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Abstract 

Nitrogen (N) is an essential nutrient for plant growth and one which has the greatest 
effect on the yield. Since effective indigenous sources are insufficient by far to support 
current levels of global agricultural outputs, N is intensively applied by farmers in the 
form of N-based fertilisers. However, excessive rates of fertiliser N to obtain maximum 
levels of crop production are associated with potential environmental, health and 
economic risks. The pollution of groundwater by nitrate is reported to be one of the most 
serious issues of environmental concern in Slovenia, considered in the context of 
agricultural pollution. Though it is not possible to prevent nitrate leaching, it has been 
demonstrated that improved management practices can reduce the potential for nitrate 
contamination of groundwater as a result of increased fertiliser N use efficiency.  

The aim of this doctoral work was to follow the migration of nitrate in the plant – soil 
– groundwater system on an experimental field cultivated with white cabbage (Brassica 
oleracea var. capitata L.) in order to find the best N management practice for growing 
brassicas which would give optimal yields in terms of quantity and quality and at the 
same time pose the least negative environmental risk (N losses). For the first time in 
Slovenia, the effect of different fertilizer types and the effect of the so far poorly studied 
split and combined usage of synthetic (inorganic) and organic fertilizers on the isotopic 
composition of total N (δ15N) were investigated, and thus the suitability of the δ15N 
signature as a tool to distinguish between organic and conventionally grown vegetables 
was evaluated.  

On an experimental field, located above a shallow groundwater body and cultivated 
with white cabbage, four different fertilization and irrigation practices were compared, 
namely: pre-plant broadcast fertilization and drip irrigation covering 50% of the crop’s 
water requirements, fertigation with drip irrigation covering 100% of the crop’s water 
requirements, farmer’s practice consisting of pre-plant broadcast fertilization and 
irrigation on the day before and after transplanting using a tank sprinkler and an 
unfertilized control with farmer’s practice of irrigation. Nitrate fertilizer, labelled with 15N 
isotope, was used as a tracer. Nitrate migration and distribution was followed by 
analysing nitrate and total N in plants, soil, soil solution and groundwater for content and 
isotopic composition of. In order to do so, different methods for isolation of nitrate N 
from groundwater (anion exchange method) and soil solution (Teflon trap diffusion 
method) were introduced, which in Slovenia have not been used previously. The studied 
management practices were evaluated based on N mass balance calculations (inputs – 
outputs) and yield quality in terms of nitrate content.  

The effect of different fertilizers on δ15N levels of vegetables was studied in a 
greenhouse pot experiment with lettuce (Lactuca sativa L.), grown under seven different 
treatments comprising of single and split application of synthetic (inorganic) or organic 
fertilizer, as well combined usage of both fertilizers. Furthermore, in this work δ15N 
signatures of 14 different organic and conventionally grown vegetable varieties 
commercially available on the Slovenian market, as well as δ15N signatures of some 
synthetic (inorganic) and organic fertilizers commonly used in Slovenia were determined, 
which should serve as a baseline for future studies. 
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The results of the field experiment did not confirm our hypothesis that fertigation with 
drip irrigation covering 100 % of the crop’s water requirements is the best practice for 
growing cabbage. Under the given environmental conditions, farmer’s practice with pre-
plant broadcast fertilization and irrigation on the day before and after transplanting was 
found to be the most appropriate practice from the economic (highest yield) as well as the 
environmental (lowest N losses) points of view. The results obtained in the greenhouse 
pot experiment provided an important contribution to our knowledge in regard to the 
effect on plant δ15N of split N fertilization, which could cover up the use of prohibited 
synthetic (inorganic) N fertilisers in organic production. The experiment revealed that 
based on δ15N it is possible to differentiate between organic and conventionally grown 
produce when fertiliser is applied in a single application, whereas in a split application it 
is not possible to detect low or moderate rates of synthetic fertiliser illegally applied to a 
lettuce crop. The analysis of different vegetable varieties of organically and 
conventionally grown vegetables from the Slovenian market confirmed that due to several 
limitations of the method applied, the δ15N signature of the produce could only be used as 
an additional supportive and not as a single definitive tool to control organic vegetable 
production. 
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Povzetek  

Dušik (N) je esencialno hranilo za rast rastlin, ki v največji meri vpliva na količino 
pridelka. V želji po pridelavi zadostnih količin hrane za potrebe stalno naraščajoče 
populacije ga kmetje intenzivno in pogosto v prekomernih količinah dodajajo v obliki 
gnojil, kar lahko vodi v potencialne okoljske in zdravstvene probleme ter ekonomsko 
škodo. V Sloveniji predstavlja onesnaženje podzemne vode z nitrati enega izmed najbolj 
perečih problemov s stališča kmetijskega onesnaževanja. Spiranja nitrata ni mogoče 
popolnoma preprečiti, vendar pa z uvajanjem dobrih kmetijskih praks, ki omogočajo večji 
odvzem N z rastlinami in boljši izkoristek gnojila, lahko to spiranje omejimo.  

Namen doktorskega dela je bil s pomočjo sledila v obliki nitratnega N gnojila, 
obogatenega s težjim N izotopom 15N, slediti migraciji nitrata v sistemu rastlina – tla – 
podzemna voda in na ta način najti najprimernejšo kmetijsko prakso za gojenje kapusnic, 
ki ob minimalnem negativnem vplivu na okolje (izgube N) daje optimalen pridelek v 
smislu količine in kakovosti. Prvič v Sloveniji smo proučevali tudi vpliv uporabe 
različnih gnojil ter vpliv do sedaj zelo slabo raziskanega dognojevanja in kombinirane 
uporabe organskih in sintetičnih gnojil na izotopsko sestavo celotnega dušika (δ15N) v 
zelenjavi in s tem ovrednotili primernost uporabe δ15N v zelenjavi kot orodja za ločevanje 
med ekološko in konvencionalno pridelano zelenjavo.  

Na poskusnem polju smo na primeru mladega zelja (Brassica oleracea var. capitata 
L.) med seboj primerjali štiri različne prakse gnojenja in namakanja: založno gnojenje s 
kapljičnim namakanjem, ki pokriva 50 % potreb rastlin po vodi, fertigacijo s kapljičnim 
namakanjem, ki pokriva 100 % potreb rastlin po vodi, kmetovo prakso, to je založno 
gnojenje in zalivanje z razpršilcem ter negnojeno kontrolo s kmetovo prakso zalivanja. 
Gibanju in porazdelitvi nitrata smo sledili s pomočjo analize koncentracij in izotopske 
sestave celotnega dušika in nitrata v rastlini, tleh, talni raztopini in podzemni vodi. V ta 
namen smo uvedli metodi za izolacijo nitratnega N iz vzorcev podzemnih vod (metoda z 
ionskimi izmenjevalci) ter talne raztopine (difuzijska metoda), ki se v Sloveniji pred tem 
nista uporabljali. Proučevane kmetijske prakse smo ovrednotili na podlagi izračuna masne 
bilance N (vnosi–iznosi) ter kakovosti pridelka glede na vsebnost nitrata.  

Vpliv različnih gnojil na δ15N v pridelku smo proučevali na primeru lončnega poskusa 
s solato (Lactuca sativa L.), pri katerem smo izvedli sedem različnih obravnavanj, ki so 
zajemala tako enkratno aplikacijo organskih in sintetičnih N gnojil kot tudi dognojevanje 
z različno kombinacijo obeh gnojil ter negnojeno kontrolo. Prvič so bile v okviru 
doktorskega dela določene tudi δ15N vrednosti v 14 vrstah komercialno dostopne 
konvencionalno in ekološko pridelane zelenjave s slovenskega trga ter δ15N vrednosti v 
nekaterih sintetičnih in organskih gnojilih, pogosto uporabljenih v Sloveniji, ki naj bi 
služile kot temeljno izhodišče za nadaljne raziskave.  

Rezultati poljskega poskusa niso potrdili postavljene hipoteze, da je fertigacija v 
kombinaciji s 100 % pokrivanjem potreb rastlin po vodi, najprimernejša praksa za gojenje 
kapusnic. Pri danih okoljskih pogojih je namreč ustaljena kmetova praksa z založnim 
gnojenjem ter zalivanjem dan pred in po presaditvi sadik dosegla največji pridelek ob 
najmanjših izgubah N v okolje in je tako najprimernejša praksa za pridelovanje mladega 
zelja na obravnavanem tipu tal. Poskus v rastlinjaku je pokazal, da v primeru enkratnega 
gnojenja z organskimi in sintetičnimi gnojili na podlagi izotopskega zapisa N v rastlini 
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lahko razlikujemo med solato, gnojeno samo s sintetičnim oz. organskim gnojilom, da pa 
se z dognojevanjem z različno kombinacijo obeh gnojil te razlike zmanjšajo ali celo 
zabrišejo, tako da na podlagi δ15N v rastlini ni več mogoče zanesljivo ločiti med ekološko 
in konvencionalno pridelavo. Slednja ugotovitev predstavlja pomemben doprinos k 
razumevanju obravnavane problematike. Tudi analiza ekološko in konvencionalno 
pridelane zelenjave s slovenskega trga kaže na to, da se zaradi določenih pomanjkljivosti 
metode δ15N zapis v pridelku lahko uporablja le kot dodatno, podporno in ne kot edino 
orodje za kontrolo ekološke pridelave zelenjave. 
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Abbreviations  

ANOVA  =  Analysis of Variance 
ANCA–SL   =  Automated nitrogen and carbon analyser with a preparation  

module for solid and liquid samples 
atom % 15N  = Absolute abundance of 15N isotope in per cent 
CRM    =  Certified reference material 
C/N    =  Organic carbon to total nitrogen ratio 
DM basis   =  Dry matter basis 
DAT    =  Days after transplanting 
δ    =  Delta, relative isotopic composition, value given in parts  

per thousand or per mil (‰)  
δ15N    = Isotopic composition of nitrogen  
FIA system   =  Flow Injection Analysis system 
FW   =  Fresh weight 
IRM    = In–house reference material 
IRMS    =  Isotope Ratio Mass Spectrometry 
LSD   = Least significant difference 
LQD   =  Limit of quantification 
KAN   =  Potassium ammonium nitrate fertiliser 
MAFF   = Ministry of Agriculture, Forestry and Food 
N-NO3

-   =  Nitrate nitrogen 
n.d.   = Not determined 
Ndff    =  Nitrogen derived from the fertiliser 
Ndfs    =  Nitrogen derived from soil 
N:P:K  =  Fertiliser containing three main nutrients, i.e. nitrogen (N),  

phosphorus (P) and potassium (K) 
OJ RS   =  Official Journal of the Republic of Slovenia 
PTFE   =  Teflon – Polyfluoroethylene 
SD   = Standard deviation 
SDW   =  Subsample dry weight 
SFW    =  Subsample fresh weight 
T   = Temperature 
UV–VIS Spectrometry =  Ultraviolet–Visible Spectroscopy 
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1  Introduction 

Nitrogen (N) is an essential nutrient for plant growth and in the desire to produce more food, 
farmers apply it intensively, and often in excessive quantities, in the form of nitrogen–based 
fertilisers. Since only a fraction of the applied fertiliser N (on average less than 50%) is taken 
up by the crop, the remainder is subject to loss, representing both economic and 
environmental risk. As huge quantities of fertiliser N are involved in agricultural production 
systems, the economic losses are enormous. In addition, excessive rates of fertiliser N to 
obtain maximum levels of crop production are associated with potential environmental, 
ecological and health risk. If fertiliser application exceeds plant demands and the 
denitrification capacity of the soil, nitrate not taken up by the crop may potentially contribute 
to ground and surface water pollution through nitrate leaching and soil erosion (Gastal and 
Lemaire, 2002, Wang et al., 2002, Chen et al., 2004, Almasri and Kaluarachchi, 2007 and 
references therein), possibly raising the nitrate concentrations in groundwater above the 
maximum allowed level of 50 mg L-1, set by the European Commission Nitrate Directive 
(91/676/EEC). In some areas, problems related to the presence of abundant N from 
anthropogenic sources (including, but not limited to, fertilisers) have been reported. Estimates 
of the global anthropogenic inputs of about 80 million tons per year and a global agricultural 
output of 23 million tons N per year imply low overall efficiency of N utilization in 
agriculture for food production. The gaseous losses to the atmosphere are estimated at 26–60 
million tons N per year, whereas between 32 and 45 million tons N per year are received by 
ground– and surface waters through leaching and runoff (van Cleemput et al., 2008 and 
references therein) (Figure 1).  

In Slovenia, average nitrogen input from mineral fertilisers is low (47 kg ha-1), however 
the average N input from organic manure is higher (90 kg ha-1, in regions with higher stocking 
rate, e.g. Maribor, even up to 138 kg ha-1). The average nitrogen deposition from the 
atmosphere is 17 kg N ha-1 (Leskošek, 1993 – Kmečki glas, in Matičič, 1999). In all regions, 
net–balance surplus is below 100 kg ha-1, with an average net–balance surplus about 50 kg ha-

1 (Matičič, 1999). 
Nitrate is often the major source of nitrogen available to higher plants (Marschner, 1995). 

Its uptake and distribution in plants is of major importance with respect to both environmental 
concerns and the quality of plant products (Gastal and Lemaire, 2002). The higher the N 
uptake, the less N is remaining in the soil available for potential leaching or gaseous losses. 
However, high uptake can on the other hand cause excessive nitrate accumulation in plants, 
especially in most leafy vegetables (Chen et al., 2004), and as reported in Commission 
Regulation (EC) No.1881/2006, vegetables are the major source of nitrate in the human 
intake. Nitrate is relatively non–toxic but its metabolites (nitrite) may produce a number of 
deleterious health effects (e.g. methaemoglobinaemia, carcinogenesis) (Santamaria, 2006), so 
care should be taken, especially for pregnant women and babies, not to exceed the acceptable 
daily intake of 3.65 mg nitrate per kg body weight. 

Slovenia is a rich country as far as abundance of water is concerned. Groundwater is a 
source used for water supply in our country. The pollution of surface and ground waters is 
mostly caused by the chemicals used in industry, urban wastes and agriculture. Agricultural 
pollution sources in Slovenia are intensive farming practices, particularly fertilisation, 
livestock rising and plant protection. The pollution of groundwater by nitrate is one of the 
most serious issues of environmental concern in Slovenia, considered in context of agriculture 
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pollution. A little less than one third of our territory is agricultural land (600 000 ha) and only 
38% is arable land. An important feature of the Slovenian territory is the predominance of 
hilly areas. Over a total area of agricultural land, plains, where most of intensive agriculture 
takes place, account only for 28% (Matičič, 1999). From this reason, intensive vegetable 
production is frequently performed in fields located above shallow groundwater bodies which 
are very susceptible to nitrogen leaching and prone to pollution of groundwater. Hence, in 
order to reduce the burden to the natural environment caused by excessive N fertilisation, 
optimal crop cultivation methods are sought to diminish the negative effect of N compounds 
on the environment, and ensure high and quality yields at the same time (Rahn, 2002). While 
it is not possible to prevent nitrate leaching, improved management practices leading to 
increased fertiliser N use efficiency can reduce the potential for nitrate contamination of 
groundwater (Bijay-Sighn et al., 1995; Cassman et al., 2002; Di and Cameron, 2002).  

In spite of the development of new technologies for improving the efficiency of 
use/recovery of applied fertiliser N by crops over recent decades, mainly in the developed 
world, fertiliser N use efficiency has remained low in many regions of the world due to land 
degradation, changes in land use (and cropping systems) and the use of inappropriate land 
management practices in response to socioeconomic and other pressures on agricultural 
production systems. Fertiliser N not taken up by the crop to which it is applied is very likely 
to be lost to the environment. This is an important issue for developing sustainable 
agricultural systems, in view of the need to support further intensification of agriculture to 
produce enough food for the growing population while preserving the natural resource base. It 
is now widely accepted that efficiency of fertiliser use should be evaluated not only 
agronomically (recovery and yield increases, and product quality), but also environmentally 
and socioeconomically. The role of fertiliser N should be evaluated within the context of all 
potential inputs of N to the system as a whole (van Cleemput et al., 2008). 

Compared with more intensive conventional farming systems, organic farming is 
considered an effective mean of reducing nitrogen losses (Berntsen et al., 2006). Furthermore, 
organically produced foods are reported to be produced in a more environmentally compatible 
manner as well as safer for health of the consumer. Due to increased concern about food 
quality and safety, demand as well as supply of organic produce is constantly increasing. With 
increasing demand for organic produce in our diet, there is a need to find suitable 
authentication tools to rapidly distinguish if organically certified produce is indeed 
organically grown, and not simply labelled as such (Woese et al., 1997; Siderer et al., 2005) 
and produced with synthetic (inorganic) fertilisers (Rogers, 2008). Nitrogen isotopic signature 
of the produce is reported to be a promising indicator. 

 

1.1  Nitrogen cycle in agricultural system 

 
Nitrogen is one of the most important nutrients for crop growth, second only to water. All 
vital biological processes are related to the existence of functional plasma, of which N is a 
basic constituent (protein, nucleic acids). N is also a basic constituent of many other 
compounds of primary physiological importance to plant metabolism, such as chlorophyll, 
nucleotides, proteins, alkaloids, enzymes, hormones and vitamins (Marchner, H. in Zapata, 
Chapter 1, p 1). In agricultural systems, N is obtained from the soil through mineralization of 
soil organic matter and from external sources, both organic and inorganic (Zapata, 2008). 
However, N inputs from indigenous sources are insufficient by far to support current levels of 
global agricultural output. Therefore, they must be supplemented by applications of N 
fertilisers (IFA, France, 2007). Nitrogen is the major nutrient which can be controlled by the 
producer. 

On Earth, there are two pools of N, with relatively little exchange between them: the 
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gaseous dinitrogen (N2, relatively inert) of the atmosphere, and of N that is chemically bound 
to other elements such as carbon, hydrogen or oxygen and has been described as “reactive 
nitrogen” for its tendency to react with other elements (Galloway et al., 2004). It exists in 
many different chemical forms (different oxidation states) and passes around natural and 
agricultural ecosystems in a cycle (Figure 1). Put simply, N moves from the soil to the plant, 
and back from the plant to the soil, often with animals or humans as intermediates. The real 
situation is however more complex as N compounds undergo a number of transformations in 
the soil (mineralization, immobilization, nitrification and denitrification) and are exchanged 
between soil and the atmosphere (through volatilization, denitrification, biological N fixation, 
atmospheric deposition) and between soil and the hydrosphere (through leaching, 
erosion/runoff, irrigation). These transformations and fluxes constitute the soil N cycle. In 
natural ecosystems, the cycle is more or less closed, with N inputs balancing N losses. In 
agricultural systems, the cycle is disturbed by the export of substantial amounts of N in 
harvested products. Consequently, application of fertilisers containing N and other crop 
nutrients is essential to balance inputs and outputs and so maintain or improve soil fertility, 
increase agricultural productivity and, in turn, preserve natural ecosystems and wild habitats 
from conversion to farming (IFA, France, 2007). 

The various forms of nitrogen determine its availability to plants or whether nitrogen 
escapes and is no longer available to them. The presence of useable nitrogen and its losses 
affects the sustainability of production. As mentioned before, mismanaged nitrogen can result 
in economic loss to the producer, environmental repercussions, or both. For an optimal yield, 
the N supply must be available according to the needs of the plant, matching its pattern and 
total amount (Zapata, 2008). 
 

Chemical forms of nitrogen: 
 Inorganic forms: 

o Nitrogen gas (N2) → makes up 78 per cent of atmosphere. It is not directly 
available for use by plants but is directly used in nitrogen fixation (e.g. legumes 
has developed symbiotic systems with N2–fixing bacteria) and industrial fertiliser 
manufacture. 

o Ammonia (NH3) → in this form the nitrogen is unavailable to plants. It is used as 
a building block of N fertilisers. 

o Nitrate (NO3ˉ) → is the most common form available to plants. In this form, 
nitrogen is mobile, leachable and usually the end product of mineralisation. 

o Ammonium (NH4+) → is a less common plant–available form of nitrogen when 
compared to nitrate but is a preferred nitrogen source. Plants use less energy for 
uptake in this form. There are many beneficial side effects and nitrogen in this 
form is less likely to be lost than in other forms. 

o Nitrite (NO2ˉ) → is an intermediate in the conversion of ammonium to nitrate. It 
is a less common plant–available form but more toxic to plants and more prone to 
gaseous losses than nitrate. 

o Nitrous Oxide (N2O) → is a greenhouse gas and is lost through denitrification and 
may be harmful to the ozone layer. 

o Nitric Oxide (NO) → this form is lost through denitrification and may be harmful 
to the ozone layer. 

 Organic nitrogen compounds (e.g. amines, proteins and nucleic acids) are complex 
and unavailable to plants. They are the end products of immobilization. 
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Figure 1: A simplified view of the nitrogen cycle in crop production with estimated global N flows 
(inputs and losses, million tonns N year–1) (From Mosier et al., 2004). 

Plants use nitrogen by absorbing either nitrate or ammonium through the roots. Nitrogen is 
readily transported through the plant from older tissue to younger tissue. Therefore, a plant 
deficient in nitrogen will show yellowing in the older leaves first due to the 
underdevelopment or destruction of chloroplasts and an absence of the green pigmented 
chlorophyll (http://www.hsc.csu.edu.au/agriculture/production/3363/nitrogen.htm). Lack of 
chlorophyll inhibits the capacity of the plant to assimilate CO2 and synthesise carbohydrates, 
leading to poor and premature flowering and fructification, with shortening of the growth 
cycle. N deficient plants respond quickly to the addition of N fertilisers if applied in a timely 
manner and properly. Adverse effects on annual plants caused by early–stage lack of N cannot 
usually be corrected by late application of N (Zapata, 2008 and references therein).  

N cycling in soil is closely related to organic matter turnover. Since there are no minerals 
containing bioavailable N in soil, reserves of N depend on the soil organic matter content. 
Thus, micro–organisms are responsible for soil–N transformations, which play a key role in 
determining the availability of N for plant growth and crop production. Mineral N is highly 
mobile in the soil and, if not taken up by plant roots and microbes, it can be lost through 
leaching and gaseous emissions, mainly by denitrification and volatilization, creating 
environmental hazard. Changes in the N cycle associated with excessive soil–N loading can 
have detrimental effects on terrestrial and aquatic ecosystems, such as eutrofication, algal 
blooms and “dead zones” (oxygen depleted coastal waters) as well as surface waters and 
groundwater contamination, increased greenhouse gas emissions, etc. Similarly, the use of 
reactive (fixed) N affects human health both in positive and in negative ways (see Chapter 
1.1.1), depending on the rates of reactive N used in the ecosystem. Negative health effects of 
highly reactive N are both direct (pollution of air and water) and indirect (ecological feedback 
to disease) (Zapata, 2008 and references therein). 
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1.1.1  Impact of nitrate on human health 

 
As mentioned previously, nitrate is a naturally occurring form of nitrogen and is an integral 
part of the nitrogen cycle in the environment. It is found in the air, soil, water and food 
(particularly in vegetables) and is produced naturally within the human body. Nitrate is also 
used as a food additive (e.g. meat), mainly as a preservative anti microbial agent (Santamaria, 
2006 and references therein). 

Until recently nitrate was perceived as a purely harmful dietary component which causes 
infantile methemoglobinaemia (known also as the blue baby syndrome), carcinogenesis (the 
formation of N–nitroso compounds), and possibly even teratogenesis (birth defects). In 
addition, Parslow et al. (1997) found a positive relationship between the incidence of 
childhood–onset insulin–dependent diabetes mellitus and levels of nitrate in drinking water. 
Nitrate alone is non–toxic, but approximately 5% of all ingested nitrate is converted in saliva 
and the gastrointestinal tract to the more toxic nitrite. The only chronic toxic effects of nitrate 
are those resulting from the nitrite formed by its reduction by bacterial enzymes (Santamaria 
et al., 2006, and references therein). Vegetables, an important component of the human diet 
and a major source of nitrate (Table 1), constitute nearly 72 to 94% of the average daily 
human dietary intake (Dich et al, 1996; in Anjana et al., 2007). 

