were 1.02 and 1.11 g CO2 m'^ h ', which is 36 % less, 

compared to the previous years values. Minimum values recorded were in the month of 

February of each year with 0.12 and 0.13 g CO2 m'^ h’' in 2003, 0.15, and 0.15 g CO2 m'^ 

h’  ̂ in 2004 on reduced and conventional tillage. Of particular interest are the mean values 

during the growing season (March-August) which were 0.65 and 0.70 g CO2 m'^ h '\  and 

in the non growing season ( Jan- Feb and Sept- Dec) 0.37 and 0.28 g CO2 m‘̂  h'* in the 

reduced and conventional tillage treatments, respectively.

Table 2: Minimum, maximum and mean values o f soil respiration on different tillage 

treatments and a cut and grazed pasture in Teagasc Crop Research Centre, Oak Park, 

Co. Carlow.

Min

(g CO2 m-' h-')

Max 

(g CO2 m -'h ')

Mean ± SE 

(g CO2 m-' h ')

2003 Reduced tillage 0.12 1.45 0.61 ±0.07

Conventional

tillage

0.13 1.48 0.61 ±0.08

Managed

pasture

0.14 0.83 0.41 ±0.04

2004 Reduced tillage 0.15 1.03 0.53 ± 0.04

Conventional

tillage

0.16 1.12 0.52 ±0.05

Managed

pasture

0.13 1.28 0.60 ±0.05

2005 Reduced tillage 0.22 0.80 0.48 ± 0.05

Conventional

tillage

0.158 0.825 0.539 ±0.058

Managed

pasture

0.116 0.832 0.472 ±0.057
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Gross annual CO2 flux values from these land uses are listed in Table 3. In the managed 

pasture, for 2003 the gross flux of CO2 from the soil was calculated as 9.8 t CO2 -  C ha"’, 

whilst for 2004 this value was calculated as 13.13 t CO2 -C  ha’’. Hence, for 2003 the 

gross flux of CO2 from the soil was calculated as 13.76 t CO2 -  C ha ' both the tillage 

treatments, whilst for 2004 this value was 11.2 and 11.7 t CO2 -  C ha'* for conventional 

and reduced tillage respectively. In the year 2003, the gross annual flux from spring 

barley was 40% higher than the managed pasture. However, for 2004, the gross flux from 

spring barley was 15% less than the managed pasture. There was 20% reduction in gross 

annual flux for spring barley in 2004 from 2003; on the contrary, the managed pasture 

had 32% increases in its soil CO2 emission for 2004 when compared to 2003.

Managed Pasture 
Barley: Conv.Till 
Barley: Red.Till

Jan-03 Apr-03 Jul-03 Oct-03 Jan-04 Apr-04 Jul-04 Oct-04 Jan-05 Apr-05 Jul-05

Figure 2: Soil respiration in a cut and grazed managed pasture and a spring barley fie ld  

managed under conventional and reduced tillage in Oak Park, Co. Carlow. Each value 

represents mean ± SEM (n= 18 and 2)
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25 -I
■9 — Conv. Tillage 

-Q— Red. Tillage 

-A— Managed pasture

Jan-03 Apr-03 Jul-03 O ct-03 Jan-04 Apr-04 Jul-04 O ct-04 Jan-05 Apr-05 Jul-05

Figure 3: Soil temperature at 10cm depth in a cut and grazed pasture and a spring barley 

fie ld  managed under conventional and reduced tillage in Oak Park, Co. Carlow. Each 

value represents mean ±  SEM  (n =18 and 2)

45 -|

Managed Pasture

Conv.Tillage

Red.Tillage

5 -I----------------,----------------1---------------- ,---------------- ,----------------,---------------- ,----------------,----------------,----------------,----------------,—

Jan-03 Apr-03 JuI-03 Oct-03 Jan-04 Apr-04 Jul-04 Oct-04 Jan-05 Apr-05 Jul-05

Figure 4: Soil moisture in a cut and grazed pasture and a spring barley fie ld  managed 

under conventional and reduced tillage in Oak Park, Co. Carlow. Each value represents 

mean ±  SEM (n =18 and 2)
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Table 3: Gross annual soil CO2-C loss from a cut and managed pasture and arable 

spring barley under reduced and conventional tillage for the years 2003, 04& 05 in 

Teagasc Crop Research Centre, Oak Park, Co. Carlow.

