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Abstract

A frequently voiced critique is that due to lower yields on organically managed farmlands, one cannot feed a
country using organic agriculture. In this paper, we aim to mathematically disprove this claim by developing a
linear programming model and produce a detailed agriculture plan for Turkey sufficient to feed her population
with a 2400 kcal daily menu on average, solely comprising of organic foods. The model uses information about
population sizes and food needs of 81 cities in Turkey, and yields of 120 food, feed, forage crops, and four animal
products. Intensive and extensive livestock production methods as well as food transportation between cities has
been incorporated into the model. The resulting problem with 950 thousand variables and 40 thousand
constraints can be solved with an optimization package in under a minute. Results, prescribing how many acres
of each crop should be grown in each city, indicate that to feed the country fully on organic produce, 63% of the
arable land suffices, yielding 8.9 million hectares of unused land where further organic foods could be grown for
export or aid. We also run the model under different scenarios: fully vegetarian diet, omnivore model, different
transportation structures, drought conditions and a limit on fruit trees. With this work, we have shown that it is
possible to feed the whole population of Turkey with an agricultural practice that is not harmful to human health,
soil, water and air; respects biological cycles and reduces food miles and fossil fuel consumption, thus
contributing to sustainability and fighting climate change. We tested preliminary scenarios to understand the
robustness of organic agriculture in the face of extreme weather events. The proposed model can also be applied
to other countries when appropriate data are used.

Keywords: organic agriculture, linear programming, agricultural planning, farming, sustainability, arable land,
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1. Introduction

A major effort goes into agricultural activities to produce food for the human population. For a long time, food
production and distribution systems have been solely judged by one criterion: the economic value of food
production and consumption. This fact encouraged the use of agricultural methods that make it possible to
produce large quantities of food at the expense of degrading nature and society. The monoculture structure of
these large-scale production systems is at the root of many economic problems for farmers throughout the world
(Altieri & Rosset, 1996). The situation is not different in Turkey; Keyder and Yenal (2011) report that
deregulation efforts left small farmers vulnerable to the fluctuations of world markets on inputs and outputs. This,
coupled with the commaodification of land and labor, led small farmers to seek employment outside farming.
Besides these adverse economic consequences for farmers, conventional agriculture is known to have several
harmful effects on the environment and public health. Decreased biodiversity, contamination of water, soil and
air are only a few of the problems generated, (Fukuoka, 1978; Rembiatkowska, 2007; Stolze, Piorr, Haring, &
Dabbert, 2007). Horrigan, Lawrence, and Walker (2002) list the human health effects of industrial agriculture as
extensive use of antibiotics compromising their effective use in medicine, increased cardiovascular diseases and
certain cancers from excessive consumption of animal fat, heavy use of pesticides increasing cancer risks for
agricultural workers and consumers, and certain agricultural chemicals causing hormonal and reproductive
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problems. Taking an alternative position on food production, Cockshott and Cottrell (1993) argue that a better
way to feed a population is by ensuring the sufficient intake of nutrients while showing care to the ecology.
Using examples from Japan, Fukuoka (1978) proposes the use of small-scale organic farming to reverse the
adverse effects of modern lifestyles on the ecology. A recent meta-analysis (Baranski et al., 2014) reports that
organic crops are indeed healthier with higher concentrations of antioxidants, lower concentrations of cadmium
and a lower incidence of pesticide residues than their non-organic counterparts across regions and production
seasons.

Based on principles of health, ecology, fairness and care (International Federation of Organic Agriculture
Movements [IFOAM], 2008), organic farming is an answer to various other contemporary problems (Note 1).
Organic farms’ use of input energy is lower than conventional (Giindogmus, 2006; Delate, Cambardella, Chase,
& Turnbull, 2015) and the mean labor requirement per area is more on organic farms, about twice the
conventional farm value (Morison, Hine, & Pretty, 2005). Long-term organic comparison trials in the US have
shown that organic practices have the potential to better store carbon and nitrogen, resulting in higher soil quality,
and allowing farmers to remain competitive in the marketplace (Delate et al., 2015). These characteristics of
organic agriculture provide a solution for the economic problems of farmers by reducing unemployment and the
dependence on off-farm inputs and help farmers to capture a higher proportion of the value added by giving a
specific position to their products (Keyder & Yenal, 2011; Aktar & Ananias, 2005).

Organic crops also perform better than their conventional counterparts during extreme weather events such as
droughts and floods whose frequency has increased as a consequence of climate change, (Intergovernmental
Panel on Climate Change [IPCC], 2013; Jentsch & Beierkuhnlein, 2008; Rosenzweig, Iglesius, Yang, Epstein, &
Chivian, 2001). With higher levels of C and N, greater resistance to erosion and an increased ability to capture
water during heavy rain and to retain water afterwards, organic farms need less irrigation and report decreased
levels of plant stress during drought (Liebig & Doran, 1999). Lotter, Seidel, and Liebhardt (2003) found that
water harvest, important for groundwater recharge, was significantly better in organic systems and argue that the
better water holding capacity of organically managed soils is a likely reason for the better yields obtained during
times of drought. Significant differences between organic and conventional farms were found in soil health
indicators such as nitrogen mineralization, microbial abundance, organic carbon content and diversity,
(Drinkwater, Letourneau, Workneh, van Bruggen, & Shennan, 1995). The increased soil health in organic farms
also led to a considerably lower disease incidence in plants.

Comparing organic and conventional fields of tomato, Drinkwater et al. (1995) concluded that yields in both
systems are comparable but that crop productivity depends more on inherent soil fertility, water availability,
cultivar and the management skill. Badgley et al. (2007) compared yields of organic and conventional agriculture
and found no substantial yield differences in the developed world whereas, in developing nations, yields of
organic agriculture surpassed those of conventional methods. This could be attributed to the robustness of
organic crops during extreme climates (Lotter et al., 2003). Seufert, Ramankutty, and Foley (2012) used a
comprehensive meta-analysis and found that with good management practices organic yields could match
conventional yields but on average organic yields are 25% lower than their conventional counterparts.

Globally, organic production and consumption have been growing over the past decades (Willer and Lernoud,
2014). There is an upward trend in the number of farmers applying organic farming methods, in the hectares
dedicated to organic agriculture, the number and variety of companies active in marketing and selling organic
foods and the number of consumers of organic products. Turkey is no exception. Certified organic farming in the
country started in 1986 with the production of dried fruits to export to Europe. The Turkish Parliament passed
the organic farming law in December 2004 and the land allocated to organic agriculture more than quadrupled
since then: from 209,573 hectares in 2004 to 883,118 hectares in 2014 (Note 2). However, most organic
production of Turkey was being exported (Demiryirek, Stopes, & Guleel, 2008) and the domestic market
remained underdeveloped (Aktar & Ananias, 2005). Studying the state of the organic sector in Turkey,
Kenanoglu and Karahan (2002), Demiryiirek (2004) and Ozbilge (2007) listed the reasons for the undeveloped
state of the domestic market as the limited availability of organic products and of sales channels, high price
premium, lack of consumer recognition and lack of government support among the constraints impeding the
development of the sector, and suggest that to expand organic production further, the domestic market for
organic products needs to be developed. Lehner (2009) too underlines the importance of a lively domestic
market in order to decrease the risk of export dependency. All of these works emphasize the support and the
sponsorship of the ministry in all stages and some argue that universities and other “knowledge creating and
distributing actors” should be given a bigger role in the development of the sector. As an attempt to develop the
domestic organic market, civil society organizations are collaborating with local governments to establish
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marketplaces solely for organic products. These marketplaces, located primarily in Istanbul, had a mobilizing
effect on the domestic organic sector (Aky(z and Demir, 2016).

