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Abstract

:

A Danish pre-industrial farming system is reconstructed and compared to its modern industrialized farming system equivalent to evaluate agricultural performance in a sustainability perspective. The investigated Danish farm system and its contributing elements have undergone significant transformations. The intensity of contemporary agriculture shows that high productivity levels have been achieved by increasing the input of energy using modern machinery. At the same time, the energy efficiency (calculations based on energetic indicators) diminishes over time as the degree of dependence on fossil fuels increases. The results from this study show significant changes in the farming system, specifically inputs from agricultural land use, livestock, and energy systems. From being highly circular, the system changed to being a clear linear farming system with highly increased productivity but less efficient at the same time, questioning the relationship between productivity and efficiency and resource utilization in modern farming systems. Through utilizing an agroecological historical approach by comparing system performance over time, the results offer opportunities to explore how agricultural farming systems evolve over time and help to describe the complexity of the system level in a sustainability perspective.
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1. Introduction


At present, agricultural systems face severe environmental, economic, social, and institutional challenges [1,2,3]. These societal challenges are a result of human development, increasing agricultural intensification, specialization, and mechanization [4,5,6], with the outcome of very productive agricultural systems but also systems with severe environmental, climatic and social impacts [7,8,9,10]. Apparently, the modernization and industrialization of farming systems have radically changed the patterns of agricultural production and human consumption, as well as how we as humans perceive agri-food systems. In the scientific literature on transitions of agriculture, Goodman, Sorj [4] conclude that structural changes and agricultural development, such as appropriation and substitutionism, have contributed to a radical transformation of contemporary food systems compared to pre-industrial systems. Fonte [11] argues that through modernization the systems are distinguished by both structural as well as cultural change, where new cultural understandings shape new modes of organizing these food systems. According to Lemaire, Ryschawy, De Faccio Carvalho, Gastal [12], specialization has been a major factor in the intensification of agriculture in recent years, where production capacity is enhanced by intensifying production at specific production sites. Aspects of intensive agriculture and food production systems, however, may be considered different, depending on the perspective and purpose. As stated by Cox, Atkins [5] and Woodhouse [13], population growth and urbanization have necessitated the increased productivity of agricultural systems.



Before industrialization, peasant farming was an essential factor in population development and production [14]. Danish agriculture, particularly before industrialization, was a circular farming system with limits to the local environment [15]. Shifts in land use categories have occurred as an outcome of driving forces, such as technology and land improvement [16]. The particularly great economic success of the conversion of Danish agriculture to animal production can be found in the design and distribution of the cooperative dairy movement [17]. Since the industrial revolution, innovations such as modern machinery and inorganic fertilizers have helped to reduce the labor force, or even appropriated human labor and draft animals [6,18,19], but at the same time resulted in a dependency between human activity and fossil energy use to maintain agricultural systems [18,19,20]. These system changes came along with broader societal change, altogether constituting a new phase of Danish social ecology [21]. Denmark has, since the late nineteenth century, been distinguished by industrialized farming, a high share of agricultural land use, and an export-oriented agricultural sector [22,23,24]. Through these development phases, Danish agriculture became the modern farming agriculture of recent time. For these reasons, “reconstructing” and comparing Danish pre-industrial agriculture to industrial farming serves as an exemplary case for illustrating how the evolvement of modern farming systems creates sustainability challenges. Furthermore, it can inform sustainability assessment and intervention in contemporary farming systems.



A vast amount of studies about reconstructing past agricultural farming systems based on historical documents exists, such as maps, notebooks, statistics, and tax records [16,18,25,26,27,28]. Furthermore, there are numerous studies of changes in agro-ecosystems over time [6,29,30,31,32].These examples of “reconstructing” and comparing past agricultural systems and landscapes with current farming systems shows that the approach of adopting historical perspectives highlights important changes in agricultural systems. Such investigations on a regional scale allows for exploring changes in spatial and socio-economic dynamics over time, while also illuminating key determinants for spatial and temporal agro-environmental change [6,27,33].



This paper seeks to contribute to extant knowledge concerning the features of sustainable farming systems [6,31] by focusing on the historical transition from a pre-industrialized to an industrialized farm system and the historical evolution of energy use by measuring (the ever increasing) dependency on fossil energy [6,30,34,35,36]. The Danish Kragerup Estate (KE) serves as a case study. A comparative characterization analysis of the farming system at KE was performed for two periods: the years 1837–1841 (representative for the early nineteenth century, and in the following 1840s) and 2019 (representative for a 5-year-period) [34], were investigated and assessed. The aim was to identify and describe the farming system at KE in the two periods by comparing historical data and investigating how structural elements of the specific farming system in question have evolved over time. Investigating how farming systems evolve over time is interesting from an environmental, agronomic, land use change, cultural, and historical perspective [33]. Through these approaches, this study presents a Danish case study relevant for evaluating the sustainability of farming systems over time. The results of this investigation will be discussed in the context of historical agricultural development, structural changes, linearity, and the circularity of farming systems, including a socio-ecological perspective.



Theoretical Background


Agroecology seeks to consider and integrate different perspectives on sustainability in order to develop integrated approaches to farming system problems [19,35]. According to Dalgaard et al. [35], agroecology is defined as: “The study of the interactions between plants, animals, humans and the environment within agricultural systems. Agroecology as a discipline therefore covers integrative studies within agronomy, ecology, sociology and economics”. A related position is adopted by Francis, Lieblein, Gliessman et al. [36], as they emphasize that agroecology involves ‘the integrative study of the ecology of the entire food systems, encompassing ecological, economic and social dimensions’. This is further emphasized by Cattaneo, Marull [32] in their analyzes of the social metabolism of agroecosystems. These perspectives thus encompass people, ecological conditions, energy, and materials utilization with regards to processing, food security, and the impacts of polices and regulation on market conditions in agroecosystems. In the nineteenth century, farming systems traditionally relied on peasant management with the use of local resources, remaining within its biophysical boundaries. External inputs were at a low level, or even absent, and by-products were re-used rather than wasted [6,37]. Through industrialization, many components of agroecosystems were appropriated, decreasing the human input and increasing the dependence on non-renewable energy inputs, such as fossil fuel use [6,19]. The attributes of flow of agricultural, pre-industrial bio-economy, in relationship to its surrounding environment, was distinguished by a circularity of flows. According to Cattaneo, Marull [32], a novel perspective in landscape agroecology is needed to illuminate how these shifts from a circular flowing of matter and energy towards a more linear flow are present in recent agriculture and how agroecosystems and landscape functionality might be managed sustainably in future agroecosystems. At this background, this case study approaches identifying and describing farming systems and how these are linked to a specific agroecological and social environments, which illustrates how farming systems have developed over time with regards to different perspectives of sustainability.





2. Materials and Methods


Kragerupgaard, today known as Kragerup Estate (KE), is located (55.51004° N, 11.37847° E) close to Ruds Vedby, Kalundborg Municipality, Southwest Zealand, Denmark. KE has a long agricultural history, which is well documented [38,39,40,41]. The KE farming system was a highly mixed farming system in the 1840s, with both crop and livestock production based on working input from peasant farming. Recently, KE is a modern farming system with a variation in crop production and livestock (pig) production. The main soil type is defined as clay till.



