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Abstract 
Ecological efficiency of production and the ecological footprint of organic agriculture 
The rising energy prices and climatic changes have intensified the search for alternative 
farming systems where energy consumption per unit would be lowered. A long-term field trial, 
started in 2007 at the University of Maribor, focuses on food quality and the ecological 
footprint of conventional (CON), integrated (INT), organic (ORG) and biodynamic (BD) farming 
systems. The gained data has been evaluated and interpreted using the SPIonExcel tool. 
Results from the first year show better environmental performance of both, ORG and BD 
systems in production of wheat (Triticum aestivum L.) and spelt (Triticum spelta L.), mainly 
due to the non-use of external synthetic production factors. When yields are added to the 
equation, the ORG and BD systems emerge also as more efficient per unit of land area. Thus, 
the ORG and BD farming systems present viable alternatives for reducing the impact of 
agriculture on climate change, while ensuring a more sustainable food security. 
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1. Introduction 
 

The world Commission for environment and development (the Brundtlandt 
Commission) coined the definition of sustainable development in the year 1987 – it 
is defined as development which satisfies the needs of current generations without 
compromising the needs of future generations (WCED 1987). Consequences of 
excessive or unsustainable consumption and production are still evident in the 
collapsing of global environment system (UNEP 1992). Excessive consumption is 

addressed towards consumers, production towards companies and organisations 
which produce goods or offer services (Veleva et al 2001). The industrial revolution 
and the intensification of agriculture have, for the first time since the permanent 
settlement pattern and agriculture over 12,000 years ago, led to economic activities 
which profoundly influence the ecosystem to the point where global environmental 

stability and geographic political security are jeopardized (Wackernagel and Rees 
1996). But it is difficult to determine or implement sustainable development in 

everyday practice. And it is even harder to measure it. Indicators can help define 
and communicate questions regarding sustainable development and can also be 
used to predict and follow the results of political decisions.  
 
According to van der Werf et al (2007), indicators and/or tools for evaluating 
sustainable development have to be chosen very carefully as regards the method, 
which best suits the needs, the set goals and the expected results. The tools or 

indicators known today can be used individually, as several indicators together or as 
a joined indicator, comprised of more indicators with a single result. Such a single 
result can be very useful in communicating results to the public or the policy 
makers. In recent years, numerous tools and methods have emerged which are 

supposed to determine sustainable development on the level of single enterprises 
(Veleva et al 2001) as well as on a higher, societal level (Lenzen and Murray 2001; 

Chen et al 2009). The most of attention is given to the sustainable development of 
the society due to easy access to databases. One of such tools is also the environ-
mental or ecological footprint (Wackernagel and Rees 1996). It tries to summarize 
the biologically productive area which is needed to produce yearly flows of materials 
used by the population of a certain region (city, state, world) with all the 
accompanying waste in the form of emissions (especially CO2) and the area needed 
for building infrastructure. In the second step, the calculated area is compared to an 

area available to a certain population or individual, which is called the biocapacity. 
In the cases where the ecological footprint is greater than the biocapacity, this 
means that the human consumption or life standard exceeds the natural carrying 
capacity (Haberl et al 2001). The data for the ecological footprint is usually excerp-

ted from statistical databases, in the case of agriculture from the yearly statistics of 
individual countries or the food and agriculture organisation. The drawback of such 
data lays in the inaccuracy of the attained footprint for smaller units e.g. farms. 

 
To evaluate production processes, other tools based on actual/real data are more 
appropriate. One of such tools is called the LCA (life cycle assessment) and it asse-
sses the environmental burden caused by a product, a production process or an 
activity (Curran 2008). It takes into account the technological processes of all the 
activities, the basic materials and the transportation into and from the production 

unit. In the second step, sources used for each input are evaluated by adding the 
environmental impact, including the resulting emissions and waste. The result can 
be interpreted on a per unit of product basis (kg) or equivalent area (ha), where 
areas used outside the production unit are included (van der Werf et al 2007). The 
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only drawback of this tool is the limited comparability of the gained data on the 
global or state level. Consequently, the LCA needs to be joined by other indicators 

or tools. 
 
