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ABSTRACT 
 
Soil organic matter is an important pool within the total ogranic carbon of the planet, 

being equal to twice that if the atmosphere and three times the biotic one. 

Organic carbon sequestration in agricultural soils is therefore considered one of the 

most effective tools to counterbalance the emission of CO2 from fossil fuels 

combustion. The role of belowground plant parts in carbon sequestration is much 

more difficult that of above.ground parts because of the open issues about the 

determination of root biometrics and root exhudates. Recent literature indicates that 

root biomass is probably much larger than classically believed and that root surface 

where exhudation occurs is also underestimated, and so is its role in the rhizosphere.  

The general objective of this thesis is the evaluation of carbon sequestration in 

sorghum as a function of soil management. A specific objective is to approach 

methodological problems relevant to the accurate quantification of the contribution of 

belowground plant structures to athmosferic carbon sequestration. This objective will 

be approached through a thorough review of the literature and an experimental setup 

with different soil management systems in relation to organic matter. In the review 

special attention is given to the applied tracer methods. The contribution of plant 

derived organic substances to the SOM turnover obtained with 13C natural abundance 

is also reviewed. 

A related objective is the monitoring of nitrogen dynamics discriminating the 

contribution of organic matter applied to the soil. 

In addition to organic C, soil may also contain inorganic C in the form of carbonates. 

This is of particular relevance to drylands because calcification and formation of 

secondary carbonate is an important process in arid and semi-arid regions. 

Consequently the largest accumulations of carbonate occur in the soils of arid and 

semi-arid areas. Dynamics of the inorganic carbon pool are poorly understood 

although it is normally quite stable.  

In this study the isotopic signature of a series of soils collected throughout Italy was 

determined before and after eliminating carbonates  

The field experiment was conducted during the growing seasons  2007 and 

2008 at the Agronomic Institute, for industrial crop (ISCI)  Battipaglia– Italy 

cooperation with International PhD “Crop Systems, Forestry, and Environmental 

Sciences” university of Basilicata - Southern Italy on a Pachic Phaeozems (PHph) 
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(WRB-FAO) soil which was classified as Silty Clay Loam from 0 to 0.30 m depth and 

a Silty Clay  from 0.30 to 1.20 m depth. The studied crop was sorghum Sorghum 

bicolor Moench x S. sudanense (Piper) Stapf.(BMR333), planted by hand in rows 

during the first season 2007 on 31 May with density of 20 plant/m2  and on 14 June 

2008 

The set-up consists of a randomized block design with four replications, and 

four treatments described in Table below with a total of 16 plots of 5 m x 8 m. plot 

(A) 130 kg N / ha nitrogen was applied as compost with (15N)  A bare soil treatment 

was added adjacent to the experimental set up and treated as TRA but kept without 

plants by hand.weeding. 

Treatments Fertilization Dose N ha-1 Irrigation sorghum 

TRA Urea 130 N ha-1 Yes Yes 

CPT1 Compost 130 N ha-1 Yes Yes 

CPT2 Compost 260 N ha-1 Yes Yes 

ON NO 0  N ha-1 Yes Yes 

The crop aboveground biometric parameters (plant height, number of leaves 

and dry matter) were measured during the cycle and the final dry matter was 

determined at harvest. Belowground biomass and Root length density per unit soil 

volume (RLD) cm cm-3  were quantified by using soil coring method (soil washing 

method) , soil samples were obtain  from   0-15; 15-30; 30-50 cm soil depth at initial , 

development, late season and harvesting (till 210 cm) stages on 2007 and 2008 

growing season, , the soil samples were taken in duplicate from rows and between 

rows for every plot and all treatments, To separate roots from the soil the core 

samples were immersed in solutions of sodium hexamethaphosphate (80%) for 1 day 

to assist dispersion of clay. Following dispersion, Roots were washed out of the soil in 

a stream of water over a 0.5 mm mesh sieve (Amato and Pardo,1994). Soil samples 

were obtained from 0- to 15-, 15- to 30-, 30- to 60-, 60- to 90-, 90- to 120-, 120- to 

150-, 150- to 180-, 180- to 210-cm depth before planting and after harvesting in 2007 

growth season and during all growth stage in 2008 season. All soil samples were air-

dried, ground to pass a 2-mm sieve, and the samples were finely ground using an 

agatha mortar to a fine powder, duplicate subsamples (1.5) mg of soil were analyzed 

for δ13C by using a Finnigan Delta-Plus isotope ratio mass spectrometer linked to a 

Carlo Erba NC2500 elemental analyzer located at the University of Basilicata 
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Above-ground biomass at harvest was higher in the TRA treatment with the range: 

TRA>CPT”>CPT1>0N, although differnces between TRA and CPT2 and between  

CPT2 and CPT1 were not statistically significant in 2008. On yielded less than 

fertilized plots in 2007 but not significantly different from CPT1 in 2008. Below-

ground biomass was detected up to 210 cm of depth and was remarkable, representing 

21% (TRA) to 40% (0N) of total biomass. The highest root concentration was found 

in tilled layers and especially in unfertilized plots root biomass was higher than in 

TRA, especially in the second year. Organic matter application resulted in an increase 

of root proliferation in the whole profile, and more so in the upper layes of the soi 

profile in CPT2 in 2008. Organic matter application has affected carbon sequestration 

in below and aboveground pools with a slower biomass accumulation aboveground 

and a higher production of roots. The strong effect of CPT2 in the top layers suggests 

that root proliferation due to compost application is not merely compenative in 

relation to a lower nitrogen availability as foudnin 0N. With all soil management 

techniques the root system of sorghum has proved to be a remarkable carbon sink, and 

this is encouraging as a carbon sequestration technique. 

A study on the stable isotope nitrogen15 was set to to distinguish between the 

different sources of nitrogen derived from three compost rate (Ndfc) as well as the 

fertilizer use efficiency (%FUE) of compost-nitrogen added over 3, 2, 1 years. 15N-

labelled compost was prepared and applied to unlabelled soil at the experimental field 

of Torino where maize (Zea mays L.) was grown in a three-year experiment (2006, 

2007, 2008)with the addition of compost as in the Sorghum experiment of 

Battipaglia..Treatments were: A= compost application in 2006, 2007 and 2008; B= 

compost application in 2007 and 2008; C= compost application in 2008; D = no 

compost application. 

The uprooted parts of maize plants (Grains,  stalk-leaves and cob-husks) were 

subjected to 15N/14N ratio analysis using the using a Finnigan Delta-Plus isotope ratio 

mass spectrometer linked to a Carlo Erba NC2500 elemental analyzer. The 15N% 

atom excess was applied in the appropriate equations to calculate the portions of 

nitrogen derived form compost to whole maize plant. Data indicated that the nitrogen 

derived from the compost applied in the first year (2006) was 10% over the first 

growing season, 4% , 3 % of the same compost (2006 A) was only mineralized and 

taken up by plants in the second and third years respectively. The compost applied in 

2007 showed a lower mineralization than compost applied in 2006 by 1% over one 
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growing season  and higher by 1,8% after two years of incubation. N-compost use 

efficiency (%NUE) of the compost also indicated that high %NUE (21.69%) was 

obtained with the compost 2006 during the first year than during the second (6.46%) 

and third year (2.77%) and this is due to the decrease of  relative N mineralization of 

the same compost with time. In 2008 the %NUE of the compost recorded lower 

values (11.97%)and , this not was related to the N mieralization of the compost 

(which was similar) but could be explained by the lower values of the dry matter 

obtained in 2008 due to adverse weather conditions. When the maize plant was 

divided into grains, stalk - leaves and cob - husks the total nitrogen uptake , compost-

derived nitrogen, and N-compost use efficiency decreased from the grain to stalk - 

leaves to cob – husks. A physical fractionation procedure was conducted on soil 

aggregates with the determination of the natural abundance of 15N to investigate the 

impact of organic and mineral fertilizers application, and fallow on changes of 15N 

associated with different soil aggregate size fractions. 15N Abundances varied more 

between particles size fractions under treatments A and B than other treatments C and 

D. We observed differences up to 18.42 ‰ between aggregate classes. In most cases 

the δ15N values increased with increasing aggregate size, with the microaggregate 

fraction being the less enriched. Applying compost, all aggregate clases were 

enriched. Under treatments A and B and C. the highest enrichment was observed in 

plots receiving compost for three years. with a range of 4.75-1mm >Bulk>1-0.5>0.5-

0.25> <0.25. 
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CHAPTER 1.  
 
1. GENERAL INTRODUCTION  
 
 

 

Soil organic matter is an important pool within the total ogranic carbon of the planet, 

being equal to twice that if the atmosphere and three times the biotic one. According to 

estimations of the Intergovernmental Panel on Climate Change (IPCC), 1995, about 20 % of 

the green house effect can be ascribed to agriculture. Emissions of CO2 from the soil towards 

the atmosphere represent  20-38 % of the total CO2 emissions in the atmosphere from natural 

or anthropic sources. Organic carbon sequestration in agricultural soils is therefore considered 

one of the most effective tools to counterbalance the emission of CO2 from fossil fuels 

combustion. The role of belowground plant parts in carbon sequestration is much more 

difficult that that of above.ground parts because of the open issues about the determination of 

root biometrics (Amato, 2004; Amato and Pardo, 1996, Pierret et al.,2005) and root 

exhudates. Recent literature indicates that root biomass is probably much larger than 

classically believed (Pierret et al., 2005) and that root surface where exhudation occurs is also 

underestimated, and so is its role in the rhizosphere. The variability in spatial distribution is a 

further issue affecting uncertainty in the estimation of belowground plant parts and their 

turnover. The estimation of root carbon sequestration is therefore tightly linked to 

methodological problems and namely to exhudates and fine root quantification.  

 

1.1. SOIL ORGANIC CARBON AND PLANT ROOTS  

 

Soil organic matter (SOM) or soil organic carbon (SOC) encompass all organic 

constitutes and fractions in the mineral soil, including plant and animal tissue in variable 

stages of decomposition, living biomass of microorganisms, root and microbial exudates and 

well-decomposed and highly stable organic material (Schwendenmann et al. 2007). Although 

SOM consists of many C compounds, it is often divided conceptually into three pools of 

different magnitude and turnover times (Fig.1). 
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Fig.1. Simplified model on controls of carbon input, soil organic carbon 
formation and mineralization  

 

As illustrated in Fig.1, the soil is considered as a reservoir of carbon and the soil 

carbon itself is partitioned between three pools of carbon depend on the turnover time which 

represent the time carbon resides in a certain pool and for that is a measure  of stability of 

carbon  pools. 

The labile, active pool is composed of materials with short turnover times (from weeks to 

years), the slow (also called intermediate) pool (consisting of refractory components of litter, 

weakly sorbed carbon) has turnover times from 10 to more than 100 years and the passive 

(also called resistant or inert) pool (composed of highly humified organic compounds, often 

mineral-stabilized) has a turnover time on the order of 103 years (Parton et al. 1987, 

Trumbore 1997). Carbon input, magnitude of soil organic carbon pools and finally carbon 

mineralization depend on many factors Fig.1. One of these factor is land- use change and  

management practice which can have  significant  direct and indirect effects on soil organic 

pools, due to changes in plant species (C4 or C3 plants), primary producivity , litter quantity 

and quality and soil structure.  Land-use change affects carbon stocks and also soil respiration 

(also called soil CO2 efflux) rates (Trumbore et al. 1995). To characterize the carbon 
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exchange in ecosystems, an assessment of the magnitude and dynamics of soil CO2 efflux is 

important, considering that soil respiration is a major CO2 flux in the carbon cycle, second in 

magnitude to gross canopy photosynthesis (Raich and Schlesinger 1992). 

 Thus the process of carbon sequestration, or flux of carbon, into soils forms part of the global 

carbon cycle. Also Movement of carbon between the soil and the above ground environment 

is bidirectional and consequently carbon storage in soils reflects the balance between the 

opposing processes of accumulation and loss.  

The quantity of carbon stored in soils is highly significant; soils contain approximately three 

times more carbon than vegetation and twice as much as that which is present in the 

atmosphere (Batjes & Sombroek, 1997). 

Post (2002) reported that the amount of carbon stored in soil is determined by the balance of 

two biotic processes— productivity of terrestrial vegetation and decomposition of organic 

matter. Each of these processes has strong physical and biological controlling factors. These 

include climate; soil chemical, physical, and biological properties; and vegetation 

composition. Interactions among these controlling factors are of particular importance. 

Globally, the amount of organic matter in soils, commonly represented by the mass of carbon, 

is estimated to be 1200–1500 Pg C (1 Pg C = 1015 g carbon) in the top 1m of soil (post, 1990; 

Batjes,1996). This is 2–3 times larger than the amount of organic matter in living organisms 

in all terrestrialecosystems (post, 1990). 

There are many source of organic carbon in the soil, the most of this carbon is 

primarily plant derived. Based on the life cycle of plants (kuzyakov 2004). Two main sources 

of C input in the soil can be distinguished:  

First source is root and shoot remains contributing to the accumulation of soil organic matter 

(SOM) due to humification after plant death. In a native prairie about 40% of plant production 

is accumulated in the soil organic matter (Batjes & Sombroek, 1997). However, in 

agricultural systems, because plants are harvested, only about 20% of production will on 

average be accumulated into the soil organic fraction (Batjes & Sombroek, 1997). 

Furthermore, in somefarming systems all above ground production may be harvested, leaving 

only the root biomass. Of the plant residue retuned to the soil, about 15% can be expected to 

be converted to passive soil organic carbon (Lal, 1997).  

Roots are believed to be the major constituent of particulate organic matter although 

tillage substantially reduces the net accumulation of carbon from roots (Hussain et al, 1999). 

In cool climates below ground carbon inputs from roots alone can generally maintain soil 

carbon levels, but this is not the case in warmer or semi-arid regions where residues are 
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oxidized much more readily, providing sufficient moisture is available (Rasmussen et al, 

1998). Consequently, when continuous cropping is practised in drylands, failure to return 

above ground plant residue will invariably lead to a reduction in soil carbon. Many African 

soils demonstrate this phenomenon: years of continuous cropping without the recommended 

inputs has often halved their carbon content (Woomer et al, 1997; Ringius, 2002). 

The importance of roots relative to shoots for providing soil carbon is another factor 

illustrated in an experiment to compare the fate of shoot and root derived carbon (Puget & 

Drinkwater, 2001). In this study with leguminous green manure (hairy vetch), nearly half of 

the root derived carbon was still present in the soil after one growing season whereas only 

13% of shoot carbon remained. This implies they shoot residues are rapidly broken down 

(higher N content, Woomer et al, 1994) and serve as a nitrogen source for the following crop. 

The chemical composition of the entire plant residues affects their decomposability. 

On average crop residues contain about 40-50% C but N is a much more variable component. 

A high concentration of lignin and other structural carbohydrates together with a high C:N 

ratio will decrease decomposability. For example measurement of CO2 evolution from tree 

leaves of African browse species and goat manure showed a significant correlation with initial 

nitrogen content and a negative correlation with lignin content (Mafongoya et al, 2000).  

 

1.2. NITROGEN CYCLING IN THE SOIL   

 

Nitrogen and the nitrogen cycle play an important role in making life on Earth possible. For 

example, the atmosphere is 79% nitrogen gas (N2), and nitrogen is a basic element needed for 

all living things to grow. The N cycle illustrates in Fig.2. how N from manure, fertilizers and 

plants moves through the soil to crops, water and the air. Understanding the N cycle will help 

us make the best use of manure and fertilizers to meet crop needs while safeguarding the 

environment. In general, the N cycle processes of fixation, mineralization and nitrification 

increase plant available N. Denitrification, volatilization, immobilization, and leaching result 

in permanent or temporary N losses from the root zone. atmospheric nitrogen is, in fact, 

unavailable to plants or animals and only some specialised microorganisms are able to use 

this huge potential source. Plants usually obtain the nitrogen they need by absorbing nitrate 

ions or ammonium ions through their roots. However some plants obtain much of their 

nitrogen by forming a symbiotic relationship with nitrogen fixing bacteria.  
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Fig. 2.  Simplification of the terrestrial N cycle.     (Source: Johnson et al 2005) 

Nitrogenous compounds in the soil may be volatilized back into the atmosphere, washed 

down through the soil (leached) into sub-surface supplies, taken up by plants, broken down by 

micro-organisms such as bacteria, or they may remain fixed in the soil beyond the rooting 

depth of most plants. The nitrogenous compounds which are taken up by plants are 

assimilated into nitrogen-containing tissues (eg. lignin) and into molecules such as 

chlorophyll. Herbivores then obtain their nitrogen by eating plants, and carnivores obtain their 

source of nitrogen by eating the herbivores or each other. Both animal and plants return 

nitrogen to the soil via their excretory products and when they die and are decomposed. In 

addition, animals release nitrogenous compounds to the soil through their faeces. Thus, the 

movement of nitrogen from the atmosphere to soil to plants to animals to soil and to 

atmosphere forms a cycle Johnson et al 2005. 

The recovery of N by crops may be determined using both unlabelled and labelled N fertilizer 

(Harmsen and Moraghan 1988) but the measurement of the recovery of fertilizer N in the soil, 

and the subsequent calculation of N losses from the crop-soil system, can only be made using 
15N-labelled fertilizer (Powlson et al. 1992). 

The use of 15N isotopes for studying N-uptake by plant was reviewed by Hauck  and  Bremner 

(1976). The 15N isotope labelling techniques, involving the application of 15N enriched 

fertilizers to soil, provide reliable integrated estimates of the proportions and amounts of N2-

fixed by several grain and pasture legumes. The different isotopic methods used are reviewed 

in the nitrogen cycle chapter of this thesis 
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The present work will be directed at the C and N cycles under different agricultural soil 

management through the combined use of traditional and isotopic techniques, to overcome 

considerable underestimation of rhizodeposition by traditional methods and their inability to 

allow for a partitioning of the translocated C and N.  

 

 

Objectives 

 

 The general objective of this thesis is the evaluation of carbon sequestration in 

sorghum as a function of soil management. A specific objective is to approach 

methodological problems relevant to the accurate quantification of the contribution of 

belowground plant structures to athmosferic carbon sequestration. This objective will 

be approached through a thorough review of the literature and an experimental setup 

with different soil management systems in relation to organic matter. In the review 

special attention is given to the applied tracer methods. The contribution of plant 

derived organic substances to the SOM turnover obtained with 13C natural abundance 

is also reviewed. 

 A related objective is the monitoring of nitrogen dynamics discriminating the 

contribution of organic matter applied to the soil. 

 To examine the impact of organic and mineral fertilizers application on changes of 15N 

associated with different soil aggregate fractions. 

 To estimate the portions and amounts of nitrogen derived from compost (Ndfc) and 

efficient use of N-compost  % Nitrogen Use Efficiency (%NUE) using that utilized 

and accumulated in shoots and grains of maize crop by using 15N tracer technique 

 Also to present a system for capturing minirhizotron root images that was entirely 

built with low-cost materials with the aim of obtaining high resolution root images 

with lightweight equipment and a reduced  number of components to carry to the field 

during operation and no need of external power. 
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CHAPTER 2. CARBON TRACER TECHNIQUES FOR THE 
ESTIMATION OF RHIZODEPOSITION-A LITERATURE REVIEW 
 

Below ground biomass is an important source of carbon, not only through root death 

but also from root exudates and other root-borne organic substances released into the 

rhizosphere during the plant growth, as well as root hairs and fine roots sloughed by root 

elongation. This second source, including all organic carbon released by living roots into the 

soil, will be referred to as rhizodeposits, and the process of their release as rhizodeposition. 

We will describe the total amounts of C recovered in the rhizodeposits, in the root tissue, and 

in CO2 derived from rhizosphere respiration (root respiration and microbial respiration of the 

rhizodeposits) as root-derived C. The second source of C input into the soil – the amount of 

rhizodeposits – has not been sufficiently investigated. The main problem is that profound 

results observed in plant physiology of root exudations can only partially be used under real 

soil conditions. The interactions of the roots with the mineral soil matrix and the soil 

microorganisms lead to the different C allocation and sequestration by roots when compared 

with the nutrient solution culture (Schönwitz and Ziegler, 1988; Meharg and Killham, 1991) 

or sterile soil (Warembourg, 1975; Merbach et al., 1990, 1991). Unfortunately, the wide 

spectrum of methods developed in plant physiology for investigations of root-derived organic 

substances in nutrient solutions and artificial substrates cannot be directly applied to native 

soils. Consequently, our knowledge on the C input by roots into the soil is still incomplete. 

There are four main reasons causing this deficiency: 

 (1) Low concentration of root-derived organic substances in the soil in comparison to the 

content of other organic substances. 

(2) Fast decomposition (T
2
1

=0.5 – 10 days) by soil microorganisms of all organic substances 

released from roots.   

(3) Appearance of the rhizodeposits in a narrow zone of soil adhering the root surface. 

(4) Difficulties in distinguishing between organic substances derived by SOM decomposition 

and microbial turnover and those released by roots.  

The application of C isotopes (14C and 13C) in rhizosphere studies has led to significant 

progress in the understanding of the C cycling within the rhizosphere. The results of 

experiments, in which plants were labelled, have shown that the amounts of root-derived C 

are 3 – 7 times higher than observed with root washing methods or and root growth 

estimation. For example, root weight estimated by means of 14C was about 20 –60% higher 

than by means of root washing (Sauerbeck and Johnen, 1976). Exudate concentrations 
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obtained with 14C tracer technique were 20 – 100 times higher (Cheng et al., 1993) than the 

concentrations calculated according to the exudation rates of roots in nutrient solution studies 

(Newman and Watson, 1977; Darrah, 1991a,b). Whipps (1990) summarized estimates of C 

input by plants into the soil obtained in experiments with continuous labelling. In the last 

decade new methods were suggested for the estimation and partitioning of below-ground C 

input, and new results were obtained. These results and methods have not yet been reviewed.  

 

Traditional methods considerably underestimate rhizodeposition and do not allow for a 

partitioning of the translocated C. Tracer methods are an interesting alternative:.  
 

Currently, three tracer methods are commonly used for the estimation of C inputs into the soil 

by plants: 

 (1) Pulse Labelling,         (2) Continuous Labelling, And               (3) 13C Natural Abundance.  

The first two methods are based on the artificial labelling of plants. these artificial 

labeling techniques can be roughly divided into three methods based on the levels of actual 
13C enrichment achieved in the plant–soil system: natural abundance (Heim and Schmidt, 

2007; Ineson et al. 1996; Klumpp et al., 2007; Thornton et al., 2004. Cheng et al., 2007. 

Paterson et al.,2009 ), near natural abundance (50– 500‰) (Evershed et al., 2006; Leake et 

al., 2006; Ostle et al., 2000), or (highly) enriched > 500‰ (Bromand et al., 2001; Bull et al., 

2000; Treonis et al., 2004; Zak and Kling, 2006). Shoots are exposed to CO2 in an atmosphere 

labelled with 14C, 13C or 11C. The shoots assimilate the label and translocate a part of it into 

soil. This C is incorporated into the root tissue, exuded as high and low molecular weight 

organic substances, sloughed as cell tissue by root elongation, and released as CO2 derived 

from root respiration. Hence, the entire labelled C later found in all soil pools or evolved as 

CO2 from the soil is plant-derived. This allows the calculation of C input by plants into the 

soil on the background of soil organic C, which remains unlabelled. The calculations are similar 

to those used for natural isotope labeling outlined below (the third method). The fractional input (F*) 

of C from the new 13C natural source into the existing soil C pool (or constituents) can be estimated 

using a linear mixing model as follows 

                       F*=(δfinal-δinitial)/( δsource-δinitial)                                                        [1] 
With F* being the proportion of new C present in the soil for all artificial labeling approaches, δ source 

being the δ 13C or atom‰ 13C of the source C applied to the soil, and δ final and δ initial are the initial and 

final δ 13C or atom‰ 13C of the soil C pool at the beginning and end of the experimental period. 
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Near natural or high enrichment labeled approaches generally use artificially labeled 

plant materials (Bromand et al., 2001; Leake et al., 2006; Ostle et al., 2000) or commercially 

available 13C labeled substrates (Bull et al., 2000; Evershed et al., 2006; Zak and Kling, 2006) 

to trace C flows. Due to cost implications, to produce labeled plant material or to buy 

expensive labeled 13C compounds, most of these approaches are laboratory based (e.g., Bull et 

al., 2000; Evershed et al., 2006) or rely on small field experiments (e.g., Leake et al., 2006; 

Zak and Kling, 2006). Experiments using artificial labeling methods are generally conducted 

for short periods of time (i.e., weeks to months), hence they generally only completely label 

those components of the soil with 13C, which have a relatively high turnover rate (e.g., soil 

microbial community and water soluble carbon). 

 In the case of pulse labelling, the shoots assimilate the labelled CO2 for only a short 

period, even only once during the whole plant growth. In contrast to this, in the case of 

continuous labelling, the plants assimilate labelled CO2 over a long period, mostly between 

the emergence of the first leaf and the sampling time. Different experimental systems for 

pulse and continuous labelling of plants are described in many publications (e.g. 

Warembourg, 1975; Sauerbeck and Johnen, 1976; Johnen and Sauerbeck, 1977; Warembourg 

and Billes, 1979; Whipps and Lynch, 1983; Warembourg and Kummerow, 1991; Shepherd 

and Davies, 1993; Cheng et al., 1993; Jensen, 1993; Swinnen, 1994; Swinnen et al., 1995; 

Siniakina and Kuzyakov, 2002; Stewart and Metherell, 2000).  

The results obtained by pulse labelling correspond to the relative distribution of 

assimilated C at the moment of labelling and does not reflect the distribution of total 

unlabelled C in different plant parts, but correspond rather to the product of total C in the 

plant part multiplied by its growth rate at the moment of labelling. The total amount of C 

assimilated by the plant is unknown and can be calculated only roughly.  

As partitioning patterns change during plant growth, the 14C distribution at one stage of 

development cannot be applied to another or to a whole growth period.  

The most important limitation of the pulse labelling is that the results of C allocation 

observed at a specific time or growth stage can not be directly transferred to the whole growth 

period. However, a series of labelling pulses applied at regular intervals during plant growth 

have been found to provide a reasonable estimate of the cumulative below-ground C input 

(Keith et al., 1986; Gregory and Atwell, 1991; Jensen, 1993; Swinnen et al., 1994; Kuzyakov 

et al., 1999, 2001; Warembourg and Esterlich, 2000). 

 In the case of continuous labelling, the total amount of assimilated C is known. In 

addition, the distribution of labelled C corresponds to the distribution of total C, as long as 
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labeling is applied from first leaf emergence to harvest time (the specific 14C activity or 13C 

abundance is equal in all plant parts). Therefore continuous labelling is particularly 

appropriate for the estimation of the amount of total C transferred by the plants into the soil 

and below-ground pools during the labelling period (Meharg, 1994).  