The 1840s and 2019 were chosen in order to compare changes in the capacity and efficiency in a farming system over time. The reconstruction of the farming system is based on historical data from the KE local archive (handwritten booklets, books, notes, and tables) which are compared and validated for methodological applicability. Land use and livestock data from 1840s, and data from KE 2019 (agricultural land use, livestock data, and energy data [42,43]), were selected for being representative of two distinct phases of the Danish farming history. Field data from 2019 are regarded as representative of industrialized, market-integrated, and high productive agriculture, largely sustained by chemical fertilizers and internationally sourced feedstuff.



Historical maps and data are useful to trace land use practices for the analysis of long-term sustainability in agroecological studies. The methodology of this case study thus builds on two aspects: first, a quantitative comparison of KE’s farming system over time to illuminate changes in land-use and livestock (see Figures 1–3); and secondly, a more qualitative comparison regarding energetic indicators. Together, these two aspects contribute to the overall goal of determining appropriate goals for sustainable management of the agroecosystem from both socioeconomic and agroecological points of view, as proposed by Bromberg, Bertness [44], and Díez, Cussó [6].



In the first part, to analyse the contents of the field books and the livestock (herd lists) and agricultural energy inputs and outputs, all historical manuscripts from the archive on these issues were reviewed and included in an Excel sheet to provide an overview of the content. These data have been entered in a database and georeferenced using ArcGIS Pro [45]. Data and maps available from 1865, 1873, and 1897 [46,47,48] were digitized in ArcGIS together with a recent topographic map from 2019 [49] and included in an Excel sheet. The data processing is accompanied by interviews with local experts [37,50,51] to verify our interpretation of both the historical and contemporary data.



According to Cattaneo, Marull [32], industrial agriculture has favoured maximizing linear flows, suggesting that product flows out of the system (see Figures 4 and 5). To describe these flows, the systems boundary is important to define with regards to assessing the linearity (input-output) or circularity (recirculating internally) [19,35,36] of agricultural systems. In this study, we consider the agroecosystem from a single farm standpoint at farm-gate. Thus, modelling the KE system, the system boundaries as defined by the funds and flows accounting for the energy transformation and circulation from an agroecological perspective, as described by Díez, Cussó [6]. The main stocks present in the KE system are a crop livestock system based on historical and current data, with subsystems allowing for the presence of internal flows of energy as described by Hercher-Pasteur, Loiseau [20]. The farmer as the manager or steward of the agroecosystem is part of the external input to the farming system, together with inputs in form of fertilizer, fuel, electricity, heating, and fodder for livestock production. Furthermore, as described by Tello, Galán, Cunfer et al. [52], manure as energy (calculations based on Danish numbers, see [53]) recycled in the system, is also part of the internal flows on this Danish farm. Even if many industrialized system studies exclude human labor [20], the human labor is included in this study, both to enquire about the difference between the KE 1840 and KE 2019 system, but also because, without human labor, there would be no production.



In the second part, the energetic indicators used by Hercher-Pasteur, Loiseau [20], with an anthropic consideration of the system, are regarded as an important qualitative approach to compare sustainability in the system over time. More concrete, the methodology we used follows the flow-fund approach, describing the relationships between elements contributing to the agricultural system as proposed and developed by Cattaneo, Marull [32], including the adoption of the social metabolism concept [32,54]. In the energetic approach of this study, farmland, livestock, farmers, and machinery are regarded as funds, as presented in Table 1.



As these stocks funds from crop and livestock production can provide flows in form of food, feed, fibre, fuel, and finance, they are capable of providing flows at a given rate, as originally described by Georgescu-Roegen [59] and developed by Cattaneo, Marull [32], and Díez, Cussó [6]. Flows correspond to their respective funds as they need maintenance to be optimized, but also as an overexploitation of flows, which has a negative impact on a systems sustainability. Therefore, as an important energetic indicator, Energy Return on Energy Investment (EROI) (see formula in Table 1 above) from an agroecological point of view is used to examine the energy return relative to the energy used to derive this return in form of energy end products [55,56,57,58,60]. As stated by Guzmán, González de Molina [30], from an agroecological point of view, all the biomass produced from a specific agroecosystem should be integrated in the EROI approach. We are aware of this concern, but do not include calculations on biomass in this study, mainly because the historical data does not contain information on biomass, i.e., to avoid that, all calculations would be based solely on estimates, and we therefore choose to omit biomass data. Regarding the energy efficiency and sustainability of agroecosystems, the theoretical concepts described by Tello, Galán [50], Tello, Galán, Sacristán et al. [61], Parcerisas, Dupras [62], and Díez, Cussó [6], are adopted in this study.




3. Results


3.1. KE in a Comparative View


The results show that KE and Danish agriculture have undergone some significant changes over time. In this results section, we focus the attention, first to land use changes, secondly to the changes in energy flows over time.



In the 1840s, a total of 23% of the land use was pastureland (see Figure 1a,b). In that period, more land was used for cattle or sheep grazing, corresponding to the average national Danish level described by Frederiksen, Rømer, Münier [63]. Field size development shows an increase in average field size from 1.4 ha in 1865 to 5.5 ha in 1873 and further increasing to 10 ha in 1897. This development is mainly due to the incorporation of fallow land into arable land, as confirmed from the maps [47,48]. The development from 1873 to 1897 is regarded as a further development of field drainage and a reclamation of natural areas into arable land.



Hence, especially for meadows, fallow land, and pastures, a sharp intensification of the landscape is observed over time, where the relative percentage of arable area has increased at the expense of the other land-use types, leading to an average field size of 28 ha in 2019. The farm livestock presents a shift from cows and oxen production in the 1840s, to a highly specialized swine production in 2019. The main changes in the farming structure are presented in Table 2 as an overview of the farming community, land-use and livestock data. The farming community decreased significantly over time as peasants are no longer are part of the farm. In 2019, farm-associated people were mainly the operation manager and seasonal workers contributing to sowing at harvest time. Natural areas were ploughed or planted with forest through agricultural intensification throughout the nineteenth century [64]. This is confirmed by the percentage decrease of boundaries between arable land and natural areas from 38% in 1873 to 6% in 2019. At the same time, these results still confirm a very small amount of drainage in arable land at KE in 1873 compared to the whole agricultural area of KE. The increased percentage of field boundaries between arable land and forest has increased from 0% in 1873 to 28% in 2019, corresponding to a higher extent of forest area at KE. Large differences observed in area types can give an indication of change in land use types, and thus in biodiversity associated with natural areas. This development in field size and different land-use types confirms the structural and societal changes towards a continued intensification of industrialized agriculture. The increase in field size, fewer natural areas and fewer field roads are trademarks that confirm this development [58].



