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Mixed farming systems are of interest in the search for sustainability because of their species diversity and the
potential for synergy from integrating crops with livestock. However, their ability to maximize food production
has been little addressed in the literature and deserves to be explored further. The issue of nutrient recycling
raises questions about resource allocation between food crops, feed and animal products. This study, based on a
whole farm system experiment conducted for approximately fifteen years in northeastern France, assesses the
biotechnical processes and food production performance of two integrated mixed system configurations. These
configurations differed both in their types of production (diversity in both livestock and crops) and in their
overall strategies (striving for self-sufficiency vs. maximizing food-crop output). Taking a metabolic approach,
the study evaluates biotechnical processes (by ecological network analysis and nutrient balances) and food
production efficiency. Our results show that the configuration geared to maximizing food production is not the
more productive but is the more efficient. In both cases, efficiency at the farm system scale is better than the
efficiencies of each production. This confirms the importance of combining systemic and analytical approaches to
better understand and act on the development of agroecological farming systems. We also show the importance,
for a self-sufficient system, of having stocks in reserve to cope with unfavorable years. Finally, our study confirms
the value of integrated mixed farming systems in terms of agroecology but highlights the need for (i) a closer
consideration of their food production aspect and (ii) an analysis of the temporal dynamics of agrosystems and
the trade-offs between food production and nutrient cycling.

1. Introduction agricultural systems (Therond et al., 2017).

Many institutions are calling for agricultural systems to transition to

During the second half of the 20th century, agricultural systems in
Western Europe became highly specialized in response to public pol-
icies, technical innovations and low energy costs (Jepsen et al., 2015).
The specialization was fostered by a progressive disconnection between
agricultural and food systems, which are now organized on a global
scale (Billen et al., 2014). Territorial specialization resulted in a marked
disconnection between crop and livestock production, with each terri-
tory divided into large and specialized farming areas (cereals, livestock,
etc.). This trend was encouraged by the concentration of industrial
processing facilities for reasons of economy of scale. Such disconnection
makes farms more dependent on inputs (mineral fertilizer, animal feed)
and on markets. These developments have had consequences both for
the environment (water pollution, erosion of biodiversity, etc.) and for
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more sustainable systems (Tomich et al., 2011; Sijpestijn et al., 2022).
Systems based on the principles of agroecology are among the main
avenues to be explored to improve sustainability (Gliessman, 2004).
They are mainly based on the diversification of species (more complex
food webs), cycling of nutrients (crop-livestock integration), biological
regulation and the reconnection of agricultural systems with food sys-
tems (Le Roux et al., 2008; Kremen et al., 2012; Altieri et al., 2012).
These principles should contribute to some of the emerging properties
expected of sustainable agricultural systems: self-sufficiency, produc-
tivity, efficiency and resilience (Lopez-ridaura et al., 2005; Lin, 2011;
Cabell and Oelofse, 2012; Bonaudo et al., 2014; Meuwissen et al., 2019).

We make the assumption that mixed crop-livestock systems have
some useful features for achieving sustainability and their
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agroecological processes, namely, diversity of species (plant and animal)
and synergies achieved by integrating crop and livestock production
(Bonaudo et al., 2014). The issue of crop-livestock integration and
nutrient recycling raises the question of resource use and their priority
to produce food, particularly the role of intermediate resources such as
fodder for animal feed (Barbieri et al., 2022).

From a methodological standpoint, agricultural systems have
frequently been analyzed using a combination of indicators to assess
their performance with regard to the three pillars of sustainability
(WCED, 1987; Loépez-ridaura et al., 2005; Zahm et al., 2019). These
so-called multicriteria assessment methods have been criticized because
(i) they are highly standardized and normative (they incorporate, more
or less explicitly through the indicators and thresholds used, the defi-
nition of “a” sustainable system - Barbier and Lopez Ridaura, 2010), (ii)
they focus on assessing average agricultural output (Urruty et al., 2016),
and (iii) they do not help to explain the functioning and complexity of
agrosystems (Binder et al., 2010). From our point of view, the capacity
of agricultural systems to use resources to produce food, from both an-
imals and crops, and to exploit the range of possible complementarities
needs to be specifically studied.

We assume that agrosystems based on agroecological principles are
more complex systems. Consequently, the analysis of such a system must
be systemic and holistic. This means characterizing the system’s various
components, the interactions between them, and the interactions be-
tween the system and its ecological and socioeconomic environment.
Until now, metabolic and flow analysis approaches have mainly been
applied at the scale of agri-food systems (Fernandez-Mena et al., 2016;
Gabriel et al., 2020), whose spatial scope extends from the farming
system (Steinmetz et al., 2021), local territory (Verger et al., 2018), and
watersheds (Kim et al., 2018) to global scales (Billen et al., 2021).
Metabolic approaches developed in economics and ecology (Rutledge
et al., 1976; Finn, 1980; Ulanowicz et al., 2009) have been adapted for
assessing agroecological performance at the farm scale (Rufino et al.,
2009a; Stark et al., 2016; Steinmetz et al., 2021). However, nature-based
systems are inherently sensitive to environmental conditions, which can
have a strong impact on their performance levels (Darnhofer et al., 2010;
Duru et al., 2015, 2013). Taking into account the activity of the system,
in terms of nutrient flows between biological components, seems to be
an interesting way to analyze these systems and design agroecological
ones.