Continuous labelling is also useful for the separation of root-derived and SOM-

derived CO2 (Johnen and Sauerbeck, 1977; Whipps, 1987). Continuous labelling requires 

special equipment for exposing the plants over a long period to 14CO2 with constant 14C 

specific activity or 13CO2 with 13C enrichment. In addition, the air temperature and moisture 

conditions must be controlled inside the labelling chamber.  

For both pulse and continuous labelling methods, special airtight equipment is 

necessary to separate the soil air and the atmosphere. Among the different C isotopes, 

radioactive 14C has been used in most studies with pulse and continuous labelling so far. This 

preferential use of 14C is based on the high sensitivity, the lower costs for purchase and 

analyses, and easier sample preparation compared with 13C or 11C. Since 11C has a short half-

life (20.4 min), only 14C and 13C are appropriate for continuous labelling. 

An important advantage of the described tracer techniques compared with traditional 

methods is that the amount of tracer which enters the system is exactly known. After the 

partitioning of assimilates, it is possible to calculate the balance of C in the atmosphere – 

plant – soil system, as well as to estimate the system’s losses. Traditional methods are less 

accurate and can be used only to calculate the distribution of C between different C pools.  

The third method, 13C natural abundance (Natural labeling techniques)  in soil studies 

provide a highly accurate method to trace carbon transfer among the pools, and have been 

successfully used in studies of SOC dynamics (Martel and Paul, 1974; Nissenbaum and 

Schallinger, 1974; Anderson and Paul, 1984; Tieszen and Boutton, 1989; Cerling et al., 1991; 

Hsieh, 1992; Leavitt et al., 1994, 1996, 1997; Jastrow et al., 1996; Paul et al., 2001b; 

Stevenson et al., 2005). Is based on the discrimination of 13C and 12C isotopes during CO2 

assimilation by plants with different photosynthesis  types. which lead to plants with distinct 

δ13C values. Plants with a C3 photosynthetic pathway have δ13C values ranging from ca. -32 

to -22‰ (mean -27‰), whereas those with a C4 pathway range from -17 to -9‰ (mean -13‰) 

(Boutton et al., 1998). The isotopic composition of soil organic C reflects the plant materials 

from which it is derived. The method is based on cultivation of C3 plant on a soil developed 

under C4 vegetation, or vice versa, and the estimation of rhizodeposition according to the δ 

13C value in soil C pools or CO2 evolved from soil. This method can be considered as a 

variation of the continuous labelling, because the plants and soil are permanently labelled. 
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However, the labelling of plant and soil is the result of natural processes, not artificial 

procedures as is the case of pulse or continuous labelling methods described above. This 

method can easily be used under field conditions (Rochette and Flanagan, 1998) because 

special equipment for plant labelling and separation from the atmosphere is not necessary. 

The last feature and the future development of mass-spectrometry will promote the use of this 

method in forthcoming investigations.  

The natural (δ13C) isotopic difference (ca. 14‰) between C3 and C4 plants allows new carbon 

derived from one pathway (e.g., C3) to be traced in the SOM, which was derived from plants 

from the other pathway (e.g., C4; schematically shown in Fig. 3) (Arrouays et al., 1995; 

Balesdent and Mariotti, 1996; Balesdent et al., 1990; Bol et al., 2000, 2004b,c; Bull et al., 

1999; Dungait et al., 2005; Gleixner et al., 2002; Jenkinson et al., 1999; Krull et al., 2005, 

2007; Lobe et al., 2005). 

 Balesdent and Mariotti, (1996).studied the replacement of  soil carbon derived from 

previous by the new vegetation  and illustrated that in Fig. 3, A and B represent the different 

photosynthetic pathway types. At time t0, SOM has an isotopic composition δA0, which is 

close to that of the original vegetation. This SOM from vegetation A progressively decays and 

is partially replaced by SOM derived from the new vegetation B. At a given time t, the total 

carbon content can be expressed as C = CA + CB. The isotope composition d AB of the soil C 

under mixed vegetation is then given by: 

δAB (CA + CB)= δAB (C)= δACA+ δBCB                                                                      [2] 

as With CA, CB being equal to the C contents from the old (A) and new (B) vegetation, 

respectively, and δB, dA being the δ13C values of vegetation A and B, respectively. With CA 

= C-CB Eq. (2) may be rewritten 

δAB =( δBCB/C+δA (C-CB )/C= δBCB/C+δA (1-CB/C)                                                   [3] 

 

 
Fig.3. Schematic representation of the replacement of soil carbon derived from 
previous vegetation A by the new vegetation B (redrawn after Balesdent and 
Mariotti, 1996). 
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Hence, we may derive the contribution of plant B to the total C content from:  

F =CB/C= 
)-(
)-(

AB

A

δδ
δδ

  
  ΑΒ                                                                                                                      [4] 

Expressed as the fraction of new carbon in the soil (F). 

 

 Because δA and δB can not be measured directly in the mixed cropping system, δB is 

estimated by the δ13C value of the new vegetation (δVEG B), replacing also the δA values with 

δ13C of a control site which still has the original vegetation (δVEG A), and soil δ13CA value by 

that of the control soil (δREF A), respectively (Balesdent and Mariotti, 1996). Finally the new 

portions of vegetation B are estimated from: 
                                                

      F =
)-(

)-(

VEGAVEGB

REFA

δδ
δδ
  

  ΑΒ                                                                                                                      [5] 

The limitations of the 13C natural abundance method are caused by soil – plant pairs. 

Situations where C3 plants grow on a C4 soil, or vice versa, are unnatural. Hence, the 

application of this method is restricted to places where soils developed under C3 vegetation 

allow the growth of C4 plants and vice versa. Additionally, high-resolution and high-

sensitivity mass-spectrometry is necessary for 13C analyses because a maximal range of only 

14‰ is available for all variations of the 13C/12C ratio. At the same time, the variability of δ 
13C value in soil or plant is about ±1–2‰ (Cheng, 1996). For the last two reasons only a 

rough estimation of rhizodeposition in the soil and in the pools with high C exchange rates 

with the root-derived C (e.g. microbial biomass, dissolved organic C, active pools of SOM, 

etc.) is possible. 

Finally, a limitation of all methods based on C tracers is that organic C-pools may interact 

with inorganic C- pools in the soil (carbonates)  

 

2.2. Below Ground Carbon Translocation by Different Plant Species  

2.2.1 Below ground C translocation and partitioning by wheat and barley as (C3 plants) 

Most studies of the below-ground C translocation and partitioning have been 

conducted on cereals, mainly on wheat and barley. The data obtained in continuous labelling 

experiments concerning below-ground carbon partitioning by crop plants growing in the soil 

were reviewed by Whipps (1990). 
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Gregory et al (2005) investigated The fate of carbon in pulse-labelled crops of barley 

and wheat. At four stages during growth, the shoots were pulse-labelled for 1.5h with14CO2; 

immediately prior to labelling, the soil was isolated from the shoot atmosphere by pvc sheets. 

After labelling, the soil atmosphere was pumped through NaOH to trap respired CO2 and after 

2.5, 5, 7.5 and 24 h from the start of labelling, columns were destructively sampled to 

recover14C from the roots, soil and shoot. Both species showed similar patterns of14C 

distribution and changes in distribution through the growing season. During early tillering, 

15–25% of the14C recovered after 24 h had been respired by the roots and rhizosphere, 17–

27% was retained in the roots, 0.4–1.8% was recovered as water-soluble14C in the soil and the 

remainder (45–67%) was present in the shoot. These percentages changed during growth so 

that during grain filling only 2–3% of the14C recovered after 24 h was as respired CO2, 2–6% 

was in the roots, 0.2% was in the soil and over 90% was in the shoot. The distribution of14C in 

components of the soil-plant system changed during the 24 h after labelling with the most 

rapid changes occurring generally during the first 7.5 h after labelling. Using growth 

measurements from adjacent plots, the amounts of C added to the soil were estimated for the 

whole season. Carbon input to the soil was about 48 gC m–2 for wheat and 58 gC m–2 for 

barley; the crops produced total shoot dry matter of 494 (wheat) and 735 g m–2 (barley). Of 

the C input to the soil, 27.8% (wheat) and 40.3% (barley) was as respired C and only 3.3 

(wheat) and 4.1% (barley) was collected as exudate (water-soluble material). 

Nigel et al  (2004) Investigated the temporal dynamics of partitioning and 

rhizodeposition of recent photosynthate in wheat by using 14C pulse labelling and concluded  

that exudation is maximal 2 to 3 h after fixation in photosynthesis, that exudation is, after 20 

h, around 3% of the 14C fixed in photosynthesis, and that exudation depends more on the rate 

of carbon import into the root than on the rate of photosynthesis. And confirm with previous 

studies (Minchin et al., 1994; Rattray et al., 1995) that, in vegetative cereal and grass crops, 

fixed organic carbon is transported very rapidly below ground and can be detected in the 

environment external to the root in less than 1 h from photosynthetic fixation. 

Kuzyakov  and Schneckenberger  (2004) summarized the results of 10 years  previous 

studies where concerning C partitioning in graminaceae obtained in pulse-labelling 

experiments. After recalculation of the original results, data are expressed as a percentage of 

total assimilated 14C. In their research, Arithmetical average for 10 year of experiment shows 

that wheat and barley transfere 20- 30% of  total assimilated C into the soil However, most of 

the studies have been carried out on young plants. Hence, they calculated the median as a 

parameter more appropriate than the arithmetical average and according to the medians wheat 
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transfers 26% and barley 17% of total assimilated C into soils. Moreover this below-ground 

translocated C is used for 

• Root growth (7-13% of total assimilated C); this part of C was found in roots 

after the experiments. about half of the below-ground translocated C (Kuzyakov and Domanski, 

2000; 

• Rhizodeposition: exudates, secretes, root hairs and fine roots (1-2% of total 

assimilated C), which were decomposed by microorganism to CO2 shortly after 

they appear in the rhizosphere. A part of this C remains adsorbed on clay 

minerals and SOM (2-4%), or is incorporated in rhizosphere microorganisms 

(0.8-3.2%, Kuzyakov et al., 2000a; ca. 2%, Van Ginkel et al., 2000; Domanski et 

al., 2001). 

The portion of C translocated below-ground by cereals and used for root growth, respiration 

and exudation decreases during plant development (Keith et al., 1986; Swinnen et al., 1994; 

Steingroever, 1981; Lambers et al., 1981). 

Swinnen et al (1994)  Estimated   rhizosphere C budgets for winter wheat and spring barley 

under conventional (CONV) or integrated (INT) management were obtained 14C pulse-

labelling and a model rhizodeposition technique. In both crops the proportion of ‘“C allocated 

to shoots 3 wk after labelling increased with the developmental stage, which resulted in 

maximum belowground C fluxes at tillering. At this stage 14C released from the roots was 

relatively more in organic form in wheat and more as CO2 in barley, and this was reflected in 

the C fluxes accumulated over the growing season. In wheat no significant effect of 

management on 14C allocation was found. In barley relatively more 14C tended to be 

transferred to roots in CONV than in INT. and this was reflected in considerably higher 

calculated root growth, root respiration and rhizodeposition fluxes in CONV than in INT. 

Therefore, the hypothesis that plants invest more in roots and rhizodeposition in the system 

with lower nutrient input (INT) was rejected. Total rhizodeposition, including root decay, 

amounted to 450-990 kg C ha-1 y-1 (7-15% of net assimilation) which was twice the quantity 

of roots left at crop harvest.  

Mineral fertilization changes the amounts of C allocated beneath the ground as well as C in 

individual soil pools. In studies of wheat (Liljeroth et al., 1990), maize (Merckx et al., 1987), 

and horticultural plants (Siniakina and Kuzyakov, 2002) it was observed that the relative 

amount of C translocated below-ground decreases due to N fertilization. This indicates that 

measures to optimize above-ground plant growth and total fixed C (total dry mass production) 
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result in a decrease of below-ground translocated portion of assimilated C, although the 

amount of total assimilated C increase. 

2.3. Contribution of Root Derived Organic Carbon Estimated by Natural 13C Abundance  

Besides using artificially labelled plants residues to quantify plant-derived carbon (C) in 

soil, different soil C pools and the rate of C turnover, natural 13C abundance method can 

be used for this aims. Most investigations with artificially (14C or 13C) labelled plant 

residues lasted no longer than few years. To investigate C dynamics in soil over 

decades, the natural 13C abundance method is more useful (Balesdent, 1996). In the 

following section results of several investigations using this approach are reviewed. 

Principally, all soil-plant pairs could be used where a C4 plant is grown on a soil developed 

under C3 vegetation or the other way round. Because the natural vegetation under 

temperate conditions follows the C3 photosynthetic pathway, most soils have C3 isotopic 

composition. Under such conditions only pairs of C4 plant and C3 soil are possible. Most 

studies are conducted with maize (C4 plant) as it is an agriculturally important plant 

(for example Ludwig et al. (2003) and Puget et al. (1995)) and only a few with other C4 

plants like Switchgrass (Garten and Wullschleger, 2000) or Miscanthus (Schneckenberger 

et al., 2003). 

2.3.1 Annual plants: C4 plant /maize  

Most studies of soil organic-carbon (SOC) dynamics using 13 C natural abundance have been 

conducted with maize a few studies have investigated with sorghum. The maize-derived 

proportion of total soil organic carbon (SOC) vary greatly in different studies (Ludwig 

et al., 2003).  

  Katja and Kuzyakov (2007) they presented data about the sequestration of C derived 

from a perennial C4 plant, Miscanthus x giganteus (Greef et Deu.) grown on loamy and sandy 

soils for 9 and 12 y, respectively. They expected a higher contribution of Miscanthus-derived 

C to SOC formation compared to maize because of (1) higher net biomass production by 

Miscanthus, (2) lower shoot-to-root ratio, (3) deeper roots, and (4) the absence of plowing. In 

both soils, there was a significant contribution of Miscanthus-derived C down to 1 m soil 

depth. The maximal contents of 3.0 g C4-C (kg soil)-1 and 2.4 g C4-C (kg soil)-1 for loamy and 

sandy soil, respectively, they observed for the upper 0-1 Ocm layer. The decline in the amount 

of Miscanthus-derived C with soil depth was significant for both soils, but without significant 
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differences between the differently textured soils except the depth of 0-10cm. The total SOC 

was similar under Miscanthus and under reference grassland in the sandy soil (both 6.4 kg C 

m-2 down to 1 m soil depth). Amounts of SOC were slightly higher under grassland at the 

loamy site (12.1 kg C m-2 compared with 11.2kg C m-2). So, C accumulation under Miscanthus 

was similar to that under perennial grasses. After 9 and 12 y, respectively, the yearly 

incorporation of Miscanthus-C in SOC of the upper 0-30 cm was 0.23 g C4-C (kg soil)-1 y-1 in 

the loamy and 0.11 g C4-C (kg soil)-1 y-1 in the sandy soil. This C4-C incorporation in loamy 

soil under Miscanthus was 1.6-1.8 times higher than results reported for maize C4-C 

incorporation in SOC grown under similar climatic conditions. In the sandy soil, the C4-C 

incorporation under Miscanthus was nearly the same as under maize. The fraction of 22% of 

the Miscanthus residues remaining in SOC was similar to that one of maize residues in loamy 

soil. In sandy soil, only a small fraction of 9% of the Miscanthus residues was incorporated in 

SOC.   

Shigehiro et al (1999)  suggested that 45-53% of the organic matter of Black soil 

derives from C4 plants, such as Miscanthus sinensis and Imperata cylindrica. This is direct 

evidence that the grassland vegetation composed of Miscanthus sinensis was an important 

source of organic matter and continuously provided soil organic matter at least during the past 

4,000 years on Black soil. On the other hands, in Brown forest soil most of the soil organic 

carbon was derived from C3 plants, such as Fagus, Pinus, and Quercus. 

Werth and Kuzyakov ( 2005) studied  partitioning of carbon recently assimilated by 

maize between shoots, roots, exudates, and CO2 from root respiration depending on three 

different levels of nutrient supply (full nutrient solution (NS), 10 times diluted NS, or 

deionised water) was estimated by 14C pulse labelling. A 13C fractionation in these 

compartments was investigated in relation to the nutrient supply. For all three nutrient levels, 

roots were enriched in 13C when compared with shoots and 13C fractionation increased with 

decreasing nutrient supply up to 0.7‰. Further 13C discrimination by exudation led to more 
13C in exudates when compared with the roots of full nutrient supply and less 13C in exudates 

when compared with the roots grown in diluted NS and in deionised water. There were only 

small differences of <1.0‰ in δ13C values between roots and CO2 from root respiration. A 13C 

fractionation of recently assimilated C occurred between roots and exudates but was negligible 

for theCO2 respired by roots 

JIN et al (1997) studied   13C abundance to quantify contributions from maize (Zea 

mays L.), a C4 plant, to root zone-available C during growth in soil with a long history of C3 
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vegetation. Effects of root-derived available C on microbial transformations of N were also 

evaluated using a 15N fertilizer. tracer. He mentioned that Root-released C (microbial respired 

C4- C + soil residue C&Z) accounted for 12% (210 kg C ha-1) of measured C fixed by maize 

at 4 wk and 5% at maturity when root-released C totaled 1135 kg C ha-1. Of the C4-C 

remaining in soil, only 18-23% was found in microbial biomass, indicating either a rapid 

turnover rate of biomass or a lower availability of C4 substrates. Average daily production of 

root-derived available C was greatest during 4-8 wk maize growth (7 kg C ha-1 d-1) when 4-l 

1% of the soil microbial biomass came from this C source. At maize maturity, 15% of the 

microbial biomass (161 kg C ha-1) came from root-derived avail- able C, which totaled 402 kg 

ha-‘. Of the 15N remaining in bare and cropped soils, averages of 23 and 16% (10 and 2 kg N 

ha-1) were found in microbial biomass, and 64 and 2% (28 and 0.2 kg N ha-1) were in 

inorganic “N form, leaving 13 and 82% (6 and 10 kg N ha-1) as non-biomass organic N, 

respectively; this suggests that N cycling through microbial biomass was enhanced by root-

derived C. Denitrification and N2O losses from planted soils were low (1-136 g N ha-1 d-1) 

when soil water-filled pore space (WFPS) was < 50%, but increased to 0.02-3.4 kg N ha-1 d-1 

when soils were wetted to 85-95% WFPS when N2 comprised 70-99% of denitrification 

products. The maximum denitrification rate was 1.5 times greater, and the cumulative 

denitrification losses 77% greater during early powth stages in planted soil as compared to 

bare soil when adequate −
3NO  -N (>2-3 mg kg-1 ) was present in the soil. The presence of 

maize plants increased denitrification losses from soil by 19 to 57% (average of 29%) during 

early growth stages when the release of root-derived C was greatest. 

Parat et al (2007) studied, in a sandy agricultural soil of southwest France, cultivated 

with maize and amended with sewage-sludge over 20 years, the dynamics of different sources 

of organic matter and compared this with a control, which had never received any treatment. 

For the first time, a method is proposed that will distinguish and quantify sludge-derived 

organic carbon, maize-derived organic carbon, and native organic carbon. This method is 

based on the mean differences in δ13C abundances between native (−26.5‰), maize (−12.5‰) 

and sludge (−25.4‰) organic carbon. Three hypotheses on the dynamics of soil organic 

matter sources are proposed: (i) isotopic differences observed between control and sludge-

treated soils are due only to the incorporation of sludge C, whereas in the others, the control 

was used to model the incorporation of (ii) maize C or (iii) native C in the sludge-treated 

soils. The comparison of the stocks of each source (native C, maize C and sludge C) found in 

the bulk soil with the sum of corresponding stocks found in particle-size fractions allowed us 



CHAPTER 2. LITERATURE REVIEW. 
  

 - 18 -

to reject the two first hypotheses and to validate the last one. Repeated applications of 

sewage-sludge induced accumulation of sludge-derived organic carbon in the topsoil, and 

simultaneously contributed to the preservation of maize-derived organic carbon. When sludge 

applications ceased, the rapid decrease in soil organic matter stocks was mostly caused by the 

degradation of the sludge-derived organic carbon sources. At the same time, the maize-

derived organic carbon shifted from the coarsest fraction (200-2000 µm) to the finest fraction 

(0-50 µm). Therefore, this study has shown that repeated applications of sewage-sludge 

induced changes in soil organic matter dynamics over time. 

Liang et al. (2002) reported that  the proportion of C4-derived C (corn (Zea mays L.)) 

varied from 0 to 12.3% of whole SOC, from 0 to 30.7% of water-soluble organic C  (WSOC), 

and from 0 to 52% of microbial biomass C (MBC), indicating a major contribution of root or 

root induced C to various soil C components, especially WSOC and MBC. The amount of C4-

derived C in the entire soil estimated by the 13C natural abundance (δ13C) was remarkably 

consistent with the amount of C4-C retained in the soil microbial biomass, WSOC, and corn 

roots, suggesting that measurements of 13C of the entire soil following the shift of C3 to C4 

plants can be used as an indirect measure of root or root-induced C pools during the growing 

period. 

Gregorich et al. (1995) estimated a proportion of 25-35% of maize derived carbon 

to total organic carbon in the Ap horizon of a clay loamy soil after 25 years of 

continuous maize-cultivation in Canada, whereas in investigations by Flessa et al. (2000) 

in Germany only 15% of the total carbon content in a loamy sandy Ap horizon was maize-

derived after even 37 years of maize cultivation. Silty loamy maize soils in France 

investigated by Puget et al. (1995) contained 44% of maize derived carbon after only 23 

years of cultivation. It is estimated that 10–40% of the total net assimilated C of arable crops 

may be respired by the roots or released to soil by rhizodeposition (Keith et al. 1986; van Veen 

et al. 1989; Gregory and Atwell 1991; Martin and Merckx 1992). The large variation in 

estimates of root-derived C in arable ecosystems is dependent on such factors as plant species, 

stage of growth, nutrient status and other environmental conditions (van Veen et al. 1991). 

Such variations may be ascribed to different reasons. The first important factor 

affecting the contribution of maize derived C to SOC is the lapsed time after shifting from C3 

vegetation to maize cultivation.  
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Removing crop residues versus leaving them in the field also affects measured values. 

For example, in the investigation of Flessa et al. (2000) the aboveground biomass was 

removed for silage-making, which as opposite to the study of Gregorich et al. (1996). 

Soil tillage also plays a role. Puget et al. (1995) investigated three maize plots under 

different tillage practices: (1) conventional tillage with ploughing (depth 30 cm), (2) 

superficial tillage and (3) without tillage. Obviously, the depth distribution of the 

maize derived carbon differs in different tillage practices. So, in the plot without any 

tillage most of the maize derived carbon is concentrated in the first few cm, while in the 

ploughed layer it is distributed over the whole Ap horizon. The authors therefore 

recorded the highest ratio of maize derived carbon in the plot without tillage (72% of 

total organic carbon was maize-derived, but only in the first 3 cm of soil profile) and 

the smallest one in the variant with conventional tillage (44% in the Ap horizon (0-30 

cm)) after 23 years of continuous maize cropping. Results of the plot with shallow tillage 

were intermediate with 52% in the first 12 cm. Balesdent et al. (1990) sampled the 

same trials 6 years earlier with the same conclusions. These latter authors commented 

that, regarding the whole soil profile, accumulation of 'new' organic matter is markedly 

lower without tillage, because degradation of plant litter occurs mainly at the soil 

surface, where it cannot be protected by soil minerals as in the ploughed soil layer. 

Fertilization also soil organic matter turnover and maize residue C content (Gregorich et 

al., 1996). He evaluated in his investigation the differences of the proportion of maize 

derived carbon between a fertilized and an unfertilized soil in Canada. The unfertilized 

soil contained less (15-20%) maize-derived C in the Ap horizon after 35 years of 

cultivation than the fertilized soil (22-30%). So, fertilization leads to an increasing 

contribution of maize-derived carbon to SOC. The amount of C3 carbon was similar in the 

fertilized and the unfertilized plot (Gregorich et al., 1996), but whole SOC content was 

higher in the fertilized plots (22 mg kg-1 vs. 20 mg kg-1). The whole difference is therefore 

a result of the higher amount of maize-derived C (Gregorich et al., 1996), and later 

Ludwig et al. (2003). The higher amount of maize C in fertilized soils is due to the greater 

biomass production caused by fertilization, even if the root/shoot biomass ratio is 

lower in fertilized plants. Ludwig et al. (2003) corroborate results of Gregorich et al. 

(1996) for fertilized and unfertilized maize plots in Germany.  
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2.3.2 C4-grasses 

Compared with maize, there is much less information available for the distribution of 

new organic carbon under cultivated C4 grasses. These plants have a high biomass 

production, a very well developed root system as C storage for winter and are cultivated 

for many years without soil tillage. Therefore, the distribution of new organic carbon in 

soil is expected to be different from that of the annually ploughed maize that was 

selected for a high above ground biomass production,. 

Garten and Wullschleger (2000) investigated the distribution of 'new' derived carbon under 

Switchgrass (Panicum virgatum L.) at four different locations under different climatic conditions 

in the United States. They found very high proportions of Switchgrass-derived carbon (22-43% 

after just 5 years of cultivation) in the first 10 cm of soil even though the harvested biomass was 

removed from the field. Over a depth of 30-40 cm, 13-19% of soil organic carbon was still 

derived from Switchgrass. The effect of climate is studied by Garten and Wullschleger (2000), 

who note a 'more rapid rate of SOC sequestration beneath Switchgrass grown in warmer 

climates'. They found a linear positive relationship between mean annual temperature and the 

fraction of new C4-derived carbon.  

Oueédraogo et al (2006).  investigated the effects of tillage, organic resources and 

nitrogen fertilizer on soil carbon dynamics in Soil  that was fractionated physically into 

coarse (0.250–2 mm), medium (0.053–0.250 mm) and fine fractions (< 0.053 mm) during two 

season   planted with sorghum (Sorghum bicolor L. Moench) variety (SARIASO14) as C4 

plants and reported that Particulate organic carbon (POC) accounted for 47–53% of total soil 

organic carbon (SOC) concentration and particulate organic nitrogen (PON) for 30–37% of 

total soil nitrogen concentration. The POC decreased from 53% of total SOC in the first 

season to 47% of total SOC in the second season consistent with those reported by Feller 

(1979) and Feller et al. (1983) for West African sandy soils (57 and 51%, respectively). 

Tillage increased the contribution of POC to SOC. No-till led to the lowest loss in SOC in the 

fine fraction compared to tilled plots. Well-decomposed compost and single urea application 

in tilled as well as in no-till plots induced loss in POC. Crop N uptake was enhanced in tilled 

plots and may be up to 226 kg N ha_1 against a maximum of 146 kg N ha_1 in no-till plots. 

Combining crop residues and urea enhanced incorporation of new organic matter in the coarse 

fraction and the reduction of soil carbon mineralisation from the fine fraction. The PON and 

crop N uptake are strongly correlated in both till and no-till plots. Mineral-associated N is 

more correlated to N uptake by crop in tilled than in no-till plots. Combining recalcitrant 
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organic resources and nitrogen fertiliser is the best option for sustaining crop production and 

reducing soil carbon decline in the more stabilised soil fraction in the semi-arid West Africa. 