Even though the KE 2019 system is distinguished by larger field sizes, crop diversity has actually increased over time. In summary, six crop types were present in the field books from the 1840s. In these field books, wheat (Triticum aestivum), barley (Hordeum vulgare), rye (Secale), oats (Avena sativa), and potatoes (Solanum tuberosum) and peas (Pisum sativum) were found. While oats were mainly used as fodder for horses, barley was used both for cooking at KE and to some extent for malting barley. Comparing the 1804s to 2019, the crop variety has expanded (see Figure 2). Besides barley, oats and wheat cultivation now also includes fava beans (Vicia faba), rapeseed (Brassica napus), maize (Zea mays), and a small amount of Christmas trees (mentioned as ‘others’ in Figure 2) in summary presenting more than seven crop types. The larger number of crops means that the share of each crop has fallen relative to the total area. Rye is no longer grown at all, and the 4% of oats in 2019 is exclusively grown for human nutrition and no longer for horse feed. While, on average, barley was grown on 35% of the total area in the 1840s, the percentage of barley has decreased to 17% in 2019. The average of winter wheat has increased from 12% in the 1840s to 26% in 2019. While the purpose of grass in the 1840s was as a grazing area for the livestock, the purpose in 2019 included grass seed production but not as grazing area for livestock.



Crop yield at KE has increased significantly over time. Calculated in absolute numbers, the yield (ton) per ha has increased from the 1840s to 2019; winter wheat from 1.6 to 9.3 ton/ha, barley from 1.3 to 8.1 ton/ha and oat from 1.0 to 7.5 ton/ha. Fields located close to the farm had in the 1840s higher levels of manure fertilization and were utilized more intensively [65].



In the 1840s system, a five to six-fold yield return on grains sown for this specific geographic area was estimated by Dinesen [40] and corresponds to the numbers given for crop yield from Rømer [65], referring only to intensively cultivated crops such as barley, wheat, oats, and rye. The geographical location of the farmland relatively close to the farm also influences the intensity of cultivation (indicated by larger field size close to the manor house). These results can, to some extent, indicate good soil conditions for KE. However, the results also indicate that the soil quality has not only been decisive for which crops the estate and its production focused on. Comparing yield for wheat, barley and oats as the three crops present over time, the average yield increased corresponding to more than a quadrupling. To clarify how this quadrupling of crop yield was obtained, these results were used further on in the calculation on energetic indicators.



KE’s historical livestock lists provide information on the number of dairy cows, bulls and oxen registered at KE in the years 1839 and 1844 [66,67]. In the KE farm system, sheep were mainly present at peasant farms as confirmed by the land-rent [68]. When the 1840s are compared to 2019, a significant change in the livestock composition becomes clear as 2019 is distinguished by a focus on specialized pig production (see Figure 3). The amount of cows and oxen decreased significantly over time, while pig production was the main focus of production in the 2019 system.




3.2. Energy Funds and Flows over Time


Comparing the 1840s farming system to the 2019 farming system, the transition from pre-industrial to industrialized farming system becomes clear. To give an overview on energy flows in the agroecosystem of the 1840s and 2019, elements from the external input, livestock, and the final produce are listed in Table 3.



The results in Table 3 clearly show the changes with regards to human labor input. These decreased by 92% working hours per hectare and substituting human labor and draft power by modern machinery using non-renewable fuel input. Fertilization supported the significant increase of crop yield per hectare, corresponding to an increase of 407% in the KE farm system when compared over time. Thus, the result was a quadrupled crop yield production at the cost of a high amount of external inputs and potentially environmental consequences of excess nutrient discharge. Livestock production was intensified over time by moving the production from pasture livestock to specialized and industrialized production sites as shown by the decrease of animal diversity and by the increase in pig production.



From these structural, quantitative data, it is now possible to have a look at possible changes in the overall energetic input and output rates in the farming system (see Table 4).



Taking the difference in the size of the farm between the 1840s and 2019 into account, the FP, EI, and labor was calculated per hectare to calculate the relative difference for EFEROI and labor EROI over time. The results show the key importance of labor as being the main force in managing the agroecosystem. Industrialization of livestock production and mechanization of agriculture increased the 1840s labor EROI productivity more than 31 times compared to the Labor EROI in 2019. This increased productivity did, however, not occur along an increased efficiency as shown by the results from the EFEROI. By the significant multiplied increase of EI in the 2019 system, the EFEROI decreased with more than 80%. As the 2019 results still show a number above one, KE has not become a net consumer of energy, but the results do indicate a decreasing farming efficiency for the industrialized agricultural system at KE in 2019.



The relationship between FP and non-renewable external energy input allows one to determine the efficiency of non-renewable energy. The results presented for 2019 show a relatively high efficiency compared to data from the case study from Alonso, Guzmán [53], including greenhouse vegetables, which may explain the lower efficiency. As mentioned by Tello, Galán [60], non-renewable EROI emphasizes the farming systems’ dependence on external inputs in relation to the use of non-renewable energy. No non-renewable external inputs were present in the 1840s pre-industrialised system. The results from 2019 show an input of 48 MJ per ha non-renewable energy, which is much higher than the results presented by Pérez Neira [55].




3.3. Farm Linearity and Circularity


Figure 4 and Figure 5 show the attributes of the KE agroecosystem’s multi-functionality with regards to circularity or linearity for the 1840s and 2019. The farmland, livestock, and farming community provide the basic structure and funds of an agroecosystem. From these funds, the different flows of energy carriers are distinguished and described. In the 1840s farm system, only human labor is present as external input. From the percentage of the total amount of energy output, crop yield represents 96%, livestock represents 4%. From here, the system shows a circularity. Circularity is present by the amount of energy from crop yield or livestock which is returned to the farm. Linear outputs, on the other hand, present the amount of energy leaving the farm as, in this case, sold products in a linear output. The 1840s system shows a high percentage of circularity where crops were re-used as feed for human, fodder for livestock, and seeding for next year’s crop production. Also, milk, meat, and manure from livestock production were highly circulated on the farm. The relatively minor amount of linear outputs is represented by mainly barley sold for beer production and studs from the livestock production sold for export.



In 2019, fuel (non-renewable input), fertilizer, heating, and fodder bought from external, local farmers, and necessary for the current livestock production, are present as external inputs to the farm system. The amount of human working hours was 35,703, corresponding to a 94% decrease compared to the 1840s. Human input is, to a much higher degree, represented by management activities and, as drivers of machinery, using fossil fuel in present time much more than in the 1840s. From the percentage of the total amount of energy output, crop yield represents 85% and livestock 15%. From here, the 2019 system shows a high percentage of linearity where 99% from the crop yield was sold from the farm based on fixed contracts. Also 97% of livestock production was sold off the farm.





4. Discussion


In the KE case, both appropriation and structural changes are identified, which may argue for several transformations of land-use change being present and shaping modernization. The appropriation of human labor through modern machinery shows that modern, intensive agroecosystems are strikingly different in terms of their structure and function from systems in the 1840s. According to Boserup [69], an increase in the intensity of cultivation is not likely to take place in pre-industrial societies unless there is a population pressure, thus assuming that there are no incentives for farmers to intensify production unless there are tangible benefits to gain from higher yields. Specific factors lead to an intensification of a given system [19]; more concrete, the expansion of arable land is stimulated by economic trends, technologies and demand for cereals. Thus, the division of landscapes into very intensive and extensive agricultural land use types has become more pronounced [62,65].



