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Highlights 17 

• New agro-ecosystem energy graph including Farmland, Livestock and Farming 18 

Community funds is shown. 19 

• The new information-as-structure indicator in combination with land uses optimization 20 

scenarios describes the energy profile of the Vallès County for 1860. 21 

• The information indicator is both useful for understanding past agricultural landscapes 22 

and as a tool to compare different trends in agrarian systems management. 23 

Abstract 24 

In this paper we propose an approach to understand how different farmer’s goals can contribute 25 

to structure cultural landscapes and how the information-as-structure held in energy flows within 26 

farm systems can be measured. We start from a historical case study located in a Mediterranean 27 

landscape in the Vallès County (Catalonia, 1860) and apply an optimization model by using a 28 

socio-metabolic approach that responds to three different strategies at farm gate: maximizing 29 

population, minimizing labour, and maximizing income. The modelled farm pattern of energy 30 

flows, the information indicator and the landscape structure that would be obtained under each 31 

optimization strategy are then compared with actual historical data. The results obtained confirm 32 

that it is the farmers’ know-how and culture what allows to manage the energy distribution into 33 

the farm system in order to maintain a sustainable management of the territory. We take lessons 34 

in terms of socioecological transition analysis, and to offer novel insights on how information-as-35 

structure driven by farmers’ intentionality, knowledge and cultural practices plays a key role in 36 

structuring cultural landscapes. 37 
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1. Introduction 40 

Farm systems can be seen as the historically changing outcome of the interplay between socio-41 

metabolic flows (Haberl, 2001), land-use patterns set up by farmers, and their ecological 42 

functioning (Wrbka et al. 2004). Despite the recent work carried out on energy analysis of farm 43 

systems from a circular multi-EROI approach (Tello et al., 2016; Gingrich et al., 2017) the role 44 

played by different farmers’ strategies, as one of the main driving forces of contemporary land 45 

use change, is not yet well-understood (Peterseil et al. 2004). This requires specifying and 46 

measuring the pattern of energy flows in a way capable to bring to light the information held in 47 

farm systems that contribute to shape cultural landscapes. 48 

We conceive farm systems as ecosystems modified by human activity in order to get biomass 49 

useful for societies under certain goals (Georgescu-Roegen, 1971). This conception of agro-50 

ecosystems leads us to account the socio-metabolic pattern of flows set among the different funds 51 

regarding the human-nature relations (Marull et al., 2016). By funds we refer to the durable 52 

components of agroecosystems that can provide useful flows as long as they are reproduced over 53 

time in a sustainable manner. However, this sustainable reproduction can be achieved by different 54 

fund-flow configurations of the agro-ecosystems according to the information and purposes 55 

driven by farmers. Following Passet (1996), there are two types of information relevant for the 56 

agro-ecosystem functioning: as-message and as-structure. The pattern of energy flows of an agro-57 

ecosystem can be used to account for both kinds of information. The information-as-message 58 

expresses the relation among different energy flows taking place in the agricultural landscapes, 59 

and can be useful for understanding landscape ecological processes (Marull et al., 2019a). The 60 

information-as-structure is linked to the purposely driven fund-flow relations regarding how 61 

these flows allow or not for the maintenance of the auto-reproducible funds of the agro-62 

ecosystems. 63 

Linear optimization models are suitable tools for studying farming systems under an objective 64 

purpose or goal (Groot et al., 2012; Rodrigues et al., 2013; Kennedy et al., 2016). We adopt the 65 

Sustainable Agro-ecological Farm Reproduction Analysis (SAFRA) to measure how farmers 66 

organize the energy flows in family farm systems according to different managing strategies 67 

(Padró et al., 2019). This methodology carries out optimization analyses of land uses and energy 68 

flows by means of a linear programming tool. In this way, SAFRA determines the optimal 69 

combination of land uses, and the energy flows associated to them (i.e., a flow-fund optimality), 70 

which can be sustainable within the farm system boundaries. The current manuscript combines 71 

this methodology with information theory, opening a way to measure information-as-structure 72 

held in farm systems. Hence, the combined methodology allows us to capture this particular type 73 

of information with the aim of approaching which would be the socioecological structure of an 74 

agro-ecosystem to reach an objective.  75 

By doing so, the indicator of information-as-structure proposed in this paper assesses the 76 

optimality degree of energy flows distribution at domestic farming unit level in order to maintain 77 

the agricultural funds over time. This new indicator measures the information farmers use to 78 

distribute the flows of energy carriers in the farm system according to a defined purpose, while 79 



ensuring the sustainability of a farm unit1. The pattern adopted by these set of flows means losing 80 

degrees of freedom in a subtle human-nature far-from-thermodynamic equilibrium system, driven 81 

by organized information that allows transferring energy while maintaining their complexity over 82 

time (Ulanowicz 2003). Sustainability in family farm systems is achieved, then, by keeping the 83 

complexity of the socio-metabolic cycles, so that internal information increases while entropy 84 

decreases. This strategy relies on land use heterogeneity, a long-lasting characteristic of mixed 85 

farming that has shaped different bio-cultural landscapes in many parts of the world (Wrbka et 86 

al., 2003; Marull et al., 2019b).  87 

Therefore, maximum information-as-structure is derived from the flow-fund pattern resulting 88 

from SAFRA optimal strategies. We define and account three strategies that farmers might 89 

pursue: maximizing population density, minimizing labour, or maximizing income. The strategies 90 

of these farmers are expressed with the information indicator that we present, which means that 91 

when applied to empirical data it reaches its maximum value when the observed energy flows 92 

coincide with the optimal pattern found through the optimization procedure. 93 

The evidence obtained by comparing the results of our optimization model with empirical data of 94 

current farm systems aims at opening and framing a deliberation among stakeholders about how 95 

different optimization goals would lead to different cultural landscapes. Given that we are using 96 

a historical example as a first test, the contrast between the empirical data obtained from a past 97 

organic farm system and the counterfactual results generated by the model allows us to better 98 

understand how farmers had actually oriented their labour and knowledge when they made a 99 

choice between several possible options. The whole procedure  reveals how agro-ecological 100 

landscapes, and the energy flow patterns that imprint them in the territory, might have been shaped 101 

like by adopting specific optimization strategies. 102 

We start Section 2 with the presentation of the historical case study in a Mediterranean landscape 103 

of north-eastern Spain and introduction of the method used to define the indicator of information-104 

as-structure and the optimization model for the counterfactual analysis. Then, in Section 3 we 105 

show the results of the optimization model. Finally, the results are discussed in Section 4. Section 106 

5 presents the conclusions and further research possibilities opened. 107 

2. Materials and methods 108 

In this section we: i) present in 2.1 the case study -an agro-ecosystem of the Vallés County, Spain, 109 

circa 1860; ii) introduce the methodological improvements to the representation via graph of an 110 

agro-ecosystem’s energy flow (section 2.2) and formulate the indicator of information-as-111 

structure (section 2.3). iii) In this way, we explain in 2.4 how the energy profile of a farm 112 

ecosystem can be optimized to pursue different strategies. 113 

2.1 Case study 114 

In order to check the usefulness of this new farm system graph and derived indicators, we applied 115 

the SAFRA model to a case study located in the Vallès County (Catalonia, Spain), see Figure 1. 116 

For long, it has been a test bench for our research on social metabolism, which allows us to 117 

account its energy and material flows in mid-19th century (Cussó et al., 2006; Marull et al., 2010; 118 

 
1 A farm unit includes as funds the domestic unit, the livestock and the farm surface, The representative 

domestic unit of five people (the average family type in the area of study c.1860) would comprise two 

children between 0-5 and 5-10 years old, a woman and a man between 18 and 60 years old, and an adult 

older than 60. 