Results for another perennial C4 crop, Miscanthus 6 giganteus (Schneckenberger et ah, 

2003), considering that aboveground biomass was not totally removed. The contribution of 

newly derived carbon was 10-21% in the first 30 cm in Stuttgart-Hohenheim after 9 years of 

cultivation, and 17% (0-10 cm) and 10% (10-20 cm) in the soil after nearly 10 years of 

cultivation (reviewd by Kuzyakov  and K. Schneckenberger  2004) 

2.4. Trends of carbon isotopes with depth in soils 

Spatial and temporal trends of the carbon isotopic composition of soil organic matter 

(SOM) provide one of the main tools used to understand component processes of the 

terrestrial carbon cycle (Bird and Pousai, 1997; Bird et al., 2001; Ehleringer et al., 2000; 

Powers and Schlesinger, 2002).  

Trends of carbon isotopes with depth in soils have been primarily investigated for two 

purposes: 

 

 to understand below-ground dynamics of the carbon cycle through natural and 

synthetic 13C-labeling studies with a well documented or controlled change in the 

isotopic composition of biomass (Balesdent and Mariotti, 1996) and  

 

 to reconstruct the nature and timing of naturally occurring changes between biomass 

with different isotopic composition (usually a change between C3 and C4 plants which 

have very different isotopic ratios). This type of 13C-depth related research relies 

heavily on natural 13C trends because it applies similar methods and assumptions to 

detect vegetation changes which occurred during unrecorded history or in poorly 

documented locations (Ambrose and Sikes, 1991; Boutton, 1996; Boutton et al., 

1998; Kelly et al., 1991). 

 

Paleovegetation studies make the simplification that 13C/12C fractionation during 

decomposition of SOM does not occur (Cheng et al 2007) , or at least can be regarded as 

negligible, and thereby apply a mixing equation for the relative contribution of C3 and C4 

plants: Eq. (5) may be rewritten as 
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 (FC4 is the fractional contribution of C4 plants to SOC. δ 13CSOC, δ 13CC3 and δ 13CC4 indicate 

the measured isotopic composition of SOC and average values for C3 and C4 biomass, 

respectively, expressed in δ -notation as per mil (‰) deviation from a standard: PeeDee 

Belemnite, PDB). 

2.4.1 Natural depth trends of stable carbon isotope ratios 

Although there is frequently a strong relationship between δ 13CSOC of fresh organic 

litter at the soil surface and that of overlying biomass at a variety of spatial scales (Bird and 

Pousai, 1997; Bird et al., 2001), vertical trends of δ 13CSOC  in well drained mineral soils 

frequently show increasing 13C with depth, by as much as several units per mil within the top 

meter of soil. Such depth-increasing trends are evident in a number of environments, which 

have been evidently stable C3 ecosystems through the Pleistocene and in some cases to the 

Miocene (Bird et al., 2003; Krull et al., 2002; Krull and Skjemstad, 2002; Powers and 

Schlesinger, 2002; Wynn et al., in press), implying that ecological change cannot account for 

the depth increases observed in these settings. Balesdent et al. (1993) and Ehleringer et al. 

(2000) provide reviews of a number of hypotheses which have been developed over the past 

several decades to explain the commonly observed depth-enriched δ 13CSOC profiles in such 

well drained mineral soils. Then , Jonathan et al 2006 group these hypotheses into 3 categories: 

(1) those involving mixing of SOM with differing 13C content, (2) those involving preferential 

decomposition of SOM components with differing 13C content, and (3) those involving 

kinetic fractionation of carbon isotopes during the maturation of SOM. 

2.4.1.1 Hypothesis group 1: input mixing of organic matter with differing isotopic 

composition 

Hypotheses 2.5.1.1.1. through 2.5.1.1.3 are grouped due to similar predicted depth 

trends of SOC concentration and δ 13CSOC, all of which result from physical mixing of bulk 

SOM derived from biomass with different isotopic composition. 

2.4.1.1.1 Terrestrial Suess effect.    

 Friedli et al. (1986) demonstrated that the 13C  content of the  current atmosphere has been 

diluted by up to 1 .4% since the beginning of the Industrial Revolution, due predom inantly 

to burning of 13C-depleted fossil fuels (Suess, 1955). Because mean age of SOM increases 

with depth, one would expect that mixing of SOM derived from biomass input to soil during 

decreasing atmos pheric δ 13CCO2 would produce a trend of  13CSOC  increasing depth  (older 
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= more   13C-enriched  SOC  at depth, younger more 13C-depleted SOC at the surface). If the 

mixing can be approximated by two pools with end-member compositions, SOC would follow 

a mixing line between pre- and post-Industrial Revolution biomass, with an overall 

magnitude of isotopic difference  equal to the magnitude of the change in atmospheric δ 

13CCO2
. 

2.4.1.1.2 Surface litter and root-derived SOM.     

 Many studies  of isotope  ratios  in plant biomass  have demonstrated that roots  are  

generally more 13C- enriched than above  ground biomass  (particularly leaves) from the 

same plant (Brugnoli and Farquhar, 2000; Schweizer etal., 1999; Wedin etal., 1995). This 

affects the  isotopic  composition of SOC  through mixing of inputs to the SOC pool from 

predominantly leaf and stem derived litter at the surface, and below-ground litter derived from 

roots. The resulting trends of δ13CSOC should follow a mixing-line relationship, similar to that 

above, with depleted surface values giving way to enriched root-derived SOC at depth, with 

a maximum total difference of about 1.5%, the mean difference between above- and below-

ground biomass. 

2.4.1.1.3. Variable biomass composition and old versus new SOM.  

A third mixing relationship that may potentially affect the depth profile of δ13CSOC is 

mixing between SOM derived from two different sources of biomass. Although the 

magnitude and sign of isotopic trends may vary, the extreme example of this would be a 

change from one photosynthetic pathway to another, the basis for most natural labeling 

studies (magnitude of ~15%). However, within the C3 plant group, δ13C ranges from about 

— 25% to — 32% and depends on a number of ecological factors such as water availability 

(Ehleringer et al., 1993), salinity (Sandquist and Ehleringer, 1995), topographic position 

(Balesdent et al., 1993), and the degree of recycling of respired CO2 which is 13C-depleted 

(Vogel, 1978). Mixing of pools of SOM derived from different C3 biomass sources due to 

changes in these factors would similarly follow a mixing line between the two end-member 

isotopic compositions. 

2.4.1.2. Hypothesis group 2: preferential decomposition or stabilization of components 

with different isotopic composition 

Organic components comprising SOM are well known to have a range of δ13C due to 

variation of metabolic fractionations within plants. Lipids, lignin and cellulose are generally 
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13C-depleted with respect to the whole plant, while sugars, amino acids, hemi-cellulose and 

pectin are 13C-enriched with respect to the whole plant (Boutton, 1996; Deines, 1980). Due to 

their relative chemical stability, 13C-depleted lipids and lignin can be preferentially 

accumulated during the initial stages of SOM decomposition and their concentration in some 

cases increases with depth and with SOM age (Benner et al., 1987; Wedin et al., 1995). This 

trend would leave an accumulating pool of SOM depleted in 13C and result in a depth- 13C-

depleted δ13CSOC profile. Such preferential decomposition  of 13C-enriched compounds  

(non-lignin) during the initial stages of SOM decomposition presumably works against the 

processes contributing to depth-enrichment observed within most well drained soils. 

2.4.1.3. Hypothesis group 3: kinetic fractionation during maturation of SOC 

A number of studies have hypothesized that kinetic fractionation of carbon isotopes occurs 

during maturation of SOM and that this fractionation is established by relationships between 

SOC concentration and isotopic composition (Balesdent et al., 1993; Balesdent and Mariotti, 

1996; Hogberg and Ekblad, 1996; Natelhoffer and Fry, 1988; Powers and Schle-singer, 2002; 

Schwartz et al., 1992). This relationship is nonlinear and best fit by log SOC concentration as a 

linear function of isotopic composition. Kinetic fractionation has been suggested to occur 

through microbial respiration of CO2 from a decomposing pool of SOM (Huntington et al., 

1998; Mary et al., 1992), as respiration processes typically involve kinetic fractionation 

whereby 12C is preferentially respired. Despite this evidence, a number of laboratory studies of 

short-term controlled biomass decomposition have not produced consistent evidence for 

microbial kinetic fractionation, especially of the magnitude and sign needed to explain depth 

trends of δ13CSOC in soils (Lin and Ehleringer, 1997; Wedin et al., 1995). However, in a novel 

study, Santruckova et al. (2000) measured the isotopic composition of physically separated 

microbial biomass (Cmic) and observed that 13C-enrichment of Cmic is offset by 13C-depletion in 

respired CO2, resulting in respired CO2  with an isotopic composition similar to that of SOC. 

These authors then hypothesized that preferential protection and stabilization of the 13C-

enriched decomposition products (Cmic) produces the commonly observed 13C-enrichment 

with depth in soil, despite the fact that respired CO2 has a similar isotopic composition to 

that of SOC. Differential stabilization and sorption of organic components of SOM (Kaiser et 

al., 2001; Rumpel et al., 2002) can also be grouped with this category, as these processes 

produce similar trends of δ13CSOC through preferential preservation of the 13C-enriched 

decomposition products of microbial transformation.   
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2.4. 2. Anthropogenic effects on depth trends of stable carbon isotope ratios 

The effects of human activities on depth trends of δ13CSOC must be viewed as 

superimposed on any natural trends discussed in the previous section. As discussed above, 

most of the work to date focuses on interpretation of ecological change between C3 and C4 

vegetation. Because C3 and C4 plants differ by approximately 15% (Deines, 1980) and the 

precision limits of most analytical techniques are well within a few tenths of a per mil, stable 

carbon isotopes can be a powerful isotopic tracer of ecological and paleoeco-logical change. 

Such trends clearly appear as depth-increasing profiles of δ13CSOC in well-documented 

woody vegetation thickening  settings and can be further detailed with additional analyses 

separating SOM into a pool structure and 14C measurements (Krull et al., in press). The 

effects of enhanced decomposition of SOM and erosion are less well studied using stable 

isotope techniques than by radioisotopic measurements (Harden et al., 2002, 1999b) . 
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CHAPTER 3.  INTERFERENCE OF SOIL CARBONATES IN C-
ISOTOPE DETERMINATION. THE SETUP OF AN EXPERIMENTAL 
PROTOCOL 

 

3.1. The problem of Soil Carbonates in C-isotope determination 

In addition to organic C, soil may also contain inorganic C in the form of carbonates. 

This is of particular relevance to drylands because calcification and formation of secondary 

carbonate is an important process in arid and semi-arid regions. Consequently the largest 

accumulations of carbonate occur in the soils of arid and semi-arid areas (Batjes & Sombroek, 

1997). Dynamics of the inorganic carbon pool are poorly understood although it is normally 

quite stable. Sequestration of inorganic carbon occurs via movement of HCO-3 into ground 

water and closed systems. According to Schlesinger (1997) accumulation of calcium 

carbonate is quite low at between 0.0012 – 0.006 t ha-1. However, Lal et al (1999) believe that 

sequestration of secondary carbonates can contribute 0.0069 - 0.2659 Pg C y-1 in arid and 

semi-arid lands. 

Although soil inorganic carbon is relatively stable it will release CO2 if the carbonates 

become exposed through erosion (Lal et al, 1999). Additionally, irrigation can cause inorganic 

carbon to become unstable if acidification takes place through nitrogen and sulphur inputs. 

The release of CO2 through precipitation of carbonate is seen as a major problem if irrigation 

waters are used in any system that is trying to store carbon (Schlesinger, 2000). Further more, 

Schelsinger (2000) has pointed out that ground water of arid lands often contains up to 1% Ca 

and CO2. Since this concentration is much higher than that which occurs in the atmosphere, 

when these waters are applied to arid lands CO2 is released to the atmosphere and CaCO3 

precipitates. Schlesinger’s calculations actually suggest that irrigation of some cropping 

systems would yield a net transfer of CO2 from the soil to the atmosphere. 

The C in primary or lithogenic carbonates has δ 13C values close to 0‰ Pee Dee 

Belemnite (PDB) (Boutton, 1991). Pedogenic orsecondary carbonates show 13C values 
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between 12 and 2‰ (PDB), depending on the photosynthetic pathway of vegetation (C3 vs. 

C4). When a sample is combusted at high temperature (1000 C), all organic and inorganic C 

present in the soil is converted into CO2. To avoid the confounding influence of inorganic C 

during the determination of the isotopic signature of the organic C, all carbonates must be 

removed prior to isotopic analysis (Jasmine  et al 2007). Because carbonates may be enriched 

in 13C by as much as 30‰ compared with organic C, partial removal of carbonates will have a 

large effect on the 13C signature of the sample. 

3.2. Methods to remove carbonates from the soil 

A common method to remove carbonates from soilis treatment with dilute HCl or H3PO4 

(Connin et al., 1997; Rochette and Flanagan, 1997; Collins et al., 1999; - Van Kessel et al., 

2000b). Although acid washing will remove all carbonates, the procedure is time consuming 

and could lead to losses of acid-soluble organic C. Thus, there is a risk that the soluble C may 

be isotopically - different from the insoluble residue. However, Midwood and Boutton (1998) 

found that the δ 13C signature of SOM C was largely unaffected by the acid concentra- tion 

(0.1–6 M HCl) or duration (1–8 d) of the acid treatment. To avoid losses of soluble organic C 

and possible changes in the _13C signature of SOM, the re-moval of carbonates can be carried 

out by HCl fumigation (Hedges and Stern, 1984). 

 Harriset  et al (2001) reported that the use of 13C natural abundance (δ 13C) to follow 

C input to soil has widespread acceptance. However, inorganic C present in the soil as 

carbonates will interfere with the measurement of soil organic 13C unless removed or 

excluded from measurement .they report a simple and convenient HCl-fumigation method to 

remove inorganic C from soil. Soil samples are weighed in Ag-foil capsules, arranged on a 

microtiter plate, wetted with water to approximately field capacity, and placed in a desiccator 

containing a beaker with concentrated (12M) HCl. The carbonates are released as CO2 by the 

acid treatment in 6 to 8 h. The soil samples are then dried at 60_C prior to isotope 
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determination. The advantages of the HCl-fumigation method to remove inorganic C from the 

soil are that: (i) no water soluble C will be lost from the soil; (ii) a large number of samples 

can be processed simultaneously; (iii) the removal of inorganic C is rapid and complete; and 

(iv) the method could also be used to determine both organic and inorganicCcontent in the 

soil.Apotential disadvantage, however, is that the HCl fumigation changed the 15Nnatural 

abundance of soil N. 

Fernandes and Krull (2008) They compared the efficacy of three acid treatments in 

removing carbonates from soils and sediments for elemental and isotopic analysis. The 

methods tested were (1) refluxing with H2SO3; (2) in situ treatment with H2SO3 in silver 

capsules; and (3) treatment with HCl followed by rinsing with water. Refluxing with H2SO3 

led to substantial losses of organic carbon and nitrogen, but comparatively small nitrogen 

isotopic shifts. The in situ treatment was inadequate for carbonate-rich samples (contents 

≥30%) as a consequence of the formation of a mineral precipitate. Treatment with HCl led to 

substantial losses of nitrogen from carbonate-rich samples, and deviations in nitrogen isotopic 

signatures (δ15N) of up to 3.7‰. δ15N values showed no significant difference between acid-

treated and untreated samples or between treatments, although variability was high and 

influenced by sample composition. Carbonate-poor samples showed no statistical difference 

in δ13C values between treatments, whereas carbonate-rich samples tended to be more 13C-

depleted when treated with HCl, potentially suggesting the preferential preservation of 13C-

depleted compounds (e.g. lipids or lignin). 

• In this study the isotopic signature of a series of soils collected throughout Italy was 

determined before and after eliminating carbonates 
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3.3. Materials and methods  

3.3. 1. Soil sampling and preparation  
 
Within the framework of the FIRS – MESCOSAGR project soil samples were taken at five 

locations before experimental treatments were established. The locations were Torino 

(continuous maize (Zea Mays L.) for longer than 10 years), Bernalda (peach orchard) 

Piacenza (set aside) Battipaglia (SA) Torre Lama (continuous maize (Zea Mays L.) for longer 

than 10 years) and Battipaglia ISCI (horticulture) 

3.3. 2. Soil aggregates fractionation and  isotope determination 

Soil samples were obtained from topsoil (0-30cm) and the procedure described by  Kemper 

and Rosenau (1986), and Spaccini (2004) was used to separate the water-stable aggregates. 

Twenty grams of the <4.75 mm, air-dried soil samples were put in the topmost of a nest of 

three sieves of 1.00, 0.50 and 0.25mm mesh size and pre-soaked in distilled water for 30 min. 

Thereafter the nest of sieves and its contents were oscillated vertically in water 20 times using 

a 4 cm amplitude at the rate of one oscillation per second. Care was taken to ensure that the 

soil particles on the topmost sieve were always below the water surface during each 

oscillation. After wet-sieving, the resistant soil materials on each sieve and the unstable 

(<0.25 mm) aggregates were quantitatively transferred into beakers, dried in the oven at 50◦C 

for 48 h, weighed and stored for analysis of carbohydrates, C and N, and computation of C/N 

ratios. The percentage ratio of the aggregates in each sieve represents the water-stable 

aggregates of size classes: 4.75–1.00, 1.00–0.50, 0.50–0.25 and <0.25 mm. Mean-weight 

diameter (MWD) of water-stable aggregates was calculated as µm 

MWD =∑
=

n

1i

XiWi  

where Xi is the mean diameter of the ith sieve size 

and Wi the proportion of the total aggregates in the ith fraction. 
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Then  soil were air-dried, ground to pass a 2-mm sieve, and subsamples were finely ground 

using an agatha mortar to a fine powder (<200 mesh), duplicate subsamples of soil (~2 mg) 

were analyzed for δ13C by using a Finnigan Delta-Plus isotope ratio mass spectrometer linked 

to a Carlo Erba NC2500 elemental analyzer located at the University of Basilicata Potenza 

Italy (Fig 4, 5, 6).  

The isotope analyses were expressed as 100% values  

 
δ13C = (Rsample/Rstandard − 1) * 1000 
 
Where R =13C/12C of either the sample or the reference standard, PeeDee belemnite. The 13C 

values were calculated relative to Pee Dee Beleminite (PBD) as an original standard, and 

working standers were urea and soil with δ13C of 2.24‰and -27.37‰The standard deviation 

of duplicate samples was ±0.3_ for δ13C. 

3.3. 2.1. Decarbonatation procedure  

 

 To avoid the confounding influence of inorganic carbon during the 

determination of the isotopic signature of organic c, all carbonate must be removed prior to 

isotopic analysis, the Harriset et al (2001) method was used. 

All soil sample were air-dried , ground to pass a 2-mm sieve ,and Samples were finely ground 

using an agatha mortar to a fine powder, subsamples (1.5) mg of soil were placed in open Ag-

foil capsules (4 by 6 mm). Silver capsules are required because sn capsules disintegrate when 

exposed to HCl vapor. The capsules were placed in the wells of a microtiter plate, sufficient 

water was added to each capsules (4µL)to moisten the soil to approximately field capacity , 

and the microtiter plate was then placed in vacuum desiccator (5L) .a beaker (150ml) with 

100 ml of concentrated (12M) HCL was also placed inside the desicator. The samples were 

exposed to HCL vapor for 6-h then were removed from the desicator, dried at 60◦c and the 

capsules were closed and then analyzed for δ13Csignature. 
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3.3. 2.2. Measurement of stable isotopes  

Preparatory labware and apparatus include silver and tin capsules and a microbalance 

capable of measuring samples with 0.0001-mg precision. The analytical apparatus consists of 

four different units: (1) EA, (2) ConFlo interface, (3) IRMS, and (4) computer software.  

The EA is a Carlo Erba Instruments NCS 2500 (CE NC 2500) system, and it is equipped with 

a Costech “zero blank” autosampler that holds 49 samples enclosed in tin capsules (fig. 4). 

Each tin capsule falls into the reaction-tube, which is kept at 1020 °C and is under constant 

He flow (90 mL/min). The sample immediately reacts with a measured amount of oxygen 

released from a 5-mL loop purged at 35 mL/min. The reaction of oxygen with the tin capsule 

is exothermic, which results in localized temperatures of up to 1800 °C, thus ensuring 

complete and instantaneous sample combustion. This reaction is called “dynamic flash 

combustion.” The combustion gases are first carried by He through an oxidative catalyst layer 

(Cr
2
O

3
) in the reaction tube, where oxidation is completed, and then through a reduction agent 

(Cu) in another reaction tube kept at 650 °C where any nitrogen oxides are converted into 

elemental nitrogen and any excess oxygen is consumed. At the outlet of the second reaction 

tube, the gas mixture (N
2
, CO

2
, and H

2
O) enters a trap that contains Anhydrone, which 

absorbs water. The gas mixture, now N
2 

and CO
2
, flows through a GC column (Poraplot PQS 

kept at 50 °C), which separates the gases, screens out sampling noise, and ensures that pure 

nitrogen and carbon dioxide gas pass separately through the thermal conductivity detector, 

through the Conflo II open split, and into the IRMS. 
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Fig. 4. Diagram of the Carlo Erba Instruments NC 2500 E (CE NC 2500) Elemental Analyzer 
(used with permission from Thermo Electron Co.).  

  
       Fig. 5. Diagram of a Finnigan ConFlo II Open Split (used with permission from Thermo      Electron Co.).  

 

The Finnigan ConFlo II provides the means for coupling the EA to the CF-IRMS with an 

open-split arrangement (Fig. 5). The principle of an open split is that it reduces the 90 mL/min 

He flow needed to operate the EA to a 0.3 mL/min He flow needed to operate the IRMS. This 

is achieved by placing the end of the capillary that leads to the IRMS directly in the flow of 

He coming from the EA. The narrow diameter and length of this capillary limit the flow of 

gas to the IRMS. Furthermore, extra capillaries carrying reference gas or He gas can be added 

to the open split, thereby making it possible to inject reference gas into the IRMS or to dilute 

sample with extra He if the sample is too large (or to direct gases away by dilution if they are 

too large to ensure total separation).  

The IRMS is a Finnigan DeltaPlus CF-IRMS (fig. 6). The fundamental principle of the CF-

IRMS technique is that a carrier gas transports the analyte through an initial stage of online 
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chemistry for conversion to a form acceptable by the IRMS (Brenna and others, 1997). This is 

an automated system generating online, high-precision, δ values of bulk solid and nonvolatile 

liquid samples. In the IRMS, gas molecules are ionized in a source by electrons emitted from 

a hot filament. The ions are accelerated into an analyzer, separated in a magnetic field, and 

collected in Faraday cup collectors. The ion-beam intensities are measured with electrometers. 

This IRMS has a universal triple collector, two wide cups with a narrow cup in the middle, 

capable of measuring m/z 28, 29, and 30 simultaneously or, with a magnet current change, 

m/z 44, 45, and 46 simultaneously. The resistor–capacitor combination on the electrometers 

used to measure these masses are as follows: 3 × 10
8 
Ω and 680 pF for cup 1; 3 × 10

10 
Ω and 5 

pF for cup 2; 3 × 10
11 
Ω and 2 pF for cup 3. 

The Finnigan ISODAT 2.0 software is designed (1) to advance the autosampler carousel, (2) 

to control the ConFlo II interface to inject reference gases at the desired time and dilute the 

sample if desired, (3) to operate the IRMS, (4) to acquire data from the IRMS, and (5) to 

calculate delta values. 

   

Fig. 6.  Schematic of a continuous flow isotope-ratio mass spectrometer (CF-IRMS) (modified 
from Clark and Fritz, 1997).  
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3.4. Results and Discussion 
 
Results reported in Tables 1(a,b,c,d) show important differences in the isotopic signature of 

the soils before the beginning of the experiments. All samples showed lower values after the 

carbonates had been removed, and samples from Piacenza, Bernalda and Battipaglia-ISCI 

showed values of δ13C around or above -27‰, typical of soils with a history of C3 plants. The 

sites of Battipaglia-Torre Lama and Torino show higher values which can be explained with 

the effect of continuous maize for more than ten years on the same soil, even though neither 

site reaches the very high values of δ13C typical of C4 soils. 

 
Soil/Site 

δ13C 

 Whole  Decarbonated 
Torino -16.29 -21.60 
Bernalda -15.36 -27.78 
Piacenza -22.17 -27.26 
Battipaglia-Torre Lama -21.83 -23.53 
Battipaglia-ISCI -23.10 -26.92 
Table 1a. Isotopic signature of five soils used in the FIRS-
Mescosagr project  

 
The difference in the δ 13C values of plant C input and of older SOMC may be sufficiently 

large to reconstruct the soil cropping history and to follow the dynamics of both the new and 

the old C in the soil (Balesdent et al., 1988). This difference resulst from changes in the 

photosynthetic pathway of vegetation (C3 vs. C4) (Balesdent and Mariotti, 1996; Collins et 

al., 1999).  Generally  the soils developed under C3 or C4 vegetation contain SOM with 

δ13C=-27‰ or as low as -13‰, respectively (Cheng, 1996) therefore the soils from Piacenza, 

Bernalda and Battipaglia-ISCI showing values of δ13C around or above -27 in decarbonated 

samples fall in a typical range of soils with a history of C3 plants.  

Because carbonates may be enriched in 13C by as much as 30‰ compared with organic C 

(Harriset al., 2001), it is not surprising that inorganic C present in our soil as carbonates 

causes significant differences in 13C in all soils in our experiment, and especially in the Torino 
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and Bernalda samples where  δ13C was -16.29‰ and -15.36‰ in samples analysed as such, 

but decerased to -21.60‰ and -27.78‰, respectively after removing carbonates.  

The isotope signature determined on fractionated soil aggregates of three soils are reported in 

table 1a. There was no significant difference in the 13C isotope abundance in the organic 

compoment of the different soil fractions. Values of δ13C were higher and more variable for 

total carbon. This is due to the high δ13C of mineral carbon (specialy samples from Torino) and 

a non-uniform distribution of mineral carbon in the different fractions is likely to have 

affected them differently. 

 After laboratory incubation the variations in δ13C were not significant in all soils. The 

isotopic composition of SOC (δ13C) was lower in Piacenza soil than under Napoli and Torino, 

this holds true  with all soil aggregate fraction.     

   

PIACENZA NAPOLI TORINO Fraction 
(mm) Total Carbon Organic Carbon Total Carbon Organic Carbon Total Carbon Organic Carbon 

 δ13C ±σ δ13C ±σ δ13C ±σ δ13C ±σ δ13C ±σ δ13C ±σ 
Bulk -22.17 1.26 -27.26 0.25 -21.83 0.37 -23.53 1.12 -16.29 0.68 -21.60 1.51 
<0.25 -21.54 0.25 -26.67 0.43 -23.11 0.30 -23.56 0.61 -16.61 0.78 -21.97 0.35 
0.5-0.25 -18.45 3.87 -26.91 0.19 -23.26 0.65 -24.90 2.09 -16.22 0.78 -22.21 0.73 
1-0.5 -23.39 0.24 -26.38 0.30 -23.11 0.18 -23.78 0.98 -17.76 0.71 -22.79 3.43 
4.75-1 -23.29 0.69 -26.59 0.10 -22.87 0.34 -23.72 0.80 -17.50 0.46 -21.69 1.55 

Table 1b. Isotopic signature of soils used in the FIRS-Mescosagr project before the beginning 
of trials in different aggregate fractions of the control treatment. 
 