These changes in land use types is also confirmed by the amount and type of field boundaries, illustrating a change in structural diversity [70] through the establishment of open ditches facilitating the incorporation of fallow land into arable land and the concentration of livestock in stables [71,72]. The decreased proportion of field boundaries towards natural areas in the 2019 system indicates a decrease in structural diversity, which can be expected to have an influence on the overall biodiversity of the system. Even though these structural changes resulted in large, homogenized fields, the KE 2019 farming system includes 14 different crop types compared to six different crop types in 1840, thus presenting an increase in crop diversity in a KE 2019 system well integrated into external markets. An increased variety of crop species correlates to higher diversity [19] and sustainability. Increased species richness thus enhances diversity on the one hand and adds value to the system through resilience, as emphasized by Milestad, Dedieu, Darnhofer, Bellon [73]. Nijs, Impens [74], on the other hand, argue that diversity-productivity relationships and species richness can either increase or decrease productivity through differences in resource utilisation efficiency across species. Here, crop biomass may decrease in systems with mixed species compared to monoculture systems. This would mean that higher diversity does not necessarily benefits all aspects of a farming system. Moreover, a distinction must be made between a structural diversity of natural areas or arable land both regarding field size and the geographical distance between habitats of species. Increased genetic homogeneity increases the potential impact of a variable environment and can increase the damage caused by insects and pathogens as an effect of loss of diversity [75,76]. On the other hand, cultivation of genetically homogenous crops and livestock enhances farming systems productivity and enables the standardization and synchronization of cultural practices in large productions as desirable goals for most industrialized and conventional farms, regarding farm management and marketing [5] and confirming that in the industrial approach, homogenization too often results in the elimination of beneficial relationships and interferences in agricultural systems [19].



KE’s land use and livestock contributed to the social and economic development of the local area, whereas industrialisation, synthetic fertilizers, and technological innovation increased productivity and decreased the contribution of human labor input over time, thus changing the impact of the system on local development. The 1840s system mainly was a local, circular system in the way that products were produced and consumed at KE, the population associated with KE was dependent on KE’s agricultural production-related development. In the 2019 system, the local population has been decoupled from agricultural production, as shows the reduction in human labor input reduced to mainly management of the agricultural system. It is debatable whether the decoupling between producer and consumer thus is a positive development, as the decoupling makes the consumer independent from any fluctuations in local production and the associated economy and thus quality of life, or if the social and ecological vulnerability has the greater impact [77].



As shown in the results, adding artificial fertilizer and the use of modern machinery enhances the FP, but on the other hand the dependence of production of non-renewable, costly fossil fuels and the concentrated food production in the hands of few farms challenges sustainable long-term productivity. On this background, sustainability in future agricultural production may become even more challenged through worldwide climate changes, shifts in biosphere and crisis in food-chain supply [78].



The FP is low in the pre-industrial system due to a high input from human labor and no external inputs of fertilizer or modern machinery. Peasantry, representing the largest part of human labor input, scarcely benefited from a surplus. In the KE 2019 system, the FP has increased, mainly due to huge external inputs. Bayliss-Smith (1982) states that the most ’rational’ choice for a person will almost always turn out to be the most ’economic,’ which could explain the high amount of sold products making the 2019 system to a very linear farming system with import fodder for animal production and seed for crop production from external inputs instead of using crops from own production, as present in the 1840s system. Th industrialization of agriculture thus also increased reliance on external inputs, energy-intensive agriculture [79] and intensification. The result is a decrease in productivity obtained by human management activity [80] at the individual farm level [81]. This development was almost without exception accompanied by growth in farm size and what we here calculated as FP and a decline in human labor requirements [6,74,82,83].



The economic value of a farming area is crucial in order to understand how a landscape heritage is put to play and what a landscape is used for [84]. Changes in operations that lead to successful economic business through increased yield are supported by fixed purchase contracts, as in the KE 2019 case, which are important drivers of the intensification of modern agriculture. Hence, this quantitative intensification may not necessarily coincide with a qualitative as shown by the energetic indicators. This would argue for trade-offs between quality and quantity and elements influencing the system as mentioned in the balance among human nutrition, ecological integrity, and economic development [85]. Hence, the main goals of present-day agriculture seem to be the maximization of production and quantitative maximisation of profit resulting in economic profit through increased productivity. Here productivity challenges some of the ‘hard science’ metrics for measuring success strictly from productivity gains in form of, for example, higher yields. As mentioned by Woodhouse [13], the agricultural dependency on cheap energy derived from fossil fuel generates a set of questions about the social and environmental sustainability of industrial agriculture. Thus, it can be discussed, if this maximisation also is valid in qualitative terms, if production is not sustainable in its whole, uncertainty regarding non-renewable energy inputs and long-term availability, climate changes, unforeseen forces possibly causing ecological instability and social insecurity. Hence, it can be debated whether this trend towards greater and greater productivity is the desired agroecological future, or whether the focus should be shifting to a greater need and desire for increased circularity, diversity, environmental sustainability, nature and environmental protection and locally produced food.



As the results show, the relationship between productivity and efficiency is not a one-to-one relationship. Modern high input/output agriculture can been questioned in terms of economic costs and impacts on climate [13] and has also be questioned in terms of energy efficiency [6,7,30,86]. It is worth questioning what measurements are needed to increase the efficiency in a way to be effective without compromising productivity, or which compromise would be acceptable. Through this investigation it became clear that cultural energy derived by human labor and draft animals as input alter the energy efficiency, whereas input in form of industrial cultural energy (non-biological) from modern machinery lowers the energy efficiency of the system. Modern machinery is more time-effective but also uses a higher input of energy decreasing the overall EFEROI. In current time, human labor in modern agriculture is justified to be the management part of the system. The answer if a system should be considered from an economic efficiency or from an energy efficiency perspective may vary depending on the viewer’s point of view and focus, as already argued by Wilson [7] and Goodman, Sorj [4]. Thus, a schism between efficiency and productivity becomes apparent. This observation must lead to questions about what steps could be taken to increase the energy efficiency while seeking to reduce possible negative impacts on agroecosystems and related socioeconomic parameters. Regarding energy efficiency, it can be discussed if it would be possible to recreate (to some extent) the energy efficiency of pre-industrial systems with a combination of fewer fossil fuel and more renewable energy, which currently is economically viable in society. Kitchen, Marsden [87] argue that aspects of ecological economies and ecological modernization need to be considered also, and they argue for the need to integrate these new elements into the agroecological framework. As stated by Ackoff [88] and supported by Darnhofer, Gibbon, Dedieu [89], parts of systems, considered separately, are made to operate as efficiently as possible, though the system as a whole might not operate as effectively as possible. Thus, the performance of a system depends not on parts acting independently, but on how parts interact with each other.