Olarieta et al. 2006; Rodriguez Valle, 2003; Tello et al., 2004, 2008). The time point analysed 119 

was long before the Green Revolution, which allows considering organic reproducibility of the 120 

agro-ecosystem funds with any non-renewable inputs, or only very few. The case was 121 

experiencing a widespread winegrowing specialization c.1860, but maintaining a significant level 122 

of self-subsistence through poly-cultural farm management and a complex landscape mosaic 123 

(Garrabou et al., 2007; Planas, 2015). 124 

 125 

Figure 1. Land cover map of Vallès County in 1860. 126 

 127 

Source: Our own from historical cadastral maps. 128 

2.2 The farm system energy graph 129 

A graph is a mathematical model that can be used to study several kinds of systems and processes. 130 

In order to represent the set of socio-metabolic relations underlying a cultural landscape, we treat 131 

the pattern of energy flows in a farm system as a graph where the energy carriers are represented 132 

as nodes (Figure 2), while the associated outgoing arrows account for the decisions that farmers 133 

take with respect to incoming energy flows: they can either choose to make them go inflowing 134 

within each (sub)system or drive these energy flows out of these (sub)systems, in different 135 

proportions. The whole graph represents the set of farm system’s processes that occur when any 136 

energy carrier splits into two or when two energy flows are joined into one. Therefore, each 137 

process is composed by three nodes and two arrows, except for those cases where waste or non-138 

renewable inputs are present. The graph applied to agro-ecosystems flows, originally introduced 139 

in Marull et al. (2016) and composed of three subsystems, is improved here by introducing a 140 

fourth loop. So that, the farming community is considered because its maintenance is a relevant 141 

characteristic for the system reproducibility (Figure 2). 142 



Figure 2. Farm-system energy graph. 143 

 144 

Actual Net Primary Production (NPPact); Unharvested Biomass (UB); Harvested Net Primary Production (NPPh); 145 
Biomass Reused (BR); Farmland Biomass Reused (FBR); Livestock Biomass Reused (LBR); Farmland Waste (FW); 146 
Farmland Final Produce (FFP); External Input (EI); Farmland External Input (FEI); Livestock External Input (LEI); 147 
Livestock Total Input (LTI); Livestock Produce and Services (LPS); Livestock Final Produce (LFP); Livestock Services 148 
(LS); Livestock Waste (LW); Final Produce (FP); Agro-ecosystem Total Turnover (ATT); Farmland Total Input (FTI); 149 
Farmland Internal Input (FII); Output Marketed (OM); Farm Community Internal Input (FCII); Farm Community 150 
Produce and Services (FCPS); Societal Renewable Inputs (SRI); Farm non-Renewable Inputs (FnR); Livestock non-151 
Renewable Inputs (LnR); Farming Community Societal Inputs (FCSI); Farming Community Total Inputs (FCTI); 152 
Farming Community Services (FCS); Farming Community Reproduction (FCR); Farming Community Waste (FCW). 153 
𝛽𝑖’s are the incoming-outgoing flow proportions (see Section 3). 154 

The graph represents how the farmers’ activity yearly distributes all the energy flows moving into 155 

agro-ecosystems in the form of biomass and work, and it is used to analyse how each subsystem 156 

behaves in relation to the system as a whole. Farmers organize farm systems with the information 157 

embedded in the labour they carry out, both performing work and conducting livestock, as well 158 

as deciding crops and land distribution. So that, any decision farmers do on the landscape impact 159 

the energy flows.  160 

We build this graph to represent the energy flows related to the maintenance of the three 161 

abovementioned funds which are explicitly mentioned on the right side underlying the three piled 162 

sections in Figure 2: the farmland, the livestock and the farming community that interact within 163 

the boundaries of the farm system considered. In doing so we adopt a family farm system’s 164 

reproducibility standpoint, considering that the farming community maintenance is a relevant 165 

characteristic for the system reproducibility.  166 

The farm system graph we propose is made of four loops (Figure 2). In the first loop we can 167 

differentiate the ‘unharvested subsystem’ within a farm system. This is defined by three variables: 168 

the actual Net Primary Production (𝑁𝑃𝑃𝑎𝑐𝑡), the Unharvested Biomass (UB) and the Agro-169 

ecosystem Total Turnover (ATT). This subsystem can work as an independent system, as it 170 

happens in ecosystems i.e., with minimum (or none) human intervention. 171 

In the second loop, we identify the labour done to maintain soil fertility and to provide good 172 

cropping. This is composed by the harvested Net Primary Production (𝑁𝑃𝑃ℎ) that splits into the 173 

Farmland Final Produce (FFP) and the Biomass Reused (BR). In turn, this BR splits into Farmland 174 



BR, FBR, which together with the Farmland External Input (FEI) joins into the Farmland Total 175 

Input (FTI). This loop, together with the first loop originates the Farmland subsystem (Figure 2). 176 

The third loop belongs to the ‘livestock subsystem’, addressed to feed the domesticated animals. 177 

It is composed by Livestock External Input (LEI) and Livestock Biomass Reused (LBR), which 178 

sum into the Livestock Total Input (LTI). The Livestock Produce and Services (LPS) is obtained 179 

after the energy spent in animal bioconversion, then LPS is split into Livestock Services (LS) such 180 

as draught power and manure, and Livestock Final Produce (LFP). On the other hand, the part of 181 

BR that remains in the farmland subsystem is called Farmland Biomass Reused (FBR), which 182 

together with LS forms the Farmland Internal Inputs (FII). Furthermore, we consider External 183 

Inputs (EI) as the sum of FEI and LEI. 184 

This is the graph presented Marull et al. (2016). Now we introduce the novel elements of the 185 

fourth loop, the ‘farming community subsystem’ whose relevance as an agroecosystem fund is 186 

justified in Padró et al., (2018 and 2019). It starts from a decomposition of the final produce (FP) 187 

into a part that flows to the market (output marketed, OM), and another which is recycled back 188 

into the farm system because it is required for the maintenance of the farming community (internal 189 

input, FCII), conceptually expressed in terms of food, fuel, fibre and timber. Of course, the 190 

maintenance of the farming community fund might require also external inputs which would come 191 

from outside their farms, which is the farming community societal inflow (FCSI)2.  192 

While during the traditional organic agricultural metabolism the external requirements for the 193 

maintenance of the farming community were minimal (Padró et al., 2017), this fraction has been 194 

largely increased throughout industrialization of agriculture. In the same vein, there will be a part 195 

of this energy output that after the dissipative process flows back into the agrarian funds, as 196 

farming community services (FCS). This is the reproductive part, that is labour, humanure and 197 

farmers’ domestic residues which are already considered in other works (Tello et al, 2016). When 198 

a fraction of them is not recycled back into the farm system, and it becomes a form of waste, it is 199 

considered Farming Community Waste (FCW). The other way round, FCS contributes to EI as 200 

farm system internal input, together with the societal renewable inputs (SRI). Last but not least, 201 

there is a part of the total labour done by the farming community that is reinvested within it. It is 202 

considered as the reproductive fraction (FCR) that includes all farmers’ activities that are not 203 

directly required for the land and livestock productivity but that, nonetheless, constitute the 204 

fundamental conditions for the reproduction of the farm community fund—i.e., physiological 205 

overhead, household chores and care activities (Marco et al., under review). 206 

In order to add the Farming Community Subsystem to the graph, we take the two more ‘external’ 207 

energy flows of the system (FP and EI) and we divide each one following the idea of 208 

inward/outward energy movements. This idea can be extended to other levels. For example, 209 

taking OM and SRI and considering that part of the society that lives in the farm system borders 210 

and do not contribute to its maintenance (artisans, traders, etc.). However, such considerations are 211 

beyond the aim of this work. 212 

  213 

 
2 We consider here the whole inputs without discerning about its renewable or non-renewable character. 

This is because we focus our analysis on the functioning of the agricultural metabolism, and most part of 

the impacts derived from the use of non-renewable inputs by the farming community affects non-

agricultural areas. 



2.2.1 Introducing the Farming Community subsystem as a fund 214 

When talking about information, we consider that it is important to include farmers in the analysis 215 

because it sets a difference that leads to a relevant change in the way we account for complexity 216 

in the system managed by them. There is no farm system without farmers, and their intrinsic 217 

elements and characteristics differing from an ecosystem can only be maintained with the spatial-218 

explicit allocation of flows that farming divert through labour. This, in turn, entails the recognition 219 

that the farming population fund needs to be maintained as well with a set of relevant energy 220 

flows addressed to satisfy the necessary conditions for their production and reproduction. 221 

Accordingly, an important step forward of this socio-metabolic analysis is to consider as an agro-222 

ecosystem fund the Farming Community that hold the farm system. So, we have added this fourth 223 

loop to the original formulation (Tello et al., 2016; Marull et al., 2016). Notwithstanding, we will 224 

only account for the flows that emerge from the farm system towards the farming community, 225 

which are needed for the maintenance and reproduction of it. Therefore, we do not consider the 226 

other flows involved in the farming community, shown in Figure 2 as FCSI, FCTI, FCR, FCPS, 227 

and FCW, as part of the agrarian metabolism.  228 

In the same vein, while from a farmer’s standpoint the farming community services (e.g. labour, 229 

humanure or domestic residues) can be considered as external inputs (as in Tello et al., 2016), 230 

from an agro-ecosystem perspective they are (ontologically) internal as long as they are associated 231 

to the territory under analysis. They cannot be mixed with energy flows that come from outside 232 

the borders of the family farm system, e.g. imported feed, replacement animals, fossil fuels or 233 

machinery, that are provided by agents out of the farm system. 234 

Of course, farmers do more than producing the energy flows associated to their maintenance. 235 

However, here we are just studying the internal processes of the family farm system, so we only 236 

need to consider those parts of the societal energy flows which works on the farm system as 237 

modellers of an agro-ecological landscape. 238 

2.2.2 The role of biomass reused and non-renewable fluxes 239 

Following Guzmán and González de Molina (2016), we have split the biomass reused (BR) which 240 

loop inside the system by distinguishing those flows that go into the farmland soils from those 241 

devoted to feed and bed the livestock (i.e., autotrophic and heterotrophic loops). As well, we 242 

distinguish in FII flows coming from farmland, as FBR, as those from livestock, LS. These four 243 

arcs represent two autotrophic cycles and two heterotrophic ones.  244 

We have highlighted as well the totally different nature of non-biomass energy flows, such as 245 

those of non-renewable character. We have considered relevant to distinguish the nature of the 246 

External Inputs, both for Farmland and Livestock systems. This addition reinforces the possibility 247 

that some amount of the incoming energy flow would end up being transformed into farmland 248 

waste (FW) and livestock waste (LW)—i.e., in Odum’s terms (Odum, 1993), resources out of 249 

place and in excess of the agro-ecosystem’s carrying capacity3. 250 

 
3 That is, a flow that cannot be ‘digested’ by farm systems because exceeds the carrying capacity or is not 

correctly disposed by human activity to be useful for other funds. There are many ways to use biomass. 