The research in the area of the ecological footprint or the LCA in agriculture is still 
developing. According to our present knowledge, there has been no scientific 
research published on the comparison of production of field crops and vegetables in 
different production systems using a joint framework of the ecological footprint and 

the LCA, called the Sustainable process index ® or SPI (Narodoslawsky and Krot-
scheck 1995; Krotscheck and Narodoslawsky 1996; Sandholzer and Narodoslawsky 
2007), which has been customized for agriculture. In this paper, we used experi-
mental data from a long-term field trial. The results therefore reflect the conditions 
in real-life situations and real-life farming systems. The main question we tied to 

answer was how sustainable the production systems most commonly used today 
are, and where they can be improved to sustainably produce food also for the future 

generations. 
 
2. Materials and methods 
 
2.1 Long-term field trial 
 
Tab. 1: Production systems used and differences among them. 

 

Production system Soil cultivation and 

basic operations 

Weed management Pest management Manure application 

Conventional 

farming (CON) 

according to the 

Slovene Agriculture 

Act and good 

agricultural practice 

(GAP) 

Ploughing, seedbed 

preparation,  

sowing, harvesting 

Preventive use of 

herbicides 

according to GAP, 

harrowing when 

needed 

Preventive use of 

pesticides according 

to GAP 

NPK and N mineral 

fertilizers used 

according to GAP 

and nutrient 

removal estimates 

Integrated farming 

(INT) according to 

the standards for 

integrated farming 

(MKGP 2002 and 

2004) 

Ploughing, seedbed 

preparation,  

sowing, harvesting 

Use of herbicides 

according to the 

rules of INT 

management, 

harrowing at least 

once 

Curative use of 

pesticides according 

to the rules of INT 

management 

NPK and N mineral 

fertilizers used 

based on soil 

analysis and  

nutrient removal 

estimates 

Organic farming 

(ORG) according to 

the EC regulation 
834/2007 

Ploughing, seedbed 

preparation,  

sowing, harvesting 

Harrowing 2-5 

times/season, 

cover crops after 
cereals, weed 

burning in 

vegetables  

Use of some natural 

pesticides (Neem-

oil, BT extract) on 
vegetable crops 

when needed  

1,4 livestock units 

(LU) of cattle 

manure /ha 

Biodynamic farming 

(BD) according to 

the Demeter 

International  

production 

standards 

Ploughing, seedbed 

preparation,  

sowing, harvesting 

Harrowing 2-5 

times/season, 

cover crops after 

cereals, weed 

burning in 

vegetables 

Use of BD 

preparations,  some 

natural pesticides 

(Neem-oil, BT 

extract) on 

vegetable crops 

when needed  

1,4 livestock units 

(LU) of composted 

cattle manure /ha 

with added BD 

compost 

preparations 

Control plots Ploughing, seedbed 

preparation,  

sowing, harvesting 

Harrowing 1-3 

times/season 

none none 

Farming system definition sources: MKGP 2002; MKGP 2004; EC 834/2007 2007; MKGP 2008; Demeter 

International e.V. 2009. 
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The experimental site is located at the University Agricultural Centre of the 
University of Maribor in Pivola, near Hoče, Slovenia (46°28′ N, 15°38′ E, 282 m 

a.s.l). The yearly mean air temperature of the area is 10.7 °C; with the mean 
monthly minimum in January with 0.4 °C, and the average monthly maximum in 
July with 20.8 °C. The average annual rainfall in the area is around 1000 mm. In 
2007, thirty experimental field plots (7m×10m) were set up on a dystric cambisol 
(deep) (average pH value 5.5 (0.1 KCl solution), soil soluble P at 0.278 g/kg-1 and 
soil soluble K at 0.255 g/kg-1 in ploughing soil layer), and are maintained within two 

different five-course crop rotation designs, where various sequences of crops in the 
crop rotations are used. In one such rotation, there are typical crops of this region 
(two years of red-clover grass, wheat, white cabbage, oil pumpkins). The other one 
is an alternative crop rotation (two years of red-clover grass mixture, spelt, red 
beet, false flax). Four production systems with control plots were arranged in a 

randomised complete block split-plot design with four replicates. The farming 
systems differed mostly in plant protection and fertilization strategies (Tab. 1). Soil 

cultivation, sowing and harvesting were identical among experimental plots and 
were performed on similar dates and in a similar manner than at the adjacent fields.  
 