5. Conclusions


The KE farming system has undergone significant changes during the investigated time period and most of the contributing elements have been transformed. Elements of the production process have been appropriated by industrialization. The overall area extent at KE has decreased and technical innovations has enhanced the homogenization of the KE area and herby increased intensity. Inputs from agricultural land use, livestock, and energy systems have all changed radically at KE and changed the system from a highly mixed, circular, and multifunctional pre-industrial system to an industrial, specialised modern farming system. Overall, the KE faming system changed from being a highly circular system to a clear linear farming system. Human labor input decreased by 94% over time, while the external inputs in from of non-renewable energy increased, making the farming system highly productive but less efficient at the same time. As agriculture has developed over time and target functions for the KE farming system have changed over time, the agricultural system of KE today bears little resemblance with the KE system in the 1840s and is challenged with regards to sustainability. Overall, systems are complex arrangements of elements dealing with complex real-life challenges and further investigations, including several cases and aspects are necessary. How agricultural farming developed over time at system level, saying how different agricultural systems influenced sustainability parameters, and how these findings can contribute in a more general form to enlighten the changes in Danish farming systems over time and how these changes at system level can contribute to find sustainable solutions for farming systems in the context of recent environmental and ecological challenges must therefore be seen as a future aim of study.







Author Contributions


Conceptualization, (N.L., M.G., C.K.); Methodology (N.L., C.K.); Formal analysis (N.L.); Data curation (N.L.); Writing—original draft preparation (N.L.); writing—reviewing and editing (N.L., M.G., C.K.); Supervision (M.G., C.K.). All authors have read and agreed to the published version of the manuscript.




Funding


This study was supported by the ProvenanceDK Project with funding from Innovation Fund Denmark (grant number 6150-00035B) and the SustainScapes project, https://bio.au.dk/forskning/forskningscentre/center-for-sustainable-landscapes-under-global-change/ (accessed on 15 November 2021) funded by the Novo Nordisk Foundation through their “Novo Nordisk Foundation Challenge Programme” project No. 35840 SUSTAINSCAPES.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on request from the corresponding author. The data are not publicly available due to private ownership.




Acknowledgments


We gratefully thank Tommy Dalgaard, Aarhus University, Niels Mark Jacobsen, Aarhus University and Huayang Zhen, China Agricultural University for assistance and useful suggestions. Many thanks also to our anonymous reviewers for the invaluable constructive criticism and suggestions.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Stoate, C.; Boatman, N.; Borralho, R.; Carvalhob, C.R.; Snoo, G.; Eden, P. Ecological impacts of arable intensification in Europe. J. Environ. Manag. 2001, 63, 337–365. [Google Scholar] [CrossRef]

	



European Environment Agency. European Waters—Assessment of Status and Pressures; EEA Report No 7/2018; European Environment Agency: Copenhagen, Denmark, 2018. [Google Scholar]

	



Meuwissen, M.P.M.; Feindt, P.H.; Spiegel, A.; Termeer, C.J.A.M.; Mathijs, E.; De Mey, Y.; Finger, R.; Balmann, A.; Wauters, E.; Urquhart, J.; et al. A Framework to Assess the Resilience of Farming Systems. Agric. Syst. 2019, 176, 102656. [Google Scholar] [CrossRef]

	



Tribe, K.; Goodman, D.; Sorj, B.; Wilkinson, J. From Farming to Biotechnology: A Theory of Agro-Industrial Development. Technol. Cult. 1990, 31, 180. [Google Scholar] [CrossRef]

	



Cox, C.W.; Atkins, M.D. Agricultural Ecology. An Analysis of World Food Production Systems; W.H. Freeman & Co.: San Francisco, CA, USA, 1979. [Google Scholar]

	



Díez, L.; Cussó, X.; Padró, R.; Marco, I.; Cattaneo, C.; Olarieta, J.R.; Garrabou, R.; Tello, E. More than energy transformations: A historical transition from organic to industrialized farm systems in a Mediterranean village (Les Oluges, Catalonia, 1860–1959–1999). Int. J. Agric. Sustain. 2018, 16, 399–417. [Google Scholar] [CrossRef]

	



Wilson, J. Changing Agriculture: An Introduction to Systems Thinking; Kangaroo Press: Sydney, NSW, Australia, 1992. [Google Scholar]

	



Pretty, J. New opportunities for the redesign of agricultural and food systems. Agric. Hum. Values 2020, 37, 629–630. [Google Scholar] [CrossRef] [PubMed]

	



Pretty, J. Agriculture and Food Systems: Our Current Challenge. In Food Systems Failure: The Global Food Crisis and the Future of Agriculture; Rosin, C., Campbell, H., Stock, P., Eds.; Routledge: London, UK, 2012; pp. 17–29. [Google Scholar]

	



Pretty, J.; Sutherland, W.J.; Ashby, J.; Auburn, J.; Baulcombe, D.; Bell, M.; Bentley, J.; Bickersteth, S.; Brown, K.; Burke, J.; et al. The top 100 questions of importance to the future of global agriculture. Int. J. Agric. Sustain. 2010, 8, 219–236. [Google Scholar] [CrossRef]

	



Fonte, M. Food Systems, Consumption Models and Risk Perception in Late Modernity. Int. J. Sociol. Agric. Food 2021, 10, 13–21. [Google Scholar] [CrossRef]

	



Lemaire, G.; Ryschawy, J.; De Faccio Carvalho, P.C.; Gastal, F. Agricultural Intesification and Diversity for Reconciling Production and Environment—Role of Integrated Crop-Lifestock Systems. In Food Production and Nature Conservation—Conflicts and Solutions; Gordon, I.J., Prins, H.H.T., Squire, G.R., Eds.; Routledge: London, UK; Taylor & Francis: Abingdon, UK, 2017; pp. 113–132. [Google Scholar]

	



Woodhouse, P. Beyond Industrial Agriculture? Some Questions about Farm Size, Productivity and Sustainability. J. Agrar. Chang. 2010, 10, 437–453. [Google Scholar] [CrossRef]

	



Engels, F. The Peasant Question in France and Germany. In Karl Marx and Frederick Engels, Selected Works; Progress Publishers: Moscow, Russia, 1970. [Google Scholar]

	



Fritzbøger, B. Det åbne Lands Kulturhistorie Gennem 300 år; Biofolia: København, Denmark, 2004. [Google Scholar]

	



Kristensen, S.B.; Reenberg, A.; Peña, J.J. Exploring local rural landscape changes in Denmark: A human-environmental timeline perspective. Geogr. Tidsskr. J. Geogr. 2009, 109, 47–67. [Google Scholar] [CrossRef]

	



Dalgaard, T.; Kjeldsen, C.; Guul-Simonsen, F.; Liboriussen, T. Det moderne landbrug. In Modernitetens Verden: Tiden, Videnskab, Historien og Hunst; Høiris, O., Ledet, T., Eds.; Aarhus Universitetsforlag: Aarhus, Denmark, 2009; pp. 423–441. [Google Scholar]