Some are more beneficial than others. For example, the leftover of wine pruning can either be buried or 

burnt, with the former being more beneficial for soils. However, there are ways in which the opportunity 

costs of certain ways to use biomass are larger than the benefits they generate. In this case we also consider 

them as waste flows. 



Similarly, we have to acknowledge that there are external flows of non-renewable nature which 251 

are particularly relevant in current agriculture. These ought to be distinguished from other types 252 

of Societal Renewable Inputs (SRI) of organic nature, be they of endosomatic (humanure, 253 

labour4), local (domestic residues) or external origin (seeds, feed, replacement animals, manure, 254 

litter, etc.). As Guzmán and González de Molina (2015: 209) state, the fund elements of agro-255 

ecosystems cannot be sustained by oil or coal or their fuel derivatives. The only thing that can be 256 

done is to replace some ecosystem functions (e.g. fertilization, pest control or pollination) by 257 

external inputs, which leads to an increasing dependence on anthropogenic inputs (Gliessmann, 258 

1998). 259 

In order to keep them separate from the renewable biomass flows, these non-renewable entries 260 

can be added to each subsystem of the graph, and then they will be accounted in the Total Inputs 261 

of such subsystem. As can be seen in Figure 2, in addition to the Societal Renewable Inputs there 262 

are other inflows from outside the system that directly enter to some cycles: in the farmland loop 263 

the entrances are the Farmland non-Renewable Inputs (FnRI), while for livestock maintenance 264 

there are some Livestock non-Renewable Inputs (LnRI). 265 

2.3. Information indicators 266 

2.3.1 Coefficients of the graph 267 

We observe in Figure 2 that each process bears, at least, two incident flows (arcs of the graph), 268 

either incoming or outgoing, and three nodes. One of them, labelled by a β with an odd index, 269 

points outward the system, and the other one, with an even index, points inward. 270 

Each β is a coefficient representing the proportion of energy that enters or leave the node through 271 

that arc5. Specifically, we have the formulae: 272 

𝛽1 =
𝑁𝑃𝑃ℎ
𝑁𝑃𝑃𝑎𝑐𝑡

, 𝛽2 =
𝑈𝐵

𝑁𝑃𝑃𝑎𝑐𝑡
, 𝛽3 =

𝐹𝑇𝐼

𝐴𝑇𝑇
, 𝛽4 =

𝑈𝐵

𝐴𝑇𝑇
, 𝛽5 =

𝐹𝐹𝑃

𝑁𝑃𝑃ℎ
, 273 

𝛽6 =
𝐵𝑅

𝑁𝑃𝑃ℎ
, 𝛽7 =

𝐹𝐸𝐼

𝐹𝑇𝐼
, 𝛽8 =

𝐹𝐼𝐼

𝐹𝑇𝐼
, 𝛽9 =

𝐿𝐸𝐼

𝐿𝑇𝐼
, 𝛽10 =

𝐿𝐵𝑅

𝐿𝑇𝐼
, 274 

𝛽11 =
𝐿𝐹𝑃

𝐿𝑃𝑆
, 𝛽12 =

𝐿𝑆

𝐿𝑃𝑆
, 𝛽13 =

𝐿𝐵𝑅

𝐵𝑅
, 𝛽14 =

𝐹𝐵𝑅

𝐵𝑅
, 𝛽15 =

𝐿𝑆

𝐹𝐼𝐼
, 275 

𝛽16 =
𝐹𝐵𝑅

𝐹𝐼𝐼
, 𝛽17 =

𝑂𝑀

𝐹𝑃
, 𝛽18 =

𝐹𝐶𝐼𝐼

𝐹𝑃
, 𝛽19 =

𝑆𝑅𝐼

𝐸𝐼
, 𝛽20 =

𝐹𝐶𝑆

𝐸𝐼
. 276 

Note that there are four cases for which the sum of the pair of betas can be less than one. This is 277 

due to the presence of waste of resources (FW and LW) and of non-Renewable inputs (FnR and 278 

LnR). In these cases, we have 279 

 𝑁𝑃𝑃ℎ =  𝐵𝑅 + 𝐹𝑃 − 𝐹𝑊 and 𝐿𝑃𝑆 = 𝐿𝑆 + 𝐿𝑃 + 𝐿𝑊. 280 

 
4 Labour is not an organic flow but mechanical. Yet it can also be considered a result of food’s consumption, 

as it is accounted in social metabolism (Tello et al., 2015). 
5  We do not include here the flows for the composition of the farming community total inputs (FCTI) 

neither of farming community products and services (FCPS) because, as stated in Section 2.1, we consider 

that this part is not accounting for the agrarian metabolism. 



From the above equations, we see that waste is only involved in these split processes. The same 281 

is applied for the case of non-Renewable inputs. 282 

2.3.2 The information-as-message indicator 283 

In a similar but less complex graph, Marull et al. (2016) measured what is called the information-284 

as-message (I) carried by the energy flows of the farm system as an average of the Shannon 285 

entropy index applied to pairs of betas, with some corrections when the pair’s sum is less than 286 

one. More precisely, consider a pair of betas (𝛽2𝑖−1, 𝛽2𝑖) and denote by  287 

𝐻(𝛽2𝑖−1, 𝛽2𝑖) = −𝛽2𝑖−1 log2(𝛽2𝑖−1) − 𝛽2𝑖 log2(𝛽2𝑖) 288 

which is exactly the usual Shannon entropy index applied to the pairs if its sum is equal to one. 289 

Then the mean of these entropies over all pairs is 290 

𝐼 = (
1

10
∑𝐻(𝛽2𝑖−1, 𝛽2𝑖)

10

𝑖=1

). 291 

In the case that the sum of any pair of betas is strictly less than 1, due to the waste of resources, 292 

Marull et al. (2016) used a correction factor accounting for the information loss it caused. This 293 

kind of factors are bounded by one, and guaranty that the maximum value of I is never greater 294 

than one (for details, see Appendix A). Concretely, in Marull et al. (2016), a factor accounting for 295 

waste in resources in farmland and livestock is used:  296 

𝛾𝐹𝑊 =
𝐵𝑅 + 𝐹𝐹𝑃

𝑁𝑃𝑃ℎ
, 𝛾𝐿𝑊 =

𝐿𝑆 + 𝐿𝐹𝑃

𝐿𝑃𝑆
, and 𝛾𝑤 =

𝛾𝐹𝑊 + 𝛾𝐿𝑊
2

. 297 

Following the same idea, we introduce another factor γ
nR

 accounting for the use of non-renewable 298 

energies (Marull et al. 2019a, 2019b): 299 

𝛾𝐹𝑛𝑅 =
𝐹𝐸𝐼 + 𝐹𝐼𝐼

𝐹𝑇𝐼
, 𝛾𝐿𝑛𝑅 =

𝐿𝐸𝐼 + 𝐿𝐵𝑅

𝐿𝑇𝐼
, and 𝛾𝑛𝑅 =

(𝛾𝐹𝑛𝑅 + 𝛾𝐿𝑛𝑅)

2
. 300 

Note that both 𝛾𝑤 and 𝛾𝑛𝑅 can be written in terms of betas (see Appendix). Then, the information-301 

as-message indicator that we propose is 302 

𝐼 = (
1

10
∑𝐻(𝛽2𝑖−1, 𝛽2𝑖)

10

𝑖=1

)𝛾𝑊𝛾𝑛𝑅 . (1) 