Year Treatment CO2-C Loss 

(t ha'̂  y *)

2003

Conv. Till 13.7± 1.1

Red. Till 13.7± 1.2

Pasture 9.9 ± 1.9

2004

Conv. Till 11.2± 0.7

Red. Till 11.7 ±0.9

Pasture 13.1 ±2.3

2005 (up to August only)

Conv. Till 7.2 ± 0.4

Red. Till 6.4 ±0.4

Pasture 6.3 ± 0.4

Seasonal soil CO2 flux patterns were similar to that for soil temperature in both the 

pasture and the barley field. The maximum flux coincided with peak above ground 

biomass and increasing soil temperatures in both the cases. As illustrated in Figure 3 

derived from chapter 3 and 5, soil temperature during the growing period ranged between 

9-20 °C starting from early April to the end of September. However, soil temperatures on 

dates of maximum fluxes were in between 10-15 °C in the cut and grazed pasture and 10-
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20 °C for the spring barley. In either cases soil temperatures for the non-growing period 

averaged from 2-9°C. Soil temperature was cooler by 1.6 °C in grassland throughout the 

growing period when compared to spring barley (Fig. 3). Volumetric soil water content 

was highly variable from May to October due to infrequent precipitation. Average 

volumetric soil water content over the growing period was 26 % for managed pasture 

grassland, 21 % for spring barley (Fig.4).Soil water content was at field capacity (36% 

for the cut and grazed pasture and 29% for the spring barley) during the non-growing 

season and declined during the growing season as illustrated in Figure 4. In the managed 

pasture soil moisture declined (to 13 %) causing periods o f moisture stress soon after the 

silage cut and during the grazing regime. In the barley field volumetric soil moisture 

declined up to 10% during the months o f June and July when the crop was in its 

vegetative and flowering stage, thus resulting lower soil CO2 fluxes. Grain yield were 

low in 2004 and 2005 when compared 2003 (Pers. Commn. Kevin Murphy, Teagasc, Oak 

Park)

6.4 Interaction o f biotic and abiotic factors influencing soil respiration

Despite the complexity o f the soil respiration process, which includes respiration by plant 

roots, microorganisms, and soil fauna, and decomposition o f soil organic matter, it has 

been often modelled with simple empirical equations. Multiple regressions from chapters 

3 and 5 suggest the role o f  soil temperature, soil moisture and biomass and their 

interactions that influence soil respiration to various degrees. However, temperature is the 

most commonly studied environmental control on soil respiration as summarized in a 

number o f reviews (Singh and Gupta, 1977; Raich and Schlesinger, 1992; Lloyd and 

Taylor, 1994). All o f these studies show that soil respiration increases exponentially with 

temperature when soil moisture or other factors are not limiting.

This direct effect o f temperature on soil respiration is often included in models o f the 

global carbon cycle as a constant Qio function (Cox et a l, 2000). Nevertheless, there is a 

strong indication that the Qio o f respiration declines with increasing temperature (Lloyd 

and Taylor, 1994) and with decreasing water availability (Reichstein et a l,  2002).
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Furthermore, there are studies that operate on larger spatial or temporal scales that negate 

an overall effect of the temperature on decomposition or soil respiration (Giardina and 

Ryan, 2000“*'’). Many o f these studies use single-factor correlations between soil 

respiration and soil temperature that can be easily confounded by other factors (Davidson 

et a l, 1998). In the regression equations derived in chapter 3 and 5, interaction of 

biomass with temperature and moisture had a high correlation (56%) with soil 

respiration. Therefore, it is appropriate to include such an interaction in calculating the 

Qio (temperature response) of soil respiration.

In the managed pasture, biomass was measured at regular intervals throughout 2003 and 

2004. Therefore, soil respiration values coinciding with the biomass measurements dates 

were normalized for the standing biomass for the day o f measurement and temperature 

response was analyzed using an exponential equation. Fig.5 illustrates the temperature 

response o f soil respiration where the biomass is not accounted for, while Fig. 6 

illustrates the normalized soil respiration to biomass and its respiration to temperature. 

Qio values from the initial data, which did not include biomass, was 3.6, while 

normalized respiration for biomass had a Qio value o f 2.4. From this analysis it is clear 

that Qio values based on single factor interactions would lead to over estimation o f soil 

CO2 loss by 30%, which could be very significant for any ecosystem.

Another aspect to temperature dependence is the diurnal trends in soil respiration. 

Temperature response functions fail to simulate the daily course o f soil respiration during 

the peak growth in managed pasture, when soil moisture is not limiting. Fig 7 illustrates 

the temperature response o f soil respiration during the growing season on a cut and 

grazed pasture. The modeled respiration based on temperature response function 

underestimates soil respiration 4-6 times before silage cut and 2-3 times post silage cut. 