	



Mellanby, K.; Bayliss-Smith, T.P. The Ecology of Agricultural Systems. J. Appl. Ecol. 1983, 20, 698. [Google Scholar] [CrossRef]

	



Gliessman, S.R. Agroecology: The Ecology of Sustainable Food Systems, 3rd ed.; CRC Press: Boca Raton, FL, USA, 2015. [Google Scholar]

	



Hercher-Pasteur, J.; Loiseau, E.; Sinfort, C.; Hélias, A. Energetic assessment of the agricultural production system. A review. Agron. Sustain. Dev. 2020, 40, 1–23. [Google Scholar] [CrossRef]

	



González de Molina, M.; Toledo, V.M. The Social Metabolism. A Socio-Ecological Theory of Historical Change; Agnoletti, M., Ed.; Springer International: New York, NY, USA, 2014. [Google Scholar]

	



Murphy, J.C. The Development of Centralized Exporting in Danish Agriculture. South. Econ. J. 1957, 23, 363. [Google Scholar] [CrossRef]

	



Lampe, M.; Sharp, P. A Land of Milk and Butter: How Elites Created the Modern Danish Dairy Industry; The University of Chicago Press: Chicago, IL, USA, 2018. [Google Scholar]

	



Henriksen, I.; Lampe, M.; Sharp, P. The strange birth of liberal Denmark: Danish trade protection and the growth of the dairy industry since the mid-nineteenth century1. Econ. Hist. Rev. 2012, 65, 770–788. [Google Scholar] [CrossRef]

	



Chatzimpiros, P.; Barles, S. Nitrogen, land and water inputs in changing cattle farming systems: A historical comparison for France, 19th–21st centuries. Sci. Total. Environ. 2010, 408, 4644–4653. [Google Scholar] [CrossRef] [PubMed]

	



Billen, G.; Barles, S.; Chatzimpiros, P.; Garnier, J. Grain, meat and vegetables to feed Paris: Where did and do they come from? Localising Paris food supply areas from the eighteenth to the twenty-first century. Reg. Environ. Chang. 2011, 12, 325–335. [Google Scholar] [CrossRef]

	



Dahlin, B.; Beach, T.; Luzzadder-Beach, S.; Hixson, D.; Huttson, S.; Magnoni, A.; Mansell, E.; Mazeau, E.D. Reconstructing Agricultural Self-Sufficiency at Chunchucmil, Yucatan, Mexico. Anc. Mesoam. 2005, 16, 229–247. [Google Scholar] [CrossRef]

	



Harchaoui, S.; Chatzimpiros, P. Reconstructing production efficiency, land use and trade for livestock systems in historical perspective. The case of France, 1961–2010. Land Use Policy 2017, 67, 378–386. [Google Scholar] [CrossRef]

	



Gingrich, S.; Krausmann, F. At the core of the socio-ecological transition: Agroecosystem energy fluxes in Austria 1830–2010. Sci. Total. Environ. 2018, 645, 119–129. [Google Scholar] [CrossRef]

	



Guzmán, G.I.; González de Molina, M. Energy Efficiency in Agrarian Systems from an Agroecological Perspective. Agroecol. Sustain. Food Syst. 2015, 39, 924–952. [Google Scholar] [CrossRef]

	



Soto, D.; Infante-Amate, J.; Guzmán, G.I.; Cid, A.; Aguilera, E.; García, R.; de Molina, M.G. The social metabolism of biomass in Spain, 1900–2008: From food to feed-oriented changes in the agro-ecosystems. Ecol. Econ. 2016, 128, 130–138. [Google Scholar] [CrossRef]

	



Cattaneo, C.; Marull, J.; Tello, E. Landscape Agroecology. The Dysfunctionalities of Industrial Agriculture and the Loss of the Circular Bioeconomy in the Barcelona Region, 1956–2009. Sustainability 2018, 10, 4722. [Google Scholar] [CrossRef]

	



Caspersen, O.H.; Fritzbøger, B. Long-term landscape dynamics—A 300-years case study from Denmark. Geogr. Tidsskr. Dan. J. Geogr. 2002, 3, 13–27. [Google Scholar]

	



Ditlevsen, O. Interview om Kragerup Gods og Bedriftselementer 28; Lohrum, N., Ed.; Kragerup: Ruds-Vedby, Denmark, 2020; Unpublished work. [Google Scholar]

	



Dalgaard, T.; Hutchings, N.; Porter, J.R. Agroecology, scaling and interdisciplinarity. Agric. Ecosyst. Environ. 2003, 100, 39–51. [Google Scholar] [CrossRef]

	



Francis, C.; Lieblein, G.; Gliessman, S.; Breland, T.A.; Creamer, N.; Harwood, R.; Salomonsson, L.; Helenius, J.; Rickerl, D.; Salvador, R.; et al. Agroecology: The Ecology of Food Systems. J. Sustain. Agric. 2003, 22, 99–118. [Google Scholar] [CrossRef]

	



Gliessman, S.R.; Engles, E.; Krieger, R. (Eds.) Agroecology. Ecological Processes in Sustainable Agriculture; Ann Arbor Press: Chelsea, MI, USA, 1998. [Google Scholar]

	



Kragerup. A II a 1 Jordbog 1831, 1837, 1841; Kragerup Godsarkiv; Kragerup: Ruds-Vedby, Denmark, 1831. [Google Scholar]

	



Kragerup. Opmåling, Udmålt af 1840 års Afgrøde; Kragerup Godsarkiv; Kragerup: Ruds-Vedby, Denmark, 1840. [Google Scholar]

	



Dinesen, B. Kragerup 1801–2001. Jubilæumsskrift Udgivet 2001 af Godsejer Birgitte Dinesen i 200-året for Slægten Dinesens Overtagelse af Kragerup Gods; Kragerup: Ruds-Vedby, Denmark, 2001. [Google Scholar]

	



Christiansen, P. Kragerup—Et Gods med Historie; Kragerup: Ruds-Vedby, Denmark, 2020. [Google Scholar]

	



Kragerup. Markplan 2019; Kragerup Gods Landbrug Driftsleder Søren Møller; Kragerup: Ruds-Vedby, Denmark, 2019. [Google Scholar]

	



Kragerup. Faktaboks Kragerup Gods; Kragerup Gods; Kragerup: Ruds-Vedby, Denmark, 2019. [Google Scholar]

	



Bromberg, K.D.; Bertness, M.D. Reconstructing New England salt marsh losses using historical maps. Estuaries 2005, 28, 823–832. [Google Scholar] [CrossRef]

	



Esri Inc. ArcGIS Pro. Version 2.4.0; Esri Inc.: Redlands, CA, USA, 2019. [Google Scholar]

	



Geodatastyrelsen. Historiske Kort på Nettet Løve Herred; Kragerup: Ruds-Vedby, Denmark, 1865. [Google Scholar]

	



Kragerup Gods. Kort over Kragerup’s Areal 1873; Kragerup Godsarkiv; Kragerup: Ruds-Vedby, Denmark, 1873. [Google Scholar]