One of the claims supported by the proponents of conventional agriculture is that without conventional methods
there would be starvation. They also argue that without the use of harmful chemicals or GMOs, a lot more
farmland will be needed and forests will be cut down. A comprehensive document on answers to the criticisms
and misconceptions about organic agriculture such as starvation can be found in (IFOAM, 2009). As Reganold
and Wachter (2016), we are of the opinion that the cause of hunger is not the absence of sufficient food; the
cause of hunger is the unfair distribution of wealth and of food. Because of this unfair distribution, some people
go hungry whereas some people have a lot more than they need and food waste is a reality, (Stenmarck, Jensen,
Quested, & Moates, 2016). Indeed, the recent work of Muller et al. (2017) reports that organic agriculture is a
viable option to feed the world population in the future when combined with reductions of food wastage;
consumption of animal products; and food-competing-feed from arable land. While reasons behind the hunger
problem in the world are political (Lappe & Collins, 1986) and not agricultural, organic agriculture still presents
a solution by increasing yields in low-input areas, increasing income, reducing costs and providing employment
for farm families; conserving bio-diversity and natural resources on the farm and in the surrounding area, and
producing safe and varied food.

With the current paper, we want to contribute to the discussion above by showing that there is sufficient arable
land in Turkey to feed the whole population solely with organic foods. The availability of other limited resources
used in farming such as water and labor are not considered in our work. Water availability data for Turkey is not
publicly available. Therefore, though water is a critical resource for farming, its availability in sufficient amounts
is taken for granted in this study. Considering that organic and other environmentally friendly farming practices
use water in a more sustainable and responsible manner (Reganold & Wachter, 2016; Liebig & Doran, 1999), we
assume that the model results would not be significantly influenced by the addition of water availability data.
Furthermore, the crop yield data indirectly comprise and reflect water availability as combined with climate
conditions, top soil quality, etc. Another resource, not included in the model, is labor. Turkey has a relatively
high proportion of young people (the first among EU and OECD countries) and a significant working-age
population. Besides, throughout the history, a large portion of Turkey’s population has been engaged in
agriculture and the country used to be one of the few self-sufficient countries in the world until the 90s. Although
the population practicing agriculture has been decreasing continually, Turkey is still considered among the top
agricultural countries. Consequently, the additional labor required to convert to an all-organic Turkey is
presumed to be available in this research. Finally, we assume the sufficient availability of nitrogen; a substance
necessary for plant growth but whose surplus creates environmental problems. In conventional agriculture,
nitrogen is provided in the form of chemical fertilizers whose use is unsurprisingly prohibited in organic
agriculture due to its adverse environmental effects. In organic agriculture, nitrogen is supplied by manure, crop
residues and N-fixation from increased legume cropping. Indeed, some of the organic certification firms active in
Turkey require organic farmers to reserve at least 25% of the farm land to legume cropping (V. Ersc¥, personal
communication, December 2017). Since legumes are valuable sources of protein included in a healthy diet for
humans and some, such as alfalfa, can also be consumed by animals, we assume that this condition be easily
satisfied in the agricultural plans that we produce using our model..

To show that there is sufficient arable land in Turkey to feed the whole population solely with organic foods, we
developed an organic agricultural plan for Turkey by using linear programming (LP), a renowned optimization
technique successful in solving large real-world problems. Specifically, we find how many acres of each crop
should be grown in each of the 81 cities in Turkey so that the whole population consumes organic foods only —
plant-based as well as animal products—. To feed livestock and poultry, crops such as corn and barley and forages
such as alfalfa are planted on arable land using organic practices. Both intensive (industrial) and extensive
(grazing on meadows and pastures) methods of organic livestock production are utilized. The model incorporates
transportation between cities while identifying any missing foods or excess land. Using suggestions from health
experts and eating habits of Turkey’s citizens, we compiled a diet providing sufficient energy and containing
healthy sources of fats and carbohydrates balanced with appropriate levels of protein from organic foods. The
linear programming model includes 120 crops and four animal-based products resulting in about 950 thousand
variables and 40 thousand constraints. Using General Algebraic Modeling System (GAMS) as the modeling
language and CBC as the LP solver, we reach an optimum solution in less than 40 seconds. Computational
results indicate that there are no food shortages and that it is possible to feed a whole population with organic
products using only 63% of the available arable land. By mathematically refuting the argument that it is
impossible to feed the whole population with organic foods, we contribute to the removal of one obstacle on the
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way leading to the development of the domestic organic market and the widespread accessibility of organic
agriculture products in Turkey. In addition, with the use of an embedded transportation module we obtain results
that lower fossil fuel consumption in food delivery.

2. Linear Programming in Agricultural Planning

Linear programming is one of the most important tools used by industrial engineers and operations researchers.
It is an optimization method to formulate and solve problems with a linear objective function and constraints in
the form of linear (in)equalities. The solution process is incredibly fast taking advantage of linear algebra
methods and the progress in the computing discipline. Developed by George Dantzig towards the end of World
War 11, linear programming has been successfully used for the solution of large scale problems. A nice history of
linear programming, followed by its theory as well as references to various LP applications can be found in
Dantzig and Thapa (1997).