Therefore, temperature models based on Qio could not count for the influence o f  

photosynthates contribution by biomass specifically during the peak growing season.
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Figure 5: Temperature dependence o f soil respiration in a managed pasture in Teagasc 

Crop Research Centre, Oak Park, Co. Carlow.. Data involves daily average fluxes from 
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pasture in Teagasc Crop Research Centre, Oak Park, Co. Carlow. Dataset involves daily 

average fluxes from July 2002-2004.
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Figure 7: Comparison o f measured V5. modelled soil respiration on a managed pasture 

before and after silage cut during the peak growth period in May 2004.
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Figure 8: Diurnal response o f soil respiration in July 2004 (modelled vs. measured) in 

managed pasture during the grazing period.
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However, during the late growing season, where biomass growth is limited due to 

continuous grazing, soil respiration model based on Qio relationship as illustrated in 

Figure 8 has shown good agreement with the measured values (r̂  =0.75). This has to be 

carefully considered in order to supplement the influence of biomass based on the 

findings by Qi et al, (2002) who reported that the temperature sensitivity is likely to 

change as temperature and moisture change over time. Results from this study strengthen 

the argument that diel patterns of soil CO2  flux and temperature at a particular 

experimental site do not always follow Qio relationships (Davidson et al,  2000), 

implying that seasonal relationships may not be caused by differences in soil temperature 

as much as differences in source potential of photosynthates.

This Qio model was shown to be biased when fitting to the data, underestimating at 

lower temperatures and overestimating at higher temperatures (Lloyd and Taylor, 1994). 

This argument was true to a certain extent on the grassland site during the peak growth 

period where soil temperatures are relatively lower. Despite the problems with the Qio 

model, it has been widely used in modelling the process of soil respiration (Schimel et 

al,  2000). Raich and Schlesinger (1992) found that the value of Qio varied from 1.3 to 

3.3. and the Qio values derived for the managed pasture falls within this range.

6.5 Discussion

Soil organic C was significantly greater for the grassland compared to the barley field 

managed under reduced and conventional tillage treatments. Grassland SOC content was 

97.59 t ha ' or 27% times greater than spring barley. This grassland is a cut and grazed 

pasture where aboveground biomass capable o f sequestering C through photosynthesis 

would be absent for a significant period, despite having a green cover throughout the 

year. Soil respiration values from this pasture are therefore low when compare to other 

finding in the literature where soil respiration values have been reported for natural 

grasslands. Indeed, soil respiration values in both of the ecosystems in this study were 

similar despite the amount of biomass put into the soil in spring barley. Perhaps the 

absence of soil disturbance contributed to lesser CO2 effiuxes and presence of an
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extensive, perennial belowground fibrous roots system resulted in higher SOC in this cut 
and grazed pasture.

Many studies have shown that soil respiration from grassland (Bremer et a l, 1998; Dao, 

1998; Dugas et al, 1999; Frank et al, 2002; Mielnick and Dugas, 2000) and cropland 

(Rochette et al, 1991; Franzluebbers et al, 1995; Fortin et al, 1996) are strongly 

affected by soil temperature with lesser influence from soil water content which are in 

disagreement with the finding from this study. Poor relationship between soil respiration 

and soil moisture and a negative correlation between soil moisture and temperature would 

suggest that soil moisture is the most limiting factor during the growing season. When 

accounting for the large influence of plant growth on CO2 efflux, which confounds the 

effect of temperature in perennial grass ecosystems, soil water content can also greatly 

influence soil CO2 efflux (Franzluebbers et al, 2002). Soil CO2 efflux averaged across 

years was slightly lower for grassland than spring barley, especially during the summer.