	



Kragerup Gods. Kort over Kragerup’s areal 1897; Kragerup Godsarkiv; Kragerup: Ruds-Vedby, Denmark, 1897. [Google Scholar]

	



ESRI. World_Light_Gray_Base. (mdcAGSOnline, 2020) Political Boundaries, Populated Places, Water, Roads, Urban Areas, Building Footprints Parks; Garmin, H., Ed.; ESRI: Redlands, CA, USA, 2020. [Google Scholar]

	



De Muner, L.; Masera, O.; Fornazier, M.; Souza, C.; Loreto, M.D.D. Energetic sustainability of three arabica coffee growing systems used by family farming units in Espírito Santo state. Eng. Agrícola 2015, 35, 397–405. [Google Scholar] [CrossRef]

	



Pérez Neira, D. Energy efficiency of cacao agroforestry under traditional and organic management. Agron. Sustain. Dev. 2016, 36, 49. [Google Scholar] [CrossRef]

	



Tello, E.; Galán, E.; Cunfer, G.; Guzmán-Casado, I.G.; González de Molina, M.; Krausmann, F.; Gingrich, S.; Sacristán, V.; Marco, I.; Padró, R.; et al. A proposal for a workable analysis of Energy Return on Investment (EROI) in agroecosystems. Part I: Analytical approach. IFF Soc. Ecol. Work. Pap. 2015, 156, 1–110. [Google Scholar]

	



Lund, P.; Frydendahl Hellwing, A.L.; Børsting, C.F. Normtal 2019; Department of Animal Science, Aarhus University: Aarhus, Denmark, 2019. [Google Scholar]

	



Giampietro, M.; Mayumi, K.; Şorman, A.H. Energy Analysis for a Sustainable Future Multi-Scale Integrated Analysis of Societal and Ecosystem Metabolism; Routledge: Abingdon, UK; Taylor & Francis Group: New York, NY, USA, 2013. [Google Scholar]

	



Alonso, A.M.; Guzmán, G.J. Comparison of the Efficiency and Use of Energy in Organic and Conventional Farming in Spanish Agricultural Systems. J. Sustain. Agric. 2010, 34, 312–338. [Google Scholar] [CrossRef]

	



Pérez Neira, D.; Soler Montiel, M.; Delgado Cabeza, M.; Reigada, A. Energy use and carbon footprint of the tomato production in heated multi-tunnel greenhouses in Almeria within an exporting agri-food system context. Sci. Total. Environ. 2018, 628, 1627–1636. [Google Scholar] [CrossRef]

	



Vigne, M.; Vayssières, J.; Lecomte, P.; Peyraud, J.-L. Pluri-energy analysis of livestock systems—A comparison of dairy systems in different territories. J. Environ. Manag. 2013, 126, 44–54. [Google Scholar] [CrossRef]

	



Beier, C.; Caspersen, O.H.; Karlsson Nyed, P. Udvikling i Agerlandet 1954–2025: Kortlægning af Markstørrelse, markveje og småbiotoper. In IGN Rapport; Institut for Geovidenskab og Naturforvaltning: Copenhagen, Denmark, 2017; pp. 1–69. [Google Scholar]

	



Georgescu-Roegen, N. The Entropy Law and the Economic Process; Harvard University Press: Cambridge, MA, USA, 1971. [Google Scholar]

	



Atlason, R.; Kjaerheim, K.; Davidsdottir, B.; Ragnarsdottir, K. A Comparative Analysis of the Energy Return on Investment of Organic and Conventional Icelandic Dairy Farms. Icel. Agric. Sci. 2015, 28, 29–42. [Google Scholar] [CrossRef]

	



Tello, E.; Galán, E.; Sacristán, V.; Cunferd, G.; Guzmáne, G.I.; González de Molinae, M.; Krausmannf, F.; Gingrichf, S.; Padróa, R.; Marcoa, I.; et al. Opening the black box of energy throughputs in farm systems: A decomposition analysis between the energy returns to external inputs, internal biomass reuses and total inputs consumed (the Vallès County, Catalonia, c.1860 and 1999). Ecol. Econ. 2016, 121, 160–174. [Google Scholar] [CrossRef]

	



Parcerisas, L.; Dupras, J. From mixed farming to intensive agriculture: Energy profiles of agriculture in Quebec, Canada, 1871–2011. Reg. Environ. Chang. 2018, 18, 1047–1057. [Google Scholar] [CrossRef]

	



Frederiksen, P.; Rømer, J.R.; Münier, B. Arealdækningen i Danmark fra omkring år 1800–2000; Rømer, J.R., Ed.; Aarhus Universitetsforlag: Aarhus, Denmark, 2009; pp. 59–80. [Google Scholar]

	



Levin, G.; Normander, B. Arealanvendelse i Danmark siden slutningen af 1800-tallet. Faglig rapport fra DMU nr. 682, 2008. In Faglig Rapport fra DMU nr. 682, 2008; Danmarks Miljøundersøgelser (DMU): Roskilde, Denmark, 2008. [Google Scholar]

	



Rømer, J.R. Foldudbyttet i Danmark fra 1600-tallet til 1837. Landbohistorisk Tidsskr. 2004, 1, 41–59. [Google Scholar]

	



Kragerup. A VI b2: Besætninger, Lister over Leverede Stude, Udbetalte Folkelønninger etc. 1833 og 1837; Kragerup Godsarkiv; Kragerup: Ruds-Vedby, Denmark, 1837. [Google Scholar]

	



Kragerup. A VI b2: Besætning, Indebrændte hollænderi køer, Kvægbesætning ved Kragerupgaard 1839; Kragerup Godsarkiv; Kragerup: Ruds-Vedby, Denmark, 1839. [Google Scholar]

	



Kragerup. Conditioner af Forpagtning 1844, Matrikler; Kragerup Godsarkiv; Kragerup: Ruds-Vedby, Denmark, 1844. [Google Scholar]

	



Boserup, E. The Conditions of Agricultural Growth; Allen and Unwin: London, UK, 1965. [Google Scholar]

	



Caspersen, O.H.; Nyed, P.K. Markstørrelsens Udvikling i Perioden 1954 til 2015; Collective Impact: København, Denmark, 2016. [Google Scholar]

	



Petersen, P.H. Kvægets Avl; DSR Forlag: København, Denmark, 1980. [Google Scholar]

	



Kloster, H. Svinets Historie; DSR Forlag: København, Denmark, 1984. [Google Scholar]

	



Milestad, R.; Dedieu, B.; Darnhofer, I.; Bellon, S. Farms and Farmers Facing Change: The Adaptive Approach. In Farming Systems Research into the 21st Century: The New Dynamic; Darnhofer, I., Gibbon, D., Dedieu, B., Eds.; Springer: New York, NY, USA, 2012; pp. 365–386. [Google Scholar]

	



Nijs, I.; Impens, I. Underlying Effects of Resource Use Efficiency in Diversity-Productivity Relationships. Oikos 2000, 91, 204–208. [Google Scholar] [CrossRef]