Agriculture has been one of the application areas of linear programming, (Dent, Harrison, & Woodford, 1986;
Moss, 2002; Williams, 1999). A good source for linear optimization models in agriculture is the model library of
General Algebraic Modeling System (GAMS); see Brooke, Kendrick, Meeraus, and Raman (1998) for how to
access the model library. Linear programming is becoming a frequently used technique in research conducted in
organic farming as well. Several farm level studies exist, for example, Acs, Berentsen, and Huirne (2007) use
dynamic programming to study the conversion process of farms from conventional to organic and apply
sensitivity analysis to show the effects of organic prices, depreciation and availability of labor at peak periods.
Kerselaers, De Cock, Lauwers, and Van Huylenbroeck (2007) model the economic potential of farmers for
conversion to organic farming. Pacini, Wossink, Giesen, and Huirne (2004) compare the economic and
environmental performances of conventional farms and organic farms in Italy under different regulations and
support schemes. Annetts and Audsley (2002) propose a multi-objective linear programming model to study
environmental farm planning; this is a very detailed model at the farm level including crop rotation and
sequencing, machine availability, land availability, and livestock grazing and feeding constraints; objectives
considered are the maximization of profit and the minimization of the negative environmental effects of farming;
UK data is used. An LP problem modeling the use of organic fertilizers and crop sequences to conserve and
replenish the nutrients in the soil can be found in the GAMS model library, see Brooke et al. (1998). Lansink,
Pietola, & Bé&kman (2002) use data envelopment analysis to compare the efficiency and productivity of
conventional and organic crop and livestock farms in Finland -on average organic farms are found to be more
efficient but less productive- and discuss the possible reasons behind the lower productivity of organic farms.
More recently, a landscape-level model was proposed by Kennedy et al. (2016) to jointly optimize biodiversity,
water quality and profit using a multi-objective model targeting sugarcane production and cattle ranching in
southeastern Brazil. The work proposed by Le-Si et al. (1983) is very much related to ours in the sense that it is a
linear programming model of Turkey’s agricultural sector but differs from ours in many aspects. The main goal
of Le-Si et al. (1983) is economic growth and so they include prices, price elasticity, (linearized) demand
functions, import and export quantities; which we do not include in our model. In contrast, our main goal is to
achieve a healthy human, animal and plant population as well as preserve soil fertility, water quality and clean air.
Therefore, we provide an organic agriculture plan for the country prescribing which crop or animal to grow in
every city, a detail which Le-Si et al. (1983) omit. The resulting plan from our work is a step towards ensuring
food security and food sovereignty of the country, respecting nature, biodiversity and providing fair working
conditions for farmers and farm families. At this point, the work of Jacobson et al. (2017) is worth mentioning
who provide a roadmap for 139 countries of the world to convert all energy use to 100% water, wind and sun
powered technologies. Ours is also a holistic model prescribing that all arable land to be converted to organic
agriculture. They argue that in their case 100% conversion is possible economically and technically but that the
barriers would be social and political. We show here mathematically that feeding a country with 100% organic
foods is possible while expecting barriers of a similar nature.

3. Developing Turkey’s Organic Agriculture Plan

Our goal is to feed the whole population of Turkey with organic products only and in this section, we present a
linear programming formulation of an organic agriculture plan at the country level. This is in contrast with most
of the models mentioned in the above paragraph that are at the farm level. Figure 1 is a visualization of data
requirements and summary of outputs.
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Figure 1. Inputs and Outputs of the LP Model

Main inputs of the mathematical model are:

a menu containing a variety of foods,

the list of crops to be grown for human consumption,

the list of feed and forage crops to be grown,

the crop yields under organic farming,

the amounts of arable land, meadows and pastures in each city,
the list and quantities of animal products to be consumed,

the different animal species traditionally bred in the country, and
the product (such as milk or meat) yields of these animals.

Some of the data, we easily obtained from websites of government agencies: (i) the distances between cities from
the General Directorate of Highways of Turkey [KGM] (2014), (ii) the geographic distribution of the population
from the Turkish Statistical Institute [TUIK] (2014a), and (iii) the amount of arable land from TUIK (2014b).
The rest of the above-mentioned inputs required more effort to obtain. In the following, we discuss these in more
detail while specifying sources used to extract them.

3.1 Data Requirements: a Balanced Nutritious Diet

After modeling the constraints and the objective function of the mathematical model that we report in Section
3.4, to run our program and obtain results, we needed the values of a variety of input parameters. One such input
to the LP model is the list and quantities of products to be consumed by one individual in a year. In a balanced
nutritious diet, an individual has to consume fresh fruits and vegetables, good sources of carbohydrates and fats
and a certain amount of protein. Depending on the activity level, age and physical size, the daily energy
requirement can be anywhere between 1000-3200 kcal (Note 3). The percentage ranges for a healthy diet,
(Lichtenstein et al. 2006), recommend that calories from protein range in (10-35%), those from carbohydrates in
(45-65%) and calories from fat in (20-35%) which can surpass 40% when a Mediterranean type diet is consumed
with healthy sources of fat such as olive oil (Kafatos, Verhagen, Moschandreas, Apostolaki, & Van Westerop,
2000). Indeed, in the model, the fat consumed comes from four sources: olive oil (52%), nuts (11%), animal
products (14%), and other plants (23%). To curb appetite and control weight gain we used a slightly larger fraction
of calories from proteins than that in the standard diet, (Pesta & Samuel 2014).

Due to the rich biodiversity of the country, Turkey’s citizens are used to consuming a wide variety of products. In
the model, we made an effort to include the most frequently consumed plants and animal products. Appendix A
contains a detailed list of 106 crops for human consumption, 4 animal products, 7 feed crops and 12 forage crops
used in the model. For an average person we use a 2400 kcal diet with 90 grams of fat, 272 grams of carbohydrates
and 91 grams of protein. These quantities fall into the percentage ranges recommended by health experts. The
calorie level of 2400 kcal is high for a young child and low for individuals who work at physically demanding jobs
and need to consume a large amount of calories, but, when averaged, there will be ample food for every citizen to
remain healthy. In Table 1, we provide the list and quantities of foods consumed, grouped into main categories.
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Table 1. Main food groups and consumption levels

Food group  Legumes Grains Vegetables Greens Fruits Olives** Meat Chicken Milk*** Eggs Nuts
Consumption* 100 200 300 250 400 250 30 40 364 260 20
* All quantities in the table except eggs are daily figures in grams; for eggs, annual consumption is given in units.

**25 gr olives to be consumed at breakfast and 225 gr converted to olive oil, making approximately 32 gr olive oil (conversion ratio of olives
to olive oil is 7:1) to be used for cooking and on salads.

***\We assume that an individual consumes 25 gr cheese (conversion ratio of milk to cheese is 8:1), 100 gr yoghurt (conversion ratio of milk
to yoghurt is 1.4:1) and 24 gr of milk daily, resulting in an equivalent of 364 gr milk.

3.2 Data Requirements: Crops and Yields

After deciding on the plants to be included in the model, we needed to compute the yield of each crop in each
city when grown under organic farming conditions. Turkish Statistical Institute (TUIK) publishes past data
regarding crop production using conventional farming methods in Turkey (Note 4). Data are detailed; one can
find location information ranging from country level down to municipalities. Individual crops are listed as well
as food groups together with quantity produced and the amount of land cultivated. Unfortunately, such data are
not available for organic products. For organics, data published only list the amount produced but not the amount
of cultivated land for individual crops, vital piece of information to compute organic crop yields. Employees at
the Ministry of Food, Agriculture and Livestock were very helpful and we are grateful for all their support but
the information provided by them was too limited to be used in research. To obtain yield information for each
crop, we used conventional farming yield data published by TUIK together with the results of research
comparing organic and conventional yields. Although there exist many articles arguing that organic yields get
very close to their conventional counterparts and even surpass them, (Badgley et al., 2007; Drinkwater et al.,
1995; Liebig and Doran, 1999; Lotter et al., 2003), to be on the safe side, we used a certain decrement in yields
when organic farming methods are used. Specifically, we used the average results reported by Seufert et al.
(2012), a comprehensive meta-analysis which reported that overall, organic yields are 25% (in the 5-34% range)
lower than conventional with organic performance varying widely over crop types, species and practices used.
We made the necessary reductions in the yields of crops, reported in Table 2.