Although daily CO2 efflux were based on measurements made at about 21- day intervals, 

efflux from grassland was consistently lower than barley suggesting that daily and annual 

efflux rates were reflective of differences between these ecosystems. Results from this 

study are not in agreement with others which have reported that treatments containing 

greater amounts of available energy as C greater soil CO2 efflux (Dugas et al, 1999; 

Franzluebbers et al, 2002; Carpenter-Boggs et al, 2003; Lohila et al, 2003; Wang et al, 

2003). These results are also different when compared to results from perennial grass 

fields of bromegrass (Bromus spp.), wheatgrass {Agropyron spp), and bluegrass {Poa 

spp.) species that had 50% greater soil CO2 efflux and MBC than fields cropped long

term to soybean {Glycine max L.) Merr.), com {Zea mays L.), and wheat (Carpenter- 

Boggs et al, 2003). The greater root biomass and lack of disturbance by tillage in natural 

grassland might have provided an energy rich C supply for microbial activity, thereby 

CO2 effluxes were reported in those studies. However, our pasture is a managed pasture 

and the above ground biomass is completely harvested and has a continuous grazing after 

the harvest of silage. Therefore, this could possibly explain the lower values of soil CO2 

efflux observed when compared with other studies.
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Tillage practices common in annual crop production contribute to significant efflux o f  

soil C to the atmosphere (Reicosky, 1997). Gross annual CO2 -C fluxes for the pasture and 

barley are listed in table 3. These calculations were based on linear interpolations 

between dates o f efflux measurements and therefore contain a level o f uncertainty. 

However, greater efflux from grassland in 2004 cannot be ignored. Despite of relatively 

higher flux values in 2004, grasslands have potential for C uptake by the canopy for a 

much longer period, i.e., about 190 days annually, compared to about 90 days for barley. 

The longer period for grassland to photosynthesize compared to barley could be 

considered advantageous, as this would provide the potential for grassland to recapture a 

greater amount o f  respired soil CO2 than barley.

While most studies o f  Qio analysis were confined to the laboratory conditions where soil 

moisture was not limiting or controlled, not many studies have been reported that deal 

with soil moisture, biomass and litter decomposition under field condition in order to 

calculate an effective Qio. Up to date it is till unclear how Qio if  affected by factors other 

than temperature (Simmons et al ,  1996). Findings fi-om this study concluded that 

temperature sensitivity o f  soil respiration is affected by soil temperature, soil moisture 

and other important factors such as biomass equally, and constant value o f temperature 

sensitivity (Qio) can only be used, at best, within a limited range o f variability for these 

factors. This temperature study does not contradict the general positive response o f soil 

respiration to temperature, but indicate that temperature is not necessarily the single most 

important factor.

Results o f  this study show that this grassland site has the same CO2 efflux values or even 

slightly lower than arable crop, and a definitive conclusion would be too soon as weather 

and biological variables have certainly played a major role in influencing the soil 

processes. Long-term studies under varying climatic conditions are therefore required to 

compare and quantify the fluxes on these two ecosystems, there by enabling to estimate 

the carbon sequestration potential o f  the agricultural systems more accurately.
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Appendix 1



Table 1— Irisli frops: cdltivfitkMi area, w ild rdatives and availability ofGM  varieties, 2002.
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Turnip Bw.ma mfn/itapus 0..S6 ri/a -f. 5
{’awmp P,i.4iiuiC(i .<alh',i L U.27 n/a +
Lettuce Uxtuta satii’ii L. 0.17 (i/a ■
Organic iield crops O.IB Jl/'a ...

Fruit
Apples Ahkis dmnt.-'tmi Borkli. 
StravvbesTV and othcT ftust

0.70
0.52

11./a
ti/i +  /  - -v|.v

Indoor crops
Musliroorn Agarkm sfif) n/a 4

lettuce Uuttta! natini I. 0.10 a/a
ToiiiMo LyaijitmMi 0.03 ri/a —

M ««i :fruk 0.08 n/a + 1 -

Grassland
I'erransMl ryegra« iMlimn pcKmn’ L. 
Italiiiii L. Lam. 
Cllover Triji'tmm reptfn I .

Pasture (including on rotation) 
Sibi'e (isicluding on rotation)
Hay meadow (including on

2,218.14
1,074.69

242.60

30.8f. 
+  309.00 
-  144.00

+
"f

-

rtvtatujn)
Roiij^i graitirig 506.M) - -  S.V1.S0

'CSO CVnsm of Agiii:t,iltuit 2002.
‘ItidHstty I’roKlc; Homfuitiire. An IJord 3)01.
’l>fr}',ini>ic!U o f  AgricutttiR; sm l Food 2(M)2.
•jdmes 2a02b.

Source- Conor, V., Meade and Ewen, D. Mullins. (2005). GM CROP CULTIVATION 
IN IRELAND: ECOLOGICAL AND ECONOMIC CONSIDERATIONS; BIOLOGY 
AND ENVIRONMENT; PROCEEDINGS OF THE ROYAL IRISH ACADEMY, VOL. 
105B, NO. 1, 33 -/52 (2005). ROYAL IRISH ACADEMY