2.3.3 The information-as-structure indicator 303 

We want to reflect the knowledge and wisdom of farmers who, as agents, purposely orient 304 

the farm system energy flows. Hence, what we are trying to account for is the so-called 305 

information-as-structure (Passet, 1996). According to this idea, we are going to connect 306 

Information Theory (Shannon & Weaver, 1949) with an optimization model focused on 307 

the maintenance and reproducibility of the three main funds that can be measured through 308 



our methodology based on energy flows: soil chemical fertility, livestock and the farming 309 

community6. 310 

It is well known from Information Theory that the Shannon index reaches its maximum value 311 

when all coefficients are equal. Consequently, the maximum information-as-message I is 312 

obtained for 𝛽𝑖 = 0.5, for all i. However, from a farm system reproducibility standpoint, this is 313 

not necessarily the best option. Distinct farm systems can establish different compositions of 314 

funds, affecting the energy profiles (Marco et al., 2017). Therefore, we need an indicator sensitive 315 

to the different relevance of each flow according to the farmers-driven information that structures 316 

the fund-flow pattern of a family farm system. 317 

Specifically, if it is known that the optimal value for a pair of flows is achieved at (𝛽2𝑖−1, 𝛽2𝑖), 318 

we want to modify H in such a way that the maximum is attained precisely there. 319 

We seek a transformation of the interval [0,1] in such a way that the maximum of the Shannon 320 

index is taken at a given arbitrary point 𝑎 ∈ (0,1) instead of 𝑎 = 0.5 (Marull and Font, 2017). 321 

This can be achieved with a piecewise linear transformation that map [0,1] onto itself; consider, 322 

for each 𝑥 in [0,1],  323 

𝑇𝑎(𝑥) =

{
 

 
0.5

𝑎
𝑥, 𝑥 < 𝑎

0.5 +
0.5

(1 − 𝑎)
(𝑥 − 𝑎), 𝑥 ≥ 𝑎.

 324 

This function is represented in Figure 3a for 𝑎 = 0.8. Geometrically, one piece of the unit interval 325 

is stretched, and the remaining piece is contracted. Now we define a modified entropy, 𝐻𝑎, for a 326 

given 𝑎 ∈ (0,1), applied to any pair (𝑥, 𝑦) in (0,1) such that 𝑥 + 𝑦 ≤ 1: 327 

𝐻𝑎(𝑥, 𝑦) = 𝐻(𝑇𝑎(𝑥), 𝑇1−𝑎(𝑦)) (2) 

In the particular case 𝑦 = 1 − 𝑥, 𝐻𝑎(𝑥, 1 − 𝑥) is depicted in Figure 3b, for 𝑎 = 0.8. The 328 

maximum value of the entropy is shifted from 𝑎 = 0.5 to 𝑎 = 0.8 while keeping the essential 329 

shape of the curve. The modified (non-symmetric) curve increases more slowly and decreases 330 

faster (for 𝑎 > 0.5). It possesses the desirable property that 𝐻𝑎 values for 𝑥 < 0.5 are smaller 331 

than the corresponding 𝐻0.5 values, reflecting the fact that they are farther away from the 332 

maximum, in the horizontal axis. Similarly, for points 𝑥 > 𝑎 the 𝐻𝑎 value is higher than the 𝐻0.5 333 

values, since they are closer to the maximum. 334 

Then we apply 𝐻𝑎 defined in eq. (2) to an arbitrary pair of betas (𝛽2𝑖−1, 𝛽2𝑖) and write 335 

𝐻𝑎(𝛽2𝑖−1, 𝛽2𝑖) = −𝑇𝑎(𝛽2𝑖−1) log2(𝑇𝑎(𝛽2𝑖−1)) − 𝑇1−𝑎(𝛽2𝑖) log2(𝑇1−𝑎(𝛽2𝑖))   (3) 

 336 
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6 The agrarian landscape functional structure is also an important fund: its maintenance depends on the 

energy reinvested, redistributed and ‘imprinted’ in the land-matrix by the farmers’ knowledge and labor 

(Marull et al., 2018, 2019a). 



Figure 3. Lineal change with 𝑎 = 0.8: 338 

a) Transformation of 𝑥 to 𝑇𝑎(𝑥) b) Shannon index after the linear transformation 𝑇. In 

grey, the original Shannon index. 𝐻𝑎(𝑥, 1 − 𝑥) 

  

Finally, we define the index 𝐼∗, departing on 𝐴∗ = (𝑎1, … , 𝑎10), which we assume that 𝑎𝑖 ∈ (0,1) 339 

are given for all 𝑖 : 340 

𝐼∗ = (
1

10
∑𝐻𝑎𝑖(𝛽2𝑖−1, 𝛽2𝑖)

10

𝑖=1

)𝛾𝑊
∗ 𝛾𝑛𝑅

∗ , (4) 

where  341 

𝛾𝑊
∗ =

1

2
(𝑇𝑎5(𝛽5) + 𝑇𝑎6(𝛽6) + 𝑇𝑎11(𝛽11) + 𝑇𝑎12(𝛽12)) 342 

and  343 

𝛾𝑛𝑅
∗ =

1

2
(𝑇𝑎7(𝛽7) + 𝑇𝑎8(𝛽8) + 𝑇𝑎9(𝛽9) + 𝑇𝑎10(𝛽10)). 344 

Notice that 𝐼∗ defined on eq. (3) applies to the betas in the graph and depends on a hypothetical 345 

optimal distribution of energy flows 𝐴∗. We call 𝐼∗ the information-as-structure index. Notice 346 

that, taking 𝑎𝑖 = 0.5, ∀𝑖, we recover the former index 𝐼. Some other properties of 𝑇𝑎 , 𝐻𝑎 and 𝐼∗ 347 

are stated and proved in the Appendix. 348 

Finding suitable values for 𝑎𝑖 is, in fact, a big deal. The new formulation opens the way to count 349 

with expert criteria based on a deep knowledge on farm systems and their patterns of energy 350 

flows. Yet, we can propose values for the energy flows that ensure the reproducibility of the farm 351 

system funds while optimising some quantity of interest. This is explained in the next section. 352 

2.4. Land use optimisation 353 

Once defined the new indicator for the information-as-structure (𝐼∗), the next step is to identify 354 

to which extent the energy flows of the farm system’s graph are supposed to resemble an optimal 355 

distribution. It can be assumed that the structure of the agrarian metabolism set up among the 356 



different funds of the system is dependent on the site-specific social intentionality of their 357 

managers. From a farm unit standpoint, the intentionality comes from the family goals and 358 

priorities. From an aggregated societal perspective, this is in turn defined by the interests of the 359 

specific historical dominant class and can be altered from time to time by social struggles. 360 

We seek the sustainable reproducibility of the family farm system. This does not exclude the 361 

possibility to search for optimal land uses in order to obtain a maximum economic benefit in a 362 

short period, but it requires ensuring that the main funds of the system are reproduced over time. 363 

To this aim, we propose to model the family farm system conditions and its possible different 364 

goals through linear optimisation using the SAFRA methodology (Padró et al., 2019). This allows 365 

us to obtain the optimal land use pattern for each goal, as well as the energy and material flows 366 

devoted to maintaining the three funds. The details of this methodology are further explained in 367 

Padró et al. (2019). 368 

The linear optimization problem has the form 369 

Minimize ∑ 𝑎𝑖𝑥𝑖
𝑛
𝑖=1 ,  370 

Subject to: ∑ 𝑏𝑖𝑗𝑥𝑖 ≤ 𝑑𝑗𝑖 , 𝑗 = 1,… ,𝑚, 371 

       ∑ 𝑐𝑖𝑗𝑥𝑖 ≥ 𝑒𝑗𝑖 , 𝑗 = 1,… , 𝑡, 372 

      𝑥𝑖 ≥ 0, for all 𝑖. 373 

Where the decision variables 𝑥𝑖 , 𝑖 = 1,… , 𝑛, are the surface area corresponding to each land use 374 