Table 2. Average yield reductions reported in Seufert et al. (2012)

Food group Fruits and nuts Grains Wheat Vegetables Legumes Tomato Salad greens
Reduction percentage 10% 25%  40% 30% 10% 20% 25%

To increase modeling complexity at a reasonable pace, we first formulated a vegetarian model. In this model, all
citizens of the country consume only plants. In order to account for the loss of animal protein, we increased the
daily intake of legumes and grains. Using the most frequently consumed 106 crops and 81 cities resulted in about
750 thousand variables and 28 thousand constraints. We found the optimal solution in less than 30 seconds. The
results showed that 54% of the arable land in Turkey sufficed to provide the necessary nutrition (2330 calories,
83 gr protein, 69 gr fat, and 297 gr carbohydrates) to the whole population in the form of organic foods. In the
second model, we included organic animal products to allow for a more diverse diet. We report the details of the
omnivore model in Sections 3.3 and 3.4.

3.3 Data Requirements: Modeling Animal Products

In this paper, our main concern is the availability of sufficient arable land to feed the population. Therefore, in
what follows, we only consider the feed needs of animals as they affect the amount of arable land. Organic
farming rules and regulations that are in effect in Turkey prescribe several other conditions for raising animals;
these concern the amount of living space to be allotted to each individual animal, the access to outdoors,
exposure to natural lighting etc. These conditions are of a more technical nature and can be satisfied without a
burden on arable land.

A difficulty in modeling was the dual role of animals. Once, their products are food items for humans, then again,
animals themselves are consumers of plants that were grown on the same arable land used for growing plants for
human consumption. Hence by defining appropriate variables in the model, (i) we determine how many of each
animal we need to raise to feed the human population, and (ii) we allot certain amount of arable land to satisfy
the feed needs of these animals. Animals modeled are beef cattle, dairy cows, and two breeds of chicken, for
meat and eggs. Although there are a number of different sheep and goat breeds in Turkey, we have not included
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them in our model to keep data processing efforts at a reasonable level (Note 5).
3.3.1 Chicken and Eggs

In the model, we included two general breeds of chicken: broilers, those raised for their meat and egg-laying
chicken, each with a different lifetime and meat/egg yields. To feed both types of chicken, main feed products
used are soy and corn. Lampkin (1997) suggest that corn-fed table birds may be fed a ration containing a minimum
of 65% cereals and if corn is used, it should make up at least 50% of the ration. For laying hens, Zollitsch and
Baumung (2004) suggest a 100% organic diet consisting of 50% corn, 35 % soybean or sunflower, 5% alfalfa and
10% minerals. In the model, we used feed rations from an organic poultry farm in the Agean part of Turkey. There,
broilers consume 8.75 kilograms of total feed during their lives whereas egg-laying chicken daily consume 54
grams in the first 15 weeks of their lives and 130-140 grams in the remaining 75 weeks. Using these figures, we
computed total annual soy and corn consumption of each chicken breed. The feed rations and product yields are
summarized in Table 3. These quantities are in accordance with the percentages suggested in the literature.

Table 3. Yield and feed needs of chicken

Lifetime Yield Soy Corn Vitamins, minerals
content content  and stone
Broiler > 81 days At the end of their lives: 2.5 kg live weight  25% 70% 5%

becomes 1.7 kg of chicken meat (68%
carcass yield).

Egg-laying =90 weeks  With no eggs in the first 15 weeks, 26010 29% 56% 15%
chicken eggs are produced annually (Note 6).

Source: (E. Cetinkol, personal communication, January 10, 2015)

3.3.2 Milk and Beef Cows
There are two fundamentally different methods of cattle breeding: intensive and extensive.
Table 4. Animal breeds, regions and yields

Type Region Average Average life Average life Carcass
annual milk ~ weight - adult ~ weight - adult  ratio
yield (kg) female (kg) male (kg) (%)

Yerli Kara Central Anatolia 1062 200 300 57

Kilis Bahg South East Anatolia 1875 414 610 60

Yerli Sart* Eastern and northern parts of 633 200 300 57

Mediterranean
Boz Step East Marmara, Thrace, 1096 375 470 57

North Aegean and west parts
of Central Anatolia

Dogu Anadolu East Anatolia 939 322 393 61

Kirmizisi

Manda Camis All parts of Turkey but 925 438 438 55
mainly the Blacksea region.

Zavot Kars (city in East Anatolia) 2300 400 550 57
and vicinity

Intensive beef cattle  All parts of Turkey. 5000 500 650 60

and milk cows

*We used data from Yerli Kara to fill the missing data pieces of Yerli Sar1, similarly for the weight of male Manda we used the figures for
female Manda.

In the extensive method, also called traditional, animals freely graze on meadows and pastures as long as climate
and grass conditions allow. The farmer provides a roof under which the animals can seek shelter when the weather
gets rough (either too cold and stormy or too hot and sunny). The shelter can also be in the form of a group of
densely grown appropriate trees. When weather or grass conditions are ill-suited for grazing, the farmer provides
grass, hay or forages that have been cut and dried for this purpose at the time of harvest (S. Beyazit, personal
communication, February 2015; Younie, 2001, Voisin, 1959). In the intensive method, animals are kept indoors
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apart from a small grazing area and the farmer provides all of their feed needs. Mete Hacaloglu criticized that
organic intensive animal husbandry differs from conventional animal husbandry in only a single aspect: the feeds
used are organically grown. From an optimistic perspective, this means that it is relatively simple to convert from
conventional intensive animal husbandry to an organic method (personal communication, February 2015). Details
regarding the locality, milk and meat yields of the animals are inputs to the mathematical model in Section 3.4.
This information, mainly compiled from Meat&Milk Board [MMB] (2015) and the Official Gazette of the
Republic of Turkey [OGTR] (2004), is summarized in Table 4.