Some recent studies (Santamaria, 2006 and Anjana et al., 2007) on the other hand, suggest 
that nitrate is harmless and rather beneficial, which is based on the hypothesis that nitric oxide 
(NO) formed in the stomach from dietary nitrate has a antimicrobial effects on gut pathogens 
and a role in host defence. Some of these studies have revealed a negative correlation between 
nitrate intake and gastric cancer because vegetables are an excellent source of vitamins, 
minerals and biologically active compounds, while others report the effect of nitrate on the 
reduction of hypertension and cardiovascular diseases.  

However, the studies reporting potential beneficial effects of nitrate are still scarce, hence 
an intake of vegetables and consumption of drinking water (max allowed level for 
groundwater is 50 mg NO3

––L-1, set by the European Commission Nitrate Directive 
(91/676/EEC)) with such a high nitrate content that acceptable daily intake (3.65 NO3

– per kg 
of body weight) is exceeded for a prolonged period, should be avoided (Boink and Speijers, 
2001). Thus, in order to gain as much as possible from the indisputable benefits of vegetables, 
a reduction in nitrate levels is highly desirable for consumers and probably profitable for 
farmers (Auserwald et al., 1999; Santamaria, 2006). 

 

Table 1: Classification of some frequently grown vegetables according to NO3
– content (mg kg-1 FW; 

Santamaria, 2006).  

Very low  Low Middle High Very high 

(<200) (200–500) (500–1000) (1000–2500) (>2500) 
     Asparagus Broccoli Cabbage Celeriac  Celery 
Garlic Carrot Radicchio Endive  Lamb’s lettuce 
Onion  Cauliflower Turnip Kohlrabi Lettuce 
Green bean Cucumber  Leek Radish 
Pea  Pumpkin  Parsley  Red beetroot 
Pepper    Spinach 
Potato    Swish chard 
Tomato     
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1.1.2  Slovenian legislation dealing with nitrates in drinking water and foodstuffs 

 
There are several regulations in force in Slovenia that are supposed to control water and food 
quality in connection with nitrates (Table 2). Slovenian legislation is quite strict as far as 
standards on drinking water, food quality or quality of agricultural products is concerned 
regarding nitrate (Matičič, 1999). Slovenia developed Operative programme for 
environmental protection with nitrates from agriculture use for years 2004–2008 which is 
focused on nitrate pollution input into the water from agriculture sources (Kanduč and Šturm, 
2010). 

Table 2: Legislation dealing with nitrates in drinking water, foodstuffs and soil. 

Matrix Legislation 
   
Groundwater Decree concerning the protection of waters against pollution 

caused by nitrates from agricultural sources Official Journal of 
the Republic of Slovenia (OJ RS) No. 113/09. 

  
 Operational programme for the protection of water against 

pollution caused by nitrates from agricultural production for 
2004-2008. 

  
 Decree on the quality of underground water, OJ RS, No. 11/02, 

41/2004 ZVO-1, 100/2005.  
  
 Decree on the water protection zone for the aquifer of Ljubljansko 

polje, OJ RS, No. 120/04, 7/2006. 
  
  
Soil Decree on the limit input concentration values of dangerous 

substances and fertilisers in soil, OJ RS, No. 84/05, 62/2008, 
113/2009. 

  
 Decree on the input of hazardous substances and plant nutrients 

into the soil, OJ RS, No. 68/96, 35/2001. 
  
 Guidelines (Guidelines) concerning good agricultural practice in 

manuring, OJ RS, No. 34/2000, 130/2004. 
  
 Mineral Fertilisers Act, OJ RS, No. 29/2006. 
  
 Regulation on statutory management requirements and good 

agricultural and Environmental conditions for farming, OJ RS, 
No. 21/2005, 114/2005, 76/2006, 34/2007. 

  
 Regulation about cross compliance, OJ RS, No. 11/2009, 7/2010. 
  
  
Foodstuffs Rules on contaminants in foodstuffs, OJ RS, No. 69/2003, 

20/2004, 17/2005, 29/2007. 
 
 
     
    



Introduction 7 
 

 

1.2  Principles and applications of nitrogen isotopes in fertiliser 
experiments 

 

1.2.1  Nitrogen isotopes 

 
Element N has six isotopes, i.e. atoms with the same atomic number (7 protons) but differing 
in mass number (number of protons and neutrons in the nucleus) varying from 12 to 17. Of 
the six isotopes, 15N and 14N are stable isotopes while others are radioactive (undergoing 
disintegration or decay, emitting radiation) with relatively short half–lives, therefore making it 
impossible to conduct experiments with plants during growth stage (van Cleemput et al., 
2008). 

The naturally occurring isotope ratios of 15N/14N are measured against atmospheric N2 as a 
reference and are termed δ15N and expressed as delta (δ) values, as follows: 

 

10001)
NN/

NN/
((‰)Nδ

standard
1415

sample
1415

sample
15        (1) 

 
where standard denotes atmospheric nitrogen with a 15N/14N ratio of 0.00368 (i.e. 15N/14N = 
1/272) and a δ15N value of 0 ‰. 

There is a persisting and perhaps widespread view that the behaviour of 15N in soils and 
plants is too complex to permit variations in its natural abundance to be used as a tracer or 
even as a probe to explore plant–soil relationships in natural ecosystem (Hauck et al., 1972; 
Stewart, 2001). Hence, 15N enriched (or depleted) fertilisers are being produced commercially 
by different processes of separation (e.g. distillation process, laser separation, gaseous 
diffusion process, centrifuge process) (Figure 2), which can be used as tracers in various types 
of experiments. 

 

 

Figure 2: Hypothetical N isotope separation process, with 14N as the preferred isotope (From: 
http://www.klydon.co.za/images/Isotope.jpg). 

δ15N (natural abundance) and 15N–enrichment are quite different approaches to studying 
plant N relations. Enriched 15N labelling has been used extensively to trace N sources and/or 
the amounts of N which move from a source to a sink, hence the term ”trace”. N which is 
15N–enriched can be used in this way to create a strong 15N signal, which is different enough 
from natural abundance ratios that natural variations in the N cycle are insignificant in 
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comparison, and can be ignored (Kendall, 1998). δ15N values are very small compared to 
those of 15N–enriched tracers. The enrichment of the isotope is usually expressed as atom% 
excess, which is the % of atoms as the minor isotope in excess of their background 
abundance. In air, 15N comprises only 0.3663% of total N2 and a compound containing 1 
atom% 15N has 0.6337 atom% 15N excess (Unkowich et al., 2001), whereas 15N–enriched 
tracers may contain >99% 15N. A difference in 15N–enrichment of 1 atom percent (e.g. 
between 5 atom% and 6 atom%) is equivalent to a change of 3046‰. Atom% 15N values are 
expressed as follows: 
 

  1001)NN//(NN/  N%  atom sample
1415

sample
141515       (2) 

 
For example, the δ15N value of ammonium sulphate that is 20 atom % 15N is calculated as 
follows (Kendall, 1998): 
 

      ‰6700010001272/1/20/80  Nδ air
15        (3). 

 
In our work, both the natural abundance and the 15N enriched approach were used for food 

authenticity and nitrate leaching studies, respectively. 
 

1.2.2  Nitrogen isotopic composition in plants 

 
N–autotrophs can utilize a variety of materials from purely inorganic compounds (NH4

+, NO3
-

N2, and NO2
-) to amino acids, and can have a wide range in δ15N values depending on 

environmental conditions. In general, microorganisms and plants preferentially uptake 
ammonium and the soil nitrate is preferentially assimilated by tree roots relative to soil 
ammonium (Kendall, 1998; and references therein). According to Larcher (2003) most plants 
prefer NO3

- as long as pH in the rooting zone remains favourable. In nutrient-poor, acid and 
wet soils plants take up mostly NH4

+. Plant uptake depends on temperature and is smaller at 
low temperatures (Larcher, 2003). 

Most plants have δ15N values in the range of -5 to +2‰ (Fry, 1991; Kendall, 1998). N 
fixing plants have δ15N values close to zero as they incorporate N2 from the atmosphere. 
Other plants cannot fix N2 and incorporate N by assimilating NH4

+ or NO3
- from soil instead. 

The δ15N values of plants are strongly dependent on those of the soil, which are in part 
controlled by plants (Sharp, 2007). It has been demonstrated that different plant parts (e.g. 
seed, herbage, crows, and roots) of crops grown on 15N enriched soil may contain N of 
different isotopic composition from each other. Roots are known to have higher 15N 
enrichments than foliage or seeds (Danso, 1985 and references therein). 

Recent investigations have concluded that there is negligible fractionation during plant 
uptake in most natural N–limited systems (Nadelhofer and Fry, 1994); nevertheless, tree 
tissues and litter have slightly lower δ15N values than soil (Kendall, 1998). In non–limited 
systems, preferential uptake of lighter 14N isotope by plant results in a few permil 
fractionations between plants and dissolved inorganic nitrogen. Several studies show that the 
δ15N of NO3

- in soil solution and consequently in plants generally is isotopically lighter that 
the δ15N of NH4

+, due to fractionation during nitrification. Processes which lead to strong 
losses of N, such as clear felling followed by nitrification and NO3

- leaching losses, may lead 
to increases in plant δ15N, even when the plants take up NO3

- (Högbom et al., 2002, in 
Falkengren-Grerup et al., 2004). 
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1.2.3  Nitrogen isotopic composition in soil 

The δ15N in soils is affected by many factors including soil depth, vegetation, climate, cultural 
history, soil age, etc. The δ15N of total soil N ranges from about -10 to +15‰, with most soils 
having δ15N values in the range of 2 to 5‰ (Kendall, 1998). Cultivated soils have slightly 
lower δ15N values (0.6 ± 2.6‰) than uncultivated soils (2.7 ± 3.4‰). In general, the soil 
nitrate produced from fertiliser (average δ15N value = 4.7 ± 5.4‰) and animal waste (average 
δ15N value = 14.0 ± 8.8‰) are isotopically distinguishable but they both overlap with the 
composition of nitrate in precipitation and natural soils (Kendall, 1998). The loss of the 
bioavailable, 15N depleted ammonium to plant uptake, nitrification, and leaching coupled by 
recycling of the 15N enriched biomass, will inevitably lead to increases in δ15N of the total soil 
nitrogen (Kendall, 1998).  

Because nitrate is more mobile in soils than ammonium (adsorption of NH4
+ to soil 

particles, e.g. clay), it is less likely to accumulate and, therefore, readily leaches from soils. 
Although it has often been assumed that nitrate is the most abundant N solute in catchment 
waters, several recent studies have found that dissolved organic nitrogen is actually the 
dominant N solute (Kendall, 1998, and references therein). Soluble dissolved inorganic 
nitrogen (DIN; mainly NO3

-) constitutes about 1% of the N in the soils, and hence is a very 
small pool whose δ15N is much more sensitive to change then the larger organic pool. 
Turnover times of DIN in various soils are in the order of days (Davidson et al, 1990; 
Högberg, 1997; Kendall, 1998).  

Most of the nitrogen in soils is bound in forms not readily available to plants; hence, the 
δ15N of total soil N is generally not a good approximation of the δ15N of nitrogen available for 
plant growth (Kendall, 1998). Nitrate δ15N values usually increase with depth in surface soils, 
though values can decrease below the rooting zone (50-500 cm) where concentrations are low 
and N pools are mainly derived from leaching from above.  

Mineralization followed by nitrification and leaching is probably a major cause of 
enrichment in total soils. Other processes can also produce increase in δ15N of nitrate with 
depth. Also seasonal changes in soil temperatures can affect the δ15N of nitrate, resulting in 
higher values in the summer in unfertilized fields (Ostrom et al., 1998), due to higher 
temperatures which cause higher volatilization and denitrification. In well-oxigenated vadose 
zones, there may be little or no change in the δ15N of nitrate past the root zone, indicating 
little denitrification or other nitrogen cycling reactions during transport (Gormly and 
Spalding, 1979). Delwiche and Steyn (1970) noted that where there is a significant change in 
texture in the profile (e.g. a point where sand content in unusually high), there is a significant 
enrichment in 15N. But they could not demonstrate a consistent relationship between 15N 
content of N and soil particle size or total N content to the soil (Kendall, 1998). Plants are 
integrators of the δ15N of available N sources, and although there are complexities caused by 
storage effects, perhaps plant, especially fine roots, would provide the simplest and best 
estimate of the δ15N value of available N in the soil (Högberg, 1997; Kendall, 1998). 

 

1.2.4  15N methodology 

 
The large size of the native N pool in soils, compared to fertiliser N inputs, and the inherent 
variability of native soil, makes assessment of the fate of fertiliser N virtually impossible to 
asses without the use of a tracer to differentiate the fertiliser input from background soil N. 
Consequently as mentioned previously, 15N–enriched substrates have been widely used in 
studies following the fate of N in soil–plant systems (Fillery and Recous, 2001). Following 
the tracer yields data with which one can quantify the fate of the added fertiliser N as it passes 
into various partitions – the portion taken up by the plants, the portion remaining in the soil N 
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pool, the portion lost by denitrification into the atmosphere, and the portion leached into 
runoff waters. Such data leads to recommendations for fertilisation that yield the greatest 
benefit to food crops and the least possible pollution of drinking water by nitrate runoff. 

The increasing concern for maximizing the efficiency of fertiliser nitrogen use in crop 
production is reflected in the experimental increase in the use of 15N to study the uptake of 
applied nitrogen (Hauck, 1976). With the 15N labelling method, the isotopic signature of the 
enriched tracer can be pre–determined to ensure significant differences in atom% 15N between 
the source and background level, even when fractionation occurs. This technique has been 
used extensively for a number of years (Broadbent and Nakashima, 1974, Fried et al., 1975, 
Hardarson et al., 1983, Mulvaney and Boast, 1986, Bronson et al., 2000, Bedard-Haughn et 
al., 2003, Zamora et al., 2009, and many others), and has been accepted by the scientific 
community at large as the most reliable way to follow the flow and fate of N in systems 
(Bedard-Haughn et al., 2003). When 15N enriched material is applied it becomes part of the 
overall N–cycle and the path of 15N through the various soil and plant N pools can be 
followed (Bedard-Haughn et al., 2003). The isotopic method is the only direct means of 
measuring N uptake from applied fertiliser. The recovery data are known to be the ˝real 
coefficient of utilization˝ (van Cleemput et al., 2008). 
 

Examples of 15N methodology application (Fillery and Recous, 2001): 
 

1. Measurements of 15N enrichment in individual soil N pools, and in plant material, can 
be employed to follow the fate of applied 15N fertilisers. Analysis of added 15N in the 
NH4

+, NO3
– and organic N pools and in plant material enables the recovery of added 

15N to be determined. 
2. Experiments measuring the difference between added 15N and recovered 15N after a 

particular time interval can be used as a measure of the loss of fertiliser–derived N 
from soil–plant systems. 

3. 15N–enriched techniques have been used to determine the efficiency of uptake of N 
sources by crop plants. 

 
In order to follow and understand the pathway of nitrogen through different reservoirs 

(plant–soil–groundwater), various 15N–enriched fertilisers can be used. From literature it 
seems that (NH4)2SO4 is most commonly used, although no explanation is given for this 
preference. However, Vallis et al. (1967, in Danso et al., 1985) observed a greater uptake of N 
from K15NO3 than from (15NH4)2SO4 and suggested that ammonium would probably be better 
than the nitrate form of fertiliser when the aim is to have much of tracer incorporated in the 
internal soil nitrogen cycle. On the other hand, nitrate is better when the objective is to 
minimise microbial transformation before uptake. According to Hystead and Lowe (1977), in 
order not to disturb the soil N cycle, labelled N should be added in a form already present in 
the soil (Danso et al., 1985).  

Just as with the different forms, many methods of 15N application can be used, including 
broadcast at planting, broadcast and incorporated one week before planting, sprayed or 
injected into soil as solution and banding. The greatest problems with the different methods of 
application may, however, be related to uniformity of fertiliser distribution in the soil and how 
each method affects the rate of release of 15N (or tie–up in the soil colloid or organic matter). 
Certainly, surface application, unless followed by irrigation or rainfall, may lead to vertical 
gradients in the 15N composition of soil. Solution application has the advantage that small 
amounts of 15N–labelled fertiliser (which would be difficult to distribute evenly on the soil 
surface) can be dissolved in a large volume of water and applied uniformly to cut down on 
spatial variability (Danso et al., 1985 and references therein). 
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1.3  The use of N isotopic signature for controlling organic vegetable 
production 

 
Compared to conventional farming, organic farming is reported to reduce negative 

environmental impacts and to produce healthier foods and hence became one of the preferred 
farming practices. It has experienced a rapid growth over recent years. In 2000, 115 organic 
(eco-) farms were registered in Slovenia, whereas in 2009 number of farms amounted to 1853 
(SURS). In Slovenia, bio–agriculture has been practiced for many years, but European 
comparable inspection and certification system of organic farming has started to develop only 
a few years ago. The first step in the "legalization" of organic production is to establish 
standards on the example of those used in organic associations in the neighbouring countries. 
In Slovenia, such standards were prepared in May 1996, a year later a brochure, entitled 
"Recommendations for organic farming in Slovenia", was printed by the Ministry of 
Agriculture, Forestry and Food (MAFF). Rules on organic production and processing of 
agricultural products and/or foods came in force in 2001 (OJ RS, No. 32/2001, 52/2003, 
128/2006). The Union of Slovenian Organic Farmers Associations created and promotes a 
single collective mark for organic food, which, after fulfilling the required criteria, any 
producer who is a member in one of these associations can use to label his products (Bratuša, 
2010).     

Since organic products attain higher prices on the market, mainly due to higher production 
costs and costs connected with the certification process, there is concern among users over 
mislabelling conventionally grown crops as “organic”. Growers must undergo testing and 
follow rigorous guidelines to obtain a certificate to produce and sell authentic organic 
produce, however, current chemical analytical controls performed on organic vegetables 
consist of searching for pesticide residues and contaminants (Woese et al., 1997) rather than 
confirmation of growing regime (Rogers, 2008). Nevertheless, in the last decade or so, studies 
have begun to look for additional ways to test organic products for authenticity (Nelson et al., 
2004 and references therein). Some of these tests are oriented towards using stable nitrogen 
isotopes as indicators of fertilisation with synthetic (inorganic) N fertilisers (Evans, 2001; 
Choi et al., 2002; Choi et al., 2003; Bateman et al., 2005; Rapisarda et al., 2005; Yun et al., 
2006; Bateman et al., 2007; del Amor et al., 2008), while other researchers are investigating 
whether concentrations of trace elements could be used to differentiate between organic or 
conventional produce (Gundersen et al., 2000; Kelly and Bateman, 2010). 

The possible use of nitrogen isotopes to differentiate between crops grown with or without 
inputs of synthetic (inorganic) nitrogen (N), which are prohibited in organic agriculture, is 
based on the hypothesis that the application of synthetic (inorganic) nitrogen fertilisers with 
15N values close to 0 ‰ will result in the 15N values of plants grown in conventional 
regimes being lower than those in organic regimes due to the different fertiliser production 
processes (Bateman et al., 2005). Synthetic (inorganic) nitrogen fertilisers tend to have 15N 
values within a few per mil of zero since their nitrogen is derived from atmospheric nitrogen 
(with δ15N = 0 ‰) and there tends to be little fractionation during the production process 
(Bateman et al., 2005, del Amor, 2008). Animal manures with 15N values around 5 ‰, on 
the other hand, have been reported to produce nitrate with 15N values in the range of 10 to 22 
‰ (Kreiler, 1979; Bateman et al., 2005) due to the preferential volatilization of 15N depleted 
ammonia from the manure. 

Table 3 presents δ15N values for different synthetic (inorganic) and organic fertilisers, 
obtained from literature. The δ15N in the compiled literature dataset are in the range close to 0 
‰, whereas fertilisers that may be permitted in organic agriculture have greater δ15N values 
and a much broader range in δ15N values, due to very different origin (manure, seaweed, fish 
meal, hoof and horn, bonemeal, dried blood) (Bateman and Kelly, 2007). 
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Table 3: Review of the δ15N values (in ‰) in different synthetic (inorganic) and organic fertilisers. 

Fertiliser type Mean Std Min Max n Reference 
       Synthetic 
(inorganic) +0.4 1.8 -5.9 +2.8 44 IEH Lab., 2010 
 –1.6 0.2 –1.2 –1.7 12 Rogers, 2008 
 +0,2 1.3 –1.7 +3.9 22 Vitoria et al., 2004 
 –0.2 2.1 –5.9 +6.6 29 Bateman and Kelly, 2007 
 / / –4.0 +4.0 / Kendall, 1998 
       
       Manure/compost +8.1 3.9 +3.5 +16.2 11 Bateman and Kelly, 2007 
 +8.3 5.4 +4.4 +26.7   9 IEH Lab., 2010 
 +6.3 3.7 +2.7 +11.3 12 Rogers, 2008 
 / / +2.0 +30.0 / Kendall, 1998 
       
       Seaweed based +2.5 1.5 +0.6 +5.4   9 Bateman and Kelly, 2007 
       
       
Mammalian, non 
manure* 

+5.9 1.0 +4.1 +6.8   9 Bateman and Kelly, 2007 
+5.6 2.4 +4.4 +7.7 12 IEH Lab., 2010 

       
       Fish based +7.1 3.6 +2.1 +10.6   4 Bateman and Kelly, 2007 
 +8.6 4.6 +7.2 +17.2 14 IEH Lab., 2010 
 
*Mammalian, non manure source comprises of dried blood, hoof and horn, and bonemeal. 

 
In recent years, many studies have been conducted to test this hypothesis on different 

pot/greenhouse grown (Bateman et al., 2005; Yun et al., 2006) and commercially available 
(Bateman et al., 2007; Kelly et al., 2010) crops, e.g. maize, cabbage, lettuce, tomato, and 
carrot. As summarized by Kelly and Bateman (2010), previous studies have demonstrated that 
the nitrogen isotope composition of a crop may be used to distinguish between crops grown 
using conventional synthetic (inorganic) fertilisers and crops grown under organic conditions 
(Choi et al., 2003), as long as the crops are not nitrogen–fixing plants that remove the nitrogen 
from the air (δ15Nair = 0‰) rather than using nitrogen reserves from the soil (Rogers, 2008) 
and that the timing of application (Choi et al., 2002), irrigation water (Bateman et al., 2005) 
and the chemical form of synthetic (inorganic) fertiliser (Evans, 2001) are, along with some 
other factors (i.e. soil type, variations in local agricultural practices, etc.), also important in 
determining how fertiliser δ15N impacts crop δ15N. With the exception of Yun et al. (2006) 
who studied the interactive effects of N fertiliser source and timing of fertilisation on δ15N 
signatures in Brassica campestris L. cv. Maeryok (Chinese cabbage), most popular vegetable 
in Asia, most studies (e.g. Bateman et al., 2005; Bateman et al., 2007; Choi et al., 2003; Choi 
et al., 2002) have dealt only with δ15N variations in plants after a single application of organic 
or synthetic (inorganic) nitrogen fertiliser. Therefore, the effect on plant δ15N of split N 
fertilisation, which might enable growers to cover up the use of synthetic (inorganic) 
fertilisers, is not well studied and needs to be extended to other plant species that are popular 
in Europe, as we know that almost a quarter of the world’s organic land is in Europe (i.e. 8.2 
Mha, which is 1.7 % of the European agricultural area), and the sales of organic products 
achieved in 2008 approximately 18 000 M€, where the vegetable crops market constitutes an 
important part (Willer and Kilcher, 2009). 
 