𝑖. For easier model construction, some variables 𝑥𝑖, with 𝑖 > 𝑛, with a direct interpretation in 375 

terms of products or by-products per unit of land use, may appear in the restrictions linked to the 376 

main variables (the land uses surface) (the full code can be found at 377 

https://github.com/cfontm/SAFRA). 378 

The restrictions encode the reproducibility of the three most relevant funds: farming community, 379 

soil fertility, and livestock. In order to ensure their reproducibility, one must consider the 380 

investments required, as well as the maximum amount of services they can provide. Taking a 381 

representative domestic farming unit as the minimum functional unit, we have to account for the 382 

subsistence of the people who make up the community (providing enough food for a specific diet, 383 

and sufficient fuel) as well as for the labour requirements throughout the year. Likewise, livestock 384 

maintenance requires enough products and by-products to feed the animals with a proper diet, 385 

materials for stall bedding, and a sufficient supply of draft power and meat for the farming 386 

community. Finally, a set of restrictions are needed to ensure the maintenance of soil fertility, 387 

which entail a balance keeping a sustainable extraction and replenishment of nutrients, a properly 388 

distribution of uses in respect to soil quality, and the ability to irrigate. All these calculations are 389 

made taking into account the cultural rotations of the region for a given historical period. They 390 

are always site specific. 391 

Intentionality is defined by the coefficients 𝑎𝑖 of the objective function. It is obvious that defining 392 

a specific aim (i.e. how farmers are supposed to use the land and any other natural resource) is a 393 

subjective decision. The prevailing social values will drive the farm system towards one direction 394 

or another. Thus, labour is nothing more, but also nothing less, than a farmers’ allocation of the 395 

available set of material and energy flows in order to obtain a socially-constructed farm system 396 

according to a purpose. 397 



3. Results 398 

3.1. Actual and counterfactual land uses 399 

Following Padró et al. (2019), we have studied three different optimisation profiles in which farm 400 

system funds can be reproduced (as a sustainable management). The three strategies modelled 401 

are: i) maximizing population density; ii) minimizing labour effort; and iii) maximizing 402 

sustainable winegrowing specialization while maintaining population density in order to increase 403 

market income. We will refer to them in the sequel as intensive strategy, extensive strategy and 404 

income strategy. 405 

The result of these models can be seen in Tables 1 (land uses) and 2 (energy balances), where 406 

three different ways of optimizing the family farm system are presented according to the 407 

restrictions explained above. 408 

Table 1. Land uses for the Vallès case study according to the three optimization strategies.  409 

  Land use (%) 

Vallès 

1860 

Intensive 

strategy 

Extensive 

strategy 

Income 

strategy 

Total surface* 12 ha 4.3 ha 6.1 ha 7.6 ha 

Forest and Scrubland 36.4% 39.0% 43.7% 5.8% 

Grassland and 

Wasteland 
7.6% 0.0% 12.1% 8.4% 

Dry cereal cropland 17.6% 54.8% 31.4% 17.3% 

Irrigated cropland 2.6% 4.2% 3.3% 2.9% 

Vineyard land 35.8% 2.1% 9.4% 65.6% 

Shannon Index 0.8 0.7 0.8 0.6 
* Surface of historical case study, Vallès 1860; and for each strategy, the minimum surfaces required to ensure 410 
reproducibility of the three funds considered. 411 
Source: Our own from the sources given in the text. 412 

 413 
  414 



Table 2. Energy flows for the Vallès case study according to three optimization strategies. 415 

Energy flows (MJ/ha) Vallès 1860 Intensive strategy Extensive strategy Income strategy 

FEI 534 1050 685 755 

UB 21625 14717 15563 17451 

FW 0 0 0 0 

FnR 0 0 0 0 

FBR 15033 13884 14134 27593 

LBR 11364 15939 15558 13191 

FFP 16410 20722 13766 8731 

LEI 274 489 341 286 

LW 0 0 0 0 

LnR 0 0 0 0 

LS 1968 1918 1250 1685 

LFP 111 596 416 334 

FCII 7785 13099 9106 6064 

FCS 645 1539 1026 1041 

Variables: Unharvested Biomass (UB); Farmland Biomass Reused (FBR); Livestock Biomass Reused (LBR); Farmland 416 
Waste (FW); Farmland non-Renewable Input (FnR); Farmland Final Produce (FFP); Farmland External Input (FEI); 417 
Livestock External Input (LEI); Livestock Total Input (LTI); Livestock Produce and Services (LPS); Livestock Final 418 
Produce (LFP); Livestock Services (LS); Livestock Waste (LW); Livestock non-Renewable Input (LnR); Farmland 419 
Internal Input (FII); Farm Community Internal Input (FCII); Farming Community Services (FCS). Source: Our own 420 
from the sources given in the text. 421 

3.2. Information indicators behind the intentionality of these organic farm systems 422 

The new values found of 𝐼∗ are higher than those of the previous indicator I. The three different 423 

optimal distribution of energy flows range from a I value of 0.682 to the I* scores between 0.916 424 

and 0.944 for each purpose-oriented strategy (Table 3). That means that the values obtained by 425 

the information-as-structure (𝐼∗) are much higher than those of the information-as-message (I). 426 

Indeed, the corresponding 𝐼∗ values of each SAFRA optimization strategies allow assessing in 427 

which strategy the observed profile have values closer to the maximum value attained by the 428 

optimal flows’ distributions. 429 

Table 3. Information indicators (information-as-message I and information–as–structure 𝐼∗) 430 

accounted in the case study and under each optimization strategy. 431 

 Vallès 1860 

I 0.682 

𝐼∗ (intensive) 0.916 

𝐼∗ (extensive) 0.933 

𝐼∗ (income) 0.944 

Source: Our own from the sources given in the text. 432 

  433 



3.3. Values of biomass inflow7 for sustaining the farm system funds 434 

Pairwise comparisons of 𝐼∗ values in Table 3 show short differences between the optimized 435 

models and the historical case. Another approach to analyse how the funds would had been 436 

sustained in each strategy simulation is to focus only on biomass inflows within the four 437 

subsystems. To do so we compare the share of NPPact flows (UB+FBR+LBR+FCII) that goes 438 

into each subsystem according to the prevailing strategy and in the actual historical case, and  439 

measure the subsystems’ contribution to the total energy throughput by: 440 

𝑘1 =
𝑈𝐵

𝑈𝐵 + 𝐹𝐵𝑅 + 𝐿𝐵𝑅 + 𝐹𝐶𝐼𝐼
, 𝑘2 =

𝐹𝐵𝑅

𝑈𝐵 + 𝐹𝐵𝑅 + 𝐿𝐵𝑅 + 𝐹𝐶𝐼𝐼
, 441 

𝑘3 =
𝐿𝐵𝑅

𝑈𝐵 + 𝐹𝐵𝑅 + 𝐹𝐵𝑅 + 𝐹𝐶𝐼𝐼
, 𝑘4 =

𝐹𝐶𝐼𝐼

𝑈𝐵 + 𝐹𝐵𝑅 + 𝐿𝐵𝑅 + 𝐹𝐶𝐼𝐼
. 442 

These values indicate the share of biomass inflows going towards the ‘unharvested’ subsystem –443 

which contributes to the fund that sets the material basis of farmland associated biodiversity (𝑘1); 444 

towards the ‘farmland’ subsystem –which refers to the fund of soil fertility (𝑘2); towards the 445 

‘livestock’ subsystem–referring to the livestock fund (𝑘3); and towards the ‘farming community’ 446 

subsystem–referring to the farming population fund (𝑘4). Results are presented in Table 4. 447 

Table 4. Subsystems contribution to total energy throughput. 448 

 Vallès 1860 Intensive strategy Extensive strategy Income strategy 

𝑘1 0.387 0.255 0.286 0.271 

𝑘2 0.269 0.241 0.260 0.429 

𝑘3 0.204 0.277 0.286 0.205 

𝑘4 0.139 0.227 0.168 0.094 

Source: Our own from the sources given in the text. 449 

3.4. Comparing energy flows and land uses 450 

How similar were the energy flows and land uses in the actual historical case with respect to the 451 

optimised strategies? To make the comparison, we calculate the Euclidean distance between the 452 

vectors corresponding to each scenario (other distances could be used as well, we choose the 453 

Euclidean distance because it is a well-known and easy to understand measure). The total surface 454 

is different for each scenario (see Table 1), hence we work with the proportion of land covers and 455 

energy flows, respectively. Table 5 shows the Euclidean distances among the optimized strategies 456 

and the historical case with respect to energy flows and to land uses. The values in Table 5 are 457 

Euclidean distances divided by the square root of two, that is, the distance between two polarized 458 

cases (e.g. (1,0,0,0)), so that the values range from 0 to 1. 459 

  460 

 
7 We refer as inflow the part of the energy flow that is reused into the agro-ecosystem. 



Table 5. Euclidean distances in energy flows and land uses for the Vallès case study and the 461 

optimization strategies. 462 

 
 Vallès 1860 Intensive strategy Extensive strategy Income strategy 

E
n

er
g

y
 f

lo
w

s Valles 1860 - 0.10 0.07 0.14 

Intensive 0.10 - 0.06 0.18 

Extensive 0.07 0.06 - 0.13 

Income 0.14 0.18 0.13 - 

L
an

d
 u

se
s Valles 1860 - 0.37 0.20 0.25 

Intensive 0.37 - 0.25 0.55 

Extensive 0.20 0.25 - 0.44 

Income 0.25 0.55 0.44 - 

Source: Our own from the sources given in the text. 463 

3.5. Making the results spatially explicit: cells resemblance to the optimization models 464 

We also want to see how sample cells are spatially distributed according to the models’ 465 

intentionality. To this aim we proceed as follows. 466 

First of all, in order to have a suitable area to compare the real data with those arising from the 467 

model’s results, and given that the total area required for each optimization model ranges from 4 468 

to almost 8 ha, we have split the whole area into a grid of 300x300m sample cells. 469 