3.3.2.1 Extensive Animal Husbandry: Feed Needs

The extensive method has long been the traditional animal husbandry technique used in Turkey with several
local breeds of both beef cattle and milk cows. In feeding cattle using the extensive method, we did not
distinguish between milk cows and beef cattle but acknowledged a seasonal differentiation. Cattle, when grazing
in a meadow in ideal conditions (15 cm grass height), daily consume green grass that amounts to at most 10% of
their body weights (Moisin, 1959) (Note 7). On meadows and pastures in average conditions, the cows graze an
equivalent of at most 8.5% of their body weights, daily (Moisin, 1959 p. 77). For a Zavot of 550 kg, that means a
daily consumption of 46.75 kg of forage, making a total annual consumption of 17064 kg green forage. A portion
of this annual figure is obtained by grazing. Each city has a certain amount of meadows and pastures with different
dry fodder yields; we have used these as inputs to the mathematical model. However, when meadows or climate
conditions do not allow for grazing, the farmer provides the remaining amount in the form of dry forage. Forages
common to Turkey are alfalfa (medicago sativa), common vetch (vicia sativa), sainfoin (onobrychis sativa), oat
(avena), grasspea (lathyrus), wheat (triticum), sorghum, bitter vetch (vicia ervilia), barley (hordeum vulgare), rye
(secale cereale) and crimson clover (trifolium incarnatum). We have observed that alfalfa is grown in almost all
cities in Turkey except a few; for example in Rize only barley is grown, similarly in Mardin, grass pea, bitter vetch
and common vetch are used as forages. In the model, instead of forcing a diet containing a specific forage crop
such as alfalfa, we allowed traditional forages common to each city to be used for supporting animal nutrition
when necessary, see Section 3.4 equation (10). Using 2014 data from United States, Kniss, Savage, and Jabbour
(2016) report that as a group, organic hay crops yield similarly or better than conventional hay crops (Note 8).
Since the experience of organic livestock farmers in Turkey is similar (M. Hacaloglu, personal communication,
February 2015), we used conventional yields without making any reduction when computing the yields of forage
crops under organic farming.

3.3.2.2 Intensive Animal Husbandry: Feed Needs

To summarize the feed needs of cattle, the term ration is used in the intensive method. Rations for beef cattle are
different from those for milk cows, (G&guUQ 2002). In the model, we simplified real life and used one species of
beef cattle and one species of milk cow to represent the average animal under intensive management. One can
think of this average animal as a Holstein or a Simental or a crossbreed of these with one of the local cattle species.
Feeds used in the intensive method are classified as roughage and concentrate feed. Roughage consists of fresh and
dry hay, forages and silage whereas concentrate feed mainly consists of grains and legumes. In organic animal
husbandry, additives are tightly controlled and restricted but some vitamins can be added to the feeds (Ozen, Sayan,
Ak, Yurtman, & Polat, 2010).

In feeding milk cows, it is suggested to have a high ratio of roughage (A. S&kmen, personal communication, 2014)
and provided that it is kept very high for lactating cows, this ratio should be at least 60% (Ministry of Food,
Agriculture and Livestock [MFAL], 2017). Same document also states that 3 kg of silage is equivalent to 1 kg of
dry feed. In the model, we used feed rations from an organic dairy farm where roughage to concentrate ratio is on
average 77%. To obtain the necessary annual feed need figures, we assumed that a milk cow’s life lasts 7 years, the
first two years of these are spent first as a calf then as a heifer without lactating, and in the next five years, the cow
is lactating and goes through different stages in terms of milk yield and nutritional needs during lactation. We
assumed that on average, a milk cow under intensive management consumes daily 1.2 kg of barley, 1.7 kg of corn,
15 kg corn silage, 1 kg soy, 3.3 kg dry alfalfa and 3 kg wheat straw (M. Hacaloglu, personal communication,
February 2015). Using these figures, we computed her annual average need of each feed crop: 426 kg barley, 606
kg corn, 5655 kg corn silage, 372 kg soy, 1207 kg dry alfalfa (medicago sativa) and 1095 kg wheat straw (Note 9).
Noticing that wheat straw is a by-product and its need can be satisfied from wheat grown for human consumption
we only added decision variables that represent the amounts of barley, corn, soy, corn silage and alfalfa to be
grown in each city.

Nutrition of beef cattle raised using the intensive method differs from that of milk cows greatly, especially in terms
of protein content. Organic cattle farms suggest that organic beef cattle on average consume 4 kg of barley, 2.5 kg
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of corn, 2.5 kg of soy, 1.22 kg of dry alfalfa and 3 kg of wheat straw daily (Mete Hacaloglu, personal
communication, April 2015). Usually beef cattle are slaughtered around 15-18 months of age so they need to gain
weight quickly. Therefore, the concentrate ratio in the feed mix is higher than that of milk cows, it is at least 60%
and reaches 100% at the end of their lifetimes (Ugur, 2004; Younie, 2001). In the mathematical model, we kept the
concentrate ratio for intensive beef cattle at 68% on average.

3.4 Components of the LP Model

Following the list of index sets and the definition of parameters and decision variables in Table 5, we present the
main constraints and the objective function(s) of the problem.

Table 5. Index sets, variables and parameters

Index sets

P set of all organic crops grown for human and animal consumption

F subset of P, set of organic feed products for chicken and livestock including grass
L set of organic animal products for human consumption

H subset of P, set of organic forage products grown on arable land

A set of animal types bred using organic practices

C set of cities

Parameters

Di distance between cities j and k

Agrland; amount of arable land in city j (decares)

Pop; population of city |

FoodReq; annual requirement of one person of food i (both plant and animal products)
FeedNy;i annual need for feed i of one animal h in city j

ForageNy,; annual forage need of one animal h in city j

Meadw; Amount of meadows in city j (decares)

GrassNeed,; annual grass need of one animal h in city j (grazing)

Grassyield;  fresh grass yield of meadows and pastures in city j (kg/decare)

Yield;; yield of crop i in city j under organic farming conditions (kg/decare)
Cmeatyield,; average annual chicken meat production capacity of animal h in city j
Eggyieldy; average annual egg production capacity of animal h in city j

Meatyield,;  average annual meat production capacity of animal h in city j

Milkyieldp; average annual milk production capacity of animal h in city j

SC Shortage cost of food

TC; unit transportation cost for food type i per shipment

Variables

Z total distance travelled by food and costs of transportation, shortages and agriculture
Xii amount of arable land allocated for growing crop i in city j (decares)

an; number of animals of type h bred in city j

Pii amount of food type i (in kg) produced in city |

Cii amount of food type i (in kg) consumed in city j

Vi amount of food type i (in kg) produced in city j and consumed in the same city
tiik kilograms of food type i transported from city j to city k

Sij kilograms of food type i in shortage in city j

el; excess land in city j (decares)

epm; excess meadows and pastures in city j (decares)

pu; percent land used in city j

Cyj amount of leftover pastures in city j cut to be used indoors (decares)

3.4.1 The Mathematical and Logical Restrictions of the Problem

In LP terminology, the mathematical and logical restrictions of a real world problem are called constraints. The
main constraints are given as:

pij = x;;- Yield;; for i € P\{Grass}andj € C Q)
pMilk,]' = ZheAMllkylEZth . ah,j forj eEC (2)
PMeatj = 2nea Meatyieldy;-ay; for j € C (3)
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Pchickenj = Ynea Cmeatyieldy; - ay; for j € C “)

PEggsj = 2neaEggyieldyj-ay; for j €C (%)

Yij = Dij— Zk=jtijx for i € (PUL)\{Grass}andj € C (6)

Cij = Yij + Zizjtix; for i € (PUL)\{Grass}andj €C ()

cij + sij= Pop;- FoodReq; for i € (PUL)\(FUH)andj € C )
Carassy = (Meadw; + Pastur, — epm, — cg;)- Grassyield, for j €€ ()
Yicn (Ci,j +si,j) + cgj- Grassyield; = Y,eq (ForageNy; - ay;) for j € C (10)
Cij + Sij = Ynea (FeedNy;-ay;) for i€ Fandj €C (11)
YiepXij+ ely = Agrland; for j € C (12)

pu; =1— el;j/Agrland; for j € C (13)

Constraints (1) relate the amount of land cultivated for each crop, X;;, to the amount of production, p;;, using
organic farming yields, Yield;j. Grass is excluded from (1) because it is not “produced” on arable land but on
meadows and pastures, modeled in (9).