2.2 SPIonExcel tool 
 
In order to include easily applicable tools that give an overall picture of 
environmental impacts of products and processes and on top of that offer insights 

into the steps of a life cycle that exert the largest environmental pressures, the life 
cycle assessment using the Sustainable Process Index (SPI), a member of the 
ecological footprint family, is well suited for this task.  
 

The Sustainable Process Index (SPI), developed by Krotscheck and Narodoslawsky 
(1996), is based on the assumption that a sustainable economy builds only on solar 

radiation as a natural income. Most natural processes are driven by this radiation on 
the earth’s surface, and for the conversion of radiation into products and services 
surface area is needed. Surface area is a limited resource in a sustainable economy 
because earth has a finite surface. Therefore area is a convenient measure for the 
SPI; the more area a process needs to fulfil a service, the more it “costs” from the 
point of view of ecological sustainability. Human activities exert impacts on the 
environment in different ways. On the one hand, they need resources, energy, 

manpower and area for installations. On the other hand, they produce emissions 
and waste besides the intended goods. Consequently, the SPI includes all these 
different aspects of ecological pressure on the environment. 
 

The SPI method is based on the comparison of natural flows with the flows 
generated by a technological process. The conversion of mass and energy flows into 
the area is based on two general “sustainability principles” (Sandholzer and 

Narodoslawsky 2007): 
 
• Principle 1 - Anthropogenic mass flows must not alter global material cycles. As in 
most global cycles (e.g. the carbon cycle), the flow to long term storage 
compartments is the rate defining step of these dynamic global systems, flows 
induced by human activities must be scaled against these flows to long term stores. 

• Principle 2 - Anthropogenic mass flows must not alter the quality of local 
environmental compartments. Here the SPI method defines maximum allowable 
flows to the environment based on the natural (existing) qualities of the 
compartments and their replenishment rate per unit of area. 
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We will not go into further detail as regards this method, for it is described in seve-
ral research papers (e.g. Krotscheck and Narodoslawsky 1996; Sandholzer and 

Narodoslawsky 2007). However, the SPIonExcel was developed to bring this 
methodology into an easily applicable form. It calculates the ecological footprint of a 
process and the SPI of a product or service through the input that characterizes the 
process given by an eco-inventory. The eco-inventories used for the calculation of 
the overall footprint contain engineering mass and energy flows of processes in 
terms of input and output flows (Sandholzer and Narodoslawsky 2007). 

 
For the needs of this research project, our research team met with the developers of 
the SPIonExcel tool several times in the years 2005-2007, and the result of this is a 
modified, a more detailed inventory and database for the calculation of the 
ecological footprint of different production systems.  

 
From the attained footprint an additional ecological efficiency of production systems 

was calculated using the following equation: 
 

Ecological efficiency of production = 
Ecological footprint

Yield (1) 

 

The SPI as calculated by Eq. (1) gives an indication of the “cost” in terms of eco-
logical sustainability of a given product or service (Sandholzer and Narodoslawsky 
2007). The number indicates what fraction of the overall “ecological budget” of a 
production system is used to provide this good or service - in our case 1 kg of wheat 

or spelt grain. 
 
2.3 Data used 

 
All the work performed on the trial in the season 2007/2008 was carefully monitored 
and recorded. The data collected from the field trial was transformed into tasks 
performed in a system in a year and the time needed for those tasks (e.g. 

ploughing, seeding, harrowing, spraying, etc.). Not all the operations could be done 
by a machine (e.g. spraying) due to the nature of the trial, therefore real-life 
operational times were taken from the University Agricultural Centre Farm, where 
the experiment took place. The footprint was determined for 1 ha of area. 
 