 



                                                                                                                                                                                   13 
 

 

2  Aims and Hypothesis  

The goals of the thesis were as follows:  
 To study the effect of different fertilisation and irrigation practices on yield, 

fertiliser use efficiency, yield quality (nitrate content) and the potential of N losses 
in order to obtain data which could lead to recommendations for growers growing 
vegetables (white cabbage) on a sandy-loam soils inside groundwater protection 
areas 

 To check the suitability of the nitrogen isotopic fingerprint (δ15N) in organically 
and conventionally grown vegetables as a potential marker to identify the use of 
synthetic (inorganic) N fertilisers in organic production: 

o on a pot grown lettuce (single, split and combined application of organic 
and synthetic (inorganic) N fertilisers)  

o in organically and conventionally grown vegetables available on the 
Slovenian market 

 To introduce an ion exchange method for the preparation of freshwater (ground and 
surface water) samples for determination of the isotopic composition of nitrate 
nitrogen at natural 15N abundance  into a routine laboratory practice 

 To introduce and compare different methods for the preparation of soil solution 
samples for determination of the isotopic composition of nitrate nitrogen at 15N 
enriched and natural 15N abundance 

 
The hypothesis considering nitrate leaching under different fertilisation and irrigation 

practices were as follows: 
 Irrigation, temporally and spatially adjusted to plant requirements, decreases 

nitrate leaching bellow the root zone to the groundwater 
 Fertigation (effectively applied fertilisation through precision irrigation) is the 

most appropriate practice for growing white cabbage from environmental and 
economical point of view 

 
The hypothesis considering the applicability of δ15N signature as a marker of organic 

produce, were as follows: 
 The application of synthetic (inorganic) N fertilisers will result in the δ15N 

values of plants grown in conventional regimes being lower than those in 
organic regimes  

 It is not possible to reveal little or moderate rates of synthetic (inorganic) 
fertiliser illegally applied to a lettuce crop in organic production 

 The best assessment of whether the N isotope approach is an appropriate tool to 
discriminate between organically and conventionally grown produce will be 
obtained by analyzing commercially available organic and conventional 
vegetables from Slovenian market 

 
 
 



14  
 

 
 
 
 
 
 
 
 
 
 
 



                                                                                                                                                                                   15 
 

 

3  Materials and Methods  

3.1  Field experiment 

 
White cabbage (Brassica oleracea var. capitata L.) is an important vegetable in Slovenia. It is 
frequently grown in fields located above shallow groundwater bodies which are very 
susceptible to nitrogen leaching and prone to pollution of groundwater, which in Slovenia 
represents the most important source of drinking water. Therefore, a field experiment was 
conducted with white cabbage to study the effect of different fertilisation and irrigation 
practices on yield, N–fertiliser use efficiency and consequently yield quality (i.e. nitrate 
content) and the potential for N losses (i.e. N surplus after harvest) in order to obtain data 
which could lead to recommendations for farmers growing white cabbage on sandy–loam 
soils inside groundwater protection areas. The study was preformed between April and June, 
2007, with 15N enriched potassium nitrate fertiliser as a tracer. 
 

3.1.1  Experimental site 

 
The experimental field (40°4`42`` N, 14°35`46`` E, 30 m wide and 70 m long) was located 
above the sandy-gravel aquifer of Ljubljansko polje, east of Ljubljana (Figure 3). The 
agricultural soil was classified as gleyic fluvisol and endogleyic fluvisol (World Reference 
Base for Soil Resources, 2006). The chemical and physical properties of the soil are presented 
in Table 4 and Appendices 1-2. 

Table 4: Chemical and physical properties of soil on the Ljubljansko polje experimental area. 

Parameters Value 
  pH (CaCl2; 1:5)  7.4 
Total organic C   
     Content (mg kg-1) 14600 
Total N  
     Content (mg kg-1) 1400 
      atom % excess 0.003 
2 M CaCl2 extractable NO3

- -N  
      Content (mg kg-1) 1.6 
2 M CaCl2 extractable NH4

+-N  
      Content (mg kg-1) 6.8 
Organic Na  
      Content (mg kg-1) 1391.6 
C/N weight ratio 12.2 
Texture Loam and 

sandy loam 
aThe content of organic N was determined as the difference 
in N between total N and inorganic N. 
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Figure 3: City of Ljubljana with water protection zone and experimental site in Sneberje, Slovenia, 
marked with black dot. Field layout (white cabbage growing period; right hand side) shows gray dots 
as suction cups (SC) where soil water was sampled (SC 1-3 on 50 % irrigation, SC 4-6 on fertigation, 
SC 7-12 on farmer’s practice and SC 13-15 on control plot) and blue dots as wells (V-1 to V-5) where 
groundwater was sampled, where V-4 and V-5 are located before the field and V-1 to V-3 are located 
after the field, considering the groundwater stream (Zupanc et al., submitted). 

 

3.1.2  Weather conditions 

 
The mean annual precipitation in the study area for the 1971–2000 reference period was 
1368 mm, and the average annual air temperature was 10.2 °C, measured at the 
meteorological station Ljubljana–Bežigrad (299 m.a.s.l., 46°3`57`` N, 14°31`2`` E). Data for 
precipitation, air temperature, wet deposition of nitrate and ammonium for the growing season 
were obtained from the Environmental Agency of the Republic of Slovenia and are presented 
in Table 5.  

During the growing period of white cabbage (April–June, 2007), the mean temperature 
was above the 30 year average by 4.6 °C in April and by about 2 °C in May and June. 
Precipitation was below the 30 year average in all by 199 mm, with the greatest shortfall in 
April (97 mm below average) and June (74 mm below average). 
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Table 5: Weather data for the growing period of white cabbage (April – June, 2007) and for the 1971 – 
2000 reference period. Data were obtained from Environmental Agency of the Republic of Slovenia. 

Month Mean T (°C)  Precipitation (mm)  Wet deposition (g m-2) 
       N-NH4+  N-NO3- 
 2007 1971–2000  2007 1971–2000  2007  2007 
April  14.6 10.0   6 103  0.007  0.008 
May 17.2 15.0  113  113  0.040   0.032 
June 20.9 18.1     80 154  0.053   0.038 
Sum    199  370  0.100   0.078 

 

3.1.3  Experimental set–up 

      
In the experiment, four different fertilisation and irrigation treatments were applied, namely: 
(1) unfertilised control plots with the farmer’s practice of irrigation; (2) treatment with the 
farmer’s practice of fertilisation and drip irrigation covering 50% of the crop’s water 
requirements; (3) treatment by fertigation with drip irrigation covering 100% of crop’s water 
requirements, and (4) treatment with farmer’s practice of fertilisation and irrigation. Farmer’s 
practice consisted of broadcast fertiliser application the day before transplanting plus 
irrigation the day before and the day after transplanting (DAT), using a tank sprinkler. Tap 
water was used for irrigation (1.9 mg N L-1, 0.369 at% 15N; most of the N was present in 
nitrate form). The two treatments with drip irrigation covered 100% and 50% of crop water 
requirements, determined by the Penman-Monteith method (Allen et al., 1998). Each 
treatment was replicated three times. Fertilised plots (6.5 m2) were divided into 3 subplots 
(2.6 m2), and 15N labelled fertiliser was applied on the middle subplot. 

The following fertiliser norm was followed: 200 kg N ha-1, 80 kg P ha-1, 300 kg K ha-1, 
280 kg Ca ha-1 and 30 kg Mg ha-1. The amount of fertiliser applied was determined according 
to the Regulations on Integrated Production of Vegetables (Official Journal of the Republic of 
Slovenia (RS) 63/2002) and Technological Instructions for Vegetable Production (Ministry of 
Agriculture, Food and Forestry (MAFF), 2003). 15N labelled KNO3 fertiliser (Shanghai 
Research Institute, Shanghai, China) was used as a tracer. In fertigation treatment, the total 
amount of P and K and 30 % of the total N rate were applied as unlabelled granular fertiliser 
as a pre-plant broadcast application and the remaining N as 15N labelled solution via 
fertigation. During the growing season, fertigation was performed three times, i.e. at 57, 66 
and 75 DAT. The labelled KNO3 + unlabelled water soluble Ca(NO3)2 were dissolved in tap 
water and applied as solution with 3.52 ± 0.04 at% 15N. On plots with farmer’s practice of 
fertilisation, unlabelled Ca(NO3)2 (0.365 at% 15N) was applied as a broadcast application, 
followed by the application of the labelled fertiliser, which was applied as a solution. We 
assumed that Ca(NO3)2, which was applied as a broadcast application the day before 
transplanting, was dissolved after the irrigation within a few hours and mixed with the 
labelled fertiliser in the soil. In all treatments, for unlabelled subplots only unlabelled 
Ca(NO3)2 was applied. 

Cabbage (B. oleracea var. capitata L.) was sown in plug trays, containing Klasmann tray 
substrate TS 3 (i.e. a mixture of poorly to moderately decomposed white peat and highly 
decomposed black peat, fertilised with 1–1.5 mg m-3 NPK (14:16:18), pH between 5.5–6.5, 
electrical conductivity between 30 and 40 mS m-1 (± 25 %)), and transplanted to the field 48 
days later. It was grown in the field for 76 days, from April 11 to June 27, 2007. 

 
 
 



18 Materials and Methods 
 

3.1.4  Sampling  

 
Plant samples. Samples were taken at 59, 68 and 78 DAT. At each sampling event, three 
plants were destructively sampled from each subplot of each replicate. For determination of 
isotopic composition, only the samples from 15N labelled subplots were used. Cabbage heads 
were divided into 3 equal parts, inner, middle and outer parts. Fresh weight was determined 
for all aboveground plant parts.  

Soil samples. Soil samples were taken before planting (10.4.2007) from the upper 25 cm 
layer.  

Soil water samples. Soil water was sampled at three different occasions during cabbage 
growing period and at eight occasions after harvest (untill December, 2007) after individual 
rain events using porous ceramic suction cups (SDEC, France). Three suction cups were 
installed per plot/treatment at 50 cm depth. 

Groundwater samples. Groundwater was sampled bi-weekly. At each sampling event, 
two litres of groundwater sample was taken at 6 m depth from each well.
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3.2  N isotopes as a screening tool to control organic vegetable 
production 

3.2.1  δ15N signature of synthetic and organic fertilizers 

Isotopic composition of four different types of organic fertilisers, namely farmyard 
manure, compost and two commercially available organic fertilisers (Biogrena and Valentin 
naravno organsko gnojilo), and seven different types of synthetic (inorganic) fertilisers, 
namely N:P.K (7:20:20; 15:15:15), KAN, KNO3, Ca(NO3)2 (2 different manufacturers) and 
MgNO3, frequently used in Slovenia, were determined.  
 

3.2.2  Pot experiment 

The effect on plant δ15N of split N fertilization, which might enable producers to cover up the 
use of prohibited synthetic (inorganic) N fetilisers was studied on a lettuce (Lactuca sativa L.) 
since lettuce is a popular organically produced crop in Slovenia as well as in Europe. In 
addition, lettuce was chosen as it is a vegetable with short growing period (e.g. as compared 
to cabbage) and can easily be grown in a greenhouse pot experiment. 

3.2.2.1  Experimental set–up  

A pot experiment with lettuce (Lactuca sativa L.) was performed in a greenhouse (15–25 °C, 
80% transparency to visible irradiation; solar radiation was 173, 266 and 210 hours in April, 
May and June, respectively) at the Biotechnical Faculty of Ljubljana, Slovenia (Figure 4). 
Lettuce was sown in plug trays containing Klasmann tray substrate and individually 
transplanted into pots 35 days later at the five to seven true leaf stage. Plants were grown in 
pots for 50 days, from April 24 to June 10, 2009.  

Seven treatments were applied in a completely randomized design with three replications, 
as follows: an unfertilized control (C), a single basal organic fertilisation of 40 mg N kg-1 soil 
(O), a single basal synthetic (inorganic) fertilisation of 40 mg N kg-1 soil (S), a basal synthetic 
(inorganic) fertilisation of 20 mg N kg-1 soil followed by an additional organic fertilisation of 
20 mg N kg-1 soil (S+O), a basal organic fertilisation of 20 mg N kg-1 soil followed by an 
additional synthetic (inorganic) fertilisation of 20 mg N kg-1 soil (O+S), a basal synthetic 
(inorganic) fertilisation of 20 mg N kg-1 soil followed by an additional synthetic (inorganic) 
fertilisation of 20 mg N kg-1 soil (S+S), a basal organic fertilisation of 20 mg N kg-1 soil 
followed by an additional organic fertilisation of 20 mg N kg-1 soil (O+O). The levels of 
applied N are typical of those used in lettuce cultivation by local farmers. As the basal 
application, N–based fertilisers (calcium nitrate and organic fertiliser) were mixed thoroughly 
with 7.5 kg of soil per pot. Organic fertilisation with pulverized (to pass a 2 mm sieve) 
fertiliser was performed two days before transplanting, whereas synthetic (inorganic) fertiliser 
was applied on the day of transplanting. Additional application of N fertilisers was performed 
immediately after sampling at 30 days after transplanting (DAT).  

During the experiment, plants were irrigated manually with tap water (3.5 mg N–NO3
- L-1, 

NH4
+ + NO2

- <0.02 mg N L-1; 15N = 4.6‰) every two days at the beginning of the 
experiment, but as the plants grew bigger, watering was performed daily. All treatments 
received the same amount of irrigation. Watering was adjusted by weighing and kept near to 
the field capacity. 
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Figure 4: Greenhouse pot experiment with lettuce. 

 

3.2.2.2  Sampling and sample preparation 

During the experiment, aboveground lettuce samples were taken at 0, 20, 30 and 50 DAT. At 
each sampling event three plants were destructively sampled for each treatment. Each plant 
was divided into three parts, i.e. inner, middle and outer leaves and fresh weight was 
measured for each part. Dry weight was determined after drying in a drying chamber at 60 °C 
till constant weight. 
 

3.2.3  δ15N of some organically and conventionally grown vegetables available on the 
Slovenian market 

 
Fourteen different types of organically grown vegetables were selected from organic markets 
from certified producers (labelled as “ekološki”) and their conventionally grown counterparts 
from different supermarkets in Slovenia. In the selection of organic produce, labelled and 
certified foods were preferentially chosen, however some additional samples grown in 
accordance with organic production but not certified, were also analysed. Conventionally 
grown (nonorganic) vegetables were sampled from bulk produce display areas in the 
supermarkets.  
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3.3  Analytical methods 

3.3.1  3.3.1 Total nitrogen and 15N in soils, fertilisers and plants 

3.3.1.1  Total N in plants and soils 

Total N in finely ground samples of soil and white cabbage was determined at the 
Biotechnical Faculty, Centre for Pedology and Environmental Protection, after incineration at 
900°C in a VarioMAX CN analyser and determined by a Thermal Conductivity Detector 
(TCD) (ISO 13878). Measurement uncertainty was 9 %.  

N content in lettuce samples (pot experiment) was determined simultaneously with δ15N 
determinations on ANCA–IRMS. Estimated measurement uncertainty, based on a long term 
measurements of an in–house reference materials Sunflower with 7.79 g N kg-1, was 7 %. 

3.3.1.2  Isotopic composition of N 

 
Soil samples. Soil samples were air-dried; roots and gravel/sand were removed. Samples 
were homogenized during grinding to fine powder using an agate mortar and pestle. For the 
determination δ15N abundance, about 50–70 mg of dried and homogenized sample was 
weighed into tin cups.  
 

Fertiliser samples. Synthetic fertilisers were homogenized during grinding to fine powder 
using an agate mortar and pestle and transferred into tin cups. Organic fertilisers were air 
dried and homogenized during grinding to fine powder using an agate mortar and pestle and 
transferred into tin cups for isotopic analysis. 
 

Plant samples. Vegetables were washed thoroughly with distilled water (Mili–Q) and 
chopped into small pieces. Plant subsamples were dried at 60 °C and homogenized during 
grinding to fine powder using the agate mortar and pestle. DM was determined after drying at 
60 °C until constant weight. For the determination of δ15N abundance (and N content), about 
8–11 mg of dried and homogenized sample was weighed into tin cups for determination on 
ANCA–IRMS. 
 

3.3.2  N-NO3- in plants 

 
N–NO3

– content in plants (white cabbage) was determined on the Centre of Soil and 
Environmental Sciences, Biotechnical Faculty, University of Ljubljana. It was determined in 
water extracts, using UV/VIS spectrometer, Pekin–Elmer, Lambda 2 with FIA–system 
(VDULFA, 1976), with measuring uncertainty of 19 %. 
  

3.3.3  N–NO3– and 15N–NO3- in water 

In order to measure 15N–NO3
-, NO3

- must be removed from the solution and concentrated in a 
form that can be introduced to a mass spectrometer. During this process, sufficient nitrogen 
must be obtained to make a measurement on a mass spectrometer while avoiding 
contamination and fractionation (Holmes et al., 1998). Accurate and reliable methods that are 
also simple and inexpensive are highly desirable for routine laboratory use because a large 
number of analyses can be performed with the same input of resources (Mulvaney et al., 
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1997).  
 

3.3.3.1  N-NO3
- in water 

Nitrate content in groundwater and soil water samples was determined at the Drinking Water 
and Sewerage System Public Utility, Ljubljana, by ion chromatography (ISO 10304-01:2007). 
Their reported (personal communication) expanded measuring uncertainty was determined, as 
follows: 

 

  -1L mgCx*0.02  LQD*0.08*2  2)(k U      (4) 
 
where LQD is a limit of quantification (0.5 mg N L-1 for nitate) and Cx is nitrate 
conecntration of the sample. 

When necessary, to get a quick result, nitrate content was determined in our laboratory to 
assure that the amount of N is in the correct range for mass spectrometry. Groundwater and 
soil water samples were filtered through 0.45μm filter (MILLIPORE, Durapore® membrane 
filters, Cat. No. HVLP04700) using peristaltic pump. Afterwards, N–NO3

- concentrations 
were determined spectrophotometrically using a Hach Lange DR 2800 spectrophotometer 
(Düsseldorf, Germany). In our case, for one IRMS measurement between 200 and 300 μg of 
N is necessary, which corresponds to 0.88–1.33 mg NO3

–.  
 

3.3.3.2  15N–NO3
- in soil solution 

The speed and labour efficiency of 15N determinations from aqueous solutions such as soil 
solutions or soil extracts are often limited by sample preparation (Goerges and Dittert, 1998). 
In the past, several diffusion methods based on the conversion of NO3

- to ammonium (NH4
+) 

and subsequent diffusion of gaseous ammonia (NH3) into acid buffer traps for NO3
--N isotope 

analyses were elaborated (e.g. Adamsen and Reeder, 1983; Brooks et al., 1989; Sørensen and 
Jensen, 1991; Sigman et al., 1997; Mulvaney et al., 1997; Goerges and Dittert, 1998; Downs 
et al., 1999). 

In this work, soil water samples were prepared for 15N–NO3
- determination by diffusion 

after Sigman et al. (1989), Goerges and Dittert (1998) and Downs et al. (1999) with some 
modifications described in IAEA TCS No. 14 (2001). Firstly, two different diffusion methods, 
namely the Hook method and the Teflon trap method were compared at natural abundance 
and 15N enriched levels for their suitability for routine laboratory use and compared with the 
anion exchange method (described in section 3.3.3.3).  

Since the hook method is not suitable for larger volumes (due to the problems with moist 
vapour which may appear and cause the ammonia to drop out of the filter trap back into the 
solution), for the comparison of both diffusion methods soil water samples were pre–
concentrated by evaporation in a drying oven at 60 °C to 3 mL. However, the Teflon trap 
method was tested also for larger volumes, namely 200 mL, to verify the suitability of the 
method for larger volumes. 

For the diffusion method first ammonium was removed from soil water samples by raising 
the pH above 10 by the addition of 1M NaOH (Acros Organics, Belgium, extra pure). 
Samples were incubated in dark place in opened vials over night (3 mL) or 14 days (200 mL). 
After incubation, Devarda’s alloy (Merck KGaA, Germany) was added to the samples to 
reduce nitrate to ammonium, which was again liberated from the sample due to high pH and 
concentrated on small filter discs containing 10 μL of 2.5 M KHSO4 (IAEA, Vienna, Austria). 

After the addition of 0.2 mg of Devarda’s alloy, the vials were closed immediately and 
incubated at room temperature overnight (or 14 days in the case of 200 mL samples). After 
incubation (room T, i.e. 20-23 °C, shaken manually twice a day), the filter discs were either 
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placed above the sample on a stainless steal wire hook, attached to the vial lid (the hook 
method, Figure 5, right hand side) or placed into the sample so that the acidified filter disc 
(Schleicher & Schuell QF cut into circles using a paper punch), sealed between two layers of 
a Teflon tape, was floating on the soil water sample surface (the Teflon trap method) (Figure 
5, left hand side). For the Teflon trap method, aliquots of KCl (Sigma–Aldrich, Germany, 
p.a.) were added to achieve 2M KCl solution. This decreased the solubility of the NH3 and 
increased the osmotic pressure of the solution, which maintained the integrity of the diffusion 
sandwiches (USGS, RSIL Lab Code 2898). After incubation, the filter discs were removed 
from the sample vials, dried in a desiccator over a concentrated H2SO4, sealed in tin cups and 
analysed for 15N as (NH4)2SO4. 

 

    

Figure 5: Outline of the nitrate diffusion procedure (modified after Holmes et al., 1998) with scheme of 
the “Teflon trap method” (left hand side) and the “Hook method” (right hand side). 

3.3.3.3  15Ntot and 15N–NO3
– in groundwater 

δ15N in groundwater was monitored in order to see whether or not the applied labelled 
fertiliser is causing pollution of groundwater aquifer. Since the δ15N of the applied fertiliser 
was highly above the δ15N natural level, the measurement of the isotopic composition of total 
N alone gave satisfactory enough information on whether the 15N labelled fertilizer has 
reached the groundwater, hence δ15N of total N was determined for all samples, whereas the 
determination of δ15N of nitrate was only determined occasionally. 

For 15N of total N as well as for δ15N of nitrate N, water samples were filtered through 
0.45 μm filter (Silva et al., 2000; Hannon and Böhlke, 2008). For total N, samples were 
evaporated to dryness on a hot plate at 60 °C. Afterwards, dry precipitate was scrapped from 
the beaker, transferred into Sn cups and closed with tweezers for IRMS analysis. 
 

3.3.3.3.1  Anion exchange method 

Different versions of a method for concentrating nitrate on anion exchange resin are described 
by Kendall et al. (1995), Chang et al. (1999) and Silva et al. (2000). In this work, however, 
samples were prepared following the method by Silva et al. (2000) and modified by Fukada et 
al. (2003). The procedure of the method (Figure 6) which was introduced into our laboratory 
as a part of presented doctoral work is described below. Briefly, nitrate from the sample is 
concentrated on the anion exchange resin and afterwards eluted with 3 M HCl. Acid eluate is 
neutralised with the addition of Ag2O which reactes with HNO3 to form AgNO3. The solution 
is filtered and dried at 60 °C. The dry AgNO3 is scrapped from the beaker and transferred to 
silver capsules containing brown sugar (1:2.5 ratio) for the analysis on IRMS. 
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Figure 6: Scheme of the procedure of the anion exchange method. 

 
Preparation of cation and anion exchange resins  
Before use, cation (AG®50W-W8 100-200 Mesh, Hydrogen form, BIO-RAD, cat.#142–1441) 
and anion (AG®1-X8 200-300 Mesh, Chloride form, BIO RAD, cat.#140–1441) exchange 
resins has to be properly cleaned which was performed as follows: anion/cation exchange 
resin was put into 250 mL beaker and  poured over with 10 times its volume of distilled (mili-
Q) water. The solution was stirred manually with glass rod and when the resin settled water 
was decanted. The procedure was repeated 5 times. Afterwards, about 5 mL of the resin was 
transferred to the plastic ion exchange column, covered with mili-Q water and closed with a 
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cover on the bottom and top of the column. Thus prepared columns were stored in the 
refrigerator till use. 
 
Passing the sample through the cation exchange resin 
Since the concentration of dissolved organic carbon was unknown, before passing the sample 
through the anion exchange resin, water samples were preferentially passed through the cation 
exchange resin to remove the dissolved organic carbon (DOC) from the sample, since it might 
clog the anion exchange resin (Figure 7). Flow on a peristaltic pump was set at 16.7 mL min-1. 
 

 

Figure 7: Passing the sample through the cation exchange resin. 

Passing the sample through the anion exchange resin 
Afterwards, the sample was passed through the anion exchange resin. The flow on the 
peristaltic pump was set at 8.2 mL min-1. During the procedure, nitrate from the sample was 
exchanged with Cl- ions from the anion exchange resin and was thus concentrated on an anion 
exchange resin. Anion resins containing nitrate were kept in refrigerator till further analysis.  
 
Cleaning of Ag2O 
Commercial Ag2O (Carlo Erba, Italy; G250), needed for the neutralization step (see paragraph 
below), can contain substantial amount of NO3

- which can disfigure the isotopic value of the 
sample and should therefore be thoroughly cleaned before use. The cleaning procedure was 
preformed as follows: 250 g of Ag2O and about 1500 mL of distilled water (mili-Q) was put 
into 2000 mL beaker and boiled and stirred for 1 hour on a heating magnetic stirrer. 
Afterwards, water was decanted and the procedure was repeated 9 more times. After the last 
repetition, the solution containing Ag2O was filtered through Whatman GF/C filter and dried 
at 105 °C. 
 