Constraints (2) — (5) relate the amount of animal products produced to the number of animals grown. For
example, in the case of milk, the equations compute puiij, the amount of milk produced in city j using ay, the
number of animals of type h bred in city j, and Milkyieldy;, the milk yield of animal h in city j. Each type of
animal, also depending on the locality it is commonly bred, produces a different amount of milk throughout their
lives. This makes an annual amount of about 5000 kg of milk for intensive milk cows but only 1061 kg for the
Yerli Kara milk cow when bred in Ankara or Aksaray, etc. Because Yerli Kara is not commonly bred in Adana,
the annual milk yield of Yerli Kara in Adana is zero. So that with a two dimensional parameter, Milkyieldy;, we
have incorporated whether or not a certain type of animal is grown in a city as well as its annual milk yield. The
remainder of the animal products is modeled similarly in (3) — (5).

Constraints (6) reserve a portion of production to be consumed locally in the same city, yij, and ship the
remainder to other cities in need, Y. ;t;;x. Constraints (7) then define the total amount of consumption of a
product as the sum of the amount consumed from local production and the total amount received from other
cities with excess, Ytk

Constraints (8) ensure that the food requirements of the human population in every city are met. The set
(P UL)\(F UH) includes all crops and animal products for human consumption. Products in (F U H) are
excluded because these are either feed crops or forages that will be modeled in Constraints (10) and (11).

Grass is “produced” in the meadows and pastures and consumed by extensively bred cows via grazing. If there is
any excess then that amount is either left unutilized, epm;, or is cut, cg;, as in Constraints (9). The excess grass
cut in (9) is used to supplement indoor feeding needs of extensively managed traditional local cow breeds
modeled in Constraints (10). These equations also utilize different forage crops such as alfalfa grown on arable
land. Here we do not prescribe which specific forage crop should be consumed; the summation in equation (10)
enables an animal to consume whatever forage is grown in the locality it is bred. Constraints (11) ensure that the
feed needs of chicken and intensively managed milk and beef cows are satisfied and include crops such as corn,
soy and barley, as well as alfalfa grown on arable land. Grazing (outdoor feeding) needs of extensively managed
traditional local cow breeds are also modeled in Constraints (11) when the index i equals Grass. We use

variables s;; in constraints (8), (10) and (11) to keep a record of shortages if there are any.

Finally, constraints (12) and (13) make sure that the amount of arable land utilized does not exceed the available
amount, record the actual land use and compute the percentage of arable land left unused.

3.4.2 The Objective Function and Multi-Objective Programming

The objective function is an important element of an LP problem and it is frequently used as a vehicle to direct
the solution towards specific targets. In this section, we construct the objective function to achieve our targets.
Primarily, we want to feed the whole population using organic agriculture hence we will minimize food
shortages as much as possible. At the same time, we want to minimize total distance travelled by food,
transportation costs incurred by farmers and avoid unnecessary crop production. Obviously, the problem on hand
has a multi-objective nature.

Standard approaches to solve multi-objective optimization problems, also called lexicographic optimization, are
classified as the preemptive and non-preemptive methods (Note 10). The equivalence of these approaches for the
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linear case is shown in (Sherali & Sosyter, 1983). In the preemptive approach, objectives are optimized in turn
according to their priorities. This approach is sometimes preferred because different objectives are measured in
different units as well. At the end of each stage, a constraint is added to ensure that a higher priority objective
function value is preserved in the subsequent stages (optimizations). In the non-preemptive method, a weight is
assigned to each objective that represents its relative importance. The weighted objective functions are combined
into a single objective function which then is minimized.

In our problem, we have the following objectives:

minimize food shortages: minimize 3, ; s;; (14)

minimize distance travelled by food: minimize Y; j Djy * tijx (15)
minimize total actual transportation cost: minimize Y, TC; " t;jy (16)
minimize amount of cultivated land: minimize Ycp jec Xij (17)

In (14) we summed the shortage variable s;; and minimized total food shortage. In some cities such as Istanbul
with a large population but very limited amount of arable land, food requirements cannot be met from local
production; in these cases excess foods from nearby cities are transported. To prevent unnecessary transportation,
distances, Dy, are multiplied with t;;, the variable representing the amount of food i transported from city j to k,
and total distance travelled by food is computed and minimized in (15). To construct (16), actual transportation
costs incurred by farmers are found by multiplying TC; with tjx. Similarly to prevent unnecessary crop
production, total cultivated land is found by adding variables x;; and minimized in (17).

We applied both methods of multi-objective programming. In the preemptive method, we first optimized the
objective function (14) subject to constraints (1) through (13). Using the optimal OF value as a bound on total
shortages together with (1) through (13), we next optimized (15). We continued in this fashion until all the
objectives are optimized. In the non-preemptive method, we formed a combined objective function. Because
penalizing shortages has the highest priority, we use a high weight for (14). Trying out several penalties, we
found out that a weight of 1000 is sufficient to avoid food shortages in the whole country and set SC equal to
1000 (Note 11). Objectives (15), (16), and (17) are equally important with respect to each other and we used
weights of 1 for each to obtain the following combined OF:

minimize z = SC- X ;Sij + Xijk Djrc  Cije + Zije TCi - Eij + Liep jec Xij (18)

In compliance with the result of (Sherali & Sosyter, 1983), both methods produced the same solution. We discuss
the results in the next section.

4. Discussion of Results

The LP model presented in Section 3.4 is capable of generating a large number of numerical results. In a basic
run with 2013 data, we obtained insight into the problem of devising an organic agriculture plan for Turkey.
Below we share the basic points.

Turkey can satisfy the nutrition requirements of its citizens solely from organic foods grown in the country and
can feed her animals solely with organic feeds and forages; 63% of total arable land in the country suffices to
achieve this. There is no shortage of any food item, neither crops nor animal products. In the vegetarian model,
the required arable land was only 54% of the total available.

Transportation of food between cities takes place in all scenarios. In all of them, the most “needy” city is
Istanbul requiring around 7 million tons of food products to be transported from 18 other cities. More than 70 %
of the food transported to Istanbul are from cities such as Tekirdag, Sakarya, Balikesir, Canakkale and Edirne; all
of these cities are located in the Marmara Region in close proximity to Istanbul. We see the effect of the
transportation module here, minimizing total transportation costs and food-kilometers led to the utilization of
cities closest to Istanbul to feed this “giant” city. All cities “export” food, especially Sakarya and Tekirdag with
2.4 and 1.7 million tons, respectively.