 

PIACENZA NAPOLI TORINO Fraction 
(mm) Total Carbon Organic Carbon Total Carbon Organic Carbon Total Carbon Organic Carbon 
 δ13C ±σ δ13C ±σ δ13C ±σ δ13C ±σ δ13C ±σ δ13C ±σ 
Bulk -21.97 3.76 -26.73 0.47 -21.09 1.40 -23.94 0.15 -15.84 1.57 -22.41 0.06 
<0.25 -21.97 1.27 -26.84 0.19 -22.52 0.49 -24.48 0.05 -16.41 0.59 -22.23 1.04 
0.5-0.25 -22.47 3.25 -26.54 0.21 -22.70 0.57 -23.86 0.44 -16.85 0.52 -20.79 1.12 
1-0.5 -23.85 0.94 -26.42 0.32 -22.20 1.02 -23.38 0.00 -16.82 0.27 -21.30 0.77 
4.75-1 -22.93 0.12 -26.56 0.12 -20.96 2.19 -23.70 0.70 -16.60 0.25 -21.05 0.66 

Table 1c. Isotopic signature of soils used in the FIRS-Mescosagr project in different 
aggregate fractions of the TRA treatment. 
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PIACENZA NAPOLI TORINO Fraction 

(mm) Total Carbon Organic Carbon Total Carbon Organic Carbon Total Carbon Organic Carbon 
 δ13C ±σ δ13C ±σ δ13C ±σ δ13C ±σ δ13C ±σ δ13C ±σ 

Bulk -21.92 0.74 -26.88 0.36 -20.69 0.25 -23.89 0.29 -17.29 0.58 -21.41 0.32 
<0.25 -21.36 0.77 -27.02 0.69 -21.69 0.28 -24.04 0.20 -16.13 0.64 -22.21 0.47 
0.5-0.25 -20.63 2.59 -27.11 0.52 -21.36 0.84 -23.46 0.56 -16.56 1.39 -21.86 0.36 
1-0.5 -20.77 2.41 -26.53 0.64 -21.21 1.11 -23.40 0.36 -17.34 0.59 -22.87 1.00 
4.75-1 -23.01 1.17 -27.19 0.44 -21.30 0.11 -23.61 0.23 -16.49 1.59 -22.28 0.43 
Table 1d. Isotopic signature of soils used in the FIRS-Mescosagr project in different 
aggregate fractions of the COM2 treatment. 
 

Conclusions 

Results show important differences between soils in the isotopic signature of both bulk soil 

and single aggregate fractions. The organic carbon pool shows a uniform value of δ13C in the 

different fractions while total carbon values are more variable, and tend to be lower in the 

larger fractions. We can conclude that inorganic carbon interferes with determinations of the 

isotopic signature of soils within studies aimed at monitoring soil organic C dynamics and 

plant-soil interactions relative to the C cycle. Therefore a procedure for removing carbonates 

from the soil needs to be incorporated in isotopic determiantions for such studies, when 

carbonates are present in the soil.  
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CHAPTER 4. THE CONTRIBUTION OF SORGHUM TO 
BELOWGROUND CARBON. UNDER DIFFERENT SOIL MANAGEMENT 
SYSTEMS  
 
4.1. Sorghum crop 

Sorghum (Sorghum bicolor) appears to have been domesticated in Ethiopia about 5000 years ago. 

Present world production is about 58 million tons grain from 42.6 million ha. (FAOSTAT, 2001). 

Sorghum has a number of features which make it a drought-resistant crop. It is extensively grown 

under rainfed conditions for grain and forage production. In dry areas with low and/or erratic 

rainfall the crop can respond very favourably to supplemental irrigation. However, considerable 

differences exist amongst varieties in their response to irrigation and those that are considered 

very drought-resistant respond slightly while others produce high yields under irrigation but are 

poor yielding when water is limiting. Temperature is an important factor in variety selection. 

Optimum temperatures for high producing varieties are over 25°C but some varieties are adapted 

to lower temperatures and produce acceptable yields. When mean daily temperatures during the 

growing season are greater than 20°C, early grain varieties take 90 to 110 days and medium 

varieties 110 to 140 days to mature. When mean daily temperatures are below 20°C, there is an 

extension of about 10 to 20 days in the growing period for each 0.5°C decrease in temperature, 

depending on variety, and at 15°C a sorghum grain crop would take 250 to 300 days to mature. 

With mean daily temperatures in the range of 10 to 15°C, the sorghum crop can only be grown as 

a forage crop because of the problems with seed set and grain maturity under cool conditions. 

Low temperatures (<15°C) during flowering and yield formation, and high temperatures (>35°C) 

lead to poor seed set, problems with ripening and reduced yields. 

For optimum light interception the density index (plants per ha s row spacing) is about 3000 

when adequate water and fertilizers are available (100 000 to 150 000 plants per ha). In areas 

where water (rainfall + irrigation) is in short supply, the greater the shortage, the greater is the 

advantage of wider spacing. Sorghum is a. short-day plant but day-neutral varieties exist. 

The crop does well on most soils but better so in light to medium textured soils. The soil should 

preferably be well-aerated and well-drained. Sorghum is relatively tolerant to short periods of 
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waterlogging. The fertilizer requirements are up to 180kg/ha N, 20 to 45 kg/ha P and 35 to 80 

kg/ha K. 

Sorghum is moderately tolerant to soil salinity. Yield decrease due to soil salinity under irrigation 

is: 0% at ECe 4 mmhos/cm, 10% at 5.1, 25% at 7.2, 50% at 11 and 100% at ECe 18 mmhos/cm. 

 

For high production crop water requirements (ETm) of 110 to 130 day sorghum are between 450 

and 650 mm depending on the climate; to this the losses during conveyance and application must 

be added.  

Sorghum is relatively more drought-resistant than many other crops, e. g. maize. This is 

due to an extensive root system, effective control of evapotranspiration and stomata with an 

ability to recover rapidly after periods of water stress, and an ability to withstand desiccation. 

Further, where the growing season is long, the tillering varieties are able to recover to a certain 

extent from water deficits in the earlier growth periods by forming additional head-bearing tillers. 

Severe water deficits during the flowering period cause pollination failure or headblast. The 

resulting yield reduction can be partly offset by additional head-bearing tillers. 

The primary root system, with little branching, grows rapidly in deep soils to 1 to 1.5m. The 

secondary system starts several weeks after emergence and extends rapidly up to 2m, depending 

on depth of soil wetting. The maximum depth is generally reached at the time of heading. In deep 

soils the extensive root system allows additional flexibility in irrigation scheduling. Depending 

on depth and frequency of irrigation, 60 percent (less frequent) to 90 percent (frequent) of the 

water uptake occurs from the first metre of soil depth. Normally, when sorghum is fully grown, 

100 percent of the water is extracted from the first 1 to 2m. Under conditions when ETm is 5 to 6 

mm/day, about 55 percent of the total available soil water can be depleted without reducing water 

uptake. During ripening 80 percent can be depleted. 

 The system of small, ephemeral roots is an important part of terrestrial metabolism. 

It is useful to understand the scope of the issues of root dynamics and the physiological and 

ecological controls that may be sensitive to global change factors Jackson et al. (1997) estimated 

that as much as 33% of global annual net primary productivity is used for the production of fine 

roots, which have a relatively short life before they die and begin decomposing. A central concept 
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in our discussion is that root turnover is a key component of the C and nutrient cycling in 

ecosystems and will probably be sensitive to many global change factors (Gill & Jackson, 2000; 

Eissenstat et al., 2000). As discussed further here, root turnover is variously defined, but 

generally it is a measure of the production and mortality of roots relative to the size of the 

standing crop of roots. A plant that maintains roots longer (lower turnover) allocates less C to the 

production of new roots, but expends more energy (i.e. root respiration) in maintaining roots that 

may be less efficient at nutrient uptake compared to a root newly deployed in a nutrient-rich 

microsite. When roots die and decompose, some of their C is released to the atmosphere and 

some may remain as soil organic matter (SOM). Hence, root turnover is a major component of 

ecosystem C fluxes and the potential of an ecosystem to sequester atmospheric C. 

 Clues to how global change factors might alter root turnover, root biomass, and 

therefore nutrient and C cycling, come from an analysis of the variation in root turnover across 

environmental gradients. Gill & Jackson (2000) assembled root turnover data for major biomes 

across the globe and analyzed the data set for broad-scale patterns along climatic gradients. 

Turnover rates of fine roots increased exponentially with mean annual temperature in forests and 

grasslands, but surprisingly, there was no relationship with precipitation once temperature effects 

were accounted for. Does this result suggest that root turnover will increase in response to 

climatic warming? Not necessarily. Gill & Jackson (2000) found that the global relationship did 

not predict the relationship to inter annual variability in climate at a particular site. Restricted root 

growth can limit water and nutrient uptake by plants and ultimately crop yields (Van Ouwerkerk 

and Raats, 1986; Sharma andAcharya, 1987) and in turn many factors, such as soil type and 

nutrient status, climate, crop variety and cropping practices, can influence the activity and 

distribution and biomass of plant roots in soil.  

Energy crops play an important role in ecological issues of great concern, such as the production 

of renewable energy or the carbon sequestration, and biomass production has been promoted in 

official documents (EC, 1997). Plants take out CO2 from the atmosphere through photosynthesis, 

and they represent a sink for carbon. If plant biomass is used for energy production, fixed carbon 

returns partially to the atmosphere but also a significant fraction of it remains in the soil and 

contributes to increasing the soil carbon pool 

Sweet sorghum (Sorguhm bicolor(L.) Moench)   is a highly productive C4 species when 

grown under appropriate conditions of climate, soil, and water supply. The potential of sweet 
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sorghum for biomass production in Europe was recognized in 1980, and has been confirmed as 

an interesting energy crop for the irrigated lands of southern Europe (Gosse 1996;Foti;2001). 

Studies conducted in Spain have shown that the above- ground biomass production of sweet 

sorghum cultivar keller can attain 27 t dry matter ha under non- limiting growth conditions (curt 

et al., 1998).  

 Sorghum (Sorghum bicolor (L.) Moench) is ranked second  among the five most 

important crops in East Africa (Food Agricultural Organization, 1999) and it is a staple food crop 

in arid and semi-arid areas in Ethiopia. The crop grows under a wide range of ecological 

conditions and is drought tolerant. 

 The root system of sorghum has been studied mainly in relation to the plant’s 

ability to survive periods of after shortage, and therefore root depth , the speed of the advancing 

rooting front (Robertson et al. 1996) and the root length density and distribution in the soil 

(Robertson et al. 1996) are the most inquired belowground parameters. Less information exists 

about crop root biomass and the amount of C and N supplied by them. Since aboveground 

biomass of plants is usually harvested for animal feed (hay), litter, or fuel, roots form the main 

source of C in maintaining soil organic matter.1 

 Numerous studies have been conducted on the effects of environmental factors on 

plant root growth and development (Kono et al., 1987; Rending and Taylor, 1989).Campbell et 

al. (1974) found that chiseling and ripping increased the depth of rooting and the availability of 

water and nutrients. Lower penetration resistance or higher water infiltration on tillage fields 

compared to no-tillage fields were reported by Lindstromand Onstad (1984). In contrast, Unger 

(1984) reported that soil conditions with no-tillage were as good as or better than with tillage. 

Observations at Bushland, TX indicated that soil physical conditions were better on no-tillage 

compared to tilled areas, especially near the end of the fallow following wheat in the rotation 

(Unger, 1984).  

The effect of the root environment manipulation in sorghum has been studied by Guixin et al 

(2004) reporting that total dry mass of forage sorghum was significantly higher as a consequence 

of the application of sewage sludge. Keskin et al (2009) studied the effect of different rate of 

nitrogen 50-100 kg N ha-1and three rate of sewage sludge 5,95, 11.90and23.80 Mg ha-1. On silage 

sorghum in clay loam soil and concluded that silage and dry matter yield , plant height and total 

nitrogen up take increase with increased application of chemical N fertilizer  and sewage sludge  
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as compared to control. And concluded that 11.90 t ha-1 sewage sludge rate was insufficient to 

achieve the highest sorghum silage yield, probably due to slow N mineralization. Therefore, to 

reach the highest silage and dry matter yield, 23.80 t ha-1 sludge rate should be applied to silage 

sorghum and this rate will supply nitrogen to sorghum as much as 100 kg N ha-1 chemical 

fertilizer rate. 

Myers (2003) reported that root development reached a maximum of approximately 1000 kg ha−1 

by the mid-elongation sampling (44 days after emergence). As root development and above 

ground development patterns differed, root: total dry matter ratios varied, declining from 0.8 at 

floral initiation to 0.1–0.2 at maturity. It was found that 53–65% of the root mass was in the 0–10 

cm layer, 76–79% in the 0–20 cm layer, and 86–87% in the 0–40 cm layer. For root length the 

corresponding figures were 42, 60–63 and 77–78%. The final root yields of nitrogen (12–22 kg N 

ha−1) and phosphorus (0.4–0.7 kg P ha−1) are significant proportions of total plant nutrient yield 

and thus roots should not be neglected in drawing up nutrient balance sheets. Root dry matter 

could not be estimated from measurements on above ground parts. Relationships were derived by 

which total root mass could be estimated from 0–10 cm root mass (r = 0.938, P < 0.001) or 0–20 

cm root mass (r = 0.990, P < 0.001). Total root length was also a good predictor of total root 

mass (r = 0.799, P < 0.001), and 0–10 cm root length proved equally satisfactory (r = 0.802, P < 

0.01). In experiments where root measurements are desirable but not logistically feasible, good 

estimates may be possible using total root length, or root mass in the surface soil. 

4.2. Quantification of root production 
 

The quantification of root production and mortality is difficult and controversial. Researchers use 

several methods to determine root production and mortality, each with strengths and limitations. 

Historically, sequential harvesting of roots was the most widely used method to determine 

root production. Although several sources of error hamper this method, numerous algorithms 

have been developed to increase the value of harvest data and new methods and technologies 

continue to be introduced that may alleviate some problems with harvest methods (Singh et al., 

1984; Burke & Raynal, 1994). By contrast, Nadelhoffer (2000) believes that methods based on 

sequential root harvests are deferential and give the wrong conclusion about the effect of N 

availability on root turnover. He estimates root turnover by constraining it with an N budget, a 
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promising method but one that is sensitive to estimates of N mineralization rates (Lauenroth, 

2000).  

Methods employed in root research are generally labor intensive and cause substantial 

destruction to study sites. The most commonly used method in root research is soil coring. This 

method can be applied on easily penetrable soils by using augers driven to the desired sampling 

depth. The soil cores are later washed and roots separated. In addition to being destructive this 

method can be expensive if done repeatedly. The ingrowth core technique can be used as a quick 

and less expensive method of estimating fine root production (Vogt and Persson, 1991). 

However, the homogenized soil habitat of the reconstructed ingrowth core will present a less 

competitive environment, which can be recolonized at a different rate than other parts of the soil 

(Majdi, 1996). 

Despite the greater importance of research on crop root system for crop physiological 

studies such as nutrient and water uptake efficiency, drought tolerance and lodging resistance, 

research on this topic is relatively less emphasized because it requires much time and labor (Drew 

and Saker, 1980; Manske et al., 2001; Zhuang et al., 2001). There is an inherent difficulty of 

studying plant root dynamics in general in the field (Schafer and Nielsen, 1981; Chopart and 

Siband, 1999), because roots are able to adjust heterogeneous biological, chemical and physical 

properties of soil through morphological and physiological plasticity (Bingham and Bengough, 

2003). Several methods have been used to study root biomass and root length density (cm root 

cm_3) in the field. The root length density is an important determinant of crop water and 

nutrients acquisition, but it is difficult to measure in fields (Chopart and Siband, 1999). 

 Ku¨ cke et al. (1995) compared the four commonly used direct field methods for 

estimating root biomass (i.e. core method, core-break method, trench profile wall method, and 

root extraction method). They concluded that core-break method and trench profile methods 

delivered no reliable data for comparing rooting intensities between soils and between different 

crops. Newer and more sophisticated techniques such as automated imaging analyses (Dowdy et 

al., 1998; Costa et al., 2000), portable minirhizotron, color scanner system (Pan et al., 1998), and 

image analysis (Kimura et al., 1999) are also used for the estimation of root growth, mass and 

length measurements. However, these have not been widely accepted due to the requirement of 

expensive equipment and/or special skills. 
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The commonly used methods such as destructive root sampling through excavation and 

washing involves much labor, time and cost. Furthermore, considerable amount of fine and dead 

roots is lost during separation-washing, and the recovery is always low, particularly in fine-

textured soils. Smucker et al. (1982) developed an apparatus using hydropneumatic elutriation 

system for washing roots from soil. This method is quick, has a high recovery rate with greater 

consistency in sample handling (Manske et al., 2001). Still, it does not separate the decomposed 

fractions of roots, and more importantly the root-derived C in soil is not accounted. Pearson and 

Jacobs (1985) as cited by Ku¨ cke et al. (1995) estimated a loss of 30% root length density by the 

washing out procedure. Similarly, van Noordwijk et al. (1994) estimated that only about 68–85% 

structural roots in wheat production remained intact in soil at harvest and suggested that estimates 

of total root production during a growing season are only possible if separate information on root 

growth and root decay are obtained.  

Crawford et al. (1996) reported that the true root growth (i.e. including living, dead and 

decomposed roots) was about 55–70% greater than maximum live root biomass in different crop 

species. 

Carbon isotopic methods using stable 13C tracers are suited to study soil C dynamics 

(Bernoux et al., 1998), and are potentially useful for the measurements of root turnover and C 

budget (Manske et al., 2001; Liang et al., 2002). In a land continuously grown with either C3 or 

C4 plants species, the isotopic composition of SOC closely resembles the isotopic composition of 

vegetation from which it was derived. Hence, this method allows the differentiation of C 

produced during growing season from previous crops and soil. Bromand et al. (2001) used a 

pulse labeling method in a close chamber and demonstrated a reasonable homogeneity of 13C 

among plant parts. Recently, several 13C enrichment studies have focused on the effect of 

elevated CO2 on aboveground and root biomass (van Ginkel and Gorissen, 1998; van Vuuren et 

al., 2000; Hobbie et al., 2002; Liang et al., 2002; Rnّn et al., 2003). Roots continuously grow and 

die over the crop-growing period. The commonly used field methods to quantify root biomass 

have poor recovery of dead root biomass (Crawford et al., 1996). They provide only approximate 

guide to the absolute length of roots per unit soil volume within certain soil depth (Drew and 

Saker, 1980). Moreover, they do not provide information on the turnover of root-derived C, and 

also cannot separate current season roots from soil organic debris. 
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Subedi et al . (2006). Quantified of root biomass through the conventional root excavation 

method and root-derived C,  in plastic containers (6 L) filled with sterilized sandy soil in a 

greenhouse.and concluded that A substantial amount of root-derived C (24%) was unaccounted 

while separating the roots from soil. Similarly, about 36% of the root biomass was 

underestimated if conventional root excavation and washing method is used. It has been shown 

that root biomass can be estimated more accurately from the root-derived C using 13C tracer 

method than the estimates made by the conventional excavation and washing method. They 

propose this as an alternative method for the estimation of root-derived C in soil, based on which 

root biomass can be estimated.  These results indicated that the direct measurement method 

accounted for most of the un-recovered root components in the soil. It is very likely that while 

washing, certain portions of root and soil was lost, which could not be prevented. Similarly, 

portions of dead, decayed and lost roots were not accounted in the washing method. 

Subedi et al . (2006). Reported that estimation of root biomass under field conditions is 

challenging because of the unlimited root distribution and all roots do not remain intact with plant 

at crop maturity. During crop growth, root system undergoes changes in size, mass and 

geographic distribution (Costa et al., 2000). Some roots decay or lost into soil before crop 

maturity. For wheat, the size of the complete root system may be abundant at soil depths of more 

than 100 cm with some reaching beyond 200 cm (Manske et al., 2001). About 70% of the total 

root length for wheat (Manske et al., 2001) and 90% of root biomass for corn (Zea mays, L.; 

Dwyer et al., 1996) were found within the top 0–30 cm soil. Van Noordwijk et al. (1994) 

determined a carbon rhizodeposition of as high as 200–500 kg ha_1 due to root mortalitymduring 

plant growth for wheat and barley (Hordeum vulgare L.). 

Upendra  et al (2005) studied  the effect of fertilizer and cover crop on sorghum [Sorghum 

bicolor (L.) Moench)]  and cotton (Gossypium hirsutum L.) root biomass and carbon and 

nitrogen inputs for improving soil quality   under  three tillage practices [no-till (NT), strip till 

(ST), and chisel till (CT)], four cover crops {legume [hairy vetch (Vicia villosa Roth)], 

nonlegume [rye (Secale cereale L.)], biculture of legume and nonlegume (vetch and rye), and no 

cover crops (winter weeds)}, and three N fertilization rates (0, 60–65, and 120–130 kg N ha–1) 

from 2000 to 2002 in central Georgia. They concluded that Root C and N at 0 to 15 cm were 

greater in NT than in ST and CT in 2000 cotton and 2001 sorghum, but at 30 to 60 cm they were 

greater in ST than in NT and CT in 2000 cotton. Root C and N at 0 to 15 cm were also greater 
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with vetch and rye biculture than with vetch and weeds in 2001 sorghum. Total root C and N at 0 

to 120 cm were greater in ST with vetch than in ST with rye or in CT with weeds in 2000 cotton. 

In contrast, total root N was greater in NT with rye than in ST with rye or CT with vetch in 2001 

sorghum and 2002 cotton. Total root N was also greater in CT with 60 kg N ha–1 than in NT or 

CT with 120 kg N ha–1 in 2000 cotton, but was greater in ST with 60 kg N ha–1 than in NT with 

0 kg N ha–1 or CT with 120 kg N ha–1 in 2002 cotton. The NT or ST with vetch and rye cover 

crops and 60 kg N ha–1 may increase cotton and sorghum root C and N compared with CT with 

no cover crops and N fertilization, thereby helping to improve soil quality and productivity.  

Haynes and Beare (1997) found a linear relationship between root-length, root mass and 

rhizodeposition, and microbial C for non-leguminous crops. 

Abdoul  et al (1997) investigated  the influence of tillage and residue management practices on 

grain sorghum [ Sorglzurrt bicolor (L.) Moench] rooting depth and changes in soil water content 

and cone index (CI). They found root  length densities exceeding 10 cm cm-3 and greater rooting 

densities at 30, 60 and 90 days after emergence of sorghum were associated with higher soil 

profile water contents. 

 

4.3. Root-derived soil carbon 

 

The amount of C and N supplied by roots can be significant for maintaining or improving 

soil organic matter. As much as 7 to 43% of the total aboveground and belowground plant 

biomass can be contributed by roots (Kuo et al., 1997a, 1997b). Roots can supply from 400 to 

1460 kg C ha–1 during a growing season (Qian and Doran, 1996; Kuo et al., 1997a).  

 Liang et al. (2002) found that roots contributed as much as 12% of soil organic C, 31% of 

water soluble C, and 52% of microbial biomass C within a growing season. Roots may play a 

dominant role in soil C and N cycles (Wedin and Tilman, 1990; Gale et al., 2000a; Puget and 

Drinkwater, 2001) and may have relatively greater influence on soil organic C and N levels than 

the aboveground plant biomass (Milchumas et al., 1985; Boone, 1994; Norby and Cotrufo, 1998). 

 Balesdent and Balabane (1996) observed that corn (Zea mays L.) roots contributed 

1.6 times more C to soil organic C than did stover. Root-derived C is retained and forms more 

stable aggregates than shoot-derived C (Gale et al., 2000a, 2000b).  
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 Growing plants tend to maintain soil organic C level by continuously supplying C from 

roots compared with bare soil, which tends to decrease it (Haider et al., 1993; Sanchez et al., 

2002). While C accumulation in roots may have resulted from C sequestration in aboveground 

biomass and its partitioning in belowground biomass, N accumulation may have resulted either 

from N uptake from the soil and/or fixed from the atmosphere, depending on crop species.  

 Rhizodeposition, such as root exudates, mucilages, and sloughed cells, may be a 

significant source of soil organic C (Buyanovsky et al., 1986; Balesdent and Balabane, 1996). 

Helal and Sauerbeck (1987) estimated that the amount of C released from roots as rhizodeposit 

could be more than 580 kg C ha–1, which increases microbial activity and influence N 

mineralization in the soil (Bakken, 1990; Texier and Biles, 1990). 

 Carbon contribution from corn root biomass and rhizodeposition to soil organic C can be 

as much as 1.7 to 3.5 times greater than from stover (Allmaras et al., 2004; Wilts et al., 2004). 

Therefore, C input both from root biomass and rhizodeposit should be taken into account when C 

contribution from roots is considered for maintaining or increasing soil organic matter. 

 Annual input of organic materials to the soil from crops is an important component in the 

study of organic matter dynamics (Keith et al., 1986; Balesdent and Balabane, 1992). In a natural 

ecosystem, soil organic carbon (SOC) isderived almost exclusively from the residues from 

previous native vegetation or crops, and contribution from plants growing in-situ (Bernoux et al., 

1998). The root derived sources of SOC are the materials released from roots during growth (e.g. 

mucilage, sloughed off root tips, root exudates), gradual loss of cells by the fully functional roots, 

and finally by decomposition when roots die (Keith et al., 1986; van Noordwijk et al., 1994). 

There is a need to quantify organic carbon (C) input to cultivated soil derived from crop roots for 

the study of C sequestration, C budget and C dynamics (Keith et al., 1986; Hobbie et al., 2002). 

Moreover, the estimation of turnover rates of SOC is increasingly important in the context of 

elevated CO2 level. An increase in plant productivity and root growth will lead to a larger input 

of organic C to soil due to increased rhizodeposition and root litter (Rnّn et al., 2003).   

 The amounts of root derived C or root biomass, therefore, vary with environmental 

conditions, crop genotypes, soil physical, chemical and biological properties (Balesdent and 

Balabane, 1992;Forde and Lorenzo, 2001; Manske et al., 2001; Bingham and Bengough, 2003). 

More importantly, root mucilage, root exudates and detached root tips contribute considerably to 

total SOC input into the soil (Crawford et al.,1996), which is difficult to measure by the 
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conventional methods. Root development is also remarkably sensitive to variations in the supply 

and distribution of inorganic nutrients and water (Steingrobe et al., 2001).  