Nitrate elution and neutralization of the acid eluate 
The nitrate was eluted from the anion resin with 30 mL of 3M HCl in ten 3 mL increments. 
During elution the flow on the peristaltic pump was set at 8.2 mL min-1. After each elution of 
3 mL increments, before adding the next 3 mL of HCl, the flow on the pump was set at 
110 mL min-1 to remove the last HCl drops and thus dry the resin.  

The collected eluate was immediately placed in a cold water bath (about 2 °C) and 
neutralized with about 13 g of Ag2O, added in 1 g increments to allow the heat of reaction to 
dissipate without producing a vapour. The sample was mixed between each incremental 
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addition of Ag2O with a glass stirring rod to break the crust, which tends to encapsulate the 
unreacted reagent. A final pH of about 5.5–6.0 is checked by pH paper. During the 
neutralization, Ag2O reacted with eluted HNO3 to produce AgNO3, AgCl and water. The 
resulting silver chloride precipitate was removed by vacuum filtration (Whatman GF/C) and 
the solution, containing AgNO3, was evaporated in a drying oven at 60 °C.  

Dry AgNO3 was scrapped from the beaker, sealed in silver cups together with brown sugar 
(1:2.5 ratio; added for batter combustion efficiency) and analysed for 15N by IRMS. 
 

3.3.3.4  Verification of the diffusion methods 

 
Our aim was to select the best method for NO3

- isolation from soil solution samples for 
15N–NO3

- determination. In order to do so, two diffusion methods, i.e. the Hook method and 
the Teflon trap method, and the anion exchange method were compared, analyzing 3 and 200 
mL of prepared KNO3 standard solution (containing 200–300 μg of N) at a natural abundance 
level (3.5‰ 15N). In addition, results of the 15N determinations of soil solution samples at 15N 
enriched levels (0.569-2.285 at% 15N) after nitrate isolation by the both diffusion methods 
were also compared.  

 

3.3.3.4.1  15N natural abundance standard solutions 

 
No significant differences (p<0.01) in δ15N have been observed between the solid KNO3 

and the NO3
- that was isolated from the prepared KNO3 standard solution (3 mL), following 

different methods of isolation (Table 6, Figure 8).  

Table 6: 15N (‰) of solid KNO3 and of nitrate, isolated from the prepared KNO3 standard solution, 
following different methods of isolation (3 mL samples). 

Method N Mean Minimum Maximum 
     KNO3 (solid) 12 +3.4 ± 0.2 +3.2 +3.8 
Diffusion (Hook method) 6 +3.5 ± 0.2 +3.3 +3.8 
Diffusion (Teflon trap method) 6 +3.4 ± 0.1 +3.2 +3.5 
Anion exchange method 12 +3.5 ± 0.2 +3.2 +3.7 

 
We found that the addition of reagents, especially KCl and Devarda’s alloy, which might 

have traces of N (max. 0.001 % in the KCl and Devarda’s alloy used in our study), did not 
affect δ15N value in 3 mL samples. For larger additions where higher amount of KCl are 
necessary to prepare 1M KCl solution, this effect could be substantial for natural abundance 
samples (however, the effect is negligible at enriched levels). In our study the effect of 
reagents was not quantified. However, according to Stephan and Kavanagh (2009) who 
stressed that the reagent effect (the reagent N/target N ratio) is minimized when diffusion is 
performed on samples containing ≥30 μg target N. Hence, the reagent effect in our case is 
expected to be minimal since 200–300 μg of N was needed for the measurement on IRMS. 
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Figure 8: 15N (‰) of solid KNO3 (1), of NO3
-, isolated from the working standard solution by the 

Teflon trap microdiffuion method (2), by the Hook microdiffuison method (3) and by the anion 
exchange method (4) (3 mL samples). 

With larger volumes, a problem of incomplete recovery was observed. While the lighter 
isotope 14N is more reactive compared to the heavier isotope 15N, 14N preferentially diffuses 
from the solution and consequently preferentially bounds onto the filter trap, which leads to 
the isotopic fractionation, giving erroneously light δ15N values. However, as reported by 
Holmes et al. (1998), we also observed that fractionation is consistent across samples 
incubated under identical conditions (Table 7). Our results demonstrate and confirm that the 
use of a correction factor which eliminates the fractionation effect associated with incomplete 
recovery and that of reagents is appropriate and necessary. Hence, for larger volumes 
(200 mL) with low nitrate concentrations and natural 15N abundance level, a correction factor 
was implemented after Holmes et al. (1998) (Equation 5), i.e. the fractionation of standards 
was determined (observed δ15N – actual δ15N) and this value was added to the observed 
sample δ15N values to correct for fractionation. This allows reliable correction of δ15N values 
when ammonium recovery is less than 100 % and isotope fractionation occurs, causing 
erroneously light measured 15N:14N ratio in the sample (depleted in 15N). 

 
 

)SD  (SD  X)  (I  SD  N sample
2

standard
2

correctedcorrected
15     (5) 

 

Table 7: Calculation of the mean fractionation of KNO3 standard (200 mL samples). 

Replication 15N (‰) 

 
True value 
(T) 

Measured value 
(M) 

Fractionation 
(T – M) 

Mean ± SD 
(X ± SD) 

     1 +3.5 –5.5 9.0 9.2 ± 0.1 
2 +3.5 –5.6 9.1  
3 +3.5 –5.7 9.2  
4 +3.5 –5.8 9.3  
5 +3.5 –5.8 9.3  
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An example of the implementation of the correction factor to a sample with the measured 
δ15N value of –3.3 ± 0.4‰ is presented in the Equation 6:  

 

‰4.09.5)sample24.02(0.1  9.2)  (-3.3  correctedSD  correctedN15      (6). 

 

According to literature (Goerges and Dittert, 1998; IAEA TCS 14, 2001; Stephan and 
Kavanagh, 2009), time of the diffusion can be shortened by increasing the T of the diffusion 
above room T and by performing the diffusion on the shaker. This might also result in higher 
recovery. However, this will be the case of future studies. 

 

3.3.3.4.2  15N enriched soil solution samples 

 
Diffusion methods were compared also on the “real” 15N enriched soil solution samples, 
obtained from the field experiment in Sneberje (Table 8, Figure 9). 

Table 8: Nitrate nitrogen at% 15N in soil solution samples, isolated with different diffusion methods. 

Sample  Teflon Trap Method Hook Method  Difference 
 (at% 15N)  (%) 
     1 0.337 0.345  2.4 
2 0.351 0.354  8.5 
3 0.398 0.414  4.0 
4 0.417 0.428  2.6 
5 0.447 0.458  2.5 
6 1.344 1.361  1.3 
7 1.360 1.415  4.0 
8 1.409 1.424  1.1 
9 1.429 1.469  2.8 
10 1.496 1.573  5.1 
11 1.497 1.521  1.6 
12 1.500 1.488  0.8 
13 1.610 1.582  1.7 
14 1.919 1.919  0.0 
15 2.366 2.513  6.2 
16 2.370 2.435  2.7 

 

Volumes of soil solution samples were chosen depending on the NO3
- concentrations, so 

as to contain 200–300 μg of N. For method comparison, samples were pre–concentrated to 
3 mL by evaporation (60 °C) on a sand bath, when necessary. The results of compared 
diffusion methods were in good agreement (R2 = 0.9974).  
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Figure 9: Comparison of nitrate 15N determinations in soil solution after diffusion with the Hook 
method and the Teflon trap method. 

In the case of soil solution samples with high NO3
- concentrations, the anion exchange 

method was found to be less appropriate in comparison to the diffusion methods due to high 
costs of Ag2O and due to a time consuming and labour intensive procedure. Since the Teflon 
trap method is suitable also for larger volumes (200 mL), pre-concentration of soil solution 
samples is usually not needed, which means shorter time of sample preparation and 
consequently less chance for contamination during the preparation. Hence, the Teflon trap 
method was found to be most suitable among the tested methods for the routine laboratory 
use. However, under experimental conditions (room T, manual shaking twice a day) the use of 
standard solution with known isotopic value and the correction of the measured values for 
fractionation when NO3

- recovery is bellow 100 % is necessary when analysing samples of 
larger volume and natural abundance of 15N. 

 

3.3.4  Determination of 15N by Isotope Ratio Mass Spectrometry (IRMS) 

 
Nitrogen contents and stable nitrogen isotope measurements were performed by isotope ratio 
mass spectrometry (IRMS) using an Europa 20–20 mass spectrometer connected to an 
ANCA–SL preparation module for solid and liquid samples (Europa Scientific, Crewe, UK) 
(Figure 10). 

An appropriate amount of plant, soil, and AgNO3 samples or filter traps were put into tin 
capsules (AgNO3 into silver capsules to avoid corrosion), sealed with tweezers and put into 
auto sampler of the automatic C/N elemental analyser (ANCA), connected to a mass 
spectrometer (ANCA–MS) (Figure 10). During analysis, a capsule drops from the auto 
sampler into a combustion chamber (a quartz tube heated to 1020 °C through which a He 
carrier stream flows) containing a catalyst (Cr2O3 granules), finely divided CuO wire (to 
oxidize hydrocarbons), and Ag wool (to remove S and halogens). Concurrently, a pulse of O2 
is admitted to promote flash combustion of the Sn, which increases the temperature to around 
1700 °C, ensuring complete oxidation of the sample. The combustion products (CO2, N2, 
NOx, and H2O) are swept into a tube containing Cu wire at 600 °C, where NOx species are 
reduced to N2, followed by Mg(ClO4)2 trap for removal of H2O and switchable Carbosorb® 
trap for removal of CO2. Gas is purified by gas chromatography and a fraction of the effluent 
is admitted to the mass spectrometer for determination of δ15N (Mulvaney, 1986). The 
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measurements of δ15N and atom % 15N, namely natural abundance samples and enriched 
samples, were run separately. 

 

Figure 10: Left hand side: Diagram of the automated N/C elemental analyzer with continuous flow 
interface online (ANCA IRMS). (From: Callisto CF_IRMS). Right hand side:Europa Scientific ANCA-
IRMS (From: http://ecosystems.mbl.edu/silab/equipment.html). 

 
Stable isotope results of natural abundance samples are reported as relative values, as 

deviations versus international standards, i.e. atmospheric air for nitrogen, and are expressed 
in δ − notation in per mil (‰) by Equation 1 (see page 7).  

The results of the 15N labelled samples are reported in atom % (Equation 2), which is the 
absolute abundance of an isotope, it is the percentage of atoms which occur as the various 
isotopes, i.e. Nitrogen 14N = 99.63 %, 15N = 0.37 %) (Seely & Lajtha, 1997). 

All samples were measured in duplicates. δ15N and atom % 15N values were accepted when 
sample standard deviation was ≤0.2 ‰ and ≤0.006 %, respectively. 
 

3.3.4.1  QA/QC of the IRMS measurements 
 
For QA/QC purposes for IRMS, international certified reference materials (CRM) and in–
house reference materials (IRM) (calibrated against CRM), were used (Tables 9–11). In each 
measuring batch at least three different reference materials were included with N content and 
δ15N embracing the N content and δ15N of the samples.  

Table 9: Reference materials and in–house reference materials used for IRMS determinations of 
nitrogen content (% N) in plant samples. 

Reference material Material % N Type of RM 
    IAEA–PLANT RM Plant 1.90 ± 0.03 RM 
WEPAL 1 String bean 2.54 ± 0.11 IRM 
WEPAL 2 Melon  2.87 ± 0.17 IRM 
WEPAL 3 Lucerne  2.79 ± 0.12 IRM 
WEPAL 4 Sunflower 7.97 ± 0.95 IRM 
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Table 10: Certified reference materials and in–house reference materials for IRMS determinations of  
the isotopic composition of N in samples at 15N natural abundance values. 

Reference material Material δ15N (‰) Type of RM 
    IAEA–N–1 Ammonium sulphate +0.4 ± 0.2 CRM 
IAEA–N–2 Ammonium sulphate +20.3 ± 0.2 CRM 
USGS–32 Potassium nitrate +180 ± 0.2 CRM 
USGS–34 Potassium nitrate –1.8 ± 0.2 CRM 
Europa N Ammonium sulphate +2.50 ± 0.2 IRM 
KNO3, Merck Potassium nitrate +3.5 ± 0.2 IRM 
WEPAL 2 Melon +12.6 ± 0.6 IRM 
WEPAL 3  Lucerne –0.6 ± 0.6 IRM 
WEPAL 4  Sunflower +7.6 ± 0.6 IRM 
    

 

Table 11: Certified reference materials, reference materials and in–house reference materials used for 
IRMS determinations of the isotopic composition of N in samples at 15N enriched values. 

Reference material Material  atom % 15N Type of RM 
    USGS 32 Potassium nitrate +0.432 ± 0.367 CRM 
IAEA–305 B Ammonium sulphate +0.502 – 0.504 RM 
IAEA–311 Ammonium sulphate +2.03 – 2.06 RM 
IAEA–PLANT RM Plant +1.187 RM 
WEPAL 1 String bean +1.009 ± 0.054 IRM 
Europa N Ammonium sulphate +0.367  IRM 
    

 
Uncertainty of IRMS measurement with a coverage factor k=1 was calculated using 
equation (7): 

 

   2unc_method2dev.St.         (7) 

 

where St. dev. is standard deviation of 3 measurements and unc_method is the estimated 
uncertainty of the method used.  

Uncertainty of isotopic analysis was determined based on standard deviations of long–term 
measurements (1–2 years) of IAEA-N-2, IAEA Plant RM for nitrogen at natural abundance 
and enriched level, respectively. The certified data for 15N can be found on website: 
http://curem.iaea.org/catalogue/SI/index.html. The obtained estimated uncertainties for IRMS 
for 15N were, as follows (Šturm et al., 2009; IJS-DP-10311): 

 
15N natural abundance: 0.12 ‰ 

15N enriched abundance: 0.003 at% 
 

In order to accurately measure the isotopic composition of plant samples, firstly the 
minimal amount of N needed for measurement on IRMS was determined using an in-house 
reference material Melon with δ15N of +12.6±0.6‰. It was found that below a peak area of 
4.3*10-8, the δ15N determinations were too high, whereas between peak areas of 7.6*10-8 and 
1.6*10-6, δ15N determinations obtained were in good agreement with δ15N values defined for 
the reference material used (Figure 11). 
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Figure 11: Determination of an optimal peak area for δ15N determiantions in plant samples. 

The accuracy of 15N measurements in plant samples at natural and enriched levels was 
verified also with successful participations in the international interlaboratory studies: 
WEPAL International Plant-analytical Exchange Program, IPE 2009.2 and IPE 2010.2 (Šturm 
et al., 2009, IJS-DP-10311; Šturm and Lojen, 2010, IJS-DP-10505). 

 

3.3.5  Calculations used in experiments with 15N 

 
For all field and greenhouse experiments with 15N labelled materials, the following primary 
data need to be recorded for each plot and treatment (van Cleemput et al., 2008): 
 

 Dry matter yield for the whole plant or subdivided into parts. This parameter is 
utilized to estimate the amounts of total N uptake, and is determined from the isotope 
plot. Dry matter yields can be calculated for whole plant or separately by plant part 
(vegetative and reproductive, such as shoots and pods, straw and spikes, etc.) and than 
summed up to obtain the total biomass or total dry matter produced by the crop at 
harvesting time. 

 
 Total N concentration (% total N in dry matter) of the whole plant or plant parts (e.g. 

by dry combustion, Dumas). 
 
 Plant % 15N abundance (mass spectrometry). 

 
 Fertiliser % 15N abundance (mass spectrometry). 

 
 15N labelled fertilisers used and N rate of application. 

 
The first parameter to be determined when studying fertiliser N uptake by the isotopic 

method is the portion of N in the plant derived from the 15N labelled fertiliser (Ndff). The 
information to calculate this parameter is obtained from the plant % 15N abundance and 
fertiliser % 15N abundance data. 15N abundance data must be converted into atom% 15N 
excess by subtracting the natural abundance (0.3663 atom% 15N) from the % 15N abundance 
of the sample (van Cleemput et al., 2008). 
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Afterwards, following calculations can be made (Equations 8–14) (IAEA, Training Course 
Series No.14, 2001, van Cleemput et al., 2008):  

 
 Biomass produced/dry matter yield per hectare (kg ha-1) 

 

(kg)SFW

(kg)SDW

)(mharvestedarea

)ha(m10000
kg)(FW)hakg(yieldmatterDry

2

-12
1-    (8) 

 
 Fertiliser N uptake or fertiliser N yield (kg ha-1) 

 

100

N %
)ha (kg yieldmatter dry )ha(kgyield N 1-1-       (9) 

 
 Nitrogen in plant tissue derived from the fertiliser (Ndff; i.e. the portion of total N in 

the plant, that was derived from the applied fertiliser) and from soil (Ndfs, i.e. the 
portion of total N in the plant, that was derived from soil N): 

 

100
excess N%  atom

excess N%  atom
  Ndff %

fertilizer
15

plant
15

       (10)

  
Ndfs % - 100  Ndfs %           (11) 

 
 Fertiliser N uptake/yield (kg ha-1): 

 

100

Ndff %
)ha (kg yield N  )ha (kg yield N Fertilizer 1-1-       (12) 

 
 Fertiliser N use efficiency/fertiliser N recovery/real coefficient of utilization: 

 

100
napplicatioNofRate

yieldNFertilizer
efficiency useNFertilizer%       (13) 

 
where FW is sample fresh weight per area harvested and SDW and SFW are subsample dry 
and fresh weight, respectively. Total N accumulation (kg ha-1) was calculated by multiplying 
the dry matter yield of plant parts and the mean N concentration in the plant parts. 
 

 The fraction of NO3
-
 –N in soil water derived from the fertiliser (Ndff): 

 

fertilizer
15

samplewater 
15

excess N%  atom

excess N%  atom
  Ndff          (14) 

 
 
Statistical analyses  
Data were verified statistically with the Analysis of variance (ANOVA) module using 
Statistica 6.0 (StatSoft, Tulsa, OK, USA) package. Means were separated by post hoc least 
significant difference test (Gaussian normal distribution) or by the nonparametric Mann-
Whitney U test (non Gaussian distribution). In the field and pot experiment, differences were 
considered to be significant at p<0.05, whereas in the method comparison study, differences 
were considered to be significant at p<0.01. 
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4  Results and Discussion 

4.1  Field experiment with white cabbage 

 
In order to get data which could lead to recommendations for growers growing white cabbage 
on sandy-loam soils inside groundwater protection areas, the effect of different fertilisation 
and irrigation practices on yield, N–fertiliser use efficiency and consequently yield quality 
(i.e. nitrate content in plant) of white cabbage (Brassica oleracea var. capitata L.) as well as 
the potential for N losses (i.e. N surplus after harvest) were investigated. Four different 
fertilisation and irrigation practices were applied, i.e. unfertilized control, irrigated in 
accordance with the farmer’s practice (1), pre–plant broadcast fertiliser application with drip 
irrigation covering 50% of crop’s water requirements (2), fertigation with drip irrigation 
covering 100% of crop’s water requirements (3) and farmer’s practice, which consisted of 
pre–plant broadcast fertiliser application with irrigation on the day before and after 
transplanting. The potential for N losses was determined in accordance with the mass balance 
calculations.  
 

4.1.1  Yield and dry matter 

 
Yield. The study revealed that the treatment used significantly affected cabbage yield (Table 
12, Figure 12). Fertigation did not increase the yield compared to broadcast fertiliser 
application, as was also found by Hagin (1999) and Kacjan-Maršić (2004). The highest yield 
was found for treatment with farmer’s practice, lower for fertigation and the lowest for 
treatments with broadcast fertilisation and irrigation covering 50% of the crop’s water 
requirements and for the control.  

 

Table 12: Yield and dry matter (DM) in white cabbage.* 

Treatment Yield (t ha-1) DM (%) 
   1# 47 a 11.03 a 
2 58 ab   8.79 b 
3 72 b   9.32 b 
4 93 c   9.02 b 
* Different letters denote significant difference between 
treatments at the p<0.05. 
# Treatments: 1–control, 2–broadcast fertilisation with 50% 
irrigation, 3–fertigation with 100% irrigation, 4–broadcast 
fertilisation with farmer’s practice of irrigation.  
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Figure 12: Cabbage yield under different treatments: 1–control, 2–broadcast fertilisation with 50% 
irrigation, 3–fertigation with 100% irrigation, 4–broadcast fertilisation with farmer’s practice of 
irrigation. Data are means ± standard deviation (n=3). Bars designated by different letters are 
significantly different at the p<0.05. 

Dry matter. We found a significant effect of nitrogen fertilisation on dry matter content in 
cabbage (Table 13). The average dry matter content was 9.04% in fertilized plants and 
11.03% in unfertilized plants. In comparison to the control, fertilisation caused a considerable 
decline in dry matter content. A similar observation was made by Smolen and Sady (2009), 
who studied the effects of various nitrogen fertilisation and foliar nutrition regimes on the dry 
matter content in carrot roots (Daucas carota L.). Sørensen (1999), who studied the effects of 
nitrogen on vegetable crop production and chemical composition, also reported that increased 
N supply decreased the dry matter content. 

 

4.1.2  Total N and nitrate content in plants 

 
Results of total N and NO3

- determination in aboveground plant parts are presented in Tables 
13–14 and Figures 13–14. 

Total N content. Fertilisation caused a significant increase in total nitrogen in cabbage 
heads, compared to the control. Under fertilised conditions, a significantly higher N content 
was determined in crops under farmer’s practice of irrigation (Treatment 4), whereas the 
difference between the two treatments with drip irrigation (covering 50% and 100% of the 
crop’s water requirements; Treatments 2 and 3, respectively), was not significant. Under all 
treatments, a decline in N content was observed towards the final harvest in inner, middle and 
outer leaves of cabbage due to the dilution effect during plant growth. 

At final harvest, a statistically significant difference in N content was found between 
different leaves under each treatment. On fertilized plots as well as under control, most of the 
N was accumulated in the outer leaves and least in the middle leaves of the plants, indicating 
the highest uptake of N at early growth stage (Gastal and Lemaire, 2002). 

Nitrate content. It was found that fertilisation significantly increased the nitrate content 
in crops compared to the control, as also found by various authors, who studied the NO3

- 
contents in cabbage (Turan, 2005), carrot (Smolen and Sady, 2009 and references therein), 
and in rape, Chinese cabbage and spinach (Chen et al., 2004). The highest mean nitrate 
content at final harvest was found for farmer’s practice (1326 mg kg-1 fresh weight; Treatment 
4) and for treatment with fertigation (1132 mg kg-1; Treatment 3), lower for treatment with 
broadcast fertilisation and irrigation covering 50% of the plant’s water requirements 
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(Treatment 2), and the lowest for the control (345 mg kg-1; Treatment 1).  
 

Table 13: Nitrate content in different leaves of cabbage at final harvest.* 

Treatment NO3- (mg kg-1 fresh weight)  N content∞ 

 I§ M O  (% DM) 
      1# 344.0 a   228.2 a   324.4 a  1.62 x 
2 544.5 a   845.1 a 1222.4 b  2.70 y 
3 819.9 a   753.3 b 1478.7 c  2.52 y 
4 775.2 a 1305.6 b 1685.7 b  2.86 z 
* Different letters denote significant difference between different leaves (a, b, c) and between 
treatments (x, y, z) at the p<0.05. Data are means for n=9 plants per treatment. 
# Treatments: 1–control, 2–broadcast fertilisation with 50% irrigation, 3–fertigation with 100% 
irrigation, 4–broadcast fertilisation with farmer’s practice of irrigation.  

§ Different letters denote different plant leaves: inner (I), middle (M) and outer (O) leaves. 
∞ N content represents weighted average content in aboveground cabbage at final harvest. 

 
 

 

Figure 13: Nitrate content in inner, middle and outer fresh cabbage leaves at final harvest. 
Treatments: 1–control, 2–broadcast fertilisation with 50% irrigation, 3–fertigation with 100% 
irrigation, 4–broadcast fertilisation with farmer`s practice of irrigation. Box gives lower and upper 
qartiles and median; whiskers show 25th and 75th percentiles; bars represent the nonoutlier range. 