Then, for each sample cell we considered the vector of land cover proportions, 𝑝 = (𝑝1, . . . , 𝑝𝑛) 470 

where 𝑝𝑖 is the proportion of land cover i and n is the total number of land covers8. Once we have 471 

settled this, we take the Euclidean distance between the vector p and the homonymous from each 472 

of the optimization models. Finally, a category is assigned to each cell depending on the minimum 473 

distance the vector p reaches with respect to the optimization models. 474 

As a dissimilarity criterion, we have established that when the minimum distance between the 475 

sample cell and all the optimization strategies is higher than 0.35, that is the maximum distance) 476 

then the cell doesn’t resemble any model and appear as ‘no category’ cells (white cells in Figure 477 

4). This threshold is arbitrary, and other criteria could be considered. 478 

  479 

 
8 Note that here we use land covers instead to land uses. This is because in order to make spatially explicit 

the land distributions that correspond to each of these strategies, we are constrained by the land covers 

defined by the cadastral maps. Therefore, here we merge the land use categories ‘herbaceous crop rotations’ 

and ‘olive tree rotations’ under the land cover of dry cropland. This is not for functional resemblance but 

because of the limitations set by the available historical sources. 



Figure 4. Vallès county cell map, with colours according to model resemblance. 480 

 481 

Source: Our own from the sources given in the text. 482 

4. Discussion of the results of counterfactual analysis 483 

The purpose of the first counterfactual strategy was to minimize the area required for sustaining 484 

with an appropriate diet an average family of five members while reproducing the other farm 485 

system funds. This is called intensive strategy and responds to a strategy of land use 486 

intensification. We obtained an agro-forestry mosaic of 4.26 ha (Table 1) per typical household 487 

composition with close to 55% of the area devoted to dry cereal cropland. In this case vineyard 488 

would be required for only 2.1% of the area because, in terms of intensity of cash, area olive trees 489 

are a superior strategy to get income entries to face payments for taxes, housing and clothes. 490 

Finally, close to one third of the farmland area would had been forest for firewood and grazing. 491 

The results of the optimisation following what we call an extensive land use strategy have led to 492 

a total amount of counterfactual land of 6.10 ha per household, where the less-intensive land uses 493 

(forest and pasture) would had been close to 56% of the total area (see Table 1). The aim of this 494 

second strategy was to minimize the total amount of labour required to fill the demands of the 495 

family farm system. As a result, the pursuit of feeding the livestock in these extensive uncultivated 496 

parts strongly reduces the demand for cultivated land. In the same vein, the proportion of irrigated 497 

land is reduced because of its high demand on intensive practices, whereas vineyards cover up to 498 

10% of the area. 499 

The third counterfactual strategy, that we call the income strategy, maximized the total monetary 500 

gain obtained from the farmland output taking advantage of the biogeographic and economic 501 

suitability for growing vineyards in the region at that time. In turn, it considers the option of using 502 

the already developed markets for importing grains from inner Spain. The results reduce the need 503 

to grow grains within the farm system but require the freedom for importing labour from outside 504 

in the peak months of harvesting and pruning as well. In terms of land uses it is clearly different 505 

from the others. In this case the counterfactual area obtained is assumed to be the amount that 506 

rests from dividing the total area among the existing population, which was 7.60 ha (as shown in 507 



Table 1). Here, the dominant use in the resulting counterfactual agroforest mosaic would have 508 

been vineyards that amounted 66% of the total area, followed far behind by a 15%of olive trees 509 

associated to a cereal intercrop rotation, while forest and pasture were reduced to 6 and 8% 510 

respectively. 511 

In order to asses which of those counterfactual scenarios are closer to the historical one we first 512 

look at the values of the information indicators that express the different goals behind them. 513 

According to the results shown in Table 3, the actual case study was closer to the maximum 514 

specialization on vineyards seeking an income strategy to than the other ones (𝐼∗ = 0.944), 515 

followed by the extensive model (𝐼∗ = 0.933) because of its similarity regarding the share of 516 

cropland extensive uses also adopted by the large farmsteads. Finally, the most dissimilar one is 517 

the strategy of maximizing population density (𝐼∗ = 0.916) which did not seem to have been the 518 

main driver c.1860. Indeed, these results clearly fit with what agricultural historians know about 519 

this farming community led by a group of rich landowners that followed a cropland extensive 520 

strategy in their better lands to minimize hiring external labour, while they set tenancy contracts 521 

to a larger group of landless smallholders to grow vines in the worst soils by paying a third of the 522 

vintage to them (Garrabou, Tello & Cussó, 2010). This explains why the actual pattern was 523 

somewhere in between an income maximization and an extensive strategy. 524 

Secondly, given the relatively short differences in terms of information values found between the 525 

optimized scenarios and the historical case, it is worth supplementing them by looking at the 526 

structural differences in their internal biomass inflows. This, in turn, helps to infer some insights 527 

about their likely environmental impacts either aboveground and belowground the farmland.  528 

With respect to 𝑘1 (biomass left in the farm system for potentially feeding the associated 529 

biodiversity), the three values from the models appear in the 25-30% range while in the historical 530 

case it was 39%. Was an NPPact inflow of less than 30% enough to sustain farmland associated 531 

biodiversity? Our model cannot ensure the sustainability of the ‘unharvested’ subsystem, hence 532 

these values must be taken with caution and require a specific enquiry. Being lower than the actual 533 

historical ones we cannot ensure that this NPPact flow would be enough to feed the heterotrophic 534 

chains of the entire associated biodiversity without endangering any species: in fact, 535 

undomesticated species do not depend only on agro-ecosystem energy flows but also on landscape 536 

ecology parameters (Tscharntke et al., 2012) not addressed in our model (Marull et al., 2019a has 537 

recently tested the links between landscape structure, energy and information flows driven by 538 

farming and biodiversity). 539 

We can also infer some clues on that issue from the value of the Shannon index of land cover 540 

equi-diversity (Table 1), which can be used as a proxy of a set of differentiated habitats. The index 541 

is higher under the extensive strategy, while the income strategy would imply a polarized 542 

landscape probably less capable to host biodiversity. The intensive strategy would also show a 543 

relatively low level of landscape heterogeneity (mainly due to the disappearance of pastureland) 544 

whereas the historical case shows a relatively high value of land cover richness. 545 

In the ‘farmland’ subsystem (which refers to the reproducibility of soil fertility) income 546 

maximization is the model devoting the greatest share of biomass (with 43% of NPPact inflows 547 

towards this sub-system), while the more extensive model dedicates only 26% of the harvested 548 

biomass to restore fertility. This is because the share of cropped area is lower. In turn, sustaining 549 

the livestock subsystem requires an inflow of NPPact between 20% and 29% depending, again, on 550 

the intensity of the land use management. 551 



Finally, for sustaining the ‘farming community’ subsystem a great variability in the share of 552 

NPPact inflows is observed (𝑘4). Under the more intensive strategy 23% of NPPact is invested as 553 

fuel and food, whereas only 9% is dedicated to the cash-crop specialization (mainly because 45% 554 

of the diet is brought from outside the farm system). The income specialization strategy is the 555 

most similar to the historical case (𝑘4 close to 14%). This is because food imports to the Vallès 556 

area were already relevant but also due to the historical lesser intensity of land uses practised by 557 

wealthy landowners. 558 

Therefore, while both in the intensive and the extensive strategies the biomass inflows are more 559 

evenly distributed, in the income strategy inflows appear more skewed towards maintaining soil 560 

fertility and less towards maintaining the farming community. The historical case was more 561 

similar to this last strategy in which trade played a relevant role. 562 

Despite the differences found in the pattern of energy flows, the differences in land uses are even 563 

more relevant, as shown by Euclidean distances in Table 5. Overall, the differences in energy 564 

flows expressed by this distance range between 0.06 and 0.18, whereas differences in land uses 565 

range from 0.20 and 0.55. In particular, the historical case was more similar to the extensive 566 

strategy than to any other9, both for the energy flows (distance = 0.07) and for the land uses 567 

(distance 0.20). This is because of the relevance of forestland among rich landowners and despite 568 

the high share of vineyards intensively grown by many smallholders in this historical case. 569 