 Jesùs et al  (2003) studied carbon allocation in  a sweet sorghum-soilsyestem using 14C as 

tracer in order to assess the contribution of the crop to carbon storage in the soil, sampling were 

performed 24 hour after the labeling and at harvest they concluded that 4-16%of 14C present in 

the sorghum-soil was located in the soil fine fraction (<2mm) over 24 hour  at the harvest , the 

proportion of 14C present in the soil accounted for 7-9%of the 14C presented in sorghum-soil 

system. The plant derived soil carbon was estimated  at 0.10-0.12 g C plant-1 day-1 . the total 

amount carbon captured by sweet sorghum was estimated  at 1.44 kg C m2 over the whole growth 

cycle : 0.82 kg C m2   in the above ground biomass , 0.52 kg C m2  in the below ground biomass 

and 0.10 kg C m2 in the soil carbon pool    

 Thid chapter reports the results of a field-scale evaluation of the effect of different soil 

management techniques on the CO2 sequestration ability of sorghum. The objective of the work 

was the quantification of carbon sequestration in different plant parts and the determination of the  

C12/C13 isotope ratio in the soil after introducing sorghum in a soil where C4 crops had not been 

grown previously. 
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4.4. Materials and methods 

4.4.1. Experimental site description and layout 

 
The field experiment was conducted during the growing seasons  2007 and 2008 at the 

Agronomic Institute, for industrial crop (ISCI)  Battipaglia– Italy cooperation with International 

PhD “Crop Systems, Forestry, and Environmental Sciences” university of Basilicata - Southern 

Italy.  The experiment site, which located at 40.5836303° N latitude and 14.9813819° E  

longitude and altitude of 65 m a.m.s.l ( above mean sea level), is characterized  by Mediterranean 

climate with annual precipitation 984.3 mm, Seasons was characterized by absence of rains from 

the second decade of July until the first of September which can be critical months for biomass 

accumulation of  sorghum crop, and high daily temperatures until September, The most notable 

observation among the monthly trends of the 2007 that  were the low relative precipitation (883.9 

mm vs. the 20 year average of 984.3 mm) Fig. 7 (a,b,c) especially that of July till September . 

2008 season were high relative precipitation (1028.3 mm vs. the 20 year average of 984.3 mm) 

and has the same trend which observed during 2007 season with absence of rains from July till 

September as presented in Fig 7.( a,b,c) 

The yearly average maximum and minimum temperatures was 12.2 °C and 21.5°C respectively, 

while the yearly mean temperature 16.75°C also has cold climate in winter with a minimum 

temperature 5.8°C in January and a hot summer with a maximum temperature of 26.5 in August .   
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Fig. 7.( a,b,c) Weather conditions for cereal sorghum growing seasons for 2007 and 
2008 compared to the 20 years average in experiment  site . 

4.4.2. Experimental design  
 
The set-up consists of a randomized block design with four replications, and four treatments 

described in Table 2. with a total of 16 plots of 5 m x 8 m arranged as in Fig. 8. plot (A) 130 kg N 

/ ha nitrogen was applied as compost with (15N). Plot (C) bare soil treatment was added adjacent 

to the experimental set up and treated as TRA but kept without plants by hand weeding. 

Treatments Fertilization Dose N ha-1 Irrigation sorghum 

TRA Urea 130 N ha-1 Yes Yes 
CPT1 Compost 130 N ha-1 Yes Yes 
CPT2 Compost 260 N ha-1 Yes Yes 
ON NO 0  N ha-1 Yes Yes 

Table 2. Treatment description for the area 

c 

b 
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                                          Fig. 8. Experimental layout 
4.4.3.  Soil characteristics 

Soil physical and chemical carachtristic at the study site are given in Tables 3 (a, b,c) and 

3 respectively  The soil was classified as a Pachic Phaeozems (PHph) (WRB-FAO), and it is a 

Silty Clay Loam from 0 to 0.30 m depth and a Silty Clay  from 0.30 to 1.20 m depth, There are 

low contents of organic C ( 10.95 g kg-1) which decreases with the depth to very low content. 

Gravel Sand Silt Clay O.M. 

% % ‰ Soil Layer 

Mean σ Mean σ Mean σ Mean σ Mean σ 
0-15 cm 0.84 0.26 11.77 0.57 57.27 3.05 30.96 2.94 10.95 2.39 
15-30 cm 1.23 0.64 12.96 0.86 54.34 1.70 32.71 2.53 11.82 2.01 
30-60 cm 2.21 1.93 12.78 2.93 46.38 8.44 40.84 10.49 6.83 1.26 
60-90 cm 5.07 2.31 12.14 3.31 44.27 3.40 43.59 5.15 6.11 1.07 
90-120 cm 0.17 0.18 17.93 13.45 41.33 6.93 40.74 15.99 3.55 1.43 
120-150 cm 0.00 0.00 34.74 8.77 50.50 7.02 14.76 8.09 3.32 0.39 
150-180 cm 0.97 0.53 7.83 2.04 45.70 9.00 46.47 9.37 2.97 0.87 
180-210 cm 0.08 0.12 10.67 2.30 50.73 7.01 38.60 6.23 5.68 1.25 

Table (3,a): Physical characteristics of the soil 
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Wilting 
Point 

Field 
Capacity Saturation Available 

Water 

Saturation 
Hydraulic 

Conductivity 

Matric 
Bulk 

Density Texture class 

%V %V %V cm cm-1 mm hr-1 g/cm3 

Silty Clay Loam 19.0 36.1 47.0 0.17 3.57 1.41 
Silty Clay Loam 20.1 36.6 47.3 0.16 3.31 1.40 
Silty Clay 24.5 39.4 48.6 0.15 2.02 1.36 
Silty Clay 26.1 40.6 49.5 0.14 1.84 1.34 
Silty Clay 24.5 38.9 47.8 0.14 1.83 1.38 
Silty Loam 9.8 24.8 40.9 0.15 12.46 1.57 
Silty Clay 27.2 41.6 50.8 0.14 1.96 1.31 
Silty Clay Loam 22.2 38.1 47.8 0.16 2.39 1.38 

 
Table (3,b): Physical characteristics of the soil 
 
 

pH 1:5 Conductivity 

 dS m-1 Soil Layer 

Mean σ Mean σ 

0-15 cm 8.20 0.12 0.09 0.03 

15-30 cm 8.06 0.13 0.07 0.01 
30-60 cm 7.87 0.06 0.07 0.01 
60-90 cm 7.92 0.09 0.07 0.01 
90-120 cm 7.64 0.16 0.10 0.01 
120-150 cm 7.69 0.13 0.10 0.01 
150-180 cm 7.54 0.06 0.09 0.01 
180-210 cm 7.69 0.31 0.09 0.02 

Table (3,c): Chemical characteristics of the soil 
 
4.4.4.Geoelectrical investigations 
 

Electrical Resistivity Tomography (ERT) survey was carried out using georesistivity 

metro SyscalPro II (IRIS Instruments). The data were recorded using Schlumberger–Wenner 

sequence with 48 electrodes deployed along the profile line at an inter-electrode spacing of 0.25, 

0.50 and 1 m. Resistivity distribution of subsurface soil in experiment site  is graphically 

illustrated by Fig. 9 the resistivity distribution shows no significant variation of resistivity of soil 
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at the first 200-250 cm depths from soil surface  along the profile line which means good 

uniformity at the effective rooting depth for sorghum crop    

 

 
 

Fig. 9.  Resistivity distribution 
 

4.4.5. Crop details 

 

The studied crop was sorghum (Sorghum bicolor Moench x S. sudanense (Piper) 

Stapf.(BMR333), planted by hand in rows during the first season 2007 on 31 May with density of 

20 plant/m2  and on 14 June 2008 , The plots were weeded with hand twice a year. Before sowing 

(23 May 2007, 30 May 2008), Plots were ploughed to 15-cm depth to incorporate compost, and 

all doses of nitrogen fertilizers with different rate for all treatments were applied. Sorghum was 

harvested on 4 September 2007 and on 9 September 2008.  

4.4.6.    Irrigation water and irrigation system 

 

Drip irrigation system was used to uniformly distribute water throughout the bin, the 

irrigation network consisted of a main delivery pipe (32mm diameter polyethylene) and the 

secondary pipes (25mm diameter). The drip laterals for the drip irrigation system were 16mm 

diameter polyethylene pipes with in-line emitters 30 cm apart with discharge 4l/h, Emission 

uniformity (EU) of the system was determined in the field by using EU test and calculated using 

the equation  [7] 

 
 
Where 

    Q  25% =mean of the lowest quarter of discharge of selected emitter l/h as indicated in Fig. 10. 
  meanQ =mean of the total discharge rate l/h 

mean

25%

Q
    Q  

% =EU



CHAPTER 4. The contribution of sorghum to belowground carbon. Under different soil management systems  

 - 53 -

.Water was applied every 3 days by replacing 100% of water depletion as calculated form TDR-
determined soil water variation. 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 

 

 

 
Fig. 10. Scheme of the emitters tested in the subunit 

 
4.4.6.1 Hydraulic evaluation of emitters 
 
Emission uniformity 
 

Emission uniformity is a parameter that should be fully considered with respect to the 

water distribution through the whole irrigation line. Bad distribution will result in negative 

impacts on water distribution along the emitters line and this will negatively influence the crop 

production. EU is the ratio that expressed as a percentage of the emitter discharge in the 25 % of 

emitters with the lowest flow rate to the average emitter discharge of the whole investigated 

emitters. 

The collectors output distribution for one-hour test to estimate the EU for the system at a constant 

pressure (1 Bar) to insured a good performance theoretically are presented in Table 4, the data 

indicate that the Emission uniformity of the drip irrigation system was very high 96,92% which 

indicate that the water distribution within the soil profile was homogeneous. 

 

 Emitter

 Lateral

    Secondary 

Tested 

 Main 
delivery 

Valve
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Collector 
No. Discharge Q(l/h) 

1 3.84 4.08 3.96 4.08 
2 4.32 4.08 4.08 3.96 
3 4.08 4.20 4.08 4.08 
4 3.96 4.08 4.08 4.20 
5 4.08 4.08 3.96 3.96 
6 4.20 4.20 4.08 4.08 
7 4.08 4.08 4.08 4.15 
8 3.96 3.84 4.20 4.08 
9 4.08 4.08 4.08 4.08 

Average 4.07 
EU% 96.92% 

 
Table 4. Data for calculating emission uniformity for the drip irrigation system 

 
 Manufacture coefficient of variation (C.v) 
   
Manufacture coefficient, (C.v) is used as a measure of variation in flow rate for a sample of new 

emitters. This variation is a result of the emitter design, the material used and the precision with 

which it is manufactured; it is calculated by 

 

 

Where: 

Χ  = Mean discharge of emitters, (l/h). 

 

S = Standard deviation of emitters discharge, which calculated using equation:  

1

)(
1

2

−

−
=

∑
=

n

xxi
S

n

i  

Where: 

Xi = Emitter discharge,(l/h) 

n =  Number of emitters. 

Under the experiment condition, the manufacture coefficient of variation (C.v) was 0.019, which 

was classified as “Excellent “according to ASAE standard (2002). 

 

Χ
=

    S   
CV [8] 

[9] 
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4.4.7. Measurements 
  4.4.7.1. Determination related to the soil 

• Soil texture 
The international method of soil mechanical analysis was applied to soil texture.  In this method, 

the soil particle size distribution was determined by using Sodium hexa meta phosphate as a 

dispersing agent. This analysis was performed in the laboratory of the  

• Soil bulk density 

Soil bulk density was determined using the cylinder method according to (Blake and Hartge, 
1965). 
 

4.4.7.2.CO2 fluxes in soil  

 
Four respiration chambers were placed in the TRA treatment (Fig. 12) and four in a bare plot 

trated as TRA regarding tillage (Fig. 11), fertilization and irrigation. The system was set to make 

measurements every three hours for several daily cycles during the period tillering – harvest. 

The chamber consists of  

1-  an still cylinder (φ 30 cm,  h 10 cm, 7.065 cm3) open on both ends (Fig 11). 
2-  a hinged neoprene lid for the cylinder,  

3-  a small electric motor with a push-rod for opening and closing the lid, and a switch which is 

remotely activated to turn on the motor. The bottom of the cylinder is sharp so that it can be 

pushed into the soil to form a reasonably good seal between the inside of the chamber and the 

atmosphere. 

4- Two adjustable legs permit positioning the chamber on uneven soil surfaces. When closed the 

elastic lid stretches tightly over the top of the cylinder forming an airtight seal (rubber on the top 

of the cylinder).  

5- An electric pump pulls air through a 0.4-cm inner diameter plastic tube (sample line) from the 

chamber to an IRGA (SBA4).  

6- The tubing is connected inside the chamber about 5 cm above the soil surface. Air enters the 

chamber and defuses in the cylinder by a close tube with hole every 3 cm. To accurately measure 

soil CO2   flux   FCO2, and the air intake is located on the lid (out).  
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8- Pressure equilibrium between a soil CO2 flux chamber and the ambient air must be maintained 

under both calm and windy conditions. Previously, a simple vent tube connected to the chamber 

had been used to maintain the pressure equilibrium (Hutchinson and Mosier, 1981; Hutchinson 

and Livingston, 2001) . 

 
Fig. 11. A drawing of the soil respiration chamber shown in theopen position. 
 

 Fig 12.Respiration chamber in treatment TRA 

 
4.4.7.3. Mesurments of volumetric soil water content 
 
Soil water content monitoring and measurement was  done  using  Time  Domain  Reflectometr 

(TDR)  instrumentation  (1502C  model  manufactured  by Tektronix),  . TDR is a non-

radioactive  method,  fast  and  independent  of  soil  type (except extreme cases of soils), the 

working principle of which is based on the direct measurement of the dielectric constant of soil 
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and its conversion to water volume content (Topp and Davis, 1985)  , two pairs of TDR probes 

were installed permanently at soil depth 0- to 15-, 15- to 30-, 30- to 60-, 60- to 90-, 90- to 120-, 

120- to 150-, 150- to 180- and 180- to 210-cm (one pair each side of the row) 

4.4.7.4.    Plant measurements 
 

Plant measurements started from the initial stage and proceeded to cover four plant growing 

stages. For this purpose, 10 plants from each replicate and for each treatment were randomly 

selected and the following growing parameters were measured:  

• Plant height,  

• Shoot dry weight was determined after oven-drying at 70°C to constant weight, at 

harvesting stage sorghum biomass was estimated by sampling an area of 4 m2 in the 

center of plots to avoid the effect of border    

• The biomass of fine sorghum roots (< 1 mm in diameter) and Rot length density per unit 

soil volume (RLD) cm cm-3  were quantified by using soil coring method (soil washing 

method) , soil samples were obtain  from   0-15; 15-30; 30-50 cm soil depth at initial , 

development, late season and harvesting (till 210 cm) stages on 2007 and 2008 growing 

season, , the soil samples were taken in duplicate from rows and between rows for every 

plot and all treatments, To separate roots from the soil the core samples were immersed in 

solutions of sodium hexamethaphosphate (80%) for 1 day to assist dispersion of clay. 

Following dispersion, Roots were washed out of the soil in a stream of water over a 0.5 

mm mesh sieve (Amato and Pardo,1994),  

• Chlorophyll meter readings (CMR) were taken with the Minolta SPAD-502 meter after 

(37, 41, 44, 51,54,68,89 days from planting during 2007, 

25,30,37,40,44,47,51,61,65,47,79  days from planting during 2008 Readings were taken 

on the uppermost fully expanded leaf with a visible collar as suggested by Binder et al. 

(2000) and Blackmer (1992 )  
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4.4.7.5. Carbon content and stable-isotope analysis 

 

4.4.7.5.1. Soil sampling and sample treatment 

Before starting the experiment 36 soil samples (0- to 15-, 15- to 30 and 30- to 60 deth) were 

collected  from 4 transects spaced 10 m apart with 3 sampling points along each transect (7m 

between 2 sampling points),  fore study  the spatial variation in soil C isotope composition (δ13C).  

Soil samples were  also obtained from 0- to 15-, 15- to 30-, 30- to 60-, 60- to 90-, 90- to 120-, 

120- to 150-, 150- to 180-, 180- to 210-cm depth (Fig. 13) before planting and after harvesting in 

2007 ,2008 and 2009 growing season. All soil samples were air-dried, ground to pass a 2-mm 

sieve, and the samples were finely ground using an agatha mortar to a fine powder, duplicate 

subsamples (1.5) mg of soil were analyzed for δ13C by using a Finnigan Delta-Plus isotope ratio 

mass spectrometer linked to a Carlo Erba NC2500 elemental analyzer (Fig 4, 5, 6). 

Decarbonatation procedure  was also used as discribed in  Chapter 3 section  material and 

method. 

 
Fig.13. Soil sampling  
 

4.4.7.5.2. Plant samples 

Plant samples (leaves, stems, and root) were dried in oven at 70°C, ground to a fine powder with 

a centrifugal mill and then weighed into tin capsules. Then Samples [(3.2 mg leaves) (6mg stems) 

(8mg root)] were burnt in the elemental analyzer (Carlo Erba Instruments NCS 2500 (CE NC 

2500)) connected with The EGAR 2000 software that was designed to advance the auto sampler 

carouse and operate the system. Samples were analyzed for δ13C by using a Finnigan Delta-Plus 

isotope ratio mass spectrometer with CO2 as  a reference gas as described in chapter 3. 
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 4.4.7.5.3. Data calculations 

 

The isotope analyses were expressed as 100% values  

 
δ13C = (Rsample/Rstandard − 1) * 1000 
 
Where R =13C/12C of either the sample or the reference standard, PeeDee belemnite. The 13C 

values were calculated relative to Pee Dee Beleminite (PBD) as an original standard, and working 

standers were urea and soil with δ13C of 2.24%and -27.37 The standard deviation of duplicate 

samples was ±0.3 for δ13C. 

 
The fraction of soil C derived from the new sorghum residue input (fnew) was calculated 

with the isotopic mixing model (Leavitt et al., 1994) as  

 
where, δ 13Csample and δ 13Cold are the isotopic signatures of  SOC after and before the sorghum 

experiment, respectively. δ 13Cnew represents the δ 13C value of newly input C, C4-sorghum 

residues. In this calculation, we assumed that no isotopic discrimination occurred during 

microbial decomposition of SOC and sorghum residues. 
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4. 4.7.6.   Results and Discussion 

4. 4.7.6.1. SOIL WATER CONTENT 

The changes in soil water content between  treatments TRA (130 kg N as urea planted 

with sorghum) , bare soil and CPT2 (260 kg N as compost) are illustrated in figures 14/15   

Significant differences in soil water content between treatments and especially between 

bare and planted soil were observed: high values of soil water content were always found in the 

bare soil and this could be explained by the fact that sorghum in both treatments TRA and CPT2 

was using the soil water stored between 0 and-210 cm  soil depth. A higher overall water content 

in planted soils compared to bare ground is explained by Amato (2004) in terms of the prevailing 

effects of root water uptake over other processes affecting soil water balance in soils. 

 

Fig 14.Average volumetric soil water content in the 0-210 cm soil profile in 
2007. The vertical bar represents the Least Significant Difference value. 
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Fig 15. Average volumetric soil water content in the 0-210 cm soil profile in 
2008. The vertical bar represents the Least Significant Difference value. 

 
However, plot with fertilizer N (TRA) show a significant decrease in water content compared to 

the plot with organic amendment (CPT2) in the second half of the 2008 growing season. The 

comparison between the two treatments should take into account both the fact that organic 

amendments affect soil porosity and therefore soil water holding and drainage (Roose 1981; 

Mando 1997: Amato 2004), and the finding previously discussed that the TRA treatment 

produced higher biomass with more leaves although differences were not always significant as 

will be discussed below and this is likely to have corresponded to a higher transpiration, 

especially in the second part of the cycle. This effect was more visible in the second growing 

season due to the lower average water content of the soil in that year. 

Average soil water content values over the two years of trial at different soil depths are 

graphically illustrated by Fig  16.Generally the soil water content increases with increasing soil 
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depth, and this holds true in all treatments but still we found high values in bare soil at the first 

50-70 cm when compared with plots planted with sorghum, This can be explained by the fact that 

the only process of soil water content decrease in bare soil was evaporation whereas the sorghum 

plots were affected by root water extraction mainly in the first 1 meter as mentioned by FAO 

(2001) reporting that sorghum water uptake depends on depth and frequency of irrigation, and 60 

percent (in less frequent irrigation ) to 90 percent (in frequent irrigation) of the water uptake 

occurs from the first metre of soil depth. Normally, when sorghum is fully grown, 100 percent of 

the water is extracted from the first 1 to 2m (D = 1-2m). Under conditions when ETm is 5 to 6 

mm/day, about 55 percent of the total available soil water can be depleted without reducing water 

uptake (p = 0.55). During ripening, 80 percent can be depleted. This fact and our finding that 

water was mainly extracted from the first 1 meter due to the effective root depth are consistent 

with reports by Zaongo et al. (1997)  

 

Fig 16.Average volumetric soil water content  during the growth season. The 
vertical bar represents the Least Significant Difference value. 
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4. 4.7.6.2. Crop biometry 
 

Changes in plant height with time as affected by nitrogen fertilizer rate and type during th 

2007 and 2008 seasons were illustrated by Fig 17 and 18. 
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Fig. 17. Effect of nitrogen rate and type on height of sorghum during the 
different growth stages of the 2007 growing season 
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Fig. 18. Effect of nitrogen rate and type on height of sorghum during the 
different growth stages of the 2008 growing season 

 
Generally, plant height increased with time in both 2007 and 2008 growing seasons. This 

holds true with either TRA (130 kg N/ha as urea ) or CPT1(130 kg N/ha as compost) or CPT2 

(260 kg N/ha as compost)  or 0N (control). There was no variation in plant height with fertilizer 

nitrogen rates or type at initial and development stage. However, the lowest value in plant height 

at all times was recorded in the 0N in both 2007 and 2008 respectively.  
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Th number of leaves of sorghum plant under different doses and type of nitrogen fertilizer 

during 2007 and 2008 growing seasons was illustrated by Fig 19 and 20. 
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Fig. 19: number of leaves of sorghum plant as affected by nitrogen rate and 
type during the different growth stages 2007 growing season 
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Fig. 20: number of leaves of sorghum plant as affected by nitrogen rate and 
type during the different growth stages 2008 growing season 

 
Generally, there was a highly significant difference in number of leaves between fertilized 

(TRA) and unfertilized (0N) treatments except at harvest stage 2007 when CPT1 was lowest. 

 
Values of leaves fresh weight as affected by nitrogen dose and type for 2007 are illustrated in Fig 

21. All values increased to the highest values at late season then decreased at harvest stage due to  

death  of old leaves. The highest values were usually found in the TRA treatment and the lowest 

in 0N, although not always statistically significant.  

Generally the same trends were observed with leaf dry weight (fig22 and 23). stem dry weight 

(Fig 24 and 25) was also affected by nitrogen dose and type, the hieghst values were recorded 
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with TRA there was significant different between TRA and all other treatments, this holds true 

with both two years 
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 Fig 21. Leaves fresh weight  2007. 
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 Fig 22. Leaves dry weght 2007.                               Fig 23. Leaves dry weght 2008. 
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Fig  24. Stem dry weight 2007.                               Fig 25.Stem dry weight 2008. 
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The total boveground biomass are illustrated in Fig 26. Shoot biomass was higher with all 

treatments receiving N fertilizer when compared with 0N yielding 12 t/ha in 2007 with a 

reduction of about 60% when compared with TRA (20 t/ha) . There were significant differences 

between all treatments during 2007 growing season  with the following arrangement: 

TRA>CPT2> CPT1 >0N     In  2007 

 

The same trend was noticed in the 2008 growing season (Fig 27), but there was a significant 

difference between TRA and both CPT1 and 0N, but no significant differrence between TRA and 

CPT2, and the lowest values were recorded with 0N. Our yield data are consistent with studies 

conducted in Spain showing that the above-ground biomass production of sweet sorghum cultivar 

Keller can attain 27 t dry matter ha-1 under non-limiting growth conditions (Curt et al., 1998). 
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Fig 26. Dry biomass in 2007. Treatments labelled with the same letter are not 
different for P<0.05 
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Fig 27. Dry biomass in 2008. Treatments labelled with the same letter are not 
different for P<0.05 

 

Root biomass 

Root biomass density at different soil depths at the end of the growing seasons 2007 and 2008 

(between 90 and 100 days after planting) is illustrated by fig 28 and 29 In all years and treatments 

roots were found down to the explored depth of 210 cm. The maximum rooting depth of sorghum 

has been long known to be in the order of 160-200 cm below the soil surface (Mayaki et al. 1976, 

Kaigama et al. 1977, Robertson et al. 1993, Stone et al. 2001), and even though the amount of 

roots may be affected by irrigation regime, the maximum depth has been shown to be largely 

independent of water availability , if soil strength does not limit their penetration (Mayaki et al., 

1976). This is an important trait since  deep-rooted crops have been indicated as a tool to increase 

the persistence of soil C assuming that it can be hardly mineralized and respired at deeper soil 

horizons (Kemper and Derpsch, 1981; Ma et al., 2000a). 

 

 

 



CHAPTER 4. The contribution of sorghum to belowground carbon. Under different soil management systems  

 - 68 -

 

 

Fig 28. Root distribution at the end of the growing season  as affected by 
soil management. The blue segment represents the Least Significant 
Difference Value. 

 

 

Fig 29. Root distribution at the end of the growing season 2008 as affected by 
soil management. The blue segment represenst the Least Significant Difference 
Value. 
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The root density (total fine root Biomass) tended to decrease with increasing soil depth, 

especially below 30 cm. Values were not always significantly different within the ploughed 

layers, (between the top layer and the second one), and in fact even an increase in root biomass in 

the 15-30 cm layer was recorded for 0N in 2008. In the 0-15 cm soil layer the highest value was 

recorded with CPT2 under both 2007 and 2008 growing seasons but especially in the second 

year. On average lower values were recorded with TRA and this holds true throughout the soil 

profile and in both years. This can be discussed in terms of compensatory growth in the other 

treatments where mineral N was less available. The increase in dry matter invested in roots for 

plants grown with less than optimal nitrogen supply has been reported for many plants (Hirose, 

1986; Rufty et al., 1990; Fetene et al., 1993) and for sorghum ( Cechin, 1997) in terms of a higher 

root mass or a higher root/shoot ratio depending on experimengtal conditions. Nevertheless in 

other reports nitrogen fertilization does not affect root growth or complex interactions are shown 

between nitrogen application and other soil management practices (tillage, irrigation..) (e.g. Sanju 

et al. 2005).  

At any rate a lower root biomass in the TRA treatment should not be interpreted as a lower 

contribution of the TRA treatment to total root deposition, since Nadelhoffer (2000) reported that 

if N deposition increases N mineralization, nitrification, or N availability to plants, then fine-root 

biomass will decrease but fine-root production and turnover will increase. 

Generally, root length density is reported to decrease exponentially with depth and this is 

true for sorghum as well (from reports of Bloodworth et al. 1958, to Monti and Zatta, 2009) but 

larger roots are found in the surface layers and therefore the biomass distribution tends to be 

different. Also tillage affects root distribution so that intensive rooting has been reported to 

correspond to tilled layers. In this regard, Myers (2003) reported 86–87% of sorghum root mass 

in the 0–40 cm layer but roots were found down to 210 cm. 