	



Benton, T.G.; Vickery, J.; Wilson, J.D. Farmland biodiversity: Is habitat heterogeneity the key? Trends Ecol. Evol. 2003, 18, 182–188. [Google Scholar] [CrossRef]

	



Newbold, T.; Hudson, L.N.; Hill, S.L.; Contu, S.; Lysenko, I.; Senior, R.A.; Börger, L.; Bennett, D.J.; Choimes, A.; Collen, B.; et al. Global effects of land use on local terrestrial biodiversity. Nature 2015, 520, 46–71. [Google Scholar] [CrossRef] [PubMed]

	



Marsden, T. Denial or diversity? Creating new spaces for sustainable development. J. Environ. Policy Plan. 2006, 8, 183–198. [Google Scholar] [CrossRef]

	



Wiskerke, J.S.C. On Places Lost and Places Regained: Reflections on the Alternative Food Geography and Sustainable Regional Development. Int. Plan. Stud. 2009, 14, 369–387. [Google Scholar] [CrossRef]

	



Moore, J.W. The End of the Road? Agricultural Revolutions in the Capitalist World-Ecology, 1450–2010. J. Agrar. Chang. 2010, 10, 389–413. [Google Scholar] [CrossRef]

	



Koesling, M.; Hansen, S.; Schueler, M. Variations of energy intensities and potential for improvements in energy utilisation on conventional and organic Norwegian dairy farms. J. Clean. Prod. 2017, 164, 301–314. [Google Scholar] [CrossRef]

	



Morgan, K.; Murdoch, J. Knowing Networks? Knowledge, Power an Innovation in the Food Chain. Geoforum 2000, 31, 159–173. [Google Scholar] [CrossRef]

	



Lang, T. Crisis? What Crisis? The Normality of the Current Food Crisis. J. Agrar. Chang. 2010, 10, 87–97. [Google Scholar] [CrossRef]

	



Allanson, P. Farm Size and Structure in England and Wales 1939–1989. J. Agric. Econ. 1992, 43, 137–148. [Google Scholar] [CrossRef]

	



Setten, G. Farming the heritage: On the production and construction of a personal and practised landscape heritage. Int. J. Herit. Stud. 2005, 11, 67–79. [Google Scholar] [CrossRef]

	



Caporali, F. History and Development of Agroecology and Theory of Agroecosystems. In Law and Agroecology; Monteduro, M., Buongiorno, P., Di Benedetto, S., Isoni, A., Eds.; Springer: Berlin/Heidelberg, Germany, 2015. [Google Scholar]

	



Alluvione, F.; Moretti, B.; Sacco, D.; Grignani, C. EUE (energy use efficiency) of cropping systems for a sustainable agriculture. Energy 2011, 36, 4468–4481. [Google Scholar] [CrossRef]

	



Kitchen, L.; Marsden, T. Creating Sustainable Rural Development through Stimulating the Eco-economy: Beyond the Eco-economic Paradox? Sociol. Rural. 2009, 49, 273–294. [Google Scholar] [CrossRef]

	



Ackoff, R. Ackoff’s Best. His Classic Writings on Management; Wiley: New York, NY, USA, 1999. [Google Scholar]

	



Darnhofer, I.; Gibbon, D.; Dedieu, B. Farming Systems Research: An Approach to Inquiry. In Farming Systems Research into the 21st Century: The New Dynamic; Darnhofer, I., Gibbon, D., Dedieu, B., Eds.; Springer: New York, NY, USA, 2012; pp. 3–32. [Google Scholar]








[image: Sustainability 13 12926 g001 550] 





Figure 1. The distribution of different land-use types accounted for the total area: (a) KE 1840s; (b) KE 2019. 
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Figure 2. Percentage of total area used for different crops 1840s (data from 1841, 1843) and 2019 [39,42]. 
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Figure 3. KE: total livestock composition according to number of heads [42,47,69]. 
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Figure 4. Attributes of flows of the KE Agro-Ecosystem 1840s: External inputs to the farm distributed into Final Produce (FP) and from there into circularity or linear output respectively. 
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Figure 5. Attributes of flows of the KE Agro-Ecosystem 2019: External inputs to the farm distributed into Final Produce (FP) and from there into circularity or linear output respectively. 
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Table 1. Energetic indicators used in this study are cited.
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	Formular
	References





	   Non −  renewable EROI  =   Final Productivity  (  MJ  )    Non − renewable external input  (  MJ  )      
	[6,18,50,51,55,56]



	   Final EROI on Labor =   Final Productivity  (  MJ  )    Human labor  (  MJ  )      
	[6,57]



	   External Final EROI =   Final Productivity  (  MJ  )     External Input   (  MJ  )      
	[32,35,58]
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Table 2. The changing structure of Kragerup Estate’s funds 1840s and 2019.
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KE Funds

	
1840s

	
2019






	
Farming Community

	

	




	
Workers

	
232

	
18




	
Annual working hours/person

	
2570

	
1983




	
Farmland area (ha) (% of total)

	
1572

	
75%

	
1205

	
86.3%




	
Pastureland (ha) (% of total)

	
482

	
23%

	
6

	
0.4%




	
Average field size (ha)

	
1.4

	

	
28

	




	
Forest (ha) (% of total)

	
41

	
2%

	
186

	
13.3%




	
Total area (ha)

	
2095

	
1397




	
Livestock (Heads)

	

	




	
Draft animals (Horses)

	
18

	
0




	
Cows & oxen

	
316

	
15




	
Swine

	
20

	
25,600




	
Sheep & lamb

	
47

	
0




	
Geese and Hens

	
153

	
0
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Table 3. Energy flows in the agroecosystem of KE 1840s and KE 2019 in Gigajoule (GJ) and hours (h).
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	External Inputs (EI)
	1840s
	2019





	Fodder
	359 GJ
	12,851 GJ



	Fuel (Non-Renewable External Input)
	0
	3629 GJ



	Electricity & Heating
	0
	1198 GJ



	Fertilizer
	0
	11,906 GJ



	Human Labor

Human Labor (hours)
	455 GJ

596,240 h
	64 GJ

35,703 h



	Sum External Input
	359 GJ
	29,586 GJ



	Livestock Services
	
	



	Draft Power
	147 GJ
	0



	Manure
	399 GJ
	3454 GJ



	Sum Livestock Services
	546 GJ
	3454 GJ



	Final Produce (FP)
	
	



	Crop Production
	29,430 GJ
	114,936 GJ



	Livestock Production (Meat & Milk)
	895 GJ
	16,194 GJ



	Sum Final Produce
	30,724 GJ
	134,583 GJ
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Table 4. EROIs per ha 1840s compared to 2019.
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	EROIs
	1840s
	2019





	External Final EROI (EFEROI)
	38 MJ
	5 MJ



	EROI on Labor (Labor EROI)
	67 MJ
	2095 MJ



	Non-Renewable EROI
	NA
	58,290 MJ







Table Note: NA = Not Applicable.
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