Therefore, the results show that while in terms of land use distribution the actual intentionality 570 

strongly differs from the optimized composition among them, in terms of internal energy flows 571 

differences are less important (see Table 2). This means that, the structural configuration of each 572 

fund in relation to the others within the farm system was strongly defined by the unavoidable 573 

links between them under the constraints of the organic farming c.1860. The sole exception was 574 

the farming community that could allocate their internal resources with greater flexibility, since 575 

the most important incoming flows depended on that. 576 

By making pairwise comparisons we also observe that the income strategy is the most distant to 577 

the others, followed by the intensive strategy and then the real historical case and the extensive 578 

strategy which stand in between the others. While the models tend to polarize family farm system 579 

management towards maximizing only one strategy –in particular population density or income 580 

revenue- in the historical case a plurality of actors with multiple interests and different forms of 581 

managing the farm system had the effect of standing in between the energy profiles of these 582 

models. 583 

Note that the indicator I* has shown the historical case to be closer to the income and extensive 584 

strategies, while the distances show other proximities. This is because the comparison patterns 585 

differ. On one hand, indicator I* relates the historical case with each one of the counterfactuals in 586 

terms of modified Shannon indices based on the whole set of energy flows entering and outcoming 587 

in the subsystems. On the other hand, the Euclidean distances rely on biomass relative flows and 588 

land uses distributions, respectively, and other similarities are described on the basis of these 589 

particular features. 590 

 
9 To compare the relative values of energy flows and the land-use distribution through a modified Shannon 

index we use here a different measure from the information-as-structure. So, despite some similarities, they 

have different interpretations by each unit and type of measurement. 



Finally, in order to find out what kind of dynamics was present in the Vallès case study we can 591 

compare maps in Figures 1 and 4, i.e. land cover map and sample cells’ similarities. We observe 592 

that close to urban areas of the towns, isolated farmhouses, watercourses and flat irrigable lands, 593 

cells tend to the intensification strategy. Farther away steeper and poorer soils appear to be closer 594 

to the income strategy. Thirdly, cells resembling the extensive strategy appear across forestland 595 

and pastureland areas where pressure over natural resources was lower. By making the 596 

optimization model spatially explicit we can see that while just above a third of the total number 597 

of cells have land uses with no particular similarity to any of the optimization strategies, in the 598 

remaining cells we can see a clear resemblance to the income strategy model 59% of the cases, 599 

followed by a 26% of land uses in cells that resemble the extensive strategy, leaving only 15% of 600 

the cells to land uses that can be associated to the intensive strategy. 601 

From a landscape ecology perspective, the functional structure obtained from the Shannon index 602 

of the land distribution among six different covers (irrigated gardens, dry herbaceous cropland, 603 

vineyard, olives groves, pasture and shrub, and woodland; see Table 1) shows that the prevalence 604 

of vineyards in the territory not only responded to the income strategy. It also implied that, given 605 

the relatively high population density in the case study area, the landscape looked less 606 

heterogeneous in case fewer vineyards were implanted disregarding other land uses (e.g. other 607 

crops, pasture or forestland areas). From Table 1 we also observe that the strategy that would 608 

allow the highest Shannon index is the extensive one (that potentially means more habitats for 609 

non-domesticated species). Instead, by maximizing population or income goals the index would 610 

decrease. This happens because by pursuing either a population or an income optimization land 611 

uses would be polarized towards those particular ones that best fit these strategies, eliminating or 612 

minimizing land uses that would not be required in this specialization (pastureland and dry annual 613 

crops respectively). Finally, in the real historical case the index is lower than in the case of the 614 

extensive strategy and higher than the rest. We understand this result, once more, as a situation in 615 

which a plurality of strategies was pursued by the farming community in which, however, the 616 

ruling class of wealthy landowners prevailed. They possessed most of the land and controlled the 617 

access to it from the rest of smallholders through tenancy contracts. While they tended to follow 618 

a poly-cultural extensive strategy in their farmsteads, the leases they offered to the smallholder 619 

families who lived in the towns forced them to pursue a more intensive specialization in vineyards 620 

(Marco et al., 2017; Tello et al. 2008). 621 

In summary, the real case stood between the various strategies considered in the model. In 622 

particular it seems to move between the extensive and the intensive ones according to the land 623 

endowment of different families, combining both with a partial commercial specialization, mainly 624 

vineyards. Yet, in general, the actual situation was closer to the income strategy—an outcome of 625 

our SAFRA modelling that is coherent with the drivers that can statistically explain this vineyard 626 

specialization in the whole Barcelona province at that time (Badia-Miró & Tello, 2014). Each 627 

driving force explains a part of vineyard spreading, but only in conjunction with the others: e.g. 628 

population density increase only mattered up to the point of exhaustion of the ‘inner frontier’ of 629 

land use intensification that landowners were eager to offer to winegrower tenants; and the greater 630 

market profitability of growing vines, instead of grains or keeping forestry and pasture uses, 631 

tightly depended on the quality and location of soils. The adoption of this partial winegrowing 632 

specialization strategy did not imply that the overall farming population attained higher standards 633 

of living. There existed limits in the access to land due to social inequalities (Marco et al., 2017). 634 

The study of this very important dimension goes beyond the scope of this paper, and it might be 635 



worth to examine in further researches that use the SAFRA modelling to bring to light the 636 

relationship between social inequalities and their imprint on the farming landscape. 637 

5. Conclusions 638 

In order to understand the relationship between the energy reinvested and redistributed in a family 639 

farm system, and its impression on the land matrix as land-use and livestock optimization, we 640 

have developed a methodology linking Information Theory with a Sustainable Agro-ecological 641 

Farm Reproductive Analysis. The results obtained in a Mediterranean organic agricultural system 642 

(Vallès County, Catalonia, 1860) can be interpreted in the sense that it is the farmers’ know-how 643 

and culture (the information passed down from generation to generation), what allows to manage 644 

the energy entering to the farm system in the most efficient way in order to maintain a sustainable 645 

exploitation of the agro-ecological territory, always within the main goals adopted by the ruling 646 

class that controlled the access to natural resources. 647 

According to Marull et al. (2019), the information-driven redistribution of energy flows within 648 

agroecosystems appears to be a major factor behind biodiversity patterns in Mediterranean 649 

cultural landscapes. In this paper we have departed from the use of Shannon Index through 650 

Information Theory directly applied to the energy profile of energy fluxes driven within farm 651 

systems, and we move towards assessing farmers’ structuring information by assuming a 652 

maximum value of I derived from three different strategies of land use optimization (𝐼∗). By doing 653 

so, we observe that in the historical case the value of 𝐼∗ associated to any optimization strategy 654 

reaches a very high level (in the three cases was over 0.9). This means that in the real case, the 655 

complexity of the interwoven pattern of energy flows in the graph could differ according to each 656 

optimization strategy adopted by farmers. We claim that the new indicator 𝐼∗ expresses the actual 657 

capacity of farmers (and their site-specific endowment of resources and local knowledge) to shape 658 

landscapes in a fairly sustainable way, under the assumption that sustainability was the capacity 659 

to reproduce the different funds of the farm. This is relevant for understanding past agricultural 660 

landscapes. But it can be a useful tool in order to get information on the current trends and aims 661 

in which agrarian systems are being managed at present as well. 662 

Farmers were managing c.1860 the Vallès agro-ecosystem studied close to optimal conditions in 663 

terms of the relative magnitudes of biophysical flows needed to reproduce the farming 664 

community, their livestock, and soil fertility, always under the technical and social settings which 665 

prevailed at that time. Moreover, independently from which optimization strategy this local 666 

population might have decided to pursue, the actual patterns show that there existed a set of 667 

incoming and outgoing pairs of energy flows which were always close to the general optimum 668 

needed for keeping the family farm system reproducibly. Put it bluntly, the actual path adopted 669 

was not the only possible one that might have been compatible with this sustainability criterion. 670 

Although the actual land uses c.1860 greatly differed from the optimal SAFRA models, the 671 

distribution of the associated energy flows did not differ that much. Indeed, the pattern of energy 672 

linkages between funds could not diverge so sharply between the optimization models considered. 673 

We interpret this as a sustainability imperative: land uses could be very different according to the 674 

prevailing strategy, but the sustainability of the energy flows stemming in and out of the agro-675 

ecosystem entailed that the intensity of these flows (in energy per surface units) could only vary 676 

within the limited range that an organic farm system might then assume. Indeed, the different 677 

funds required similar investments no matter the main intentionality of the farming community 678 



was. Whichever the land use distribution is, an organic farm system can only redistribute flows 679 

within its underlying structure of funds along a restricted range of values. 680 

Finally, the spatially explicit analysis carried out yielded a modelled farm landscape that 681 

resembled a lot one close to an income optimization, which brings to light the socioeconomic 682 

ruling forces behind the real historical landscape studied c.1860. We know from the studies 683 

carried out in the same case study (Marco et al. 2017 and under review) that the unequal land and 684 

livestock distribution among the farming population played a key role in driving winegrowing 685 

specialization as the main cash crop, and shaping that cultural landscape. This opens the way to 686 

use the new SAFRA modelling developed in this article for a further research on the impacts 687 

social inequalities may have on landscape agroecology. 688 
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APPENDIX A 843 