CHAPTER 4. The contribution of sorghum to belowground carbon. Under different soil management systems  

 - 70 -

 

4.7.3.Chlorophyll meter readings (CMR) 
 

Since most leaf N is contained in chlorophyll molecules, there is a close relationship 

between leaf N and leaf chlorophyll content. This strong positive relationship is the basis for 

predicting crop N status by measuring leaf relative chlorophyll content. 

The Chlorophyll meter readings (CMR) obtained by the Minolta SPAD-502 meter after (37, 41, 

44, 51,54,68,89 days from planting during 2007, 25,30,37,40,44,47,51,61,65,47,79 days from 

planting during 2008 season are illustrated by fig 30 and 31. 

 

The data indicated that the highest reading was recorded with TRA where the nitrogen 

was applied as traditional fertilizer  as  compared with other treatments (compost and control), 

this holds true during  all  periods of  two growth  seasons. The lowest value was recorded with 

unfertilized plot as compared with all treatment receiving nitrogen but it is of worth to mention 

that reduction was observed with all treatments between 40-50 and 37-47 DAP in 2007 and 2008 

respectively.  
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Fig 30. chlorophyll reading  during the growing season 2007  as affected 
by nitrogen rate and type 
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Fig 31. chlorophyll reading  during the growing season 2008 as affected by 
nitrogen rate and type 
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4. 4.7.6.3. Isotopic measurements on plant tissues and soils 

4. 4.7.6.3.1. Distribution of the carbon isotopic signature in the sorghum plants 

Fig 32. Reports the isotopic signature of different plant parts. Generally the data indicated that 

roots  were  more 13C-enriched than grain and leaves, and the roots in the first 15 cm appear 

more 13C-enriched than at other soil depths.  Data are consistent with many studies  on isotope  

ratios  in plant biomass that have demonstrated that roots  are  generally more 13C- enriched 

than above  ground biomass  (particularly leaves) from the same plant (Wedin et al., 1995 ; 

Schweizer et al., 1999; Brugnoli and Farquhar, 2000). Our  δ13C value for the  stem was not 

statistically different from that obtained with roots. 

Okada and Yoneyama  (2000). in a study on 51 species in Thailand indicate that the δ13C values 

of plant leaves ranged from -11.8‰ to −31.4‰ ( with δ13C of C4 plants (18 species, 54 samples) 

ranging from −11.8 to -15.7‰ (average −13.6‰), whereas those of C3 plants (33 species, 77 

samples) ranged from −26.1 to −31.4‰ (average −28.9‰). The δ13C values of roots in developed 

soil are approximately 1‰ higher than those of leaves in C3 plants, unlike in C4 plants (Hobbie 

and Werner 2004). 

 
Fig  32. Distribution of the carbon isotopic signature in the siorghum plants 
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4. 4.7.6.3.2.  Spatial variability in soil δ13C 
 
13C/12C of soil total carbon 

The average value of total carbon δ13C in the field site before the experiment was -23.003 with 

low variability within the soil profile as shown in Table 4.The spatial variability map of δ13C of 

the total carbon at the beginning of the experiment is shown in fig.33a We observed low δ13C 

variability in the 0- 60 cm layer  with values ranging from -24.48 to 20.14 Although the number 

of data was not sufficient for geostatistical analysis. the maps show an increase was found only 

locally in the top – mid part of the field and in the 30-60 cm layer only. 
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30-60 cm 
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Fig 33a. Spatial variability of δ13C of  soil total  carbon in the 
experimental field at Battipaglia (ISCI Cra-Ort). Field dimensions are in 
meters. 

 
13C/12C of soil organic carbon 
 
 The spatial variability map of δ13C of  soil organic carbon  at the beginning of the experiment is 

shown in fig 33b As commented for total carbon, we observed low δ13C variability in the layer 

and within the soil profile (Table 5). The spatial variability was even lower for organic carbon, 

and the only clear trend that was detectable was a slight decrese in δ13C in the top right corner of 
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the field.The isotopic signature uniformity represents an important advantage for the experiment 

conducted in this field, since it allows to detect even small variations in time in the isotope 

signature of soil organic matter. Average values of organic C δ 13C found at the beginning of this 

experiment are typical of soils where a prevalence of C3 plants has grown in the past (Boutton et 

al., 1998, Cheng et al 2007)  

δ 13C  Organic Carbon δ 13C  Total Carbon Soil Layer 
Mean σ Mean σ 

0-15 -26.89 1.63 -23.01 0.66 
15-30 -26.95 1.49 -23.18 0.60 
30-60 -26.65 1.59 -22.83 0.97 

Table 5. Average  ± σ of δ 13C values in soil samples at the begining of the 
experiment (n=12x3) 
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Fig 33b. Spatial variability of δ13C of  soil organic carbon carbon in the 
experimental field atBattipaglia (ISCI Cra-Ort). Field dimensions are in 
meters.  
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4. 4.7.6.3.3.Variation in  δ13C values of soil organic carbon  

Differences between treatments in the varation of the isotopic signature of the soil organic carbon  

after two years of experiment are reported in Fig 34. Generally The data indicated that 13C values 

of soil organic carbon  were affected by the input of new C4-sorghum material and the compost 

applied. This holds true with all treatments, (CPT1, CPT2, TRA and ON) which were 

significantly  enricheed in 13C than the initial SOC at all soil depths. As expected the variation is 

stronger for plots where no organic matter was applied other than sorghum residues (TRA and 

0N) which were more enriched in 13C than  plots amended with compost and especially than the 

double-dose plot CPT2. This latter treatment shows a dilution of the root effect on soil organic 

carbon isotope ratio due to the large amounts of organic carbon applied with a compost 

characterised by with a  13C value of  -16. This holds true at all sampled  different soil depths. 

The effect of compost application on the isotopic signature of soil, however, needs to be 

discussed in more complex terms since a stimulating effect of compost on root production was 

shown in this experiment (figure on root biomass above). 

Over the soil profile, surface soil δ13C of organic carbon showed the maximum difference 

between initial SOC (for  TRA and ON of 4.02‰, 4.01‰, respectively) and the differences 

declined with depth.  

Liang et al (2002) reported that  the δ13C values of SOC during one cycle of maize growth in pots 

varied from -27.2 to -25.4‰, a net increase of 1.8‰  and he explained  this change in the 

composition of SOC with  the input of  roots and root exudates. The proportion of C4-derived 

SOC during maize growth varied from 1.3 to 12.3%, which accounted for 1.3 to 14.5 g C pot_1 
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Fig 34. δ13C before the beginning of the experiment and at the end of the 
second year of the Sorghum cycle in September 2008 in the three top 
layers of all treatments (Values are means ±σ of four replicates) .. 

 

The effect of root deposition in soil organic matter was exsamined through the time. dynamics of 

the soil isotopic signature. The Time-course of the isotopic signature in the TRA treatment 

(mineral fertilization) where 13C values of soil organic carbon  were affected by only the input of 

new C4-sorghum residues is reported in Fig 35. Data points correspond to the beginning of the 

experiment and to the end of the crop cycle in 2007, 2008 and 2009. Generally, the data indicated 

that SOC after 1, 2 and 3 years was  more enriched in 13C compared to the isotopic carbon 

composition of the initial SOC at all sampled depths.  the increse was mostly recorded after year 

1 and 2, whereas in the third year a stabilization around the value of -23‰ was observed 
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Fig 35. Time-course of δ13C in the three top layers of the TRA treatment 
from the beginning of the experiment (Time 0) to the end of the Sorghum 
cycle in September 2009 (time 3). Values are means- SD of four replicates. 

 
Effects of three years of sorghum cropping on the isotopic signature of organic carbon in the 

TRA (mineral) and ON plots are reported in Fig 36. The mineral fertilizer traeatment  (TRA)  

shows more 13C-SOC enrichement than ON. . If we compare this finding with root biomass data 

reported above, we find that the higher effect of TRA on the soil isotope signature corresponds to 

a lower -root biomass (Figures 28 and 29 ). This may indicate that in our experimenl  the higher 

N supply of the TRA treatment  , did not increase total root production but  corresponded to a 

higher fine-root production and turnover as reported by Nadelhoffer (2000). In that case even a 

lower net root biomass would be compatible with a  higher root input to SOC and result in a 

higher 13C signature in TRA  compared to ON treatment. 
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Fig. 36. δ13C before the beginning of the experiment and at the end 
of the Sorghum cycle in September 2009 in the in the three top 
layers of treatments without compost application ( vertical bars 
repreent foure the standard deviation). 

 
Figures 37 and 38 report the profile distribution of δ13C as a function of time in the TRA and 0N 

treatments respectively. Both figures show that the modification of the isotope ratio due to root 

deposition in the soil was limited to the top 1 m in the first year and extended to the rest of the 

soil gradually with time. In TRA the effect was more gradual especially in deep layers , and two 

years were needed to reach the final δ13C values in the top layers whereas only in the third year 

they were reached below 1.2 m. 
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Fig 37. δ13C in the soil profile in the whole profile up to 210 cm of depth 
in the TRA treatment before the beginning of the experiment (blue 
diamonds)) and at the end of the Sorghum cycle in the first year (2007: red 
squares), in the second year (2008: green triangles) and in the third year 
(2009: x symbols).  

 

 

Fig 38. δ13C in the soil profile in the whole profile up to 210 cm of depth 
in the 0N treatment before the beginning of the experiment (blue 
diamonds)) and at the end of the Sorghum cycle in the first year (2007: red 
squares), in the second year (2008: green triangles) and in the third year 
(2009: x symbols).  
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In our systems it therefore only took one year of growing a C4 species to significantly affect the 

soil organic carbon isotopic signature in the ploughed layer and right below, and it took only two 

to three years to enrich the whole profile down to 210 cm of depth to values comparable to those 

found at surface where root density was much higher, as reported above. 

The δ13C values of vegetation are a major factor determining the values of soil organic carbon 

(Boutton 1996). Since soil organic carbon is delivered in the soil through roots and their 

products, as well as incorporation of plant residues (Yoneyama et al 2006), both inputs to the 

SOC pool affect the final isotopic signature of soils.  Furthermore, soil organic carbon derived 

from plant residues and microbial products in soil is further enriched by approximately 1‰ as a 

result of isotopic fractionation during mineralization processes (CO2 release) of organic matter 

(Boutton 1996) although Cheng et al., 2007 and  Shang and Tiessen, 2000; conclude from short 

period experiments, that the entity of this discrimination processes should be considered  

negligible. According to (Yoneyama et al 2006). the remaining organic materials in soil are 

enriched in 13C by up to 2‰, compared to the plant leaf δ13C values. Although there is little 

information about the proportion of persistent root carbon in deeper soil organic matter, roots of 

C4 plants are enriched relative to aboveground tissues [Vonfischer et al 1995,Hobbie and Werner 

2004], and root turnover likely contributes to the enriched isotopic signature at depth, especially 

at coarsely textured sites where rooting is characteristically deep [Schenk et al 2005] 

 

The quantitative calculation of carbon sequestration at the end of the plant cycle needs the 

evaluation of the carbon content variation in the soil associated with the aboveground carbon 

content. Total carbon in the soil did not show any significant variation due to sorghum crop (year 

–to –year) whereas an increase was measured at the end of the plant cycle. Aboveground carbon 
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content is reported in Tables 6,a,b,c,e and the values reported confirm that sorghum is a high C-

sequestering species, even without N fertilization (0N treatment). 

C CO2 C CO2 C CO2 C CO2 

TRA CPT2* CPT1* 0N* Organ 

Mg ha-1 

Stalk 7.72 28.34 6.76 24.81 4.86 17.85 4.24 15.55 

Leaves 1.60 5.88 1.59 5.85 1.43 5.23 1.26 4.64 

Total  9.32 34.22 8.35 30.66 6.29 23.08 5.50 20.18 

Table 6a.  2007, Average total content of C and CO2 equivalent of aboveground 
sorghum organs 
 

C CO2 C CO2 C CO2 C CO2 

TRA CPT2 CPT1 0N Organ 

Mg ha-1 

Stalk  7.34 26.93 6.40 23.48 5.79 21.23 4.72 17.30

Leaves 1.14 4.18 1.08 3.97 0.95 3.50 0.75 2.76

Total  8.48 31.11 7.48 27.45 6.74 24.73 5.47 20.06

Table 6b.  2008, Average total content of C and CO2 equivalent of aboveground 
sorghum organs 
 
Organ % N % C % N % C % N % C % N % C 

 TRA CPT2 CPT1 0N 

Stalk 0.19 42.59 0.17 41.57 0.21 42.40 0.20 42.40 

Leaves 1.04 37.56 1.04 38.93 1.05 38.44 0.92 39.94 

Tabele 6c. 2008.Acerage C and N concentration of aboveground dry mass at 
harvest (n=4) 
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%C 

Flowering Harvest 
Layer  

(cm) 
Average ±σ Average ±σ 

0-15 1.18 0.06 1.18 0.07 

15-30 1.03 0.18 1.06 0.04 

30-60 0.92 0.16 0.89 0.16 

Table 6d. 2007. Total C-content in the soil  

%C 

IV leaf Flowering Harvest 
Layer 

(cm) 
Mean ±σ Mean ±σ Mean ±σ 

0-15 0.93 0.05 1.13 0.09 0.97 0.02 

15-30 0.91 0.10 0.98 0.09 0.92 0.02 

30-60 0.93 0.14 0.84 0.04 0.84 0.12 

Table 6e. 2008. Total C-content in the soil  

The fraction of soil C derived from the new sorghum materials input (fnew) calculated with the 

isotopic mixing model (Leavitt et al., 1994) is presented in Table 7.  One year after shifting from 

C3 vegetation to sorghum  cultivation (2007) the proportion of sorghum  derived carbon was 

between 8.24% to 21.29%, and values of 27.95% were reached after two and three years.At 

the end of 2008 and 2009 these percentages were slightly higher in TRA compared to ON. 

Over the soil profile, the percentage of  sorghum-derived carbon over total surface soil organic 

carbon  declined with depth, and more markedly below 30 cm . Our results were also consistent 

with previous studies  (Angers et al., 1995) suggesting that C4–derived SOC was distributed 

evenly in the upper 30 cm. 
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Depth TRA ON 
  Year (2008) 

0-15  cm 27.64 27.58 
15-30 cm 27.84 26.10 
30-60 cm 25.63 23.71 

 Year (2009) 
0-15  cm 27.95 27.15 
15-30 cm 26.22 12.41 
30-60 cm 25.79 24.37 

Table 7. percentage of sorghum  derived carbon to 
total organic carbon 

Our experimental results are hardly comparable with most literature field data since they 

span across a short time-scale (3 years) . On a larger time-scale the most important references on 

the subject are  Gregorich et al. (1995), Liang et al (2002), Flessa et al. (2000), and Puget et al. 

(1995),  

Gregorich et al. (1995) estimated a proportion of 25-35% of maize derived carbon to total 

organic carbon in the Ap horizon of a clay loamy soil after 25 years of continuous maize-

cultivation in Canada, whereas in investigations by Flessa et al. (2000) in Germany only 15% 

of the total carbon content in a loamy sandy Ap horizon was maize-derived after even 37 years 

of maize cultivation . Liang et al (2002) reported the proportion of C4-derived SOC during corn 

growth varied from 1.3 to 12.3%, which accounted for 1.3 to 14.5 g C pot_1. Silty loamy maize 

soils in France investigated by Puget et al. (1995) contained 44% of maize derived carbon 

after only 23 years of cultivation. It is estimated that 10–40% of the total net assimilated C of 

arable crops may be respired by the roots or released to soil by rhizodeposition (Keith et al. 1986; 

van Veen et al. 1989; Gregory and Atwell 1991; Martin and Merckx 1992). The large variation in 

estimates of root-derived C in arable ecosystems is dependent on such factors as plant species, 

stage of growth, nutrient status and other environmental conditions (van Veen et al. 1991). 

Variabiloty in  data obtained by researchers may be ascribed to different reasons. The first 

important factor affecting the contribution of maize derived C to SOC is the lapsed time after 



CHAPTER 4. The contribution of sorghum to belowground carbon. Under different soil management systems  

 - 84 -

shifting from C3 vegetation to maize cultivation. Removing crop residues versus leaving them 

in the field also affects measured values. For example, in the investigation of Flessa et al. 

(2000) the aboveground biomass was removed for silage-making like in our case, which as 

opposite to the study of Gregorich et al. (1996). Nevertheless, the order of magnitude of our 

results in in line with what reported in the literature.  

4. 4.7.6.3.4. Soil CO2 flux measurements 
 
Soil respiration fluxes recorded every three hours in TRA (Sorghum) and TRA(Bare soil) (µmol 

m-2 s-1) are reported in Table. 8  on average for periods of five days during the Sorghum growing 

cycle of 2007 Values were quite high and compatible with what reported in the literature for 

maize (Rochetteet al 1999). Daily maxima were recorded in the late afternoon for both 

treatments, and the sorghum values were always higher than those recorded in bare soil. CO2 

efflux reached its maximum between days 206-210 with average values of 246.4  and 181.1 Kg 

day-1ha-1  for the sorghum and bare soil respectively fig 39 

  Time of the Day DOY Treatment 
  0 3 6 9 12 15 18 21 

Mean 2.3 3.0 3.2 4.5 4.4 5.3 5.6 4.0 Sorghum 
±σ 1.2 0.1 0.4 1.0 0.8 0.9 3.0 2.1 

Mean 1.8 1.9 2.1 2.4 4.0 2.8 2.6 2.7 
201-205 

Bare soil 
±σ 0.9 0.4 0.4 0.6 1.6 0.7 0.7 0.9 

Mean 4.4 4.7 4.1 4.7 5.7 5.8 5.9 5.8 Sorghum 
±σ 0.2 0.0 1.5 0.1 0.2 0.3 0.2 2.2 

Mean 3.3 3.0 2.9 3.6 3.7 4.5 4.7 4.5 
206-210 

Bare soil 
±σ 0.4 0.3 0.7 0.7 0.0 0.5 0.5 1.0 

Mean 4.1 4.4 4.0 3.6 4.3 6.9 6.7 4.9 Sorghum 
±σ 0.5 0.9 0.5 1.0 1.4 1.6 1.6 1.4 

Mean 3.3 3.3 3.2 3.6 3.5 4.4 4.4 4.2 
211-215 

Bare soil 
±σ 0.3 0.4 0.6 0.6 0.6 0.3 0.5 0.9 

Mean 3.7 4.1 4.0 4.0 3.9 5.3 5.7 4.1 Sorghum 
±σ 0.3 0.2 0.4 0.7 1.0 1.2 1.3 0.4 

Mean 2.9 2.6 2.4 3.2 3.1 3.7 3.2 2.7 
216-220 

Bare soil 
±σ 0.3 0.1 0.7 0.4 0.6 0.5 0.7 0.5 

Table 8. Soil respiration fluxes recorded every three hours in TRA (Sorghum) and TRA(Bare soil) (µmol m-2 s-1) 
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Fig 39.Average values of soil respiration in four periods 

 
With the development of the sorghum plant the soil respiration rate in the planted soil increased 

markedly. The mean soil respiration rate increased from 195 Kg day-1ha-1 in the period before 

maximum growth rate (19 to24 Jul) to reach a maximum of 246.4 Kg day-1ha-1in the period of 

maximum growth rate (25 to29 Jul)  then the soil respiration rate decreased. . 

It has been demonstrated that soil respiration rate is affected by many factors such as vegetation, 

soil moisture, temperature, etc. (Kuzyakov and Cheng, 2001; Raich and Tufekcioglu, 2000). Soil 

respiration in a forest region on the east slope of Gongga Mountain was highest in a clearcut site, 

followed by an Abies faberi forest site, and lowest in a successional site (Luo et al., 2000). In 

another case, soil respiration showed a progression of meadow steppe > typical steppe > desert 

steppe (Li and Qu, 2002).  The mineralization of native soil organic matter increases with the 

increase in temperature (Andrews et al., 2000; Jin et al., 2000). and in our experiment, the high 

soil respiration rate observed in unplanted soil could be explained by the high temperature 

recorded suring the summer months (see site description) and the fact that the bare soil was 



CHAPTER 4. The contribution of sorghum to belowground carbon. Under different soil management systems  

 - 86 -

fertilized.  The cumulative soil respiration in the sorghum-planted soil over the mesurment period 

was 885.2 Kg day-1ha-1, being about 1.4 times that of the unplanted soil (627.3  Kg day-1ha-1) and 

. Rochette et al. (1991) also found in their field experiment that the maximum soil respiration rate 

during the growing season coincided with the period of maximum growth rate for both wheat and 

maize. The contribution of roots and rhizosphere to the total soil respiration rates taken as the 

difference of respiration in bare and planted soil ranged from 23.24% to 37.49% (Table 9) and 

varied with sorghum growth period and time of the day.  

Liu et al. (2005) report a root (soyabean) contribution to soil respiration of 12.5% to 54.6% and 

the mean contribution of roots for the different plots varied with time. Waremborg and Paul 

(1977) found low contribution (19%) of root (grassland) derived CO2 to the total CO2 eflux from 

the soil. Martin and Kuzyakov (2009) found that maize-derived CO2 (root respiration and 

rhizomicrobil respiration ) contributed 22% to 35% to the total CO2 eflux from the soil. 

  Time of the day   
(DOY) 0 3 6 9 12 15 18 21 Average

201-205 28.87 35.17 36.26 47.44 10.03 47.18 52.70 32.68 37.49 
206-210 26.43 34.85 28.15 24.32 35.07 21.93 20.90 22.45 26.50 
211-215 19.42 25.52 19.80 2.11 17.96 35.62 35.09 13.96 23.24 
216-220 20.41 35.73 38.89 21.12 19.95 29.88 43.08 33.69 31.06 

Table 9 Contribution of root-derived CO2 to the total CO2 efflux  
 
 
4. 4.7.7.  Conclusion 
 
In conclusion, even on a short time-scale a fast-growing – high biomass crop like sorghum was 

able to significantly enrich with 13C the soil organic matter up to a depth of 210 cm form the soil 

surface, and bring the average δ13C value of SOC from around -27 to around -23. This suggests 

that 13C-rich sorghum residues and 13C -rich compost was incorporated into the soil organic 

carbon pools. Sorghum  roots showed a values of δ13C values ranging from -8.3‰ to -9.7 ‰ 
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Treatments s with only two sources: endogenous SOC and inputs of new sorghum residues (TRA 

and 0N) were more enriched in 13C  a than  plots amended with compost and especially the 

double-dose treatment CPT2. Organic amendment with large amounts of organic carbon applied 

with a compost characterised by  δ13C equal to -16 which   produced a  dilution of the root effect 

on soil organic carbon isotope ratio. Because most of the new sorghum residue was input at 0–30 

cm, surface soil δ13C of organic carbon showed the maximum difference between initial SOC and 

TRA and ON of 4.02‰, 4.01‰, respectively and the differences declined with depth. 

Nevertheless, after three years the whole profile down to 210 cm of depth was enriched to values 

comparable to those found at surface where root density was much higher 

Generally the  proportion of sorghum  derived carbon to total organic carbon varied from 

8.4% to 27.95%,during 2008 and 2009 this proportions increased respect to the first year of 

the experiment and was slightly higher in fertilized  plots than in plots not recived any 

fertilizer. The contribution of roots and rhizosphere to the total soil respiration rates taken as the 

difference of respiration in bare and planted soil ranged from 23.24% to 37.49% (Table 9) and 

varied with sorghum growth period and time of the day.  
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CHAPTER 5. NITROGEN CYCLING AS A FUNCTION OF SOIL 
MANAGEMENT IN DIFFERENT CROP SYSTEMS. TRADITIONAL AND 
ISOTOPIC METHODS. 
 
Nitrogen and the nitrogen cycle play an important role in making life on Earth possible. For 

example, the atmosphere is 79% nitrogen gas (N2), and nitrogen is a basic element needed for all 

living things to grow. The quantification of nitrogen cyling in agriculture requires the use of 

special techniques, and especially the measurement of the recovery of fertilizer N in the soil, and 

the subsequent calculation of N losses from the crop-soil system, can only be made using 15N-

labelled material (Powlson et al. 1992). 

5.1. The use of isotopes in organic residues, green manures and fertilizers study 
 

The use of organic residues as a source of nutrients is increasingly important in 

suistanable management techniques studies. 

It has been shown that crop N recovery from organic inputs such as plant residues or manures is 

often less than 20% (Haggar et al., 1993; Vanlauwe et al., 1996). Even if this amount is seam to 

be little, however  it has been widely accepted that organic inputs play a significant role in the 

long-term build-up of soil organic matter and associated soil stabilization. The use of 15N in 

organic fertilizer studies has significantly advanced our understanding of N release from organic 

materials. There are two main approaches to the use of 15N in organic residue studies, the use of 

direct techniques, whereby plant residues or organic materials are labeled directly and the fate of 

the 15N is traced and indirect techniques in which the soil is labelled, and the dilution of 15N in 

the crop receiving the residue is measured. 
  

51.1.  15N direct labelling techniques  

 

15N direct labelling techniques used to study Crop residues or green manures contribution to plant 

nutrition. Crop residue or green manure studies using the direct method are relatively simple. 

Green manures can be easily obtained by growing crops fertilized with 15N tracer; the 

aboveground or belowground material is then harvested and added as residue to unlabelled soil 

where the next crop is grown. This crop is then harvested and the percentage nitrogen in the crop 

derived from added residue can be  calculated (Hauck and Bremner 1976). 
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5.1.2.  . Indirect techniques 
 
Indirect techniques have been used to study plant N uptake from organic residues. 15N tracer is 

added to the soil and treatments with and without residues (no-residue controls) are set up. The 

no residue controls will have an 15N enrichment that reflects the soil 15N pool and the residue 

treatments should have a lower 15N enrichment due to the input of the unlabelled N coming from 

the decomposing residue. This is the same principle as the 15N dilution method for estimating 

biological nitrogen fixation. Nitrogen derived from residue (Ndfr) can also be calculated . 

5.2.  N dynamic in soil studied by 15N approach 

Measuring δ15N in the organic materials and the soil particles with which they are 

associated can be used to characterize the changes that occur, their location and the rates of 

change involved (Ledgard et al. 1984).Two major 15N labelling techniques are routinely used to 

study N transformation processes in soil: (i) 15N tracer techniques, and (ii) 15N isotope dilution 

techniques. The first technique is based on 15N labelling of a substrate pool and subsequent 

monitoring of the isotope’s movement through the system over time. The latter technique labels a 

soil N pool with 15N and the rates at which the N content of the pool changes and the 15N atom% 

enrichment of the pool is diluted by 14N influx are monitored (Hart and Myrold, 1996)  
. 
 In fewer studies the variation of the natural abundance of 15N/14N was used (e.g. Herman and 

Rundel, 1989; Kerley and Jarvis, 1997; Schmidt and Ostle, 1999). One reason is that it is quite 

difficult to identify well defined natural N-pools of considerably different isotopic composition 

(Martin et al 2001). This is in contrast to C, where material from C3 and C4 plants can be used as 

tracers due to their significantly different 13C : 12C ratios. (see chapter 2 for a thorough review). 