No significant intra–plant variations were found in the control, whereas for fertilized 
treatments with broadcast application, a significantly lower content was found in the inner, 
younger parts and the highest in the outer, older leaves of the plants. For treatment with 
fertigation (Treatment 3), the lowest nitrate content was found in the middle parts and the 
highest in the outer, older leaves of cabbage. 
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Table 14: N content of different leaves of cabbage at 59, 68 and 78 days after transplanting.* 

Treatment % N (DM basis)          
 59 DAT    68 DAT    78 DAT   
 I§ M O  I M O  I M O 
            1# 2.59 a 1.85 b 2.40 a  2.02 ab 1.67 a 2.23 b  1.62 b 1.30 a 1.93 b 
2 3.28 a 2.94 a 4.29 b  2.62 a 2.58 a 3.49 b  2.65 ab 2.37 a 3.08 b 
3 3.14 a 2.42 b 3.64 c  2.67 a 2.45 a 3.31 b  2.38 a 2.11 a 3.06 b 
4 3.25 a 3.11 a 4.89 b  3.17 a 3.03 a 4.34 b  2.71 a 2.60 a 3.26 b 
* Different letters denote significant difference between different leaves at the p<0.05. Data are means for n=9 plants per treatment. 
# Treatments: 1–control, 2–broadcast fertilisation with 50% irrigation, 3–fertigation with 100% irrigation, 4–broadcast fertilisation with farmer’s practice of 
irrigation. 
§ Different letters denote different plant leaves: inner (I), middle (M) and outer (O) leaves. 
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Figure 14: Intra–plant variation of N content in different leaves at final harvest (left hand side) and N content in cabbage at 59, 68 and 78 DAT (right hand side). 
Treatments: 1–control, 2–broadcast fertilisation with 50% irrigation, 3–fertigation with 100% irrigation, 4–broadcast fertilisation with farmer`s practice of 
irrigation. Box gives lower and upper quartiles and median; whiskers show 25th and 75th percentiles; bars represent the nonoutlier range. 
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4.1.3  15N in cabbage 

 
Plants from control plots were significantly depleted with 15N compared to crops from 
fertilized plots, since the control plants reflected the isotopic composition of soil N (with low 
15N content) (Figure 15, Appendix 3). On fertilized plots, the lowest 15N values were observed 
in plants from treatment by fertigation (Treatment 3). At final harvest, the difference in at% 
15N excess between treatments by fertigation and farmer’s practice (Treatments 3 and 4, 
respectively) became insignificant (1.17, 1.19 at% 15N excess, respectively), whereas cabbage 
under treatment by broadcast fertilisation with irrigation covering 50% of the crop’s water 
requirements was still significantly more enriched in 15N (1.55 at% 15N). No significant 
differences in at% 15N were observed between outer, middle and inner leaves of cabbage 
(Figure 16). 

During the growing season, two different trends and a significant difference in the at% 15N 
excess were observed between fertilised treatments. With time, enrichment with 15N in 
cabbage increased in treatment by fertigation (Treatment 3) and decreased in both treatments 
with broadcast application (Treatments 2 and 4). The variation in at% 15N excess in cabbage 
could be attributed to the different availability of soil- and fertiliser-N with time of growth 
(Choi et al., 2002). Decreasing enrichment with 15N with time in cabbage under the two 
treatments with broadcast application indicates an increased accumulation of N from soil 
(Choi et al., 2002) and the increasing enrichment under treatment with fertigation, on the 
other hand, indicates increased accumulation of the enriched fertiliser N with growth time. 
When available fertiliser N was low in the soil, the relative contribution of soil– to plant N 
increased with time (Yun and Ro, 2009). 

 
 

 

Figure 15: atom % 15N excess in aboveground cabbage leaves at 59, 68 and 78 DAT. Treatments: 1–
control, 2–broadcast fertilisation with 50% irrigation, 3–fertigation with 100% irrigation, 4–broadcast 
fertilisation with farmer’s practice of irrigation. Box gives lower and upper quartiles and median; 
whiskers show 25th and 75th percentiles; bars represent the nonoutlier range. 

 
 



Results and Discussion 41 
 

 

 

 

Figure 16: atom % 15N excess in different cabbage leaves at final harvest. Treatments: 1–control, 2–
broadcast fertilisation with 50% irrigation, 3–fertigation with 100% irrigation, 4–broadcast fertilisation 
with farmer’s practice of irrigation. Box gives lower and upper quartiles and median; whiskers show 
25th and 75th percentiles; bars represent the nonoutlier range. 

 

4.1.4  Nitrogen uptake and fertiliser use efficiency 

 
Fertiliser use efficiency deserves careful attention if agriculturists are to produce maximum 
crop yields and prevent pollution of natural waters with plant nutrients (Bijay-Singh et al., 
1995). This depends largely on the synchrony between plant N demand and the quantities of 
N supplied by the fertiliser and by the soil. Consequently, it is strongly affected by N 
management methods, as well as by crop management practices (van Cleemput et al., 2008). 
Since only a fraction of the applied fertiliser N (on average less than 50 %) is taken up by the 
crop, the remainder is subject to loss, representing both an economic cost and an 
environmental risk (van Cleemput et al., 2008, references therein). Even though low fertiliser 
use efficiency does not always imply that unused N will leach into groundwater and does not 
necessarily pose a hazard to the environment (as long as excess water does not leach it 
beneath the root zone (Bijay-Singh et al., 1995)), maximizing the efficiency of fertiliser 
nitrogen can reduce the risk of nitrate pollution from leaching (Bijay-Singh and Sekhon, 
1979). 

As reported also by van Cleemput et al. (2008), the use of 15N-labelled fertiliser revealed 
differences in the uptake of soil N between plants fertilized with N and those unfertilized. The 
portion of N derived from the soil exceeded the portion of N derived from the fertiliser (Table 
15). In experiments with 15N-labelled fertiliser, it is often observed that the uptake of 
unlabelled N is greater by plants receiving labelled fertiliser than in the unfertilized control 
(Powlson and Barraclough, 1993). This can occur entirely as a result of ˝pool substitution˝, 
i.e. labelled inorganic N from the added fertiliser taking the place of unlabelled inorganic N 
that would otherwise have been immobilized (taken up by microorganisms, where N is 
incorporated into proteins, nucleic acids, and other organic N constituents of microbial cells 
and cell walls and as such becomes a part of the biomass). The greater the amount of labelled 
N that is added, the smaller will be the proportion of unlabelled N that is immobilized and the 
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more unlabelled N will remain in the inorganic pool available for uptake by plants (Powlson 
and Barraclough, 1993). 

Under the field experimental conditions, N uptake was 84 kg N ha-1 for the control and 
138–246 kg ha-1 for fertilized treatments (Table 15). The proportion of N taken up from soil 
or fertiliser varied between treatments. The highest uptake of soil N was calculated for 
farmer’s practice (162.4 kg ha-1), lower for the control (84.2 kg N ha-1) and the lowest for 
treatment with broadcast fertilisation with irrigation covering 50% of the crop’s water 
requirements (77.1 kg N ha-1), whereas higher fertiliser N utilization was determined under 
farmer’s practice (41.8%), compared to treatment with broadcast fertilisation with irrigation, 
covering 50% of crop’s water requirements (30.3%) (Table 16). 

Fertigation is expected to increase the nutrient uptake efficiency, thereby minimizing 
leaching losses compared to the application of fertiliser in dry granular form broadcast over a 
large soil area at less frequent intervals (Alva, 2009). However, among the practices tested in 
this study on a sandy loam agricultural soil and under the environmental conditions with 
precipitation somewhat below and temperature above the 30 year average (Table 5), 
fertigation with three-split applications of the fertiliser (Treatment 3) did not result in the 
lowest N leaching potential. The highest yield, N uptake and lowest leaching potential, but 
also highest NO3

- content at final harvest, were determined for treatment with broadcast 
fertilisation and farmer’s practice of irrigation (Treatment 4). 

 

Table 15: N uptake, fertiliser N yield and soil N yield of cabbage at final harvest (kg ha-1).* 

Treatment N uptake by crops Fertiliser N yield Soil N yield 
    1#   84.2 a –   84.2 
2 137.7 b 60.6   77.1 
3§ 168.8 b – – 
4 246.0 c 83.6 162.4 
* Different letters denote significant difference between treatments at the p<0.05. 
#Treatments: 1–control, 2–broadcast fertilisation with 50% irrigation, 3–fertigation with 100% 
irrigation, 4–broadcast fertilisation with farmer`s practice of irrigation.  
§In treatment by fertigation the pre–plant broadcast application was made with unlabelled fertiliser, 
and 15N was applied by fertigation only, therefore the % Ndff, % Ndfs, fertiliser N yield and % 
fertiliser N utilization were not calculated for this treatment. 

 
Table 16 presents the balance of N inputs and outputs for the experiment. The inputs 

involve N in fertilisers, N from wet deposition and irrigation N, and the outputs comprise only 
N uptake by the aboveground biomass of plants (van Eerdt and Fong, 1998, Oenema et al., 
2003, Ju et al. 2006). The N surplus, i.e. the difference between inputs and outputs, represents 
the N that was lost by volatilization of ammonia, denitrification or leaching, or stored in 
various soil fractions (Ju et al., 2006). The control (Treament 1) and farmer’s practice 
(Treament 4) had a negative balance (–79.5 and –41.3 kg N ha-1, respectively), whereas 
treatment via broadcast application and irrigation covering 50% of the crop’s water 
requirements and treatment with fertigation (Treatment 3) with irrigation covering 100% of 
the crop’s water requirements (Treatment 2) had positive balances of N inputs and outputs 
(+68.0 and +37.8 kg N ha-1, respectively). 

Calculation of the N budget (Table 16) indicates a higher potential for N losses in 
treatments with broadcast fertiliser application with 50% irrigation (highest N surplus; 
Treatment 2) and fertigation with 100% irrigation (Treatment 3), compared to farmer’s 
practice of fertilisation and irrigation (Treatment 4), where crop N uptake exceeded N inputs 
by over 40 kg N ha-1, thus resulting in soil N depletion to that extent. 
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Table 16: N balance of N inputs and outputs and fertiliser use efficiency. 

Treatment Inputs# Outputs N surplus Fertiliser use 
efficiency 

  kg N ha-1  % 
     1*     4.7   84.2 –79.5 – 
2 205.7 137.7 +68.0 30.3 
3 206.6 168.8 +37.8 – 
4 204.7 246.0 –41.3 41.8 
 

* Treatments: 1–control, 2–broadcast fertilisation with 50% irrigation, 3–fertigation with 100% 
irrigation, 4–broadcast fertilisation with farmer’s practice of irrigation.  
#Inputs comprise fertiliser N, irrigation N and N from wet deposition. Outputs comprise only the 
uptake by the aboveground biomass of crops. N surplus represents N that was lost by ammonia 
volatilization, denitrification or leaching, or stored in various soil fractions. 
 
Regarding the results obtained, under these environmental conditions and soil type the 

application of N fertiliser should be increased by about 40 kg ha-1 under farmer’s practice of 
fertilisation and irrigation, decreased by about 68 kg ha-1 under treatment with broadcast 
fertiliser application with 50% irrigation, and decreased by 38 kg ha-1 or apply N in more 
frequent fertigation events under treatment with fertigation with 100% irrigation, in order to 
gain the same yield without depletion of the soil N and without environmental risk. 
 

4.1.5  Nitrate content and 15N in soil water 

 
Due to small sample volumes or even lack of samples in some treatments, especially in 
treatments with farmer’s practice of irrigation, it was not possible to determine the nitrate 
content and 15N concentration for all sampling dates. Results of determination of nitrate and 
15N concentrations in soil water sampled during and after the growing period of white 
cabbage are presented in Tables 17–18 and Figure 17. 

Nitrate content. According to Alva (2009), as mentioned above, fertigation is expected to 
increase the nutrient uptake efficiency, thereby minimizing leaching losses compared to the 
application of fertiliser in dry granular form broadcast over a large soil area at less frequent 
intervals. However, among the tested practices and under the environmental conditions in our 
study, fertigation (Treatment 3) with three split applications of the fertiliser did not result in 
the lowest N leaching and is hence not the most appropriate method for growing cabbage. As 
shown on Figure 18, higher nitrate content in soil water samples was determined under 
fertigation treatment (26.0 and 30.2 mg L-1 on 23.5. and 6.6.2007, respectively) as well as 
under treatment 2, with broadcast fertiliser application and drip irrigation covering 50% of 
crop’s water requirements (30.2 mg L-1 on 6.6.2007), compared to the treatment with farmer’s 
practice (19.3 and 8.0 mg L-1 on 23.5. and 6.6.2007, respectively). Seventy days after harvest, 
nitrate content in soil water was comparable under all treatments. 

15N in nitrate. In natural (unlabelled) system, NO3
- in soil leachate is subject to 

considerable isotopic variation and δ15N may provide more information on the predominance 
of microbial processes in soils than on origin. A major difficulty associated with the use of 
δ15N to assess origins is the ability to distinguish between isotope behaviour that is 
conservative and that which is a reflection of processes (e.g. denitrification, nitrification, ion 
exchange) that alter isotope abundances (Ostrom et al., 1998). Additional complexity may 
arise because source materials, such as soils, may contain several isotopically heterogeneous 
forms of N (Tiessen et al., 1984; Ledhard et al., 1984) and therefore, may not behave 
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functionally as a single pool of N with distinct and characterizable isotope ratio (Ostrom et al., 
1998). However, in our study this problem was overcame with the use 15N labelled fertiliser. 

The portion of N in soil water derived from the fertiliser is presented in Table 18. On 
23.5.2007 isotopic composition could only be determined for the sample from the fertigation 
treatment (Treatment 3). It was found that 5.4% of nitrate N in the analysed sample originated 
from the applied fertiliser and 94.6% (100% - Ndff) originated from soil N. On the second 
sampling event (4.6.2007), the highest nitrate concentration under treatment 2 coincides with 
the calculated highest portion of N derived from the fertiliser (46.7%; only 8.5% for the 
fertigation treatment), which confirms that this treatment results in the highest fertiliser 
leaching and is hence the least appropriate for growing white cabbage on this type of soil 
among tested practices (at least under current environmental conditions). Twenty one days 
after harvest (18.7.2007), the portion of N derived from the fertiliser was still higher under 
treatment 2 (33.8%) compared to fertigation treatment (11%). Seventy days after harvest, 
highest portion of N derived from the fertiliser was determined under farmer’s practice 
(16.5%), lower under treatment 2 (decreased for 22% between 18.7. to 5.9.2007) and lowest 
under fertigation treatment (decreased for 6% between 18.7. to 5.9.2007); however, as 
mentioned above, nitrate concentrations were relatively uniform under all treatments. 
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Table 17: Nitrate content (mg L-1) in soil water during and after growth of white cabbage. 

Treatment 23.5.2007 4.6.2007 18.7.2007 5.9.2007 
     1* 10.0 10.5   n.d.# 18.4 
2   n.d.  30.8   9.9 16.4 
3 28.4 30.2 13.8 16.2 
4 19.3   8.0   2.1 18.7 
*Treatments: 1–control, 2–broadcast fertilisation with 50% irrigation, 3–fertigation with 
100% irrigation, 4–broadcast fertilisation with farmer`s practice of irrigation. 
#n.d. – not determined. 

 

Table 18: Isotopic composition (atom % 15N excess) of soil water nitrate with the portion of total N derived from the fertiliser (Ndff). 

Treatment 23.5.2007   4.6.2007   18.7.2007   5.9.2007  
 at%15N excess  % Ndff  at%15N excess % Ndff  at%15N excess % Ndff  at%15N excess % Ndff 
            1* n.d.# n.d.  n.d. n.d.  n.d. n.d.  n.d. n.d. 
2 n.d. n.d.  1.645 46.7  1.191 ± 0.072 33.8 ± 2.0  0.404 11.5 
3 0.191 5.4  0.299 ± 0.086d 8.5 ± 2.4   0.389 11.0  0.161 ± 0.046 4.6 ± 1.3 
4 n.d. n.d.  n.d. n.d.  n.d. n.d.  0.582 ± 0.028 16.5 ± 0.8 
*Treatments: 1–control, 2–broadcast fertilisation with 50% irrigation, 3–fertigation with 100% irrigation, 4–broadcast fertilisation with farmer`s practice of 
irrigation. 
#n.d. – not determined. 
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Figure 17: Nitrate content (left hand side) and atom % 15N excess (right hand side) in soil water sampled using porous ceramic suction cups during and after the 
growth of white cabbage. Treatments: 1–control, 2–broadcast fertilisation with 50% irrigation, 3–fertigation with 100% irrigation, 4–broadcast fertilisation with 
farmer`s practice of irrigation. Vertical lines denote the cabbage growing period. 
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4.1.6  Nitrate content and 15N in groundwater 

 
Nitrate content and δ15N of nitrate in groundwater was followed in five piezometers 
(namely, V-1 to V-5), placed around the experimental field (Figures 3), in the period 
between 1. 10. 2006 and 25. 7. 2008, in order to detect the potential pollution, caused by 
the applied labelled fertiliser on the field (before white cabbage, labelled fertiliser was 
already applied on the field during the endive vegetation period between 10.8. and 
26.10.2006). 

Nitrate content. Figure 18 and Appendix 4 present the fluctuation of nitrate content in 
groundwater sampled below the experimental field between May, 2006 and July, 2008. 
Nitrate content determined in our study, was constantly bellow maximum allowed level of 
50 mg L-1 (ranging between 20.5 and 30.8 mg L-1), set by the World Health Organization 
and was in good agreement with previous study of Urbanc et al. (2003) who studied 
nitrates in groundwater of Ljubljansko polje (4.9-33.2 mg L-1). No extraordinary 
deviations in NO3

- content have been observed during the white cabbage vegetation 
period. Groundwater seasonal pattern of nitrate concentration was in accordance with the 
highest Sava river discharge peak, recorded during spring time (March 2007, 2008) 
(Drolc and Zagorc Končan, 1996; 2007; Drolc et al., 2007; Zupanc et al., submitted) and 
not with increased NO3

- concentrations measured in soil solution. 
15N in total N and nitrate N. Considering the isotopic composition of the labelled 

fertiliser used (3.5 atom % 15N, that is about 8950 ‰), which is high above the natural 
abundance values, natural δ15N values of total N and nitrate of the groundwater samples 
analysed (ranging from 4.7 to 13.8 and from 6.0 to 8.3, respectively) indicate that during 
the observed time, the N from the applied labelled fertiliser did not reach the groundwater 
aquifer (Figure 19, Appendix 4). 

Groundwater of Ljubljansko polje is rapidly charged and discharged, which means that 
pollutants are relatively quickly washed away from the aquifer; however there is a 
constant risk of sudden influx of pollutants from surface as well as the Sava river into the 
aquifer (Auersperger et al., 2005). The aquifer of Ljubljansko polje is fed by two 
components, by the Sava River and by rainfall. This two components are exposed to 
several sources of pollution, therefore a correlation exist between their mixing ratio and 
groundwater chemical composition (Urbanc and Jamnik, 2007). Kanduč (2006) found 
δ15N values of suspended organic matter of the Sava river amounting of 7.0 ± 1.0‰ and 
5.5 ± 0.7‰, measured in September, 2004 and May, 2005, respectively. Similar values 
were obtained by Urbanc and Jamnik (2007), who studied distribution and origin of 
nitrate in the groundwater of Ljubljansko polje between autumn 2002 and summer 2004, 
and report mean δ15N values ranging between 4.2 and 9.4‰. The values obtained by 
Kanduč (2006) and Urganc and Jamnik (2007) are in good agreement with δ15N values of 
total N and nitrate obtained in our study which again confirms that the values obtained are 
in ˝normal˝ range and were not affected by the 15N labeled fertiliser.  
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Figure 18: Nitrate fluctuation in groundwater sampled from the piezometers (V-1 to V-5) below 
the experimental field in Sneberje between October, 2006 and July, 2008. Vertical lines denote 
the cabbage growing period. 

 

 

Figure 19: δ15N of total N in groundwater indicating no tracers of the labelled fertiliser applied 
on the experimental field above the aquifer. Vertical lines denote the cabbage growing period; 
gray horizontal strip denotes mean ± SD δ15N of nitrate (n=37). 
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4.2  The suitability of 15N fingerprint as a marker of organic 
vegetable production 

 
Nitrogen isotopic fingerprint (15N) is reported to be a promising indicator to 

differentiate between organic and conventionally grown vegetables. This is based on the 
hypothesis that conventionally grown plants have lower δ15N values compared to plants 
grown organically due to lower mean δ15N values of synthetic (inorganic) N fertilisers 
compared to organic fertilisers.  In our study, firstly the δ15N values of some frequently 
used organic (farmyard manure, compost, commercially available organic fertilisers: 
Biogrena and Valentin, naravno organsko gnojilo) and synthetic (N:P:K 7:20:20; N:P:K 
15:15:15; KAN; Ca(NO3)2; MgNO3, KNO3) fertilisers commonly used in Slovenia were 
determined. 

Secondly, the suitability of δ15N signature/fingerprint as a marker of the use of 
synthetic (inorganic) fertiliser in organic production was studied in a greenhouse pot 
experiment with lettuce (Lactuca sativa L.), where the effect of single and split fertiliser 
as well as the effect of combined usage of synthetic (inorganic) and organic fertilisers on 
lettuce 15N was studied. 

The best assessment of whether the N isotope approach is an appropriate tool to 
discriminate between organic and conventionally grown produce can be made from a 
survey of the δ15N values of authentic commercially grown crops from across a wide 
geographical spread incorporating a broad range in environmental conditions and 
agricultural practices (Bateman and Kelly, 2007). In this way, in comparison to well 
controlled cultivation experiments, many other factors which can affect the N isotopic 
composition of a crop, e.g. soil type, variability in atmospheric N depositions, variations 
in local agricultural practices, etc., are taken into account. Therefore, thirdly, 14 different 
types of organically grown vegetables were selected from organic markets and their 
conventionally grown counterparts from different supermarkets in Slovenia and analyzed 
for their δ15N signature in order to asset datasets to ascertain if there are any systematic 
differences in nitrogen isotope composition due to the method of production. 

 

4.2.1  δ15N of some organic and synthetic (inorganic) fertilisers 

 
The nitrogen isotopic signatures (δ15N) of synthetic (inorganic) and organic fertilisers 
determined in this study are presented in Table 19 and are in good agreement with 
literature data (Table 3). From the two types of fertilisers analyzed (synthetic and 
organic), considering mean δ15N values it was possible to discriminate between organic 
(mean ± SD = 9.5 ± 3.9‰) and synthetic fertilisers (3.0 ± 3.3‰) using N isotopes. 
However, some values are overlapping (e.g. Biogrena and Farmyard manure with 
Ca(NO3)2). Synthetic (inorganic) fertilisers are manufactured by extracting N from air 
(with δ15N = 0‰) and since there is only a little fractionation during the production 
process, δ15N of samples analyzed is close to zero, with the exception of calcium nitrate 
with a δ15N values of 5.7‰ and 5.8‰ and magnesium nitrate with δ15N value of 7.6‰. 
These values could reflect the production of these samples as a by– or co–products of 
some other manufacturing processes where reaction conditions were such that the 
calcium/magnesium nitrate became enriched with 15N as compared to starting material, 
i.e. atmospheric N (Bateman and Kelly, 2007). Organic fertilisers have more positive 
δ15N values compared to synthetic (inorganic) fertilisers as animals eat plants (with 15N 
values that reflect soil N; with the exception of N-fixing plants), and their body waste 
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undergoes further 15N enrichment after extraction with the onset of fractionation 
processes such as volatilization of ammonia and denitrification or bacterial reworking of 
the N (Rogers, 2008 and references therein).  

Assuming soil δ15N values near 5‰ (Kendall, 1998; Amundson and Baisden, 2000; 
Rogers, 2008; δ15N of the soil used in our field and pot experiment was 6.4 ‰) the use of 
15N–depleted synthetic (inorganic) fertilisers would lower the overall soil δ15N values due 
to mixing of both synthetic fertiliser N and soil derived N, whereas the use of 15N–
enriched organic fertilisers would increase the overall soil δ15N values (Rogers, 2008), 
which would reflect in crops that would be grown on these soils. 