In the outputs of the model, we observe that meadows and pastures have completely been used up by grazing
animals and extensive animal husbandry has been the preferred method to the extent that available meadows and
pastures allowed. The reason for this preference is that to produce one unit of output by the extensive method, a
smaller amount of input is required than the intensive method. In that sense the intensive method is a more
“expensive” animal husbandry method. In LP terminology, meadows and pastures are scarce resources and that
means if Turkey were to expand the amount of meadows and pastures, better and less costly agricultural plans
would be found.

128



http://sar.ccsenet.org Sustainable Agriculture Research \ol. 7, No. 1; 2018

When we try out different transportation cost structures, we see the tremendous effect of transportation on the
solution. Because animal products require certain temperatures during delivery, transporting these is costlier. If it
costs 1 TRY to transport one kilogram of crops, it costs 2, 4.5, and 7.5 TRY to transport one kilogram of milk,
chicken and meat, respectively, whereas figures for eggs are given as 0.1 TRY per unit. All of these figures are
close estimates of actual costs incurred that we obtained by interviews with organic farmers and officials of
companies processing, marketing and transporting organic food products. Due to the contacts that the farmers
have with the logistics companies, the unit transportation cost is independent of distance travelled. However, this
does not reflect the true cost to the environment and therefore we also considered an objective function (OF)
where food-kilometers are added to the total actual transportation costs. Table 6 reports a comparison of different
transportation cost structures.

Table 6. Distance travelled by food and required arable land at optimum solution for different transportation cost
structures; distance is reported as unit-kilometers for eggs and ton- kilometers for all other products

TC=0 TC = actual TC = actual with food kilometers in OF
plants for human consumption 29904 million 12752 million 4381 million
chicken feed 6401 million 682 million 283 million
cow feed 5996 million 434 million 128 million
forages 42943 million 0 0
chicken 2483 million 194 million 278 million
eggs 54982 million 3814 million 0
milk 19179 million 1563 million 284 million
meat 1141 million 266 million 496 million
used arable land percentage 29% 57% 63%

First, notice the obvious result (when TC=0) which is still worth mentioning because it points to the trade-off
between required arable land and the distance travelled by food. When we allow transportation without
penalizing it, we see that crops are produced almost entirely in cities where their yields are highest and
transported to all the other cities in the country. This gives rise to a very high amount of distance travelled by
food but a very low amount of arable land used, only 29%, to feed the whole country. Of course, we do not
suggest such an approach because its high usage of fossil fuels and adverse effects on environment are obvious.
Next, we considered an OF with actual unit transportation costs. This is the case in which to comply with what
the farmers are experiencing, we did not take distances into account. The required arable land percentage
increased to 57% and the distances traveled by food decreased in comparison to the previous case. However, this
second cost structure still did not reflect the true cost to the environment and we added the total distance
travelled by food to the objective function in Section 3.4 in addition to the total transportation costs incurred by
farmers. Results indicate that food now travels much less and when food travels, it does so to eliminate shortages.
Finally, the required arable land to feed the country increased to 63%.

Next, we made a stress test and assumed that due to drought, the topsoil in central Anatolia was lost and all the
arable land has become a desert that is no longer suitable for farming. Running the model under these new
conditions, we obtained results that in detail prescribe where food should be grown and transported to satisfy the
food needs of Turkey including the people of central Anatolia. We observed that it is still possible to feed the
whole country but this time 88 % of arable land is used with most of unused land being fallow land.

Recognizing the fact that the number of fruit trees cannot be increased at a level that we require in one instant,
we investigated a restrictive scenario where we placed an upper bound on the number of fruit trees in the
vegetarian model. Results indicated small shortages in kiwis, bananas and some berries; larger shortages in
walnuts and almonds and major shortage in olive trees. This is caused by three mechanisms: (i) we ignored
regional diets and forced everybody to consume berries and kiwis, etc. (ii) a large portion of the fat in the daily
diet is obtained from nuts and (iii) the major fat requirement including cooking oil is satisfied from olive oil.
From this scenario we can deduce that to arrive to a Turkey consuming healthy and organic foods we need to
increase the number of olive trees considerably.

In the beginning of the chapter, we reported arable land percentages for the vegetarian and the omnivore models.
In the vegetarian model, daily energy intake for an individual was set at 2330 kcal and used arable land
accounted to 54% of the total available. In the omnivore model, daily energy intake was set higher at 2400 kcal
and used arable land accounted to 63% of the total available. A 3% increase in the energy intake (from 2330 to
2400 kcal) of individuals caused a 17% increase in the required arable land. Here we do not impose a specific
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diet such as vegetarianism; however, results of our mathematical model confirm the fact that a vegetarian diet
puts a lower burden on natural resources than one that includes animal products.

Finally, we made a comparison with 2013 figures reported by the Turkish Statistical Institute summarized in
Table 7. In short, our model proposes to consume less meat, much less milk and chicken meat, and 20% more
eggs but in a fairly distributed fashion. Professional associations of red meat producers frequently complain of
the low consumption of animal products in Turkey. With the exception of eggs, our model suggests an even
lower consumption. In devising the daily menu, we complied with guidelines suggested by health experts
regarding the consumption of all kinds of products including animal products. Therefore, we argue that TUIK
numbers for red meat, chicken meat and milk would have been more than sufficient to feed the population in a
healthful manner if they were fairly distributed.

Table 7. Comparison of model results with actual consumption of animal products
Model output 2013 TUIK figures

Red meat (ton) 839513 996 125
Chicken meat (tons) 1119 351 1758 363

Milk (tons) 10 186 092 18 223 712
Eggs (units) 19933644540 16496 751 178

5. Limitations, Further Research and Conclusions

There are some limitations of our study. Firstly, mushrooms and fish have not been included in our study. These
products are healthy sources of protein and we hope to include them in the future as more data becomes available
regarding their production using organic methods. Mushrooms and fish are widely consumed products in Turkey
and their inclusion into the proposed diet will reduce the amount of arable land required to feed the country,
making the 63% in effect an upper bound on the amount of land required. Similarly; despite the high potential in
Turkey, uncultivated wild food (hunted and gathered from nature) have been out of consideration.

Secondly, breeding sheep and goat is very common in Turkey and consuming their meat is known to have a
number of health benefits due the specific fatty acids in the sheep meat and the leanness of the goat meat. Still,
we have not included these in our model to reduce data collection and processing time. However, if there is
political will to use our model for agricultural planning, some effort must be reserved for extracting the
necessary input data such as grazing habits, feed needs, meat and milk yields, for sheep and goat breeds in
Turkey.

In agriculture, it is commonly encountered that the output of one part of the system to be used as input to another
part. For example, manure from organic livestock production acts as valuable fertilizer for crop production. To
reflect such relationships inherent in agriculture, the model needs to be extended with appropriate variables.
Similarly, with additional variables, the amounts of water, labor and nitrogen in the form of any extra amount of
legume cropping required in the above proposed plan should be calculated and checked against available
resources.