2.4 Statistical analysis 
 

The data for the yield and energy efficiency of production were analysed by one-way 
ANOVA with the production system as a factor using Statgraphics Centurion (Version 

XV, StatPoint Technologies, Inc., Warrenton, VA) and were followed by comparison 
of means according to Duncan (Hoshmand 2006). The values given in this paper are 
the means ± standard error (SE). We excluded one repetition due to extremely low 
yields in some parcels, as it was a wet year and water logging occurred in some 

parts. 
 
3. Results and discussion 
 
Yields of wheat and spelt were below the average levels in Slovenia, mainly due to 
the late harvest (August 8th) as a consequence of a long rainy period that year. As 
regards wheat, the yield differences between production systems were insignificant, 

whereas some differences can be observed as regards spelt yields (Tab. 2). 
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Tab. 2: Yields of wheat and spelt depending on production system in the season 
2007/2008 (at 12% moisture).  

 

 
Wheat yield 

(kg/ha) 

Index of wheat 

yield (CON=100) 

Spelt yield 

(kg/ha) 

Index of spelt 

yield (CON=100) 

Farming system n.s  *  

 Control 1,687±267 72 1,630±64ab 103 

 CON  2,343±240 100 1,583±110ab 100 

 INT  2,440±222 104 1,403±125b 89 

 ORG  2,223±356 95 1,533±97ab 97 

 BD 2,400±368 102 1,867±40a 118 

Means ± SE, n=3. Different letters indicate statistically significant differences at P<0.05 (Duncan test).  

 
 

 
Fig. 1: Ecological footprint for 1 ha of wheat production in the season 2007/2008. 

 
The results of the ecological footprint of production systems for wheat and spelt 

show a high proportion of the final footprint with CON and INT systems derives from 
the use of mineral fertilizers and pesticides (Fig. 1 and Fig. 2). However, ORG and 
BD systems have higher footprints in the field of machinery use impacts, mainly due 
to manure spreading, harrowing and the use of BD preparations with the BD 

system. What is surprising is that also control plots for wheat and spelt production 
have an ecological footprint of 126,168.4 m2 and 116,469.7 m2 respectively. This 
means that by using current standard machinery to till the soil and produce crops, 
we already leave a great environmental impact and “consume” 11-12 times more 
land than needed to plant the crops. In this sense, there is great need for 
improvement in the current agricultural practice and the way we understand, to till 
and work the soil. Furthermore, alternative fuels (e.g. plant oils) and more efficient 

machinery are a must in order to minimize the impact of agricultural production on 
the environment. However, when the total ecological footprint area of CON wheat 
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and spelt production, which amounts to 792,646.8 m2 and 537,668.6 m2 
respectively, is visualized it takes some effort to perceive and take into 

consideration the vast impact the industrial way of farming has on the environment 
and ecosystems. The INT system does not perform any better, although it is 
publicised and advertised as more nature friendly and as one of the sustainable 
agricultural systems (MKGP 2004).  
 

 
 
Fig. 2: Ecological footprint for 1 ha of spelt production in the season 2007/2008. 

 
The results of the ecological efficiency of production give an even more insightful 
picture, as yields are taken into the equation (Fig. 3 and Fig. 4). When compared to 
the CON system, significantly higher efficiency (4.39, 3.08 and 3.03 times higher) 
was attained with the use of the control, ORG and BD farming systems for wheat 
production, respectively. Similar values can be observed for spelt production, where 
the control, ORG and BD plots had a 4.77, 2.29 and 2.56 times higher efficiency of 

production when compared to CON plots, respectively. One has to keep in mind, 
however, that these are the results for the first year of grain production after grass-
clover, thus values and ratios will probably change in the next 2-3 years of the trial, 
and control plots are expected to produce significantly lower yields. Despite this 
fact, the ORG and BD systems would still have significantly higher ecological 
efficiencies of production.  
 