 

Table 19: Results of δ15N determinations in fertiliser samples analysed. 

Fertiliser Type 15N (‰) Mean ± SD 
    KAN synthetic   -0.9 3.0 ± 3.3 
KNO3 synthetic   +0.3  
NPK 15:15:15 synthetic   +0.5  
NPK 7:20:20 synthetic   +1.7  
Ca(NO3)2  synthetic   +5.7  

Ca(NO3)2 (Yara Liva)  synthetic   +5.8  

MgNO3 synthetic   +7.6  
         Farmyard manure organic   +6.2 9.5 ± 3.9 
Biogrena organic   +7.2  
Compost organic   +9.6  
Organsko gnojilo Valentin organic +14.8  

 

4.2.2  Pot experiment with lettuce 

 
So far, the effect on plant 15N of split nitrogen fertilisation, which could enable farmers 
to cover up the use of synthetic (inorganic) fertiliser, is not well studied. Hence, in our 
study, the use of 15N in lettuce as a potential marker for identifying the use of synthetic 
(inorganic) nitrogen fertilisers was tested on pot grown lettuce (Lactuca sativa L.), 
fertilized with synthetic (inorganic) and organic nitrogen fertiliser applied as single or 
split application. The effect of combined usage of synthetic and organic fertiliser on 15N 
was also studied. 
 

4.2.2.1  Dry matter and N yield of lettuce 

 
At transplanting, mean dry matter yield, N content and 15N of three seedlings (whole 
plants) were determined, as follows: 0.13 ± 0.05 g plant-1, 49.1 ± 0.5 g kg-1 dry matter 
(DM) basis, and +1.8 ± 0.7‰, respectively (mean ± SD). 

Data for dry matter yield and N uptake of lettuce at 20, 30, and 50 days after 
transplanting for the seven different fertilization regimes are presented in Table 20. 
Figure 20 presents fresh and dry matter yield at final harvest. Nitrogen fertilisation caused 
a significant difference in dry matter yield between control and fertilized plants at 
20 DAT, with the exception of plants treated with a single application of synthetic 
(inorganic) fertiliser whose dry matter yield was not significantly different from the 
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control. The suppression in dry matter accumulation was also observed by Yun et al. 

(2006) at 40 DAT. However, the difference between treatments was no longer significant 
at 30 and 50 DAT.  

High dry matter yield under unfertilized control treatment indicates that the soil used 
in the experiment was relatively rich with N. However, in the experiment, practice of 
local farmers was followed, and since it is not common for local growers (neither 
conventional nor organic) to perform the soil N analysis before planting and to apply N 
accordingly, but to apply the amount of N which is expected to be taken up by the 
particular plant in optimal yield conditions, same was done in the experiment. 

 

Table 20: Fresh weight and dry weight of lettuce at 20, 30 and 50 days after transplant (DAT) in 
different treatments.* 

Treatment§ Fresh weight (g plant-1)   Dry weight (g plant-1) 
 20 DAT 30 DAT 50 DAT   20 DAT 30 DAT 50 DAT 
        C 36.3 a 112.0 ab 182.7 a  2.0 a 7.9 a 13.5 a 
O 47.2 a 144.0 b 180.7 a  4.4 b 9.5 a 13.4 a 
S 41.3 a 138.3 b 198.7 ab  3.1 a 9.8 a 12.5 a 
S+S# 41.5 a 139.7 b 199.0 ab  3.7 b 7.7 a 13.7 a 
S+O# 40.0 a 130.7 b 212.3 ab  3.7 b 7.7 a 16.2 a 
O+S# 44.5 a 125.3 ab 231.8 b  3.7 b 9.1 a 16.1 a 
O+O# 37.3 a   92.0 a 200.8 ab  3.7 b 9.1 a 13.2 a 
 *Data are means of n=3 plants per treatment. Different letters denote significant difference 
within column (p<0.05). 
§Treatments: C, control; O, organic; S, synthetic; S+S, synthetic + synthetic; S+O, synthetic + 
organic; O+S, organic + synthetic; O+O, organic + organic. 
#In split treatments (S+S and S+O; O+O and O+S), values at 20 and 30 DAT were calculated 
based on the same three replications. 

 
Many authors report that the N uptake dynamics is equally or even more important 

than the total N uptake and are typical for each plant species (Pang and Letey, 2000; del 
Amor, 2006). On average, about 60 % of all N was accumulated in plants before 30 DAT 
in treatments with split application, whereas in single fertilisation treatments 72 % and 
81 % was accumulated before 30 DAT for O and S treatment, respectively. During the 
growth stage (20 and 30 DAT), differences in N uptake were observed between 
treatments (Figure 21, Appendix 5). At final harvest (50 DAT), plants from control pots 
(C) and plants with split application of organic fertiliser (O+O) showed significantly 
lower N uptake (308.3 mg plant-1 and 352.0 mg plant-1, respectively) compared to other 
treatments with mean N uptake of 454.3 mg plant-1, indicating lower N availability in 
these two treatments. In O+O treatment, low N availability could be explained by slow N 
mineralization from the organic fertiliser, applied after 30 DAT. 
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Figure 20: Whole plant fresh weight (FW) and dry weight (DW) of lettuce at final harvest in 
different treatments: C, control; O, organic; S, synthetic; O+S, organic + synthetic; S+O, 
synthetic + organic; O+O, organic + organic; S+S, synthetic + synthetic. 
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Figure 21: N uptake of lettuce (mg plant-1) at 20, 30 and 50 days after transplant (DAT) in 
different treaments: C, control; O, organic; S, synthetic; O+S, organic + synhtetic; S+O, 
synthetic + organic; O+O, organic + organic; S+S, synthetic + synthetic. 
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4.2.2.2  The effect of different N sources and time of application on whole 
plant 15N 

 
Results are presented in Table 21 and Figure 22. The δ15N of whole plants receiving 

single organic fertiliser (O) were significantly higher compared to the treatments with 
different N sources (i.e. synthetic fertiliser, soil), reflecting the higher δ15N values of 
organic fertiliser (14.8‰) compared to those of synthetic (inorganic) fertiliser (5.7‰) and 
total soil–N (6.4‰). At final harvest, the mean δ15N of whole plants receiving a single 
application of organic fertiliser (O) was 9.6‰, and δ15N of plants receiving split 
applications were 8.0‰ and 7.2‰ for O+O and O+S treatments, respectively. The mean 
δ15N of whole plants receiving a single application of synthetic fertiliser (S) was 5.3‰, 
whereas δ15N of those receiving split applications were 5.2‰ and 6.0‰ for S+S and S+O 
treatments, respectively. However, lettuce fertilized only with synthetic fertiliser (single 
or split application) was significantly depleted with 15N compared to unfertilized control 
plants (C, with δ15N= 7.2‰), strongly indicating the contribution of synthetic fertiliser 
(with δ15N= 5.7‰). 

Table 21: δ15N (‰) of whole plant lettuce at 20, 30 and 50 days after transplant (DAT) in 
different treatments.* 

Treatment§ 20 DAT  30 DAT  50 DAT 
      C   6.6 a x    7.5 bc x  7.2 b x 
O 12.4  c y  10.3 d   xy  9.6 c x 
S   5.8  a x    5.9 ab x  5.3 a x 
S+S#   5.6  a x    5.1 a   x  5.2 a x 
S+O#   5.6  a x    5.1 a   x  6.0 a x 
O+S# 10.4  b z    8.8 c   y  7.2 b x 
O+O# 10.4  b y     8.8 c   x   8.0 b x 
 * Whole plant δ15N is calculated as integration of three separate plant 
parts (outer, middle and inner leaves). Different letters denote 
significant difference (p<0.05) within column (a, b, c, d) and within a 
row (x, y, z).  
§Treatments: C, control; O, organic; S, synthetic; S+S, synthetic + 
synthetic; S+O, synthetic + organic; O+S, organic + synthetic; O+O, 
organic + organic. 
# In split treatments (S+S and S+O; O+O and O+S), δ15N values at 20 
and 30 DAT were calculated based on the same three replications. 
 

Significantly higher 15N values were found in lettuce receiving a single application of 
organic fertiliser (O) compared to those receiving split application (O+O), reflecting the 
proportionately greater contribution of organic fertiliser–N to total plant–N in the single 
application, which is in accordance with findings of Yun et al. (2006). In contrast, no 
significant difference in 15N was found between lettuces receiving synthetic fertiliser as 
a single (S) or split application (S+S). 

Even though some trends can be observed due to split fertiliser application (e.g. 
decrease in whole plant δ15N after the addition of synthetic fertiliser to basal organic 
fertilisation or increase in δ15N after the addition of organic fertiliser to basal synthetic 
fertilisation), split fertilisation did not cause significant alteration of whole plant 15N, 
either when isotopically similar (O+O, S+S), nor when isotopically different additional N 
sources were applied. An exception is the addition of synthetic fertiliser to basal organic 



54 Results and Discussion 
 

fertilisation (O+S), which caused a significant decrease in whole plant δ15N from 8.8‰ 
(30 DAT) to 7.2‰ (50 DAT). However, the whole plant δ15N (7.2%) of O+S treatment 
did not significantly differ from O+O treatment (δ15N = 8.0‰; 50 DAT). Yun et al. 

(2006) reported significant alteration of cabbage 15N when isotopically different (S+O, 
O+S) additional N sources were applied. This could be explained by the greater 
difference in 15N between applied organic and synthetic (inorganic) N sources in their 
study (∆δ15N of 17.7‰) as compared to this study (∆δ15N = 9.1‰). Regarding splitting, 
we observed that fertilisation with additional synthetic (inorganic) fertiliser to basal 
organic fertilisation (O+S) caused a greater effect in whole plant δ15N (∆δ15N(30 DAT–50 

DAT) = -1.6‰) compared to additional organic fertilisation on basal synthetic fertilisation 
(S+O) (∆δ15N(30 DAT–50 DAT) = +0.9‰), indicating greater availability of synthetic fertiliser 
compared to organic fertiliser (Yun et al., 2006; Pavlou et al., 2007) and soil N. 
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Figure 22: Lettuce 15N under different treatments at 20, 30 and 50 days after transplant 
(DAT). Data are means ± SD for n = 3 plants per treatment. 
 

Decreasing in total plant 15N with time was found in organically fertilized plants 
(single and split application with basal organic fertilisation, O, O+O, O+S), which 
indicates an increased contribution of soil–N to plant–N with time (Yoneyama et al., 
1991; Choi et al., 2003; Yun et al., 2006). In addition, the decrease of δ15N with time in 
the O+S treatment (δ15N was lower by 0.8‰ as compared to split O+O fertilisation, not 
significant) indicates also the contribution of synthetic fertiliser–N (Choi et al., 2003). 
The 15N of plants treated with synthetic fertiliser (S, S+S, S+O), on the other hand, was 
relatively constant and reflected the 15N of synthetic fertiliser–N during the whole of 
plant growth. The addition of organic fertiliser to basal synthetic fertilisation (S+O) 
elevated the mean δ15N value of lettuce tissues by 0.7–0.8‰ as compared to synthetic 
fertilisation (single and split, S, S+S), but the difference between the treatments was not 
significant. 

Bateman et al. (2005), who studied the effect of irrigation water type (deionised vs. tap 
water) on plant δ15N, reports that lettuces irrigated with tap water (7 mg N–NO3

- L-1, 
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δ15N = 2–6‰) assimilate some nitrogen from nitrate present in the water which 
consistently moderates the δ15N value of lettuces away from the extreme values observed 
when the plants were irrigated with deionised water. In our study, the N from the 
irrigation water presents about 10–15% of the total N applied. δ15N of the tap water is 
4.6‰, which is 1.1‰ and 10.2‰ lower compared to synthetic (inorganic) and organic 
fertiliser, respectively. This may have an additional effect on the decrease in 15N under 
organic treatments (O, O+O, O+S). The apparent absence of a similar effect on the 
lettuces grown with synthetic fertiliser may be due to a small difference in δ15N between 
synthetic fertiliser and tap water and due to a greater supply of readily available synthetic 
nitrogen to these plants such that the uptake of tap water derived nitrogen has a negligible 
effect on lettuce δ15N values (Bateman et al., 2005). 

 

15N variations within the plant 

 
In the literature, intra–plant variation in 15N has been reported for both laboratory and 
field studies (Shearer and Kohl, 1986; Högberg, 1997). Organ–specific assimilation, 
reallocation and loss of N, and N source can cause intra–plant variations in δ15N, because 
most reactions discriminate against 15N (Shearer and Kohl, 1986; Yoneyama and Kaneko, 
1989; Choi et al., 2003; Yun et al, 2006), though the global δ15N value of any plant 
biomass is primarily determined by that of the actual nitrogen source (Denton et al., 2001; 
Werner and Schmidt, 2002). Considering that leaves formed at different growth stages 
should have specific 15N values reflecting the isotopic composition of the N assimilated 
at each stage, a change of available N sources with characteristic isotopic composition 
(e.g. application of different types of fertiliser) during growth is expected to strongly 
affect intra–plant 15N variations (Yun et al., 2007). Variations in δ15N within the plant, 
i.e. between outer, middle and inner leaves, were related to fertiliser type, timing of 
fertilisation and sampling time (Figure 23, Appendix 6). 

During plant growth under treatment with a single synthetic fertilisation (S), inner 
leaves were depleted with 15N compared to the rest of the plant and most evidently 
indicated the δ15N of the source. However, at final harvest the difference between the 
middle and inner leaves was no longer significant and the δ15N of all plant parts indicated 
the δ15N value of the synthetic fertiliser N. The enrichment with 15N did not change 
significantly during growth in the inner and middle leaves, whereas the outer leaves were 
significantly depleted with 15N at 50 DAT, compared to 20 and 30 DAT. 

During the growth stage, outer leaves under treatments with split synthetic fertilisation 
(S+S and S+O) were enriched with 15N compared to the rest of the plant. Additional 
fertilisation with synthetic fertiliser did not cause any significant difference in δ15N of 
lettuce leaves. Throughout the growing period, no significant difference in 15N was 
found between single (S) and split application of the synthetic fertiliser (S+S), with the 
exception of significantly higher δ15N in outer leaves in S+S treatment at 50 DAT. Under 
treatment with basal synthetic and additional organic fertilisation (S+O), the addition of 
organic fertiliser increased the mean δ15N of inner leaves by as much as 0.9‰ as 
compared to synthetic fertilisation (single and split, S, S+S), but the difference was not 
significant. 

 



56 Results and Discussion 
 

 

Figure 23: Intra–plant variations of lettuce 15N (‰) at final harvest in different treaments: C, 
control; O, organic; S, synthetic; O+S, organic + synhtetic; S+O, synthetic + organic; O+O, 
organic + organic; S+S, synthetic + synthetic. 

At the early growth stage (20 and 30 DAT) inner leaves of plants with basal organic 
and additional synthetic (O+S) or organic fertilisation (O+O) were significantly depleted 
with 15N compared to the rest of the plant. However, in O+S treatment at 50 DAT, the 
middle leaves too were depleted with 15N compared to the rest of the plant. This was also 
observed by Yun et al. (2006), who studied the interactive effects of N fertiliser source 
and timing on N isotopic signatures in Chinese cabbage and soil, though in our 
experiment the difference between middle and inner leaves was not significant. 
Additional application of synthetic fertiliser to basal organic fertilisation (O+S) 
significantly lowered the mean 15N of middle leaves at 50 DAT by 1.9‰ as compared to 
split organic fertilisation (O+O) and by 4.2‰ as compared to single application of 
organic fertiliser (O). However, this difference was not observed in outer leaves, but was 
observed in inner leaves between O and O+S treatments. Plants from the treatment with 
split organic fertilisation (O+O) had significantly lower 15N values in the inner, younger 
leaves, compared to the rest of the plant at the early growth stage, whereas at 50 DAT the 
difference in 15N between different leaves was insignificant. Split application of organic 
fertiliser to basal organic fertilisation (O+O) did not cause significant changes in the δ15N 
pattern during the first 30 days of growth, which was also found by Yun et al. (2006). 

However, it resulted in significantly lower δ15N values at 50 DAT in outer and middle 
leaves compared to the single application (O), which can be explained by the higher 
contribution of soil–N to plant–N in split application, i.e. δ15N decreased with decreasing 
contribution of organic fertiliser–N to total plant–N contents (Choi et al., 2003). 

Considering the results obtained, δ15N of lettuce tissues could be used as a marker to 
reveal the use of synthetic (inorganic) N fertiliser, but only when applied in a single 
application, since the addition of synthetic fertiliser to the basal organic fertilisation could 
not be confirmed by this method. For the conditions used in this trial (pot grown lettuce, 
fertiliser type, growth conditions) it seem not possible to reveal little or moderate rates of 
synthetic (inorganic) N fertiliser treasonably applied to a lettuce crop in organic 
production. Even though the use of organic nitrogen fertilisers does not alone prove that 
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crops were grown in accordance with all the principles of organic farming, the method 
presented could be used as a quick and relatively cheap tool to reveal the use of 
prohibited synthetic fertilisers. However, unlike in the study with Chinese cabbage (Yun 
et al., 2006), in our study, with a difference in δ15N between organic and synthetic 
fertiliser of 9.1‰, the method was found to be insufficiently sensitive for identifying the 
combined use of organic and synthetic fertiliser. This means that growers could cover up 
the use of synthetic fertiliser when applied in combination with organic fertiliser. If the 
difference in δ15N between the applied synthetic and organic nitrogen fertilisers was 
>9.1‰, detection of the combined usage of the fertilisers would have a greater 
discriminatory power. 
 

4.2.3  15N in organically and conventionally grown vegetables available on the 
Slovenian market 

 
The results of isotopic analysis performed on 14 varieties of organically and 
conventionally grown vegetables from the Slovenian market are presented in Figure 24 
and Appendix 7. In general, vegetables, assumed to be grown under organic regimen, had 
more positive δ15N values as compared to their conventionally grown counterparts 
(elevated from 0.8 to 6.3‰). The exceptions were carrot and kohlrabi with lower mean 
δ15N values of organic counterparts as compared to conventional ones (1.6 and 0.2‰, 
respectively). 

Large overlapping of δ15N values, which we observed for carrot, was observed also by 
Bateman et al. (2007), who suggested that the reasons for this overlap may be the lower N 
requirement and consequently generally lower levels of fertiliser application and the fact 
that in an organic rotation system, it is advisable to avoid planting of carrots soon after the 
application of farmyard manure as this increases the likelihood of mis–shapen roots 
(Mildura, 2007, Bateman et al., 2007). On the other hand, distinguishable δ15N values 
between organically and conventionally grown carrots were obtained in the study of IEH 
Laboratories and Consulting Group. 

Based on the δ15N values of the samples analysed, it was possible to differentiate 
between organically and conventionally grown endive, chicory in type “Palla rosa”, leek,  
potato, and chicory in type “Pan di zucherro”. However, in eight out of fourteen vegetable 
varieties, despite differences in mean δ15Norg-conv values, it was not possible to 
differentiate between organic and conventionally grown counterparts due to widely 
overlapping ranges. These vegetable varieties were as follows: cauliflower, tomato, 
garlic, onion, kohlrabi, parsley, sweet pepper, and carrot. 

Similar overlapping of δ15N values was observed in the study obtained by IEH 
Laboratories and Consulting Group (2010), analysing commercially available vegetables 
on markets in British Columbia and Canada. They report that based on δ15N values it was 
not possible to differentiate between organic and conventionally grown lettuce (green, 
red), garlic, cauliflower, and onion (yellow), whereas it was possible to differentiate 
zucchini, tomatoes, spinach, onion (green, red), cabbage (green, red), celery, red pepper 
and carrot. 

Rogers (2008), who studied δ15N signatures in organically and conventionally grown 
vegetables available on the markets in New Zealand, on the other hand reports that it was 
possible to use N isotopes to differentiate between all analysed organic and 
conventionally grown vegetables (potato, onion, pumpkin, tomato, maize, eggplant, etc.), 
as long as it was not a N–fixing plant. Same author reports of a very small difference in 
δ15N between organic and nonorganic pea (about 0.1‰), which is a N–fixing legume that 
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removes N from the air (δ15N = 0‰), that is fixed into the soil, and therefore concludes 
that in the case of N–fixing legumes, it is not possible to determine an organic growing 
regimen using N isotopes. From this reason, N–fixing legumes, such as peas or beans, 
were not included in our study. Nevertheless, in the study of Rogers (2008), for all 
vegetables analysed, only mean δ15N values of three samples are presented without range 
of these values, hence the comparison with his data is not completely credible. 

In addition, in her study, Rogers (2008) compared faster (tomatoes, cucumber, 
zucchini, broccoli) versus slower growing (pumpkin, eggplant, potatoes, corn) crops to 
determine the effects of growing time on nitrogen isotopic fractionation. In general, she 
observed that organic vegetables that are faster to mature (50-80 days to harvest) tend to 
have more positive δ15N values and have bigger Δ 15Norg.-conv values ranging between 7.9 
and 10.2‰ than crops that are slower to mature (90-120 days to harvest) and have smaller 
Δ 15Norg.-conv.  values ranging between 2.2 and 4.0‰. In general, plants will preferentially 
use ammonium over nitrate (Nadelhofer and Fry, 1988; Rogers, 2008). As 
ammonification is the first step of urea conversion, the relative level of ammonia 
available for plant uptake is likely to be more abundant in overfertilised soils, and the 
corresponding 15N signature of organic produce will reflect more positive δ15N values of 
the added, enriched manure rather than the soil N pool. In faster growing produce, the 
uptake of 15N-enriched organic manure and their elevated δ15N values reflect the available 
ammonia, which will have had less time to volatilize and return to isotopic equilibrium 
with the soil N (which has less positive δ15N value). Therefore, more positive δ15N values 
in faster growing organic produce reflect higher δ15N values of the available nutrients. 
However, positive δ15N values in organic produce may also be related to an excess of 15N-
enriched ammonia previously accumulated in soils and fresh waters from past fertilizer 
applications. Volatilization of 15N-depleted ammonia derived from manure would further 
enrich the residual ammonia in the soil (Rogers, 2008). In our study, however, the 
difference in Δ 15Norg.-conv values between slower (e.g. potato, garlic) and faster growing 
(e.g. chicory, endive) is not evident. 

Rogers (2008) determined also δ13C values of vegetables and found that vegetables 
raised in hothouses heated by fossil fuels can be identified by carbon isotopes if they have 
significantly depleted δ13C values. However, δ13C values can not be used to differentiate 
between organic and conventional produce. 

Results obtained in our study confirm finding of Bateman et al. (2007), who asserted 
that 15N analysis of a “test sample” will not provide unequivocal evidence as to whether 
synthetic fertilisers have been used on the crop but could, for example, in a situation when 
there is a suspicion that mislabelling of conventionally grown crops as “organic” is 
occurring, be used to provide supporting evidence. 

It should be pointed out that some additional limitations of using δ15N in plant tissue to 
differentiate between organic and conventional production exist which need to be 
considered but are so far not well studied and should hence be a subject of future studies, 
such as: the use of organic residues, originating from nitrogen–fixing plants as well as the 
use of green manures or seaweed based amendments (which are also permitted in organic 
farming and whose δ15N values range between 0.6% and 5.4‰) (Bateman et al., 2007), 
which lower the δ15N values of plant available N, hence plants are likely to have δ15N 
values similar to those fertilized with synthetic fertiliser. On the other hand, conventional 
growers do not always apply synthetic nitrogen fertilisers to their crops but may use a 
synthetic N fertiliser or any of the natural fertilisers that may be permitted in organic 
farming. If organic fertilizer is also used in conventional farming, δ15N values of crops are 
expected to be similar to those grown organically, making the distinction based only on 
15N signature difficult or most likely even impossible. 
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Figure 24: δ15N (‰) in organically and conventionally grown vegetables available on the 
Slovenian market (n=3-6). 
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5  Conclusions 

Nitrogen, an essential nutrient for plant growth, is recognized as the element with the 
greatest effect on the yield. However, excessive N fertilisation to obtain maximum levels 
of crop production leads to (1) contamination of the natural environment due to nitrate 
leaching below the root zone and hence in groundwater, (2) high nitrate concentrations in 
plants, as well as (3) unjustified high costs. In order to avoid these problems, an effort 
was made in our work to find a farming practice which would result in a satisfactory yield 
at minimal negative effects on the environment.  