Variation of the natural abundance of N stable isotopes in soil is explained both by (1) input of N 

from different sources varying in their isotopic composition and (2) isotopic fractionations during 

transport and especially microbial turnover processes (Macko and Estep, 1984). Fractionation in 

the soil N-cycle complicates the quantification of N turnover and dynamics derived from typical 

agricultural N sources by using natural abundances, although in some studies involving reference 

plots/treatments the quantification of manure derived N was partly successful (e.g. Wagner, 1991; 

Gerzabek et al., 1999). 
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Studies on decomposition and mineralization of labelled plant residues have commonly 

been conducted under well-defined greenhouse or laboratory conditions (Stemmer et al., 1999; 

Cortez and Hameed, 2001; Semenov et al., 2001) 

Various field studies have observed the decomposition of labelled organic matter in 

agricultural croplands.  

Voroney et al. (1989) monitored the decomposition of labelled wheat straw in the short (2 

y) and in the long term (up to 10 y) in the field using bulk soil material without any soil 

fractionation.  

Tiessen et al. (1984) showed that sand and silt fractions had low, and clays had high, 

enrichments. They related this difference to an association of low enrichment plant material with 

the larger particles, and, because clay provides sites for N transformation processes and becomes 

physically associated with organic materials, there is an enrichment in this fraction.  

Aita et al. (1997) and Haynes (1997) analyzed the short-term (2 y) decomposition of 

labelled plant residues by separating the soil samples into particle-size fractions. Within the first 

year of the study, the authors showed a rapid decrease of 15N in coarse and light fractions that 

represent decomposing plant residue material. As a consequence, a concomitant 15N enrichment 

in the fine particle-size fractions (Ф50 µm) was observed, including microbially derived organic 

constituents (Haynes, 1997). 

Swanston and Myrold (1997) showed that after 21 months of incubation only one third of 

the 15N recovered from labelled red alder leaves were situated in the heavy fraction. Microbial 

immobilization as one of the key factors leading to stabilization of N (Herrmann and Witter 

2008) 

Martin et al 2001   studied the Nitrogen distribution and 15N natural abundances in 

particle size fractions of a long-term agricultural field experiment, They reported that In most 

cases d 15N values increased with decreasing particle sizes. They Also concluded that The natural 

abundances of 15N in bulk soil and particle size fractions were significantly altered by the long-

term application of Ca-nitrate and most of the organic manures.  

Kölbl et al  (2006 )  analysed the short-term (570d) decomposition of labelled mustard 

litter by separating the soil samples into particle-size fractions . Within 570 d after application of 
15N labelled mustard litter to an agricultural cropland, the distribution of 15N was measured in 

particulate organic matter (POM) fractions and in fine mineral fractions (fine silt- and clay-sized 
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fractions). After 570 d, only 2.5% of the initial 15N amount was found in POM fractions, with 

higher amounts in POM occluded in aggregates than in free POM. After this period, stabilization 

of the initial 15N in fine silt- and clay-sized fractions amounts to 10% in High-yield, but 20% in 

low-yield soils. 70% to 85% of the added 15N were lost. he found also  up to 25% of the applied 
15N in clay-sized fractions after 161 dayson a cropland. 

Carsten et al  (2009) found that the particulate organic matter (POM) fractions of the 

topmost soil layer of 0–2 cm from the labelled lysimeters showed a predicted decrease in excess 
15N concentrations from free to occluded particles. Swanston and Myrold (1997) also observed 

the highest 15N recovery in the topmost soil layers <5 cm and the light fraction, while below 5 cm 

depth the 15N recoveries were low and variable. In a decomposition study with 15N labeled beech 

litter Zeller et al. (2000) found after 3 years 62% of the released N in the surface soil but only 

12% below 2 cm. 

Objectives of this research are  

 To quantify the fraction of the nitrogen uptake ogn the sorghum derived from compost 

(Ndfc) and Nitrogen Use Efficiency (%NUE) of  the organic fertilizer by 15N tracer 

technique 

 To examine the impact of organic fertilizers application on changes of 15N associated with 

different soil aggregate fractions. 
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 5.3. Materials and methods 

5.3.1. Experimental site description and layout 
 

A field experiment was carried out during 3 years (2006–2008) at experimental research center, 

faculty of agriculture, Torino, north Italy. The experiment site, is located at 4970859 m N latitude 

and 396251 m E  longitude and altitude of 232 m a.m.s.l ( above mean sea level), and displays 

Mediterranean climate with annual precipitation 734 mm, yearly average temperature 11,9°C and 

winter minimum temperature 0,9°C in January and maximum temperature of 22,5 in July. In the 

autumn of 2006 a monthly average temperature of 2-4°C was recorded, and it was  higher than 

the long-term (20 years) average for the season (Fig 40a,b). 

 

 

 
 
 Fig. 40.site location  

 

 



CHAPTER 5.Nitrogen cycling as a function of soil management in different crop systems. Traditonal and isotopic methods 
.  

 - 93 -

 
Fig. 40b.  Weather conditions for the maize growing seasons for 2006 and 2007 compared 
to the 20 years average in the experiment site .  

 

5.3.2.Set –up 
 

The experimental design consists of four treatments laid out with four replicates in a 

randomized block design, the differences between plots being the type of fertilizer and the 

number of years of application of fertilizers, as described in Table 10 The treatments, A (3 years 

continuous maize with labelled compost fertilizer), B (2 years continuous maize with labelled 

compost fertilizer), C (1 years continuous maize with labelled compost fertilizer) ,D (continuous 

maize without any fertilizer as Control)  were applied to individual plots of 3 x 4 m with a surface 

area of 12 m2. selected within a main plot of 6m×8m (Fig. 41)], from a larger experiment where 

the main plot containing the ABCD treatments was tested with other treatments in a randomized 

block design. 
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Table 10. Treatment description for the area 

 

 
Fig. 41. Layout of the experiment (A ,B ,C and D) 

5.3.3. Soil characteristics 
 

Soil samples were taken at 0-15, 15-30 and 30-60 cm soil depth to measure soil physical 

and chemical characteristics at the study site before starting the experiment (25-10-2006), nd 

results are given in Table 11 The soil was classified  as Silty Loam soil (ISSS classification), the 

soil organic matter was high at the topsoil (0-15) and decreased with depth. 

 

  Fertilizer 
Year of Exp A B C D 
 [kg N/ha] [kg N/ha] [kg N/ha] [kg N/ha] 

1 (2006) 148 (lablled compost by 15 N) 130 (urea) 130 (urea) 0 
2 (2007) 166 (lablled compost by 15 N) 166 (lablled compost by 15 N) 130 (urea) 0 

3 (2008) 128 (lablled compost by 15 N) 128 (lablled compost by 15 N) 128 (lablled compost by 15 
N) 0 
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Parameter   Depth 

Units Notes 0-15 15-30 30-60 
Sand [%] 0,05<d<2 35.4 36.9 19.3
Silt  [%] 0,002<d<0,05 57.1 56.2 72.6
Clay [%] d<0,002 7.4 6.9 8.1
Gross sand [%] 9.1 10.2 3.8
Fine sand [%] 26.3 26.7 15.6
Gross silt [%] 0,02<d<0,05 27.0 26.2 31.4
Fine silt [%] 0,002<d<0,02 30.1 30.0 41.1

  
pH 8.1 8.0 8.1
Total calcium carbonate [%] 2.8 2.0 4.3
O.M. [%] 1.78 1.70 1.22
Organic carbon [%] 1.04 0.99 0.71
Total nitrogen [%] 0.104 0.104 0.079
C/N 10.0 9.5 9.0
Cation Exchange capacity meq/100 g 14.1 11.4 13.8
Exchangeable Calcium ppm 2356 2206 2986
Exchangeable Calcium meq/100 g 11.76 11.01 14.90
% Exchangeable Calcium CSC [%] 83.4 96.8 
Exchangeable Magnesium  ppm 59 44 49
Exchangeable Magnesium meq/100 g 0.48 0.36 0.41
% Exchangeable Magnesium CSC [%] 3.4 3.2 3.0
Exchangeable potassium ppm 62 51 37
Exchangeable potassium meq/100 g 0.16 0.13 0.09
% Exchangeable potassium CSC [%] 1.1 1.2 0.7
Ca/Mg 24.3 30.6 36.7
Ca/K 74.3 84 158.0
Mg/K 3.0 2.8 4.3
    

Table 11. soil physical and chemical characteristics 
 

5.3.4.Crop details 
The studied crop was maize (cv  PR34N43 (class 500)), treated with GAUCHO 350FS, 

and it was planted by hand in rows with density of 7.4 plant/m2. The plots were hand-weeded. 

Plots were ploughed to 0-35cm depth to incorporate compost and mineral fertilizers for all 

treatments. The maize field had been under conventional tillage to a depth of 35cm and two 

passes of rotary harrrow were used. 
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5.3.5. Fertilization  
A) K and P 
Fertilization with K and P took place before sowing. P was applied at a rate of 100 kg P2O5  ha-1, 

and K at rate of 200 kg K2O ha-1 

B) Nitrogen  
Two sources of nitrogen have been applied according to the treatments described above: 

1 - urea  

2- compost  
In the different years, the 15Ncompost was obtained using 15N enriched vegetable 

(Brassica spp.) or grass (Species ) and maize residues. The chemical composition of the organic 

compost analyzed before use is presented in Table 12,  

 

Compost U% Ash % N-NH4+ % K P δ15N 

2006 35.40 50.55 0.02 2.99 0.57 242.00 
2007 73.50 21.58 0.00 2.74 0.63 193.12 
2008 38.60 32.47 0.01 6.55 0.48 136.60 

 

Compost C 
% 

N 
% 

Lignin 
% 

Cellulose 
% 

Emicellulose 
% C/N Lignin/N (Lign+Cell)/N C/P 

2006 22.20 1.80 12.26 8.89 13.35 12.37 6.83 11.78 38.95 
2007 31.28 0.83 11.35 23.34 16.40 37.69 13.67 41.80 49.65 

2008 28.76 1.18 13.35 14.34 16.85 24.31 11.28 23.40 59.92 
Table 12.  Elemental and isotopic composition of the organic compost 

 

5.3.6. Measurements 
 

5.3.6.1.Soil aggregates fractionation and isotope determination( described  in chapter 3 (3.3.1)) 

 

After fractionation into different soil aggregate , soil sample were finely ground using an agatha 

mortar to a fine powder, duplicate subsamples (~25) mg of soil were analyzed for δ15N by using a 

Finnigan Delta-Plus isotope ratio mass spectrometer linked to a Carlo Erba NC2500 elemental 
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analyzer located at the University of Basilicata Potenza Italy (Fig 4, 5, 6, section material and 

methods) 

The proportion (f) of soil N derived from 15N-labeled compost was calculated using the 15N 

atom% values of the 15N-enriched samples against the 15N natural abundance samples (control)  

in the isotope dilution method: 

 
 
Where 15Nsample = 15N atom% for the sample of interest, 15Nlabeled material = 15N atom% of 
compost, 15Nnatural abundance = 15N atom% of the equivalent sample taken at the first soil 
sampling event, before the addition of 15N-labeled material. 
 

5.3.6.2. Plant samples 

At the end of every season maize plants were divided into different pools (grains, stalk-leaves, 

cob-husks, root), dry weight was determined after oven-drying at 70°C to constant weight, and 

then the samples were ground to a fine powder with a ball mill  and plant samples (6-8 mg shoot 

and root, 3.5 grain of maize) were weighed into tin capsules . and then were analyzed for δ15N by 

mass spectrometer linked to a Carlo Erba NC2500 elemental analyzer . 

 

Integrated whole plant- δ15N values were calculated from the δ15N values of the three parts as 

follows (Karamanos and Rennie, 1981; Yun et al., 2006): 

  δ15Nw =
)M(

)M(

h-c

h-c
151515

+ + 

+ + 

−

−−−

lsg

hclslsgg

MM
NMNMN δδδ

                                                                                    [11] 

Where M denotes the mass of N and the subscripts w, g, s-l, and c-h indicate whole, Grains, 
Stalk-Leaves and Cob-Husks, respectively. 
 

% Ndfc, % Ndfs, % NUE were calculated according to Hardarson and Danso, 1990 as 

follows: 

100    
compostin   a.ex. N  %

plantin   a.ex.  N  %    Ndfc % 15

15

×=                                                                             [12] 

 

   [10] 



CHAPTER 5.Nitrogen cycling as a function of soil management in different crop systems. Traditonal and isotopic methods 
.  

 - 98 -

uptake-N  total Ndfc %  Ndfc ×=                                                                                                 [13] 

 

%Ndfc  - 100  Ndfs % =                                                                                                              [14] 

uptake-N  total Ndfs %  Ndfs ×=                                                                                                 [15] 

100    
addedfertlizer  of Rate

plantin  N  total Ndfc %    %NUE ×
×

=                                                                                  [16] 

Where: 

% Ndfc = % Nitrogen derived from compost. 

% Ndfs = % Nitrogen derived from the soil. 

   Ndfc = Total nitrogen derived from the compost. 

    Ndfs = Total nitrogen derived from the soil. 

               NUE     =      Nitrogen  use efficiency  
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5.4. Results and Discussion 

5.4.1. Changes in aboveground maize parts dry weight (DW) (ton ha-1)  as affected by soil 

management 

Partitioning of dry matter in different parts of a maize plant as influenced by nitrogen 

treatment is illustrated by Figs 42a,b,c.  

Generally, the nitrogen treatment had no significant different effect on dry matter of single 

plant parts and on the entire plant during the 2006 and 2008 growing season. However, dry 

matter of all aboveground maize parts during 2007 showed significant differences between 

treatments: the treatment receiving compost for two years (tratment A) had the highest dry 

weight and grain production (9.5% more), while the lowest values were observed with D, but 

there was no significant difference between treatments A, B and C  within all the components 

of dry weight. It is worthy to mention that in 2008 a large part of the aboveground maize dry 

weight was lost due to a big event with hail.  

Maize yield was affected by nitrogen fertilizer since significantly higher values were obtained 

in plots receiving 2 years of continuous compost (12,79 ton ha-1), there was no significant 

difference between treatment B (11,57 ton ha-1) and treatment C (11.43 ton ha-1 ) and D.   
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Fig 42 Partitioning of dry matter (ton ha-1) in different parts of a maize plant 

as affected  by nitrogen treatment. The bars with the same letter within each 

plant part are not statistically significant at P <0.05. 
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5.4.2. Nitrogen Concentration (%) and Uptake by different parts of maize plant  
 

Effect of nitrogen treatments on the total nitrogen uptake (kg ha-1) in different parts of 

maize plants at the end of 2006, 2007 and 2008 growing seasons are illustrated in Fig 43a,b,c 

Generally, the nitrogen uptake by plant was highest in grains, followed by stalk-leaves 

and then cob-husks. This is the result of both differences in dry mass illustrated above and 

differences in nitrogen concentration from grains to  stalk-leaves to cob-husks in all treatments. 

The uptake of nitrogen by grains had no significant difference with treatment in all three years of 

trial, and the reduction observed in 2008 was due to the lower biomass discussed before. Nitrogen 

uptake by stalk-leaves and cob-husks  were significantly  lower compared with grains. However 

no significant differences were found with the treatments during 2006 and 2008 growing season. 

In 2007 we observed that in the stalk-leave and cob-husks treatment D showed significantly 

lower values than C or B respectively.  
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Fig 43. Effect of nitrogen treatments on the total nitrogen uptake (kg 

ha-1) in different parts of maize plant. The bars with the same letter 

within each plant part are not statistically significant at P <0.05. 
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5.4.3.  Nitrogen derived from compost (Ndfc) and utilized by  whole above 
ground maize plant  and partitioning in different parts of maize 
 

The use of compost to fulfill N requirements of a crop requires the accurate determination 

of  the amount of N mineralized and taken up by plants in actual field conditions. All nitrogen 

uptake, nitrogen mineralization and nitrogen use efficiency of the compost applied to convential 

tiallage system were determined under field conditions and presented  in Tables 13a and 13b  

Table 13a, shows the percentage and values of nitrogen derived from compost (Ndfc) and 

utilized by  whole above ground maize plant. In general data indicates that the nitrogen derived 

from compost1(2006 A) was 10% over the first growing season, while 4% , 3.10 of the same 

compost was only  mineralized and taken up by plants in the second and third years respectively , 

the compost applied in 2007 (2007 B)  showed lower mineralization than compost applied in A, 

with 1% over one growing season  and higher by 1,8% after two years of application; the data 

also indicated that the nitrogen mineralization of compost applied in 2008 (2008 C) and utilized 

by maize was very low compared with the compost applied during 2006 and 2007, and this could 

be explained by the fact that  the C:N ratio of the compost was  very high (24.3)  compared to the 

compost of 2006, but also the effective application rate was low (128 kgN/ha) compared with 

compost 2006 (148 kgN ha-1) and compost 2007 (166 kgN ha-1). In this regard , Hadas and 

Portnoy 1994, reported that the net N mineralization of compost  has shown to be  low , <15%  of 

the total N in 32 weeks and  Benitez et al. 1998, reported that only <5% in 90 days. Han et al 

2004, mention that such this different of nitrogen mineralization rate is related to compost 

characteristics, such as type of raw material, composting method , maturity , and C:N ratio of 

compost , as well as compost application rate the last two reason were observed in our compost  

applied caused the different N mineralized and utilized by maize plants.  

Our results were also consistent with previous studies  (Mattingly, 1956) suggesting that 

mineralization rates of 18 different compost equalled 9.3-10.6%of the nitrogen after 13 weeks 

incubation , Tester et al., 1977, reported that sewage compost with a C:N ratio of 17 had a 

nitrogen mineralization rate of approximately 10%,i.e. 10% of the organic N in the compost was 

available to plants during the first year  
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  Compost 2006 (A) compost 2007 (B) compost 2008 (C) 
Time %Ndfc Total N Uptake kg ha-1 Ndfc kg ha-1 NUE% %Ndfc N Uptake kg ha-1 Ndfc kg ha-1 NUE% %Ndfc N Uptake kg ha-1 Ndfc kg ha-1 NUE% 

1 Year 10.00 321.98 32.20 21.69                 
2 Year 4.00 239.72 9.59 6.46 9.00 220.72 19.86 11.97         
3 Year 3.10 132.41 4.10 2.77 5.80 109.75 6.37 3.83 4.30 149.90 6.45 5.03 

 Table 13a Nitrogen uptake and nitrogen derived from compost (Ndfc) and utilized by  whole above ground maize plant 

  Compost 2006 (A) Compost 2007 (B) Compost 2008 (C) 
2006 Ti

m
e 

  grains stalks and leaves cob and husks grains stalks and leaves cob and husks grains stalks and leaves cob and husks
Uptake 171.60 133.59 16.78             
%Ndfc 10.55 8.35 8.39             
kgN 18.10 11.16 1.41             1 

Ye
ar

 

NUE% 12.19 7.52 0.95             
  2007 

Uptake 147.73 81.87 10.12 130.69 79.55 10.47       
%Ndfc 4.39 3.43 3.90 8.44 9.20 6.56       
kgN 6.34 2.87 0.40 10.48 7.31 0.70       2 

Ye
ar

 

NUE% 4.27 1.93 0.27 6.31 4.40 0.42       
  2008 

Uptake 74.43 50.22 7.76 59.66 43.54 6.56 57.74 48.69 7.47 
%Ndfc 2.94 3.07 3.87 5.90 5.94 4.59 4.68 4.11 2.47 
kgN 2.17 1.63 0.30 3.59 2.58 0.30 3.67 2.49 0.20 3 

Ye
ar

 

NUE% 1.46 1.10 0.20 2.17 1.56 0.18 2.86 1.95 0.15 
Table 13b Nitrogen uptake and nitrogen derived from compost (Ndfc) and utilized by  different parts of above ground maize plant 
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 The data of  N-compost  use efficiency (%NUE) of the compost also indicated that higher 

%NUE (21.69%) was obtained with compost 2006 during the first year than during the 

second (6.46%) and third year (2.77%) and this is due to the decrease of the N mineralization 

rate of the same compost with time. During 2007 ,%NUE of the compost recorded lower 

values (11.97%) than those recorded with compost 2006 during the first year for both of them, 

this not was related to the N  mineralization of the compost (was similar) but could be 

explained by the lower values of the dry mater obtained during 2007. The compost of 2008 

showed low value with respect to the other compost and this was due to the high ratio of C:N 

(24.3). The nitrogen use efficiency  found in previous studies was consistent with our results:  

Murill et al. (1995) calculated the agronomic N efficiency of urban refuse compost applied at 

12 and 48 t ha-1 in the field over 2 year . Efficiency was 22% in the first year and 6% in the 

second year for 12t ha-1, which compares well with our values of 21.69% in the first year and 

6.46% in the second year for 8.33 t ha-1 of the 2006 compost.  

Regarding single plant parts, compost-derived nitrogen and N-compost use efficiency 

decreased from the grain to stalk - leaves to cob - husks (Table 13b). For both the whole 

aboveground biomass (Table 13a), nitrogen-compost derived , and N-compost use efficiency 

of each part of the plant decrease with decreasing N mineralization of the compost over the 

years. This holds true with compost 2006 (over 3yrs) and with compost 2007 (over 2yrs).  

 

5.4.4. Enrichment by 15N in maize plant 
 

 The effect of 15N-compost organic amendment application on enrichment of organic 

soil-15N in plants was different between the treatments after tree years of experiment Fig 44. 

Data indicate that δ15N enrichment in maize plants was higher in all treatments receiving 

compost than in the control. We also observed that the δ15N of maize was increased by 

continues compost application each year. δ15N of grains  in treatment A was significantly 

higher than in treatments B , C and D and there were significant difference between all 

treatments. At the end of the third year  the grains enrichment in  δ15N with different 

treatments ranked as follows: A> B> C> D. 

Under treatments A, B and C the grains were enriched by 23.42‰, 16.95‰ and 6.20‰ 

respectively compared with the control.  

Since maize plants take up most N from compost and soil, plant- δ15N would reflect 

the relative contribution of each N source to plant-N (Högberg, 1997). In other words, the 

greater the contribution of compost- to plant-N, the higher the plant- δ15N. 
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Fig.44. Changes in δ15N (‰) values of aboveground maize parts as affected by 

labeled organic amendment application with different treatments. The bars with 

the same letter within each plant part are not statistically significant at P <0.05. 

 

5.4.5. 15N associated with different soil aggregate fractions 

5.4.5.1.  Corresponding values of soil δ15N (‰) abundances under different treatment 

and different soil aggregate after continues three year of experiment (2008) are presented in 

Table (14)  

 

  A B C D 

 δ15N‰ ±σ δ15N (‰) ±σ δ15N (‰) ±σ δ15N (‰)  ±σ 

BULK 12.35 1.78 9.13 1.25 5.14 1.10 4.31 1.38
4.75-1 21.38 12.90 14.31 3.47 6.17 1.67 2.95 0.38
1-0.5 11.04 2.60 8.93 4.78 4.78 0.29 2.87 1.76
0.5-0.25 9.94 1.62 5.67 0.45 5.92 1.20 3.34 0.72

<0.25 8.39 0.63 5.33 2.24 4.44 1.95 2.43 1.69
 
Table 14.  Mean δ15N (‰) values in topsoil aggregates (0-30cm) after 3 years of experiment. 
 

 
Abundance of stable N isotopes varied between the soil aggregate fractions  and 

treatments investigated after three years of experiment. However 15N Abundances varied 

more between soil aggregate fractions  fractions under treatments A and B than other 

treatments C and D. In most cases the δ15N values increased with increasing soil aggregate , 

with the microaggregate fraction being the lowest enriched, and the 15N enrichment in 4.75-1 

aggregate recorded the higher values under all treatments, although differences were only 
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significant between 15N value recorded with 4.75-1mm and other soil aggregate fractions 

under treatments A  and B. 

Generally with adding compost (treatments A and B and C) all soil aggregates were 

enriched by 15N and the highest enrichment was observed under treatment A (three years with 

continuous labeled-compost amendment) followed by treatment B and then C.  

5.4.5.2. The changes in 15N amounts in different soil fractions over time are 

summarized in Table 15. 
  

  (time0)control (A)2006 (A)2007 (A)2008 
 δ15N (‰) ±σ δ15N (‰) ±σ δ15N (‰) ±σ δ15N (‰) ±σ 

BULK 4.31 1.38 10.66 2.20 7.65 1.35 12.35 1.78 
4.75-1 2.95 0.38 9.54 4.85 7.74 1.89 21.38 12.90 
1-0.5 2.87 1.76 6.61 2.12 6.94 3.07 11.04 2.60 
0.5-0.25 3.34 0.72 7.20 2.42 8.67 0.54 9.94 1.62 
<0.25 2.43 1.69 4.57 0.70 8.00 1.46 8.39 0.63 
 Table 15. changes in δ15N (‰) values under treatment A in bulk and  different soil fractions over 
time 

 
Data indicate that 15N enrichment in bulk and all soil aggregate were increasing with 

time compared to the plot didn’t receive compost fertilizer as time 0 (control). In 2007 some 

aggregate classes (Bulk and 4.75-1mm) showed a decline with respect to 2006, and At the end 

of 2008 season the enrichment by 15N in bulk and soil aggregate could be arranged as 

following:- 4.75-1mm >Bulk>1-0.5>0.5-0.25> <0.25 by (8,04‰), (18,42‰),  (8,17‰), 

(6,59‰)  and (5,95‰) respectively when we compared  to the initial soil 15N.   

 

5.4.5.3. The effect of compost in treatments (A,B and C) received only one time 

during different season on soil 15N enrichment in bulk soil and aggregate fractions  are 

presented in Table (16) 

The chemical composition of all composts used in this experiment has been commented 

above, (Table 12. section material and method) and given the different  15N enrichment it is not 

surpising that a different effect was produced on soil 15N abundance.  

The enrichment of bulk soil in 15N revealed the following ranking: Compost 2006 > 

Compost 2007> Compost 2008> CONTROL and a similar trend was observed under 1-0.5 

soil aggregate  fraction. In other soil aggregate , 15N was arranged as following:-   Compost 

2006 > Compost 2008> Compost 2007> CONTROL. 
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  (A) 2006 (B) 2007 (C) 2008 (0)control 

 δ15N (‰) ±σ δ15N (‰) ±σ δ15N (‰) ±σ δ15N (‰) ±σ 

BULK 10.66 2.20 5.30 1.05 5.14 1.10 4.31 1.38
4.75-1 9.54 4.85 3.23 1.32 6.17 1.67 2.95 0.38
1-0.5 6.61 2.12 5.21 1.33 4.78 0.29 2.87 1.76
0.5-0.25 7.20 2.42 5.15 1.32 5.92 1.20 3.34 0.72
<0.25 4.57 0.70 4.38 0.58 4.44 1.95 2.43 1.69

Table. 16 Soil 15N enrichment in bulk and soil aggregate fractions  as affected by compost  

 
 The macroaggregate fraction has been shown to be sensitive and responsive to management. 

with the breakdown of this fraction resulting in the release of labile SOM (Elliott 1986; Six et 

al. 2000). Therefore, it was not surprising that a majority of changes in aggregate- associated 

SOM-N in our study were observed in the macroaggregates. In contrast, the lack of change in 

the levels of soil N associated with the microaggregates and silt-and-clay fractions, between 

the beginning and end of the experiment, reflects the lower capacity for N retention and 

nutrient supply of these smaller fractions 

 
In conclusion the percentage of soil-N in aggregates which was derived from 15N-labeled 

compost is presented in Table 17.  