In this appendix we show that the indices 𝐼 and  𝐼∗ defined in Section 3.2 and 3.3 take values in 844 

the interval [0,1]. These are the claims of Lemma 1 and Lemma 2 below. Notice first that an 845 

equivalent definition of the quantities 𝛾𝑊 and 𝛾𝑛𝑅 is: 846 

𝛾𝑊 =
1

2
(𝛽5 + 𝛽6 + 𝛽11 + 𝛽12), 𝛾𝑛𝑅 =

1

2
(𝛽7 + 𝛽8 + 𝛽9 + 𝛽10). 847 

Lemma 1 848 

1. 0 ≤ 𝐻(𝛽2𝑖−1, 𝛽2𝑖)𝛾𝑊𝛾𝑛𝑅 ≤ 1, 𝑖 = 1,… , 10. 849 

2. The index 𝐼 defined by formula (1) satisfies 0 ≤ 𝐼 ≤ 1. 850 

Lemma 2 851 

1. If 𝑎 = 0.5, then 𝑇0.5(𝑥) = 𝑥, ∀𝑥 ∈ (0,1) 852 

2. ∀𝑎 ∈ (0,1): 𝑇1−𝑎(𝑦) = 1 − 𝑇𝑎  (1 − 𝑦) 853 

3. ∀𝑎 ∈ (0,1), if 𝑥 + 𝑦 = 1, then 𝐻𝑎(𝑥, 𝑦) = 𝐻(𝑇𝑎(𝑥), 1 − 𝑇𝑎(𝑥)). 854 

Lemma 3 855 

For any 𝑎 ∈ (0,1) and any pair (𝑥, 𝑦) in [0,1] such that 𝑥 + 𝑦 ≤ 1:  0 ≤ 𝑇𝑎(𝑥) + 𝑇1−𝑎(𝑦) ≤ 1. 856 

Lemma 4 857 

1. 0 ≤ 𝐻𝑎(𝛽2𝑖−1, 𝛽2𝑖)𝛾𝑊
∗ 𝛾𝑛𝑅

∗ ≤ 1 858 

2. The index 𝐼∗ defined by formula (3) satisfies 0 ≤ 𝐼∗ ≤ 1, for any 𝐴∗ = (𝑎1, … , 𝑎10),  859 

with 𝑎𝑖 ∈ (0,1). 860 

 861 

Proof of lemma 1 862 

First notice that 𝛾𝑊 and 𝛾𝑛𝑅 are both arithmetic means of proportions, and therefore take values 863 

in [0,1]. Also, the quantities 𝐻(𝛽2𝑖−1, 𝛽2𝑖) are always non-negative. 864 

In the case when 𝛽2𝑖−1 + 𝛽2𝑖 = 1, we know that the entropy satisfies 𝐻(𝛽2𝑖−1, 𝛽2𝑖) ≤ 1, and we 865 

are done with claim 1. This is not necessary true if 𝛽2𝑖−1 + 𝛽2𝑖 ≤ 1. 866 

For 𝑖 = 3,4,5,6, we can only say 𝛽2𝑖−1 + 𝛽2𝑖 ≤ 1. Assume 𝑖 = 3 to simplify notation. The other 867 

cases are identical. We want to prove that 868 

𝐻(𝛽5, 𝛽6)𝛾𝑊𝛾𝑛𝑅 ≤ 1. 869 

Clearly, 𝐻(𝛽5, 𝛽6)𝛾𝑊𝛾𝑛𝑅 ≤ 𝑓(𝛽5, 𝛽6), where 870 

𝑓(𝛽5, 𝛽6) ≔ (−𝛽5 log2 𝛽5 − 𝛽6 log2 𝛽6)
(𝛽5 + 𝛽6 + 1)

2
. 

(A1) 

By symmetry, if the maximum of this function on the triangle {𝛽5 + 𝛽6 ≤ 1, 𝛽5 ≥ 0, 𝛽6 ≥ 0} is 871 

achieved at some point (𝛽5
′ , 𝛽6

′ ), then (𝛽6
′ , 𝛽5

′ ) is also a maximal point. Both points lie on a certain 872 

line 𝛽5
′ + 𝛽6

′ = 𝑘. Restricting 𝑓 to this line, it is easily seen by elementary calculus that there is a 873 



unique maximal point and 𝛽5
′ = 𝛽6

′ . Therefore, we only need to check that the function of one 874 

variable, 875 

𝑔(𝛽) = (−2𝛽 log2 𝛽)
(2𝛽 + 1)

2
, 876 

is bounded by 1 for 0 ≤ 𝛽 ≤ 0.5. 877 

Again, using elementary calculus, it can be seen that 𝑔 is increasing in [0, 0.5]. Hence, 878 

𝑓(𝛽5, 𝛽6) ≤ 𝑔(0.5) = 1, and claim 1 is verified. 879 

Claim 2 follows immediately, since 𝐼 is the arithmetic mean of quantities belonging to the interval 880 

[0,1]. 881 

 882 

Proof of lemma 2 883 

The first claim is immediate, and the third is directly implied by the second and the definition of 884 

𝐻𝑎. To prove the second claim: 885 

If 𝑦 < 1 − 𝑎, then 1 − 𝑦 > 𝑎 and we have 886 

𝑇1−𝑎(𝑦) =
0.5

1 − 𝑎
𝑦 887 

and 888 

1 − 𝑇𝑎(1 − 𝑦) = 1 − (0.5 +
0.5

1 − 𝑎
(1 − 𝑦 − 𝑎)) =

0.5

1 − 𝑎
𝑦. 889 

If 𝑦 ≥ 1 − 𝑎, then 1 − 𝑦 ≤ 𝑎 and, analogously, 890 

𝑇1−𝑎(𝑦) = 0.5 +
0.5

𝑎
(𝑦 − (1 − 𝑎)) = 1 −

0.5

𝑎
(1 − 𝑦) 891 

and 892 

1 − 𝑇𝑎(1 − 𝑦) = 1 −
0.5

𝑎
(1 − 𝑦). 893 

 894 

Proof of lemma 3 895 

Take (𝑥, 𝑦) in [0,1] such that 𝑥 + 𝑦 ≤ 1and consider three cases: 896 

1) 𝑥 < 𝑎 and 𝑦 < 1 − 𝑎 897 

2) 𝑥 < 𝑎 and 𝑦 ≥ 1 − 𝑎 898 

3) 𝑥 ≥ 𝑎 and 𝑦 < 1 − 𝑎 899 

In the case 1), 900 

𝑇𝑎(𝑥) + 𝑇1−𝑎(𝑦) =
0.5

𝑎
𝑥 +

0.5

1 − 𝑎
𝑦, 901 

which is less or equal than 1, under the constraints in 1). In the case 2), 902 

𝑇𝑎(𝑥) + 𝑇1−𝑎(𝑦) =
0.5

𝑎
𝑥 + 0.5 +

0.5

𝑎
(𝑦 − (1 − 𝑎)) = 1 +

0.5

𝑎
(𝑥 + 𝑦 − 1), 903 

that clearly is less or equal than 1, because  𝑥 + 𝑦 − 1 ≤ 0. In the case 3), 904 



𝑇𝑎(𝑥) + 𝑇1−𝑎(𝑦) = 0.5 +
0.5

1 − 𝑎
(𝑥 − 𝑎) +

0.5

1 − 𝑎
𝑦 = 0.5 +

0.5

1 − 𝑎
(𝑥 + 𝑦 − 𝑎), 905 

and this is less or equal than 1 because  𝑥 + 𝑦 ≤ 1. 906 

 907 

Proof of lemma 4 908 

By definition, 𝐻𝑎(𝛽2𝑖−1, 𝛽2𝑖) = 𝐻(𝑇𝑎(𝛽2𝑖−1), 𝑇1−𝑎(𝛽2𝑖)), and 𝑇𝑎(𝛽2𝑖−1) + 𝑇1−𝑎(𝛽2𝑖) ≤ 1 by 909 

lemma 3. Now, notice that 𝛾𝑊
∗  and 𝛾𝑛𝑅

∗  are exactly the 𝛾𝑊 and 𝛾𝑛𝑅 corresponding to the pairs 910 

(𝑇𝑎(𝛽2𝑖−1), 𝑇1−𝑎(𝛽2𝑖)). Then, by lemma 1, each term satisfies 𝐻𝑎(𝛽2𝑖−1, 𝛽2𝑖) 𝛾𝑊
∗ 𝛾𝑛𝑅

∗ ≤ 1, and 911 

therefore also 𝐼∗.  912 

 913 