For this purpose, a field experiment was conducted with white cabbage (Brassica 
oleracea var capitata L.) on a sandy loam agricultural soil, located above a shallow 
groundwater aquifer in Sneberje, near Ljubljana. Four different fertilisation and irrigation 
treatments were applied and to follow the pathways and distribution of the applied N 
fertiliser in the plant–soil–groundwater system, 15N labelled KNO3 fertiliser was used as a 
tracer. Treatments were compared based on N mass balance calculations and yield quality 
in terms of nitrate content. 

In order to determine the isotopic composition of nitrate nitrogen in groundwater 
samples, a new method, namely the anion exchange method, was introduced. For 
determination of the nitrate nitrogen isotopic composition of soil solution samples at 
natural and enriched 15N levels, the anion exchange method and two different diffusion 
methods, namely the hook method and the Teflon trap method, were tested and compared 
for their suitability in routine laboratory use. Based on the results of the comparative 
study, the following conclusions were drawn: 

 
 The comparative study indicated that all three methods used gave satisfactory and 

reproducible results at the natural 15N abundance (standard solution), as well as at 
15N enriched levels (soil solution; tested with diffusion methods only). 

 The anion exchange method was found to be very applicable for samples with low 
nitrate concentrations, such as groundwater samples, whereas for soil solutions 
which usually contain high nitrate concentrations, the diffusion methods are more 
appropriate.  

 The Teflon trap method is simple and inexpensive, whereas the anion exchange 
method is time-consuming, labour intensive, as well as expensive due to the high 
costs of Ag2O.  

 The hook method is limited by the sample volume, therefore sample pre-
concentration to 3 mL is usually required, which elongates the time of sample 
preparation thereby also increasing the possibility of contamination. 

 For the reasons above, the Teflon trap method was chosen as the most suitable 
method for the isolation of nitrate from soil solution samples and was therefore 
introduced in our laboratory and applied in this study.  

 The results demonstrate that in the Teflon trap method, the use of a correction 
factor to eliminate the fractionation effect is required. This is due to to incomplete 
recovery which may occur during diffusion of larger volumes (e.g. 200 mL), 
resulting in isotope fractionation, thus giving falsely low δ15N values. 
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 According to the literature, it is possible to shorten the time of incubation as well 
as increase the diffusion efficiency by carrying out the incubation at elevated 
temperature (65 °C) and/or on a horizontal shaker, therefore this should be the 
subject of future studies. 

 
Based on the results of the field experiment, the following conclusions can be made: 

 
 The results did not confirm our hypothesis that fertigation with drip irrigation, 

covering 100 % of crop’s water requirements, is the best practice for growing 
white cabbage. 

 Farmer’s practice, i.e. pre-plant broadcast fertiliser application plus irrigation the 
day before and after transplanting, resulted in the highest yield and highest N 
uptake. This suggests that among the tested practices and under the experimental 
conditions, farmer’s practice is the most appropriate for growing white cabbage 
from the economic (yield) as well as the environmental points of view (lowest N 
leaching potential). 

 Pre–plant broadcast fertiliser application with drip irrigation, covering the 50% of 
the plant’s water requirements was found to result in the lowest yield and N 
uptake and the highest N leaching (highest N surplus at harvest, highest nitrate 
concentrations in soil water) and was hence found to be the least appropriate 
among the tested practices. 

 Regarding nitrate content in aboveground cabbage parts, significantly highest 
nitrate contents were observed in the outer leaves and lowest in inner leaves, 
which is in accordance with ESFA (2008). 

 In future this research should be broadened to include different environmental 
conditions, crop varieties, as well as different soil types. 

 
In this doctoral work, for the first time in Slovenia, the effect of different fertilizer 

types and previously poorly studied (only one paper found on Science Direct) split and 
combined usage of synthetic (inorganic) and organic fertilizers on the isotopic 
composition of total N (δ15N) were investigated. Thus the suitability of the isotopic δ15N 
signature as a tool for distinguishing between organic and conventionally grown 
vegetables was evaluated, based on the results obtained in greenhouse pot experiment 
with lettuce (Lactuca sativa L.), as well as in a study performed on fourteen varieties of 
conventionally and organically grown vegetables available on the Slovenian market. The 
results obtained lead to the following conclusions: 

 
 Considering the mean δ15N values of the organic and synthetic (inorganic) 

fertilisers analysed, it was generally possible to differentiate between organic and 
non-organic synthetic fertilisers. However some values of synthetic fertilisers 
overlapped with those of organic ones, indicating that it is not always possible to 
differentiate between different fertiliser types based on their δ15N value. 

 The results of the pot experiments indicate that δ15N values of lettuce tissues could 
be used as a rough marker to reveal the use of synthetic fertiliser, but only in the 
case of a single fertiliser application. 

 It is not possible to detect low or moderate rates of synthetic (inorganic) fertiliser 
illegally applied to a lettuce crop in organic production, which means that growers 
could cover up the use of prohibited synthetic fertiliser when applied in 
combination with organic fertiliser.  

 In general, the study of δ15N signatures in fourteen varieties of organic and 
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conventionally grown vegetables from the Slovenian market confirmed the 
hypothesis that organically grown vegetables have greater mean δ15N signatures 
compared to their conventionally grown counterparts (exceptions were carrot and 
kohlrabi). 

 However, due to widely overlapping ranges of δ15N values, it was only possible to 
differentiate between some of the organically and conventionally grown plant 
varieties. This, however, does not invariably indicate incorrect labelling, but can 
also be attributed to untypical δ15N values of the fertilisers used, as well as some 
other factors which require further study. 

  In future the suitability of the use of δ15N as an authentication tool needs to be 
tested on a larger sample of commercially available products and should always 
be tested separately for each plant variety. 

 The use of N isotopes to verify organic production was found to have some 
limitations, but nevertheless the δ15N signature can be used as a very useful 
additional, supporting tool to other methods to verify organic vegetable 
production. Moreover, isotope ratio mass spectrometry is a cheap and fast method, 
namely δ15N signature of a vegetable sample can be obtained within a couple of 
days upon receipt. 
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Appendix 1: Soil characteristics of the soil from the Sneberje experimental site: pH, P2O5, K2O, org, matter, C, C/N, Ntot, sand, silt, clay content, texture of different 
profiles, soil layers and depths. 

        Silt   
Soil  Soil Depth pH P2O5 K2O Ntot Sand Coarse Fine Total Clay Texture 
profile layer cm CaCl2 mg 100 g-1 % % % % % % class 
01 Ap 0–20 7.5 34.4 22.0 0.18 39.1 24.8 23.1 47.9 13.0 I 
 A12 20–31 7.5 4.4 5.1 0.05 56.9 14.5 18.8 33.3 9.8 PI 
 I 31–52 7.6 1.3 3.4  83.6 6.0 7.2 13.2 3.2 IP 
 Go1 52–62 7.6    52.5 19.6 20.2 39.8 7.7 PI 
 II 62–78 7.7    91.3 1.0 4.3 5.3 3.4 P 
 Go2 78–84 7.7    70.3 11.5 12.4 23.9 5.8 PI 
02 Ap 0–20 7.4 22.5 9.9 0.13 37.7 21.1 27.7 48.8 13.5 I 
 A12 20–30 7.4 15.5 8.8 0.12 40.2 19.5 29.1 48.6 11.2 I 
 AGo 15–57 7.7    57.2 19.9 16.3 36.2 6.6 I 
 C 57 7.7    87.4 2.8 6.3 9.1 3.5 IP 
03 Ap 0–22 7.4 17.4 9.4 0.12 38.2 25.5 22.5 48.0 13.8 I 
 A12 22–35 7.4 8.1 5.6 0.09 45.9 18.8 24.7 43.5 10.6 I 
 I 35–64 7.8    87.2 2.4 7.8 10.2 2.6 P 
 (Go) 64–72 7.7    57.6 13.4 20.4 33.8 8.6 PI 
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 Appendix 2: Soil characteristics of the soil from the Sneberje experimental site: Ca, Mg, K, Na, H content of different profiles, soil layers and depths. 

Soil  Soil Depth Ca Mg K Na H S T  V Ca Mg K Na H 
Profile layer cm mmol C+ 100 g-1  % 
01 Ap 0–20 17.71        1.34 0.46 0.03 1.00 19.5 20.5  95.1 86.4 6.5 2.2  0.1 4.9 
 A12 20–31 17.37        0.71 0.11 0.03 0.20 18.2 18.4  98.9 94.4 3.9 0.6 0.2 1.1 
 I 31–52 16.11        0.49 0.06 0.02 0.15 16.7 16.8  99.4 95.9 2.9 0.4 0.1 0.9   
 Go1 52–62 17.63        0.67 0.09 0.03 0.20 18.4 18.6  98.9 94.8 3.6 0.5 0.2 1.1 
 II 62–78 16.49        0.55 0.05 0.02 0.20 17.1 17.3  98.8 95.3 3.2 0.3 0.1 1.2 
 Go2 78–84 16.90        0.58 0.08 0.03 0.15 17.6 17.8  98.9 94.9 3.3 0.4 0.2 0.8 
02 Ap 0–20 18.53       0.97 0.24 0.04 0.85 19.8 20.7  95.7 89.5 4.7 1.2 0.2 4.1 
 A12 20–30 18.85        0.93 0.21 0.04 0.75 20.0 20.8  96.2 90.6 4.5 1.0 0.2 3.6 
 AGo 15–57 17.47        0.60 0.09 0.03 0.15 18.2 18.3  99.5 95.5 3.3 0.5 0.2 0.8 
 C 57 15.69 0.57 0.07 0.03 0.35 16.4 16.8  97.6 93.4 3.4 0.4 0.2 2.1 
03 Ap 0–22 18.09        0.97 0.23 0.05 0.65 19.3 20.0  96.5 90.5 4.9 1.2 0.3 3.3 
 A12 22–35 18.43        0.88 0.13 0.04 0.45 19.5 20.0  97.5 92.2 4.4 0.7 0.2 2.3 
 I 35–64 16.33        0.62 0.07 0.04 0.10 17.1 17.2  99.4 94.9 3.6 0.4 0.2 0.6 
 (Go) 64–72 17.95        0.69 0.08 0.05 0.20 18.8 19.0  98.9 94.5 3.6 0.4 0.3 1.1 
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Appendix 3: Nitrogen isotopic composition of cabbage at 59, 68 and 78 days after transplanting 
(DAT).* 

Treatment atom % 15N excess  
 59 DAT 68 DAT 78 DAT 
    1# 0.005 a 0.009 a 0.011 a 
2 2.226 b 1.950 b 1.546 b 
3 0.664 c 0.892 c 1.174 c 
4 1.676 d 1.602 d 1.187 c 
 *Different letters denote significant difference between treatments at the p<0.05. 
#Treatments: 1–control, 2–broadcast fertilisation with 50% irrigation, 3–fertigation 
with 100% irrigation, 4–broadcast fertilisation with farmer’s practice of irrigation. 
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Appendix 4: Results of the δ15Ntot/nitrate determinations in groundwater samples for the 1. 10. 2006 
to 25.7.2008 period. 

Sample No. Well Sampling date NO3
- (mg L-1) 15Ntot (‰) 15Nnitrate (‰) 

7220 V-1 1.10.2006 24.0 9.3 n.d. 
7221 V-2 1.10.2006 22.8 8.5 n.d. 
7222 V-3 1.10.2006 22.6 9.6 n.d. 
7223 V-4 1.10.2006 22.6 10.6 n.d. 
7224 V-5 1.10.2006 / 9.5 n.d. 
7461 V-1 21.11.2006 22.4 6.7 n.d. 
7462 V-2 21.11.2006 21.8 7.6 n.d. 
7458 V-3 21.11.2006 21.7 74 n.d. 
7460 V-4 21.11.2006 21.7 6.7 n.d. 
7459 V-5 21.11.2006 21.8 8.4 n.d. 
7548 V-1 7.12.2006 23.2 7.2 n.d. 
7549 V-2 7.12.2006 22.7 9.4 n.d. 
7550 V-3 7.12.2006 22.2 9.4 n.d. 
7551 V-4 7.12.2006 22.5 6.4 n.d. 
7552 V-5 7.12.2006 22.4 10.1 n.d. 
7732 V-1 22.12.2006 21.8 8.1 n.d. 
7733 V-2 22.12.2006 20.7 8.5 n.d. 
7734 V-3 22.12.2006 22.8 9.6 n.d. 
7735 V-4 22.12.2006 22.9 11.6 n.d. 
7736 V-5 22.12.2006 20.5 6.9 n.d. 
7737 V-1 9.1.2007 22.0 10.1 n.d. 
7738 V-2 9.1.2007 21.0 10.3 n.d. 
7739 V-3 9.1.2007 21.0 9.3 n.d. 
7740 V-4 9.1.2007 20.8 10.7 n.d. 
7741 V-5 9.1.2007 20.5 4.7 n.d. 
8051 V-1 26.1.2007 24.8 9.5 n.d. 
8052 V-2 26.1.2007 22.6 10.7 n.d. 
8053 V-3 26.1.2007 22.0 6.3 n.d. 
8054 V-4 26.1.2007 20.6 n.d. n.d. 
8055 V-5 26.1.2007 20.8 8.2 n.d. 
8079 V-1 16.2.2007 32.9 5.8 n.d. 
8080 V-2 16.2.2007 27.3 5.7 n.d. 
8081 V-3 16.2.2007 28.2 5.5 n.d. 
8082 V-4 16.2.2007 24.4 5.7 n.d. 
8083 V-5 16.2.2007 27.8 5.7 n.d. 
8175 V-1 7.3.2007 27.5 5.9 n.d. 
8176 V-2 7.3.2007 25.7 6.5 n.d. 
8177 V-3 7.3.2007 25.9 5.7 n.d. 
8178 V-4 7.3.2007 24.8 6.0 n.d. 
8179 V-5 7.3.2007 25.7 8.9 n.d. 
8333 V-1 19.3.2007 28.0 5.5 6.7 
8334 V-2 19.3.2007 26.7 5.4 n.d. 
8335 V-3 19.3.2007 26.8 5.8 6.7 
8336 V-4 19.3.2007 26.1 5.6 n.d. 
8337 V-5 19.3.2007 26.8 7.0 n.d. 
8883 V-1 9.5.2007 22.8 7.1 n.d. 
8884 V-2 9.5.2007 21.4 9.0 n.d. 
8885 V-3 9.5.2007 21.3 6.8 n.d. 
8886 V-4 9.5.2007 21.3 9.6 n.d. 
8887 V-5 9.5.2007 21.8 8.5 n.d. 
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Sample No. Well Sampling date NO3
- (mg L-1) 15Ntot (‰) 15Nnitrate (‰) 

8841 V-1 22.5.2007 23.2 13.2 n.d. 
8842 V-2 22.5.2007 21.9 13.7 6.8 
8843 V-3 22.5.2007 21.7 10.8 6.7 
8844 V-4 22.5.2007 21.8 11.7 6.9 
8845 V-5 22.5.2007 22.1 7.5 6.7 
8990 V-1 4.6.2007 23.0 n.d. 8.3 
8991 V-2 4.6.2007 22.5 n.d. n.d. 
8992 V-3 4.6.2007 22.0 n.d. n.d. 
8993 V-4 4.6.2007 22.3 n.d. n.d. 
8994 V-5 4.6.2007 22.5 n.d. n.d. 
9037 V-1 14.6.2007 23.0 12.3 n.d. 
9038 V-2 14.6.2007 22.2 12.9 n.d. 
9039 V-3 14.6.2007 21.7 12.9 n.d. 
9040 V-4 14.6.2007 22.0 13.2 n.d. 
9041 V-5 14.6.2007 22.1 8.0 n.d. 
9245 V-1 19.7.2007 23.5 12.6 6.9 
9246 V-2 19.7.2007 23.2 13.5 6.0 
9247 V-3 19.7.2007 22.7 8.6 n.d. 
9248 V-4 19.7.2007 22.1 11.5 6.4 
9249 V-5 19.7.2007 23.6 11.8 n.d. 
9263 V-1 27.7.2007 22.6 12.3 n.d. 
9264 V-2 27.7.2007 21.6 11.2 n.d. 
9265 V-3 27.7.2007 21.4 n.d. n.d. 
9266 V-4 27.7.2007 21.4 8.6 n.d. 
9267 V-5 27.7.2007 21.5 9.6 n.d.  
9322 V-1 14.8.2007 22.4 11.4 7.0 
9323 V-2 14.8.2007 21.7 n.d. 6.8 
9324 V-3 14.8.2007 21.3 9.3 7.1 
9325 V-4 14.8.2007 21.3 12.2 7.0 
9326 V-5 14.8.2007 21.6 11.6 6.4 
9343 V-1 27.8.2007 22.2 7.4 6.8 
9344 V-2 27.8.2007 21.7 13.3 6.6 
9345 V-3 27.8.2007 21.4 9.6 6.0 
9346 V-4 27.8.2007 21.5 8.1 n.d. 
9347 V-5 27.8.2007 21.7 11.7 6.8 
9418 V-1 7.9.2007 21.7 10.5 6.6 
9419 V-2 7.9.2007 21.4 8.4 n.d. 
9420 V-3 7.9.2007 21.1 12.6 6.6 
9421 V-4 7.9.2007 21.0 11.7 n.d. 
9422 V-5 7.9.2007 21.3 11.0 6.5 
9538,9 V-1 21.9.2007 23.5 12.0 7.5 
9532,3 V-2 21.9.2007 21.9 15.4 7.0 
9534,5 V-3 21.9.2007 21.2 13.2 6.9 
9540,1 V-4 21.9.2007 20.8 12.6 6.3 
9536,7 V-5 21.9.2007 21.5 12.4 n.d. 
9648 V-1 12.10.2007 27.2 10.2 6.1 
9649 V-2 12.10.2007 26.7 12.6 n.d. 
9650 V-3 12.10.2007 26.7 9.9 7.0 
9651 V-4 12.10.2007 25.8 11.8 6.8 
9652 V-5 12.10.2007 25.9 10.9 n.d. 
9666 V-1 24.10.2007 25.4 10.9 6.4 
9667 V-2 24.10.2007 23.6 13.7 6.4 
9668 V-3 24.10.2007 23.0 13.8 n.d. 
9669 V-4 24.10.2007 23.5 11.1 6.1 
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Sample No. Well Sampling date NO3
- (mg L-1) 15Ntot (‰) 15Nnitrate (‰) 

9670 V-5 24.10.2007 24.7 10.7 6.3 
9892 V-1 9.11.2007 25.9 8.9 n.d. 
9893 V-2 9.11.2007 25.3 6.3 n.d. 
9894 V-3 9.11.2007 24.7 7.3 n.d. 
9895 V-4 9.11.2007 24.7 11.7 n.d. 
9896 V-5 9.11.2007 25.4 10.2 6.0 
10291 V-1 23.11.2007 24.2 7.1 7.6 
10292 V-2 23.11.2007 23.4 6.7 6.7 
10293 V-3 23.11.2007 22.8 9.0 6.7 
10294 V-4 23.11.2007 22.9 7.4 n.d. 
10295 V-5 23.11.2007 23.3 6.7 n.d. 
10601 V-1 20.12.2007 24.0 10.1 7.7 
10602 V-2 20.12.2007 23.9 8.2 6.6 
10603 V-3 20.12.2007 23.1 5.7 6.7 
10604 V-4 20.12.2007 23.3 7.2 6.8 
10605 V-5 20.12.2007 23.4 7.6 6.2 
10611 V-1 21.1.2008 24.5 10.2 n.d. 
10612 V-2 21.1.2008 23.8 6.5 n.d. 
10613 V-3 21.1.2008 23.6 8.5 n.d. 
10614 V-4 21.1.2008 23.0 6.5 n.d. 
10615 V-5 21.1.2008 23.6 7.0 6.5 
10796 V-1 22.2.2008 23.6 6.8 7.3 
10797 V-2 22.2.2008 23.3 6.7 7.0 
10798 V-3 22.2.2008 22.6 7.3 7.3 
10799 V-4 22.2.2008 22.6 6.5 n.d. 
10800 V-5 22.2.2008 22.9 7.3 7.0 
11241 V-1 28.3.2008 28.8 9.4 n.d. 
11242 V-2 28.3.2008 30.8 6.6 n.d. 
11243 V-3 28.3.2008 26.0 7.3 n.d. 
11244 V-4 28.3.2008 25.4 6.9 n.d. 
11245 V-5 28.3.2008 27.6 6.6 n.d. 
11288 V-1 14.4.2008 25.8 8.9 n.d. 
11289 V-2 14.4.2008 26.2 9.7 n.d. 
11290 V-3 14.4.2008 25.5 8.7 n.d. 
11291 V-4 14.4.2008 29.1 7.5 n.d. 
11292 V-5 14.4.2008 24.5 8.0 n.d. 
11391 V-1 23.5.2008 23.9 6.7 6.9 
11392 V-2 23.5.2008 23.7 5.9 7.3 
11393 V-3 23.5.2008 23.4 6.5 6.4 
11394 V-4 23.5.2008 25.5 6.4 6.0 
11395 V-5 23.5.2008 23.9 6.1 6.5 
11478 V-1 20.6.2008 n.d. 7.0 n.d. 
11479 V-2 20.6.2008 n.d. 6.8 n.d. 
11480 V-3 20.6.2008 n.d. 7.3 n.d. 
11481 V-4 20.6.2008 n.d. 7.0 6.9 
11482 V-5 20.6.2008 n.d. 6.6 n.d. 
11651 V-1 25.7.2008 n.d. n.d. n.d. 
11652 V-2 25.7.2008 n.d. n.d. 6.9 
11653 V-3 25.7.2008 n.d. n.d. n.d. 
11654 V-4 25.7.2008 n.d. n.d. n.d. 
11655 V-5 25.7.2008 n.d. n.d. n.d. 

 
 



 92 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Appendix  93 
 

 

Appendix 5: N uptake (mg plant-1 DM basis) of lettuce at 20, 30, and 50 dates after transplant 
(DAT) in different treatments.* 

Treatment§ 20 DAT 30 DAT 50 DAT 
    C   84.1 a 189.3 a 308.3 a 
O 158.9 b 300.7 b 420.5 b 
S 119.4 a 384.4 b 469.7 b 
S+S# 142.9 b 272.1 b 457.0 b 
S+ O# 142.9 b 272.1 b 466.0 b 
O+S# 117.0 a 240.6 a 458.2 b 
O+O# 117.0 a 240.6 a 352.0 a 
 *Data are means of n=3 plants per treatment. Different letters denote 
significant difference within column (p<0.05). 
§Treatments: C, control; O, organic; S, synthetic; S+S, synthetic + 
synthetic; S+O, synthetic + organic; O+S, organic + synthetic; O+O, 
organic + organic. 
#In split treatments (S+S and S+O; O+O and O+S), values at 20 and 
30 DAT were calculated based on the same three replications. 
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Appendix 6: Intra-plant variations of lettuce 15N (‰) at 20, 30 and 50 days after transplant 
(DAT) in different treatments.* 

Treatment§ Plant part 20 DAT 30 DAT 50 DAT 
     C Outer   9.1 b  y  k   9.7 c   y   kl   7.0 a  x   kl 
 Middle   6.1 a  x  k   8.2 b   y   lm   7.5 a  xy l 
 Inner   5.6 a  x  k   6.1 a   x   l   7.4 a  y   m 
     
O Outer 14.0 b  y  l 12.8 b   y   m 10.3 b  x   n 
 Middle 13.5 b  y  l 10.5 ab x   n 10.1 b  x   m 
 Inner 10.0 a  y  l   8.5 a   x   m   9.2 a  xy  n 
     
S Outer   8.6 b  y  k 10.2 c   y   kl   6.2 b  x    k 
 Middle   6.4 b  x  k   6.6 b   x   kl   5.4 a  x    k 
 Inner   3.5 a  x  k   2.2 a   x   k   4.8 a  x    k 
     
S+S# Outer   9.6 c  y  k   8.3 c   xy k   7.1 b  x    lm 
 Middle   6.8 b  x  k   6.4 b   x   k   5.2 a  x    k 
 Inner   3.8 a  x  k   2.8 a   x   k   4.8 a  x    k 
     
S+O# Outer   9.6 c  y  k   8.3 c   xy k   6.5 a  x    kl 
 Middle   6.8 b  x  k   6.4 b   x   k   5.6 a  x    k 
 Inner   3.8 a  x  k   2.8 a   x   k   5.7 a  y    kl 
     
O+S# Outer 12.2 b  y  l 11.3 c   y   lm   9.1 b  x    mn 
 Middle 11.2 b  y  l   9.4 b   y   mn   5.9 a  x    k 
 Inner   8.7 a  x  l   7.4 a   x   lm   7.0 a  x    lm 
     
O+O# Outer 12.2 b  y  l 11.3 c   y   lm   8.3 a  x    lm 
 Middle 11.2 b  y  l   9.4 b   xy mn   7.8 a  x    l 
  Inner   8.7 a  x  l   7.4 a   x   lm   7.9 a  x    mn 
          * Data are means of n = 3 plants. Different letters denote significant difference (p<0.05) 
between outer, middle and inner leaves inside particular treatment at a particular sampling 
date (a, b, c), difference in a particular plant part inside particular treatment during plant 
growth between sampling dates within each row (x, y) and difference for each plant part 
between treatments for each sampling date (k, l, m, n, o).  
§Treatments: C, control; O, organic; S, synthetic; S+S, synthetic + synthetic; S+O, 
synthetic + organic; O+S, organic + synthetic; O+O, organic + organic. 
# In split treatments (S+S and S+O; O+O and O+S), δ15N values at 20 and 30 DAT were 
calculated based on the same three replications. 
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Appendix 7: δ15N (‰) in organically and conventionally grown vegetables available on the Slovenian market (n = 3–6). 