  (A) COM1 2006 (B) COM2 2007 (C) COM3 2008 
 2006 

BULK 2.68   
4.75-1 2.76   
1-0.5 1.57   
0.5-0.25 1.62   
<0.25 0.89   

2007 
BULK 0.99 0.52  
4.75-1 1.89 0.15  
1-0.5 0.73 1.22  
0.5-0.25 1.49 0.94  
<0.25 1.52 1.01  

2008 
BULK 1.38 2.12 0.61 
4.75-1 3.11 4.35 2.36 
1-0.5 0.91 2.21 1.41 
0.5-0.25 1.81 0.14 1.90 
<0.25 1.29 0.47 1.48 

Table.17.the percentage of soil-N derived from 15N-labeled compost in aggregates  
 
After 1 year, the compost applied to treatment A contributed only by 2.68% and 2.76% of the 

initial 15N amount to the nitrogen that was found in bulk soil and 4.75-1 fractions 

respectively, and this proportion decreased with decreasing dimensions of the soil aggregate 
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fraction. After 2 and 3 years of applicationof of the same compost, the percent contribution 

decreased but a new increase was recorded for the  4.75-1 fraction after three years. However 

an increase in the 0.5-0.25 and <0.25 aggregate soil fractions after 2 and 3 years was 

observed.  
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CHAPTER 6.  A highly portable low-cost minirhizotron camera system   

6.1. Abstract 
Minirhizotrons are the most widespread non-destructive in-situ method for root studies. In spite of 

new technology it is still necessary in many instances to handle several components in the field for 

power, camera control, and image capture. We present a system for minirhizotron image acquisition 

that was entirely built with low-cost components with the aim of obtaining lightweight equipment 

with a reduced number of items to carry to the field during operation and no need of external power. 

Aluminium was used to build a handle and a case of internal diameter 48.9 mm and length 348.4 

mm holding led lights and a digital camera microscope with continuous magnification 10 - 200X, 

screen capture resolution 640 x 480 pixel, “Live view” with up 30 fps. The system weighs 2.28 Kg 

and can be connected directly to a laptop or handheld computer through USB ports allowing to 

collect and store high-quality digital images without the use of camera control units or external 

power sources as long as the computer battery can support the camera and led lights. Setting the 

camera at 25x magnification allows to detect structures of 10-20 µ and still keep an image size of 

16.6 x 12.4 mm in a 60-mm mini-rhizotron tube. The possibility of carrying only one piece of 

equipment besides the computer may be a key issue in remote sites (forest) or where thick 

vegetation is found (bush). The absence of intermediate steps like camera control or image 

conversion together with the very limited cost allows to envisage low-cost robotic applications 

where one handle-video camera unit may be permanently set on a single minirhizotron tube and 

programmed or even remotely controlled to slide along the tube and acquire images at given time 

intervals and positions. 

Keywords: Minirhizotron, root methods, digital camera, non-destructive root detection.  

 

6.2. Introduction 

Minirhizotrons have been defined as one of the best tools available for directly studying root 

systems (Johnson et al. 2001) by providing a non-destructive in-situ method for viewing roots. A 

minirhizotron system is a multicomponent assembly that visually or photographically records plant 

roots growing within the soil (Brown and Upchurch, 1987). It is based on a bore scope or a micro-

video camera inserted in a hole (López et al. 1996) or in a transparent tube positioned in the soil to 

view and record plant roots (Upchurch and Ritchie, 1983). 

This system allows to study fine root production, growth and disappearance (turnover), rooting 

density and root diameter through images sampling at appropriate times; by comparing images 

repeated in time it is possible to identify the same roots on successive dates (Hendrick and 
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Pregitzer, 1992; Majdi, 1996, Celano et al., 1999). Minirhizotrons can also provide qualitative or 

semi-quantitative information, on variables such as the frequency of mycorrhizal roots (McMichael 

and Zak, 2006), root colour (Majdi, 1996; Smit and Zuin, 1996), branching index, and Whitington 

et al. (2003) proved that the tube-soil interface does not affect significantly the production of roots, 

but it changes pigmentation rates and survivorship, concluding that acrylic materials match more 

closely the behavior of roots from cores. 

Minirhizotron techniques have improved significantly since they were first proposed (Bates, 1937). 

In an important review in 2001 Johnson et al., describe the system’s components including a 

minirhizotron tube, a colour micro-video camera, a camera control unit to focus the camera and 

adjust the light levels, a VRC for recording root images on video tape, and a monitor for viewing 

images as they are collected. After acquisition videotape images are counted with a grid on a 

monitor or photograph (Vos and Groenwold, 1987), traced with a linear probe on a monitor 

(Beyrouty et al., 1987) or translated into digital pictures to quantify root measurements with a 

computer (Smucker et al., 1987).  

Present technology allows to directly store images in their digital form in a computer, bypassing the 

time needed for translation of video to digital image and reducing image acquisition time and 

problems associated with manipulating video players. Low-cost upgrades of old systems are 

possible, like the one proposed by Pateña and Ingram (2000) who substitute videotape VHS image 

recording with a parallel port video capture device (PP-VDC). Other upgrades have involved the 

design of systems to improve the correct placement of the camera in the minirhizotron tubes, like 

the use of marks on the tubes (Hendrick and Pregitzer, 1992), or handles with positioning systems 

based on a ratchet mechanism advancing on a saw-tooth shaped axis (Johnson and Meyer, 1998) or 

a series of equally-spaced holes (Ferguson and Smucker, 1989) allowing to quickly advance the 

camera one frame at a time. Also, systems to reduce disturbance at the root-soil interface have been 

studied, including the improvement of inflatable components (Gijsman et al.,  1991) for better root-

tube contact in holes not lined with transparent tubes, and among methods for image acquisition 

telescopic photography has been suggested (Poelman et al. 1996) to cover the whole tube length but 

requiring larger access tubes. 

 Still, in many instances it is necessary to handle several components in the field for power, camera 

control, and image capture. Also, while existing handle positioning systems are efficient for a large 

mole of images, they are often heavy and in some cases not precise enough to allow direct 

processing of time-series of the images, therefore a procedure of image alignment is usually needed 

in order to choose areas that are common to images taken at the same position on different dates 

(Vamerali et al., 2003). In this work we present a system for capturing minirhizotron root images 
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that was entirely built with low-cost materials with the aim of obtaining high resolution root images 

with lightweight equipment and a reduced  number of components to carry to the field during 

operation and no need of external power. 

 

6.3. Design and development of the system 

6.3.1. Mechanical components 

The mechanical components include a support slab holding the camera, a cylindrical case protecting 

the camera slab and holding the lights, a bar for handling and positioning, an interface for insertion 

in the minirhizotron tubes, and connections between components Fig. 45. All components were 

designed to be built in aluminium in order to provide mechanical strength with minimum weight 

and bulk of the equipment. Connections and interfaces were plastic or PTFE as described below.  

 

Fig 45. Minirhizotron image acquisition system components with USB cables for direct connection to laptop 
or netbook: a) camera-support system; b) digital camera; c) aluminium case; d) PTFE handle-case 
mechanical interface; e) PTFE minirhizotron tube lid for positioning of the handle; f) handle. 
 

Camera slab and case 
The functions of the camera-support aluminium slab were to hold the camera and to fix the camera 

and led cables (Fig 46). The slab was introduced in a cylindrical case, and 49.50 mm x 36.45 mm 

rectangular slot was cut in the cylinder. A U-shaped block carrying the led lights and a right-angle 

prism was bolted on the slot (Fig 46). The camera slab was placed on rail segments and both the 

slab and the U-shaped block can be removed for maintenance. The position of the slab was chosen 

so that the center of the camera corresponded to the center of the right-angle prism wall. The 

cylinder was closed by a plastic lid at the top end and by a PTFE lid at the linked with handle 
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extremity. The latter was modified in order to interface with the aluminium handling/positioning 

bar. PTFE material was chosen because it is stronger than plastic and easier to modify.  

Scratching of aluminium parts on the inner side of the minirhizotron tubes was prevented by lining 

the case with felt pads of initial thickness 3 mm which were compressed between 30 and 50% of 

their thickness when the case was inserted in the tube in order to provide firm coupling of the case 

with the minirhizotron inner wall, so that the position of the camera was constant within the wall 

and no tilting occurred that might change the angle of the images and require zooming to bring the 

image size back to the desired one. The pads were changed at each date of measurement. 

 

Handling/ positioning bar  

 

An aluminium handle was chosen with the aim of providing easy and light movement along the 

minirhizotron. The handle consisted of two bars (1 meter each, connected through an aluminium 

interface) with c-shaped section in order to permit the passing of the cables and to provide an 

ergonomic and lightweight system. The handle was connected to the cylindrical case through a 

PTFE mechanical interface with two bolted contact points. (Fig 46). 

The handle’s function was also to provide a positioning system during image acquisition in the 

minirhizotron tubes. For this purpose a graduated meter tape was fixed longitudinally on the front 

face of the bar. 

Minirhizotron – handle interface 

A PTFE lid with an opening for the camera handle was used to provide connection between the 

handle and the tubes throughout image acquisition (Fig 46). The lid’s internal diameter was equal to 

the minirhizotron tube external diameter. Such close fitting was enough to steadily fix the handle 

and ensure a parallel movement of the camera along the tube.  Moreover we put two felt pads on the 

cylinder surface to prevent the camera case from touching the tube during image acquisition.  

All mechanical parts were designed in AutoCAD® 2008 (Autodesk, San Rafael, CA, USA) and 

precision cuts and shapes were made with a bench lathe.  
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Fig 46. Plans of the single components of the minirhizotron image acquisition system: a) camera 
support-system and case; b) PTFE handle-case mechanical interface; c) PTFE minirhizotron tube lid 
for positioning of the handle. 
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Fig 46. Plans of the single components of the minirhizotron image acquisition system: a) 
camera support-system and case; b) PTFE handle-case mechanical interface; c) PTFE 
minirhizotron tube lid for positioning of the handle. 
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Fig 46. Plans of the single components of the minirhizotron image acquisition system: a) 
camera support-system and case; b) PTFE handle-case mechanical interface; c) PTFE 
minirhizotron tube lid for positioning of the handle. 
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6.3.2. Technological components 

The system was designed in order to directly connect a high resolution digital camera to a 

laptop computer. We used a digital camera (Universal camera microscope for computer: 

continuous magnification 10 - 200X , screen capture resolution 640 x 480 pixel, “Live view” 

with up 30 fps, USB 1.1/2.0 interface, 1.8 m) provided with a USB cable for windows pc. The 

camera was bought from Digitus (www.digitus.info) and connected via the USB interface 

directly to a laptop. No other component is needed and any software for image acquisition 

may be used with such equipment. 

An artificial lighting system was provided through two USB white led lights, of about 30 mA 

power requirement and 10000 mcd light intensity each. The led lights were positioned on the 

metal camera-holding slab in the position shown in Fig. 46 after preliminary trials were 

carried out to select the best position of the lighting system for image acquisition in order to 

avoid shading or blurring. Both the camera and the led lights were powered directly through 

the USB port of a notebook, therefore no external power was needed. The camera was 

oriented longitudinally on the slab, consequently, in order to capture images from the 

minirhizotron side walls as desired, a right angle prism was placed in front of the camera to 

redirect the incident beam at 90 degrees, inverting the resulting image. 

Dimensions and positions of all parts were chosen so that the holding slab could be removed 

from the cylinder for any maintenance.   
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6.4. Technical and Economical specifications 

Technical specifications may be found in Fig 46 and in Table 18. The fourth column of Table 

18 reports indicative costs for all parts and for bench lathe precision cuts which were 

contracted to a private company. One person is required for operating the system.   

 

Components Material Dimension 

Cost  

(€) 

Cylinder 
Aluminium 

50.20mm diameter 

348.40mm length   16.00 

Slab Aluminium 43.8 x 119.35 mm 20.00 

2 Handle bars Aluminium 1 m length each, c-shape   18.00 

Handle Connection Aluminium 50mm   10.00 

Handle-Cylinder 

Interface PTFE   15.00 

Minirhizotron-Handle 

Interface 
PTFE 

81.85mm outer diameter  

62.40mm length with a rectangular hole to 

insert and moving the aluminium handle 25.00 

Camera Microscope 

and  Dinolite digital 

microscope software  

101.9 mm length 

32.8 mm diameter 204.00 

Led Lights       5.00 

Right angle prism BK7 Glass    18.00 

2 USB Cable 

extensions  3 m length each one   18.00 

Meter tape for handle Aluminium 2 m length      3.00 

Bolts and scraps     10.00 

Bench lathe precision 

cuts   150.00 

    

Total cost of the complete minirhizotron image-acquisition system 512.00 

Table 18. Technical and economical specifications 
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6.5. Setting and testing of the minirhizotron system 

Routine measurements of root length in the field are usually performed taking one image per 

position within the minirhizotron tubes at a fixed magnification in order to compare 

sequential measurements at the same position (Celano et al., 1999; Vamerali et al., 1999; 

2003). Also, images from a cylindrical minirhizotron wall carry a certain degree of 

deformation in the horizontal dimension, which needs to be quantified and corrected. In our 

system we set the camera at the magnification value of 25X with autofocus in order to achieve 

an image of 16.6 x 12.4 mm final dimensions with a minirhizotron tube of 53,5 mm internal 

diameter and 3,25 mm wall thickness. We tested this setting in the laboratory to measure 

deformation and find out the minimum diameter of roots we could clearly detect with this 

magnification through the minirhizotron tube wall. We thereafter conducted a field campaign 

where we tested the system for performance of the new mechanical components and ease of 

use. The camera unit can be connected to any laptop or handheld computer or screen with the 

only condition that they are able to provide energy to the camera and lights via USB ports. 

Any software for picture frame capture may be used with our system. We used a laptop 

computer with either the Dinolite Digital Microscope Software Studio® Version 2.1.0.9 

(AnMo Electronics Corporation, Hsinchu, TW) provided with the digital camera or the 

Studio9 (Pinnacle Systems –Avid, Mountain View, California, USA) for this study. 

 

6.5.1. Materials and methods 

6.5.1.1. Laboratory test 

The micro camera system was placed in a transparent Plexiglas (minirhizotron tube) of 53.50 

mm internal diameter and 60.0 mm external diameter as in field acquisition. Horizontal 

deformation was quantified as 5.15% on images of millimeter-marked paper placed around 

the minirhizotron tubes. Both wires and plant roots were used for the test. Wires of known 

diameter from fabric fibres, goose feathers and sorghum (Sorghum bicolor x Sudanense) roots 

collected from the field setting were placed on the transparent tube surface with a filter paper 

background and a black cover or a black textured leather background to reduce divergence 

from field light conditions. Several root and wire images were taken choosing samples of 

different diameter and roots with small laterals. After image acquisition, diameters of the wire 

and root samples were measured under a photo-optical microscope (Axioskope model, Carl 

Zeiss, Germany; Olimpus Camedia camera c-7070 wide zoom) with micrometric glass and 
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magnifications of 65X, 100X, and 200X. Some of the samples were photographed with a 

digital camera mounted on the microscope, with focus set on the micrometric glass (Fig 46).  

 

6.5.1.2 Field test 

The experimental field was located at Battipaglia (Salerno), southern Italy, at the 

experimental station of  the C.R.A., Italian Agricultural Ministry Research Center 

(40°34’58”N, 14°58’55”E, 42m a.s.l.). Sorghum ( Sorghum bicolor x Sudanense) was grown 

in 2008 on a silty loam soil (31.8% clay, 36.9% silt, 31.2% sand) with 1.14 % organic matter 

and soil colour from 7,5Y 3/2 wet and 7,5YR 3/2 dry to 7,5Y 3/3 wet and 10YR 3/6 dry on a 

Munsell (Soil Survey Division Staff, 1993) scale (D’Antonio and Ingenito, 2006). 

Eight minirhizotron tubes of 53.5 mm internal diameter and 2.0 m length, were installed at an 

angle of 45° along and widthways the sorghum rows in the Spring of 2008. In order to avoid 

gaps or scratches around the soil-tube interface, a 20-cm wide 45° trench was cut in the soil, 

where the minirhizotron was placed with sieved soil around it. The soil was irrigated with 

four wetting-drying cycles to allow setting of the soil before roots started to grow around the 

tube. Roots growing at the soil-tube surface were recorded periodically in the central upward 

sector of the tubes. Digital images (16.6 x 12.4 mm) were taken with the new minirhizotron 

system in 17 positions along the tube at biweekly to fortnightly frequency depending on the 

sorghum stage of growth. Precision in positioning was measured through an adaptation of the 

procedure proposed by Johnson and Mayer (1998), an namely as 100-the coefficient of 

variation of the position of one root per frame in two subsequent acquisitions on 20 frames. 

Given the large amount of  images, key issues of the campaign were comfort in operation and 

speed, as well as image quality. The time for image acquisition as well as the number of 

components to carry along in the field and the weight of the system were taken as indicators 

of speed and comfort respectively.  

 

6.5.2. Results of Tests and Discussion  

Fig 47 depicts an example of the root and wire samples tested. The smallest root found in the 

lab test measured 20 µm in diameter, and it was clearly detected by the micro camera system 

at the same magnification level used during the acquisition field campaign. Therefore no root 

was found at the optic microscope that was unseen by the video camera with the tested 

settings, The fabric fibre (Fig 47 b) and lateral fibres on the feather (Fig 47 c) measured about 

10 µm and were still clearly seen with both white and black backgrounds. 
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The new system resulted extremely lightweight (2.28 kg) due to the reduced number of 

components and the extensive use of aluminium. Only the camera unit was carried in the 

field, besides the laptop. Compared to other systems the absence of camera control box, frame 

capture device, power chords, power source made the system extremely handy. The absence 

of power chords and external power sources as long as the laptop can support the camera and 

lighting is a  major issue in comfort of operation and freedom to move about the experimental 

plots, and would be extremely useful in sites with brush. Also, the use of a fast digital camera 

directly connected to the laptop eliminated conversion from analog format to digital, and 

intermediate capture, this further speeding operation. The lack of additional component also 

results in a very limited power requirement: with our system the computer battery during full 

operation was only 8.6% lower than the battery duration without the camera-lighting system 

attached. 

 The overall time of acquisition was about 1 second per image, and less than 3 minutes per 

tube, and this included cleaning the inner surface of the tube with a duster prior to image 

acquisition, placing the tube-handle interface, acquiring 17 images, moving and placing the 

camera in the desired position and checking the image quality before moving to the next tube. 

Images were colleted moving from the top of the tube downward and stored as separate image 

files which may be stored in many different formats and sizes, labelled at the beginning of 

acquisition for each tube with a tube identification letter and date of acquisition, and each 

position was identified through a number. The Studio 9 software may be set in order to 

prompt for image-storing automatically proposing the correct image label by using the letter 

identification and increasing the number by one at each position, although the user may 

choose to change any image label if desired. Images were displayed on the screen as they 

were collected and could be retrieved at any time during collection of other images so that any 

comparison or check for missing or unsatisfactory frames could be made before leaving the 

field. 
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Fig 47. Images acquired in the laboratory with the video camera – minirhizotron tube system (a and d) 
and under a stereo microscope at 100 x magnification (b and e) and 200 x magnification (c and f); a, b, 
c: sorghum root; d, e, f: fragment from goose feather. 

 
Fig 48. Images of rooted soil in a field test under sorghum. Large image: young white root with 
mucigel and older dark root at 221 mm depth. Smaller images: rooted soil at 158 mm depth 110 days 
from sowing (right) and rooted soil at 442 mm depth 139 days from sowing (left) 
 

Images were high quality, consisting of 307200 pixels, which were spread over about 206 

mm2 of frame area with our settings, and allowed to detect root densities from 0 to the range 

of 5 cm cm-2 with over 38.5 pixel mm-1 on the final image. An example of field images is 
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depicted in fig.48. Recent developments of image analysis for minirhizotron frames (Zeng et 

al. 2008) allow the automatic extraction of roots on images of 640 x 480 pixels, as the ones 

produced by our system. The detection of roots without the need of manual tracing is based 

on two-dimensional matching filtering and local entropy thresholding to identify roots which 

are then discriminated from other objects and labeled. The measurement of each image 

containing a few labeled roots is conducted in tens of seconds with the approach of Zeng et al. 

(2006) and much less with a subsequent model proposed by Zeng et al. (2008). The latter 

method is also more accurate in the identification of root structures to the point that results 

allow to envisage fast, low-labour intensive methods for root image analysis from 

minirhizotrons that could be coupled with images from a system as the one proposed in this 

study for low-cost root studies with a high degree of automation. 

 Since the handle-minirhizotron interface provided steady support and direction to the camera, 

the distance of the camera from the minirhizotron side walls was constant this yielding a 

constant size of the acquired images. In minirhizotron image acquisition small shifts of the 

video camera from one sampling date to another results in shifted images. This may not be 

relevant in research where sampling at each date is considered as independent, but in order to 

analyse differences in root length at the same position for root turnover studies a procedure of 

alignment is usually needed, and only those areas that are common to the whole time-series 

may be retained for analysis (Vamerali et al., 2003). This results in a reduction of the area 

useful for the final processing. The amount of reduction is a function of the amount of 

shifting, i.e. the precision and repeatability of the camera positioning and possible variations 

in image size due to tilt of the camera within the tube. In our system 96 to 97% of precision in 

longitudinal repositioning was found, whereas lateral positioning was guaranteed by a bolt 

inserted in the hole on the side wall of the tube-handle interface (Fig 46) matching a hole on 

the minirhizotron tube side wall.  

Other types of handles have been proposed in the literature and are used by research teams. 

The mechanism of Ferguson and Smucker (1989) is based on a wheel advancing along a 

series of holes on a steel handle and does not allow a high repeatability of camera positioning 

so that acquired images need to be aligned and cropped before processing (Vamerali et al. 

2003), whereas Johnson and Mayer (1998) report a longitudinal precision of >99% in 

repositioning the camera due to the use of a ratchet for advancing along a saw-tooth axis. 

Both the system of Ferguson and Smucker (1989) and that of Johnson and Meyer (1998) 

considerably speed up the process of camera positioning when many images need to be 

acquired, covering the whole length of the tube. Such system, although highly efficient when 
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the spacing between images is small and fixed, become much slower in cases where images 

are collected further apart or if image positions are not fixed (i.e. if more than one experiment 

is conducted and different positions are required for each experiment). In such cases our 

handle is more flexible. Also, equipment made of steel or with many components may be 

heavy enough to exert considerable leverage on the aboveground parts of minirhizotrons (e.g. 

Johnson and Meyer, 1998) and this may also result in slight tilting of the camera or the tube, 

and this latter occurrence will affect soil-tube contact. Our lightweight handle does not 

provide leverage or tilt, and is more comfortable in operation especially when weather 

conditions are unfavourable, eg. windy or rainy. Furthermore, unlike our system, handles 

based on mechanically-fixed positions require maintenance and may need lubrication since 

friction, scratches or dust particles result in obstacles hampering the camera advancement and 

reducing the repeatability in positioning. Also, our handle is designed in such a way to be 

modular, since aluminium c-shaped bars of 1 m may be added or taken away with a single 

small bolt in a matter of minutes, so that only the required length of handle is used and carried 

in each experimental setting or unit, and there is no need of dealing with the extra weight and 

bulk of a long handle when deep measurements are not required. 

The choice of a handle will therefore depend on the specific needs of each research team, and 

the fast advancement one frame at a time will be preferred where many minirhizotrons are 

installed not too far apart, the whole length of the tube needs to be covered and handle 

maintenance is accurate. Lightweight and comfort in moving as well as low leverage will 

probably be preferred where soil-tube contact is an issue, or images need to be acquired 

further apart with quality check during acquisition, and ease of moving between tubes or 

experimental units is relevant. Modularity of the handle will be irrelevant if the system is used 

in one experiment only, whereas it will be useful for research teams planning to use 

minirhizotrons in different settings where tubes of different depth may be required. 

Deformation due to the 2-D projection of a curved soil-tube interface on the minirhizotron 

wall makes it unadvisable to use images larger than a few centimeters. The magnification 

selected in our study for a tube of 53,5 mm internal diameter and 3,25 mm wall thickness, 

allows to detect root structures between 10 and 20 µm, as tested in the laboratory, and still 

obtain an image size between 10 and 20 mm as commonly used  in the literature. The routine 

collection of root images for turnover studies requires fixed positions and image size 

(Vamerali et al., 2003), therefore no zooming is allowed; also our autofocus feature and the 

fixed lighting system allowed us to collect high quality images in all soil conditions (from just 

irrigated to dry) and with background of different colour in the laboratory. Therefore our 
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settings may be proposed as the simplest option for root studies. Nevertheless, in cases where 

a different magnification is required our digital microscope may be manually set to a different 

position. Also, if in studies with different purposes continuous zooming is required during 

operation, the systems allows the option of mounting a remote-zoom and/or a remote focus 

camera. 

 

6.6. Conclusions 

A handle - video camera unit for minirhizotron tube observations may be built with low-cost 

materials and connected directly to any laptop or handheld computer or screen through USB 

ports. The system allows to collect and store digital images without the use of camera control 

units or external power sources as long as the computer battery can support the camera and 

led lights, and with as little as 8% battery surcharge. The system is extremely lightweight and 

handy allowing one operator to collect 648 x 480 pixel images at a speed of about 1 second 

per image and to work several hours due to the low energy requirements. The positioning 

system,  designed for lack of maintenance, comfort and weight allows a precision of 96 to 

97% in repositioning and is ideal when camera advancement of more than one frame at a time 

or flexibility in spacing is required.  

The possibility of carrying only one lightweight component besides the computer avoids 

problems of leverage or camera tilt observed with heavier cameras and handles and may be a 

key issue in remote sites (forest) or where thick vegetation (bush) or other unfavourable 

conditions are found (weather, topography). In our system a magnification of 25x resulted in 

an image size of 16.6 x 12.4 mm while still detecting 10-20 µm roots or other structures. The 

absence of intermediate steps like camera control or image conversion together with the 

limited cost allows to envisage the diffusion of this technology in research groups with 

limited expertise and its use for robotic applications where one handle video camera unit may 

be permanently set on a single minirhizotron tube and programmed or remotely controlled to 

slide along the tube and acquire images at given time intervals and positions. 
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