As our goal is to feed the population of Turkey, we have only planned the organic cultivation of crops for human
and animal consumption. Since only 63% of arable land is used to feed the population, there is ample space for
organically cultivating commaodity products such as tobacco, sugar, or cotton some of which could also be
exported. In the future, the model can be extended to include these additional agricultural activities using organic
farming.

Some thought needs to be given to how to reflect risk factors and effects of seasonality or include different
farming practices such as permaculture in the model. It would also be useful to disaggregate the 81 cities of
Turkey into its 957 municipalities and produce a more detailed agricultural plan. The conventional yield data
contains a few inconsistent and incorrect records and some data cleansing is necessary. We suggest that the yield
information for a product to be removed or replaced by a regional average when the total amount cultivated in a
year is on less than a reasonable amount in a specific locality.

In this work, we developed a large scale mathematical model to be used in agricultural planning. Bearing in
mind that historically growing crops and animal husbandry used to go hand in hand and support each other, we
constructed a holistic model that includes both crops and animals. To this end, we modeled intensive and
extensive methods of livestock production. Recognizing the need for a healthier method of farming for the
well-being of humans, animals, plants, air, water, and soil, we used organic farming data as input and produced
an organic agriculture plan for Turkey. We have shown mathematically that it is possible to feed the whole
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population of Turkey with organic foods using only 63% of arable land. Data that drives the model are a
determinant factor and with similar data, the same model could be used for agricultural planning of other
countries or of other farming techniques. The resulting program is also a tool that can be used to understand the
effects of climate change on world food production. The encouraging results of our work give us reason to hope
the feasibility of feeding the whole world with healthier farming methods such as organic agriculture.
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Notes

Note 1. In 2008, IFOAM adopted the following definition: "Organic Agriculture is a production system that
sustains the health of soils, ecosystems and people. It relies on ecological processes, biodiversity and cycles
adapted to local conditions, rather than the use of inputs with adverse effects. Organic Agriculture combines
tradition, innovation and science to benefit the shared environment and promote fair relationships and a good
quality of life for all involved."

Note 2. Report of the General Directorate of Plant Production - Ministry of Food, Agriculture and Livestock
available at: http://www.tarim.gov.tr/sgh/Belgeler/SagMenuVeriler/BUGEM.pdf

Note 3. National Heart Lung and Blood Institute:
http://www.nhlbi.nih.gov/health/educational/wecan/healthy-weight-basics/balance.htm

Note 4. https://biruni.tuik.gov.tr/bitkiselapp/bitkisel.zul

Note 5. There are 24 domestic sheep and five domestic goat breeds in Turkey, for more information, see
http://www.tarim.gov.tr/Konular/Hayvancilik/Kucukbas-Hayvancilik/Koyun-Yetistiriciligi and
http://www.tarim.gov .tr/Konular/Hayvancilik/Kucukbas-Hayvancilik/Keci- Yetistiriciligi

Note 6. In conventional agriculture, annual egg yield of a chicken is 315+10.
Note 7. Whatever the meadow conditions, the cow was observed to graze no more than 8 hours a day.
Note 8. Hay crops are forages used for hay making.

Note 9. 1207 kg dry alfalfa is equivalent to 6036 kg fresh alfalfa because when fresh forage is dried it loses about
80% of its weight.

Note 10. In the case of multiple goals, the approach adopted is goal programming. Goals are expressed as
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constraints; the deviations from the goals are then minimized. In our problem, we have objectives rather than goals
and for that reason we use multi-objective programming and not goal programming.

Note 11. A shortage penalty of 100 instead of 1000 caused shortages in certain products and cities. If shortage
occurs with the first penalty used, we advise the researcher to persist trying out several penalties until an
appropriate one is found. Sometimes, the reason we have shortage is not because shortage is inevitable but because
the optimization program found it cheaper to have shortages instead of transporting food between cities. Trying a
larger shortage penalty will solve this problem.

Appendix: List of Products and their Classifications used in the Model

A lot of data went into the model. Population sizes of cities; distances between cities; the amount that an individual
consumes of each food item; crop yields in every city under organic farming; amount of arable land, meadows and
pastures in every city; the list of different animal species traditionally bred in the country; and the product yields of
these animals together with their localities. To give an idea of data requirements, we provide the lists of crops for
human consumption and the list of feed and forage crops, below in table format.

Tables are according to a specific classification of crops into grains, legumes, vegetables, greens and salad
ingredients, fruits, nuts and olives that we used in devising a healthy menu for humans. Because only cow milk,
beef, eggs and chicken meat are used as animal products in the model we did not make a separate table for those.

Table Al. Grains

Barley Corn Oat Rice Rye Wheat Wheat-durum

Table A2. Legumes

Beans-Dried Chickpea Cowpea Favabeans-dried Lentil - green Lentil -red Soy

Table A3. Olives

Olive-for oil  Olive-to eat

Table A4. Nuts
Almond Chestnut Hazelnut Peanut Pistachio Pumpkin-kernel Sesame Sunflower seeds Walnut

Table A5. Vegetables

Artichoke Carrot Garlic Okra Potato
Beans-Fresh Cauliflower Green beans Onion Pumpkin

Beet Celery Kidney bean Pea-Fresh Spinach
Broccoli Chard Leaf cabbage Pepper-for paste Tomato-for paste
Brussel sprouts Cowpea-Fresh Leek Pepper-to stuff Zucchini
Cabbage Eggplant

Table A6. Greens and salad ingredients

Arugula Cucumber-for pickling Green onion Mint Purslane Romaine lettuce
Cress Dill Horseradish  parsley Radish-red Thyme
Cucumber Garlic-fresh Lettuce Pepper-thin  Red cabbage Tomato

Table A7. Fruits

Apple-Amasya Banana Grape-no seed Kiwi Nectarine Pomegranate
Apple-Golden Blackberry  Grape-no seed to dry Lemon Orange-Other Quince
Apple-Grannysmith  Cherry Grape-wine Loquat Orange-Washington  Raspberry
Apple-other Cherry Grape-with seed Mandarin-Satsuma  Peach Strawberry
Apple-Starking Fig Grape-with seed to dry ~ Melon Pear Tangerine-other
Apricot Grapefruit ~ Japanese Persimmon Mulberry Plum Watermelon
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Table A8. Feed crops and forages

Barley-CowFeed Corn-Silage Common vetch-forage  Trifolium-forage
Beans-CowFeed Soy-CowFeed Lathyrus-forage Triticale-forage
Common vetch-grain Soy-feed eggchicken  Oat-forage \etch-forage
Corn-CowFeed Soy-feed meatchicken Rye-forage Wheat-forage
Corn-feed eggchicken  Alfalfa-forage Sainfoin-forage
Corn-feed meatchicken Barley-forage Sorghum-forage
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