   Farming practice 
Vegetable variety   Conventional   Organic     
    Mean SD Min  Max   Mean SD Min  Max   Δ conv. - org. 
             
Distinguishable             
             
Endive  0.6 2.7 -2.0 3.4  6.9 1.1 5.6 8.3  6.3 
Rocket  1.1 1.6 -0.1 2.3  7.2 4.1 3.0 13.6  6.1 
Chichory in type "Palla rosa"  2.0 0.8 1.4 2.5  7.7 1.4 5.6 8.3  5.7 
Leek  1.9 1.0 1.1 3.1  7.3 3.0 5.0 12.3  5.4 
Potato  3.8 1.1 2.5 5.0  8.4 2.2 6.6 10.8  4.6 
Chichory in type "Pan di 
zucherro"  2.3 1.4 0.8 3.6  5.3 1.7 4.0 6.5  3.0 
             
Not distinguishable             
             
Cauliflower  5.5 2.7 2.9 8.3  10.7 4.3 7.6 13.7  5.2 
Tomato  4.4 3.2 2.5 8.0  8.0 1.3 6.5 9.0  3.6 
Garlic  2.6 2.6 1.0 5.7  4.3 1.9 2.2 5.6  1.7 
Onion (yellow)  5.2 1.8 3.6 7.1  6.8 1.6 5.7 8.6  1.6 
Kohlrabi (yellow)  7.8 1.3 6.9 8.7  6.2 4.3 9.3 3.2  1.6 
Parsley  4.5 4.5 0.4 8.2  5.4 1.1 4.0 7.2  0.9 
Sweet pepper  3.5 0.7 3.2 4.3  4.3 0.2 4.1 4.4  0.8 
Carrot  3.9 2.3 1.9 7.8  3.7 1.4 2.2 5.8  0.2 

*standard deviation. 



 98 

 

 

 

 

 
 
 



Appendix 99 

 

 

Appendix 8: Personal bibliography for the period 2006–2011. 

 
MARTINA ŠTURM [28487] 
 
ARTICLES AND OTHER COMPONENT PARTS 
 
1.01 Original scientific article 

 
1. ŠTURM, Martina, LOJEN, Sonja, MARKIČ, Miloš, PEZDIČ, Jože. Speciation and 
isotopic composition of sulphur in low-rank coals from four Slovenian coal seams. Acta 
chim. slov.. [Tiskana izd.], 2009, vol. 56, str. 989-996. [COBISS.SI-ID 23185191] 

 

2. ŠTURM, Martina, KACJAN-MARŠIĆ, Nina, LOJEN, Sonja. Can [delta][sup](15)N in 
lettuce tissues reveal the use of synthetic nitrogen fertiliser inorganic production J. Sci. 
Food Agric., 2011, vol. 91, no. 2, str. 262-267, doi: 10.1002/jsfa.4179. [COBISS.SI-ID 
23930151] 

 
3. ŠTURM, Martina, KACJAN-MARŠIĆ, Nina, ZUPANC, Vesna, BRAČIČ-
ŽELEZNIK, Branka, LOJEN, Sonja, PINTAR, Marina. Effect of different fertilisation 
and irrigation practices on yield, nitrogen uptake anf fertiliser use efficiency of white 
cabbage. Sci. hortic.. [Print ed.], 2010, vol. 125, str. 103-109. [COBISS.SI-ID 23519015] 

 
Submitted articles: 

 
ŠTURM, Martina, LOJEN, Sonja. Comparison of different methods for isolation of 
nitrate-N from soil solution for determination of its isotopic composition. Acta chim. slov. 
 
ŠTURM, Martina, LOJEN, Sonja. Nitrogen isotopic signature of vegetables from the 
Slovneian market and its suitability as an indicator of organic production. Isot. Environ. 
Health Stud. 
 
ZUPANC, Vesna, ŠTURM, Martina, LOJEN, Sonja, KACJAN-MARŠIĆ, Nina, ADU-
GYAMFI, Joseph, BRAČIČ-ŽELEZNIK, Branka, URBANC, Janko, INTAR, Marina. 
Nitrate leaching under vegetable field in a Slovenian catchment. Agric. Ecosyst. Environ. 
 
KACJAN-MARŠIĆ, Nina, ŠTURM, Martina, ZUPANC, Vesna, LOJEN, Sonja, 
PINTAR, Marina. Quality of white cabbage yield (Brassica oleracea var. capitata L.) and 
potential risk of ground water N pollution, as affected by nitrogen fertilization and 
irrigation practices. J. Sci. Food Agric. 
 
1.03 Short scientific article 

 
4. ŠTURM, Martina, ADU-GYAMFI, Joseph. Determination of nitrogen uptake and 
fertilizer use efficiency in maize (Zea mays L.) using the [sup]15N labeling method. Soils 
newsl., 2009, no. 1, vol. 32, str. 27-29. [COBISS.SI-ID 22791719]  
 

 



100 Appendix 
 

1.06 Published scientific conference contribution (invited lecture) 
 

5. PINTAR, Marina, KACJAN-MARŠIĆ, Nina, ZUPANC, Vesna, URBANC, Janko, 
BRAČIČ-ŽELEZNIK, Branka, ŠTURM, Martina, LOJEN, Sonja. Complex field 
experiment as a base for modelling of unsaturated zone - case study from Ljubljana Field. 
V: MIKULIČ, Zlatko (ur.), ANDJELOV, Mišo (ur.). Groundwater modelling : 
proceedings of invited lectures of Symposium on Groundwater Flow and Transport 
Modelling, Ljubljana, Slovenia, 28-31 January 2008. Ljubljana: MOP - Agencija RS za 
okolje, 2009, str. 45-52, ilustr. [COBISS.SI-ID 6061945]  
 
1.08 Published scientific conference contribution 
 
6. ŠTURM, Martina, LOJEN, Sonja. Migracija nitrata v sistemu rastlina-tla-talna-voda-
podtalnica. V: JERAN, Zvonka (ur.). Prispevki. Ljubljana: Institut "Jožef Stefan", Odsek 
za znanosti o okolju, 2007, 2007, 5 str. [COBISS.SI-ID 21583143]  

 
7. ZUPANC, Vesna, KORPAR, Peter, KACJAN-MARŠIĆ, Nina, URBANC, Janko, 
BRAČIČ-ŽELEZNIK, Branka, LOJEN, Sonja, ŠTURM, Martina, PINTAR, Marina. 
Dinamika gibanja vode v tleh pri pridelavi vrtnin na Ljubljanskem polju = Influence of 
irrigation method on soil moisture dynamics on Ljubljana field. V: TAJNŠEK, Anton 
(ur.). Novi izzivi v poljedelstvu 2008 : zbornik simpozija : proceedings of symposium, 
Rogaška Slatina, [4. in 5. december] 2008. Ljubljana: Slovensko agronomsko društvo, 
2008, str. 184-190. [COBISS.SI-ID 5789305]  

 
8. ŠTURM, Martina, KACJAN-MARŠIĆ, Nina, PINTAR, Marina, URBANC, Janko, 
ZUPANC, Vesna, BRAČIČ-ŽELEZNIK, Branka, KORPAR, Peter, LOJEN, Sonja. 
Uptake and isotopic composition of nitrogen in cabbage (Brassica Oleracea var. capitata) 
under different fertilization and irrigation practices. V: GRIGNANI, Carlo (ur.), ACUTIS, 
Marco (ur.), ZAVATTARO, Laura (ur.), BECHINI, Luca (ur.), BERTORA, Chiara (ur.), 
SACCO, D. (ur.). Proceedings. Turin: University of Turin, 2009, str. 445-447. 
[COBISS.SI-ID 22759719]  

 
9. ŠTURM, Martina, KACJAN-MARŠIĆ, Nina, LOJEN, Sonja. The suitability of 
nitrogen isotopic fingerprint in lettuce as an indicator of fertilization regime. V: Book of 
proceedings. Famagusta: [s. n.], 2010, str. 72-73. [COBISS.SI-ID 24166695]  

 
10. ŠTURM, Martina, LOJEN, Sonja. Izotopska sestava dušika v ekološko in 
konvencionalno pridelani zelenjavi na slovenskem trgu. V: KOCJAN AČKO, Darja (ur.), 
ČEH, Barbara (ur.). Novi izzivi v poljedelstvu 2010 : zbornik simpozija : proceedings of 
symposium, Rogaška Slatina, [2. in 3. december] 2010. Ljubljana: Slovensko agronomsko 
društvo, 2010, str. 232-238. [COBISS.SI-ID 24223527]  

 
11. ŠTURM, Martina, LOJEN, Sonja. Določanje izotopske sestave nitratnega dušika v 
talni raztopini. V: Slovenski kemijski dnevi 2010, Maribor, 23. in 24. september 2010. 
[Maribor]: FKKT, [2010], 5 str. [COBISS.SI-ID 23971367]  
 

 
 
 
 



Appendix  101 
 

 

1.09 Published professional conference contribution 
 
12. COLLADO, Mario, ŠTURM, Martina, KORPAR, Peter, TAPARAUSKIENE, Laima. 
Precipitation - groundwater-stream interaction. V: Lectures & Presentation on FAO/IAEA 
Interregional Training Course "Use of Nuclear and Related Techniques to Measure 
Storage, Flows and Balance of Water in Cropping Systems", 1-25 October 2007, 
Seibersdorf. Lectures & Presentations. Seibersdorf: FAO/IAEA, 2007, 8 str. 
[COBISS.SI-ID 22106407]  
 
1.12 Published scientific conference contribution abstract 

 
13. ŠTURM, Martina, LOJEN, Sonja, PEZDIČ, Jože. Izotopska frakcionacija žvepla v 
rjavih premogih = Isotopic fractionation of sulphur in brown coals. V: REŽUN, Bojan 
(ur.). 2. slovenski geološki kongres, Idrija, 26.-28. september 2006. Zbornik povzetkov. 
Idrija: Rudnik živega srebra v zapiranju, 2006, str. 96-97. [COBISS.SI-ID 20196903]  

 
14. ŠTURM, Martina, PINTAR, Marina, ZUPANC, Vesna, KACJAN-MARŠIĆ, Nina, 
KORPAR, Peter, URBANC, Janko, LOJEN, Sonja. Nitrogen movement in plant-soil-
groundwater system in agricultural production. V: Abstracts of the contributions of the 
EGU General Assembly 2008 : Vienna, Austria, 13-18 April 2008, (Geophysical Research 
Abstracts, Vol. 10). [Katlenburg-Lindau: European Geophysical Society: Copernicus], 
2008, str. [1-2]. [COBISS.SI-ID 5493113]  

 
15. ŠTURM, Martina, LOJEN, Sonja. Gibanje nitrata v sistemu rastlina-tla-podzemna 
voda na območju z intenzivnim kmetijstvom. V: PONIKVAR-SVET, Maja (ur.). 
Ljubljana, 15. 2. 2008. Prispevki. Ljubljana: Institut "Jožef Stefan", 2008, 1 str. 
[COBISS.SI-ID 21973799]  

 
16. BRATKIČ, Arne, OGRINC, Nives, ŠTURM, Martina, FAGANELI, Jadran. The 
sources and cycling of particulate nitrogen and nitrate in lake Bled (NW Slovenia). V: 
TURK, Valentina (ur.), TURK, Samo (ur.). SAME 11 - The 11th Symposium on Aquatic 
Microbial Ecology, August 30 - September 04 2009, Piran, Slovenia. Abstract book. 
Piran: National Institute of Biology, Marine Biology Station, 2009, str. 152. [COBISS.SI-
ID 22884647]  

 
17. ŠTURM, Martina, LOJEN, Sonja. Primerjava različnih metod izolacije nitratnega 
dušika iz vzorcev talne vode za določanje njegove izotopske sestave. V: ISKRA, Jernej 
(ur.), MILOŠEV, Ingrid (ur.). Dan mladih raziskovalcev 2009. Ljubljana: Institut "Jožef 
Stefan", 2009, 1 str. [COBISS.SI-ID 22482215]  

 
18. ZUPANC, Vesna, ŠTURM, Martina, KACJAN-MARŠIĆ, Nina, LOJEN, Sonja, 
KORPAR, Peter, BRAČIČ-ŽELEZNIK, Branka, URBANC, Janko, PINTAR, Marina. 
Complex field experiment for nitrate migration processes studies in the plant-soil-
groundwater system of Ljubljana field. V: OLLESCH, G. (ur.). International conference 
on land and water degradation : processes and management, 7th - 9th September 2009, 
Magdeburg, germany. [S. l.: s. n., 2009], str. 56. [COBISS.SI-ID 6082937]  

 
19. ŠTURM, Martina, KACJAN-MARŠIĆ, Nina, LOJEN, Sonja. The suitability of 
nitrogen isotopic fingerprint in lettuce as an indicator of fertilization regime. V: 
International conference on organic agriculture in scope of environmental problems, 



102 Appendix 
 

Famagusta, 3-7 February 2010. Book of abstracts. Famagusta: [European Mediterranean 
conferences conventions], 2010, 2010, str. 118. [COBISS.SI-ID 23402279]  

 

20. TAMŠE, Samo, ŠTURM, Martina, MOZETIČ, Patricija, OGRINC, Nives. Nitrogen 
sources and cycling in the Gulf of Trieste (N. Adriatic). V: TREBŠE, Polonca (ur.), 
PETRIČ, Marta (ur.), LAVTIŽAR, Vesna (ur.). The 11th European Meeting on 
Environmental Chemistry - EMEC 11, Portorož, Slovenia, December 8-11, 2010. Book of 
abstracts. Nova Gorica: University, 2010, str. 99. [COBISS.SI-ID 24260647]  

 
21. ŠTURM, Martina, BRAČIČ-ŽELEZNIK, Branka, KACJAN-MARŠIĆ, Nina, 
ZUPANC, Vesna, LOJEN, Sonja, PINTAR, Marina. Effect od different fertilisation and 
irrigation practices on yield, nitrogen uptake and fertilizer use efficiency of white 
cabbage. V: Conference Schedule & Abstracts, June 27-July 2, 2010, Galway. 
Conference schedule and abstracts. Galway, 2010, str. 112. [COBISS.SI-ID 23805223]  

 
22. ŠTURM, Martina, LOJEN, Sonja. Comparison of different methods for isolation of 
nitrate-N from soil water samples for determination of its isotopic composition. V: 
Conference Schedule & Abstracts, June 27-July 2, 2010, Galway. Conference schedule 
and abstracts. Galway, 2010, str. 161. [COBISS.SI-ID 23805735]  

 
23. VREČA, Polona, MURI, Gregor, JAĆIMOVIĆ, Radojko, ČERMELJ, Branko, 
ŠTURM, Martina. Geokemične raziskave sedimentov iz Dvojnega jezera. V: KOŠIR, 
Adrijan (ur.), HORVAT, Aleksander (ur.), ZUPAN HAJNA, Nadja (ur.), OTONIČAR, 
Bojan (ur.). 3. Slovenski geološki kongres, Bovec, 16.-18. september 2010. Povzetki in 
ekskurzije. Postojna: Znanstvenoraziskovalni center SAZU, Inštitut za raziskovanje krasa; 
Ljubljana: Paleontološki inštitut Ivana Rakovca, 2010, str. 54-55. [COBISS.SI-ID 
23945767]  

 
24. BRATKIČ, Arne, OGRINC, Nives, ŠTURM, Martina, FAGANELI, Jadran. Izvor in 
kroženje suspendiranega dušika in nitrata v Blejskem jezeru. V: KUŠČER, Danjela (ur.), 
PERC, Branka (ur.). 4. Dan Mladih Raziskovalcev KMBO, Ljubljana, Slovenija, 
11.2.2010. [Program in povzetki]. Ljubljana: Institut "Jožef Stefan", 2010, str. 58. 
[COBISS.SI-ID 23534887]  

 
25. ŠTURM, Martina, KACJAN-MARŠIĆ, Nina, LOJEN, Sonja. Uporaba stabilnih 
izotopov dušika pri kontroli organske predelave. V: KUŠČER, Danjela (ur.), PERC, 
Branka (ur.). 4. Dan Mladih Raziskovalcev KMBO, Ljubljana, Slovenija, 11.2.2010. 
[Program in povzetki]. Ljubljana: Institut "Jožef Stefan", 2010, str. 66. [COBISS.SI-ID 
23534375]  

 
26. ŠTURM, Martina, LOJEN, Sonja. Stabilni izotopi dušika : možnosti uporabe pri 
kontroli ekološke pridelave zelenjave. V: KALUŽA, Boštjan (ur.), ELERŠIČ, Kristina 
(ur.), POGORELC, Bogdan (ur.), ŠETINA, Barbara (ur.), VAHČIČ, Mitja (ur.). 2. 
Študentska konferenca Mednarodne podiplomske ole Jožefa Stefana, 27. maj 2010, 
Ljubljana, Slovenija = 2nd Jožef Stefan International Postgraduate School Student's 
Conference, May 27, 2010, Ljubljana, Slovenia. Zbornik prispevkov. Ljubljana: 
Mednarodna podiplomska šola Jožefa Stefana, 2010, str. 16. [COBISS.SI-ID 23717927]  
 

 



Appendix  103 
 

 

MONOGRAPHS AND OTHER COMPLETED WORKS 
 
2.11 Undergraduate thesis 
 
27. ŠTURM, Martina. Izotopska frakcionacija žvepla v rjavih premogih : diplomsko delo. 
Ljubljana: [M. Šturm], jun. 2006. V, 68 f., ilustr., graf. prikazi. [COBISS.SI-ID 576350]  
 
2.13 Treatise, preliminary study, study 

 
28. OGRINC, Nives, ŠTURM, Martina, ŽIGON, Stojan. Food analysis using isotopic 
techniques - proficiency testing scheme : FIT-PTS 2009, round 2 : results of the 
interlaboratory comparison, (IJS delovno poročilo, 10303). 2009. [COBISS.SI-ID 
22993959]  

 
29. ŠTURM, Martina, JAĆIMOVIĆ, Radojko, MIKLAVČIČ, Ana, HORVAT, Milena. 
International Plant-analytical Exchange Program, IPE 2009.2 : results of the 
determination of trace elements and isotopic composition of [sup](13)C and [sup](15)N 
in four plant samples using k[sub]0-INAA, DMA and IRMS, provided by JSI, (IJS delovno 
poročilo, 10311). 2009. [COBISS.SI-ID 23009831]  

 
30. OGRINC, Nives, TAMŠE, Samo, ŠTURM, Martina, MOZETIČ, Patricija. Določitev 
izotopske sestave dušika v nitratu v različnih vodnih okoljih, (IJS delovno poročilo, 
10590). 2010. [COBISS.SI-ID 24187431]  

 
31. ŠTURM, Martina, LOJEN, Sonja. International Plant-analytical Exchange Program, 
IPE 2010.2 : results of the determination of the isotopic composition of [sup](13)C and 
[sup](15)N in plant samples using IRMS, (IJS delovno poročilo, 10505). 2010. 
[COBISS.SI-ID 23716135]  

 
32. KANDUČ, Tjaša, ŠTURM, Martina. Izpolnjevanje UNECE vprašalnikov : fazno 
poročilo, (IJS delovno poročilo, 10425). 2010. [COBISS.SI-ID 23509031]  

 
33. ŠTURM, Martina, ARRILLAGA, José L., ADU-GYAMFI, Joseph. [sup](15)N 
labelling method as a tool for determination of N uptake and fertilizer use efficiency : 
results from the field experiment obtained during the IAEA Fellowship training, (IJS 
delovno poročilo, 10479). 2010. [COBISS.SI-ID 23631911]  
 
Request for bibliography sent from: 193.2.7.1  
Selected format of bibliographic unit: ISO 690  
 
Source of bibliographic records: shared data base COBISS.SI/COBIB.SI  
 
 
 
 
 
 
 
 
 



 104 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Appendix  105 
 

 

Appendix 9: Article: Can δ15N in lettuces tissues reveal the use of synthetic nitrogen fertiliser in 
organic production? Journal of the Science of Food and Agriculture, 91, 262-267, 2011. 

 
 
 
 
 
 
 



106 Appendix 
 

 
 
 
 
 
 
 
 
 
 



Appendix  107 
 

 

 
 
 
 
 
 
 
 
 
 
 



108 Appendix 
 

 
 
 
 
 
 
 
 
 
 



Appendix  109 
 

 

 
 
 
 
 
 
 
 
 
 
 



110 Appendix 
 

 
 
 
 
 
 
 
 



Appendix  111 
 

 

Appendix 10: Article: Effect of different fertilisation and irrigation practices on yield, nitrogen 
uptake and fertiliser use efficiency of white cabbage (Brassica oleracea var capitata L.), Scientia 
Horticulturae, 125, 103-109, 2010. 

 
 
 
 
 



112 Appendix 
 

 
 
 



Appendix  113 
 

 

 
 
 



114 Appendix 
 

 
 
 
 
 
 
 
 



Appendix  115 
 

 

 
 
 
 
 
 
 
 



116 Appendix 
 

 
 
 
 
 
 
 
 



Appendix  117 
 

 

 
 
 
 
 
 
 



 118 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Appendix  119 
 

 

Appendix 11: Article: Determination of isotopic composition of nitrate nitrogen in soil water, 
Slovenski kemijski dnevi 2010, 1–7, 2010. 

 
 
 
 
 
 



120 Appendix 
 

 

 
 
 
 
 
 
 
 



Appendix  121 
 

 

 

 
 
 
 
 
 
 
 



122 Appendix 
 

 
 
 
 
 
 
 
 



Appendix  123 
 

 

 
 
 
 
 
 
 
 



124 Appendix 
 

 
 
 
 
 
 
 
 



Appendix  125 
 

 

 
 
 
 
 
 
 



 126 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Appendix  127 
 

 

Appendix 12: Article: Isotopic composition in organic and conventionally grown vegetables 
available on the Slovenian market. Proceedings of symposium, New challenges in field crop 
production 2010, 232-238. 

 
 

 
 



128 Appendix 
 

 
 

 
 
 
 
 
 



Appendix  129 
 

 

 
 

 
 

 
 
 
 



130 Appendix 
 

 
 

 
 
 
 
 
 



Appendix  131 
 

 

 
 
 

 
 
 
 
 



132 Appendix 
 

 
 
 
 
 



Appendix  133 
 

 

 

 

 



 134 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 



Appendix  135 
 

 

Appendix 13: Article: The suitability of nitrogen isotopic fingerprint in lettuce as an indicator of 
fertilization regime. Book of Proceedings, Organic Agriculture in Scope of Environmental 
Problems, 2010, 72–73. 

 
 
 
 
 
 



136 Appendix 
 

 