But where can improvements be made in the future? As previously mentioned, 
efficient use of machinery and inventing new forms of working the soil will be of 
crucial importance. Some good examples pointing towards the future can already be 
seen in practice, e.g. the Eco-Dyn System (http://www.eco-dyn.de) or converting 
diesel engines to drive only on plant oil (http://www.elsbett.com). To discontinue 
the use of mineral fertilizers and pesticides would obviously improve the ecological 

footprint and environmental efficiency of the nowadays prevalent CON and INT 
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farming systems. 
 

 
 
 
 
 
 
 

 
 
 
 

 
 
 

 
 
 
 
 
 

 
 

Fig. 3: Efficiency of wheat production for the season 2007/2008 in m2 of impact for 
1 kg of produced grain.  
Means ± SE, n=3. Different letters indicate statistically significant differences at P<0.05 (Duncan test). 

 
 

 
 
 
 
 
 
 

 
 
 

 
 
 

 
 
 
 
 
 
 
 

Figure 4: Efficiency of spelt production for the season 2007/2008 in m2 of impact for 
1 kg of produced grain.  
Means ± SE, n=3. Different letters indicate statistically significant differences at P<0.05 (Duncan test). 
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It needs to be added that nowadays, the ORG:CON farmed land ratios in the EU are 

from 1:830 (Malta) to 1:6.48 (Austria), with the EU-27 average amounting to 3.9% 
of the total agricultural area (Willer et al 2009).  
 
Where will that bring us in the future, when the results from this trial will be taken 
into account? One of the main objectives against organic farming is that it does not 
produce enough food to feed the whole population – now as well as in the future 

(Avery 2007). However, several research projects and reports have demonstrated 
the oposite (Badgley et al 2007), including this one. Even if yields in the developed 
European countries, where CON industrial agriculture is predominant nowadays, are 
around 5% lower due to ORG agriculture, population projections for the next 50 
years coincide with these lower yields in almost the same ratio (UNPP 2008). Taking 

a step further from the production levels, what will happen when we run out of oil? 
It is important to keep in mind that the relation between population and oil 

production is one of cause and effect. The sky-rocketing of population is not merely 
coincident with the sky-rocketing of oil production. It is the latter that actually 
causes the former. With abundant oil, a large population is possible - ignoring, of 
course, the fact that environmental degradation may eventually wipe out those 
human numbers anyway. Without abundant oil, on the other hand, a large 
population is not possible (Goodchild 2007).  
 

So can we preserve and provide enough resources for future generations, although 
we use or leave an impact on almost 80 ha of land to produce 1 ha of wheat (or any 
other crop in a similar size range)? Or do we have to re-think and above all change 
the way we live, farm and take decisions in order to survive on Earth? After all, 

there is only one planet Earth, is there not?   
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ECOLOGICAL EFFICIENCY OF PRODUCTION AND THE ECOLOGICAL 
FOOTPRINT OF ORGANIC AGRICULTURE 

Summary 
 
The rising of energy prices and climatic changes have intensified the interest in the 
search for alternative farming systems, where energy efficiency would consistently 
increase and consequently energy consumption per unit would be lower. Several 
studies and comparisons have been made which compare energy efficiency of 

different farming systems; however, they mainly focus only on conventional and 
organic agriculture.  
 
A long-term field trial, started at the University of Maribor in 2007, focuses on food 
quality and the ecological footprint of conventional (CON), integrated (INT), organic 

(ORG) and biodynamic (BD) farming systems. All inputs and outputs in each of the 
farming systems are carefully monitored. The data gained is evaluated and 

interpreted using the SPIonExcel tool, an ecological footprint calculator of the next 
generation developed by the Technical University of Graz. The results from the first 
year show better performance of both, the ORG and BD systems in the production of 
wheat (Triticum aestivum L.) and spelt (Triticum spelta L.), mainly due to the non-
use of external production factors, such as mineral fertilizers and pesticides. 
However, the ecological footprint for machinery use is greater in the INT, ORG and 
BD systems, due to the harrowing needed in all the three systems. When yields are 

added to the equation, the ORG and BD systems prove to be more ecologically 
efficient in terms of land area “cost” per unit of yield. Thus, the ORG and BD farming 
systems represent viable alternatives for reducing the impact of agriculture on 
climate change, while ensuring sustainable food security. 
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