The purpose of this paper is to assess the agroecological and food
production performance of two configurations of integrated crop-
livestock farming systems. They were conducted asynchronously on an
experimental farm at the whole-farm scale. The first configuration
(2004-2015) was designed to close the nutrient cycles to achieve self-
sufficiency and integrate crops and livestock. The second configura-
tion (2016-2020) had more diverse crops and herds, with more land
used directly for food production, to avoid feed-food competition. To
make this assessment, we analyze nutrient flows (expressed as nitrogen)
using two complementary approaches: ecological network analysis (to
assess the systems’ agroecological performance) and food production
efficiency.

2. Materials and methods
2.1. One system experiment, two mixed farming system configurations

The analysis is based on a whole farm experiment conducted on the
INRAE ASTER research station in Mirecourt, France (48°17°41.287°N,
6°07°19.66"’E). This farm is composed of 135 ha of permanent grassland
and 106 ha of arable land, mainly on clay and clay-loam soils. It lies at an
altitude of 285 m in a crop-livestock area typical of northeastern France.
The climate is semicontinental. Over the period 2011-2021, the average
rainfall was 790 mm, and the average temperature was 10.4 °C, with
cold, wet winters and hot, relatively dry summers.

This farm-scale experiment consisted of designing and implementing
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coherent systems to meet a number of objectives (Debaeke et al., 2009).
These systems were designed according to a ’step-by-step’ design mode
whose aim was to constantly improve the system on the basis of expe-
rience acquired during the experiment (Coquil et al., 2014). The study
was based on two organic farm system configurations implemented over
the last fifteen years: The main resources in the first configuration are
allocated to dairy production, whereas the second configuration is more
diversified and aims at the direct use of land for human consumption.
Table 1 summarizes their main characteristics.

The dairy configuration, conducted between 2006 and 2015, con-
sisted of a grazing subsystem and a mixed crop-livestock subsystem. Its
main aim was to achieve self-sufficiency: No animals, fodder or organic
fertilizers were purchased during the period. In the grazing system,
approximately 40 dairy cows were exclusively grass-fed on 78 ha of
permanent grassland, with a goal of maximizing grazing. The mixed
crop-livestock system consisted of 60 dairy cows on 57 ha of permanent
grassland and 106 ha of arable land (on average, 21 ha of alfalfa-grass,
27 ha of clover-based temporary grassland and 59 ha of annual crops),
mainly for animal feed (except for the wheat and rye). For this study, we
have taken these two subsystems together (we will later refer to them as
the “dairy system” even if some crops are sold for human food) to be
consistent with the diversified system.

The diversified configuration has been conducted since 2016 on the
same experimental farm (135 ha of permanent grassland and 106 ha of
arable land). This configuration also aims for self-sufficiency but with a
wider range of crop and livestock products (Coquil et al., 2019). This

Table 1
Main characteristics of the systems studied.

Dairy system (2011-2015) Diversified system

(2018-2020)

Strategic choices

Self-sufficiency No fertilizer or feed inputs.
The number of livestock units is the adjustment variable
depending on the amount of fodder produced
Degree of Lower Higher
diversification 3 animal species (dairy
System are specialised in dairy ~ cattle, meat sheep, pig) and
cattle production (pastures 20 annual food crops
and annual feed crops) and
milling wheat
Food/feed Annual crops divided between  Annual crops for human
principles feed (for dairy cattle) and food  consumption only

Ruminants strictly grass-fed
Pigs fed on waste
Cropping systems

Permanent 135 135
Grassland (ha)
Arable land (ha) 106.5 106.5
Temporary 47.2 41.8
grassland (ha)
Annual feed crops 33.3 0
(ha)
Annual food crops 26.0 64.7
(ha) (wheat and rye) (20 crops: wheat, oats,

barley, lentils, peas,
vegetables...)

Livestock
systems
Cattle (LU) 170.7 124.2
Heifers (LU) 73.9 28.1
Milking cows (LU) 89.0 79.1
(5.3 suckling cows)
Grazing (days. 225 224
year!)
Concentrate (kg. 431 0
cow'.year™)
Milk production 5507 3313
(L.cow'.year?) Once-a-day milking
Sheep (LU) 0 18.8
Pigs (LU) 0 3.9

*LU: livestock unit.
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system used land to produce human food directly: All the annual crops
were strictly for human food. Some 20 species were grown (milling
wheat, malting barley, oats for flaking, einkorn, lentils, green peas,
oilseed rape, sunflower, camelina, potatoes, onions, etc.). A sheep herd
(19 livestock units) was introduced at the end of 2017 and kept in the
open air to most efficiently use grassland resources that were difficult to
be grazzed by cattle (123 livestock units), especially in winter. The dairy
cows were kept on full-season once-a-day milking, with heifers suckled
by nurses (this frees up working time for crop and livestock diversifi-
cation, which was achieved without increasing the workforce). All sheep
and cattle were strictly grass-fed. Finally, approximately thirty pigs were
fattened each year. The pigs were raised in the open air, grazing on a plot
of alfalfa grass and making use of products unmarketable for human
consumption (annual crop waste, milk with high cell counts, etc.). We
will later refer to this system as the “diversified system”.

2.2. System modeling as a nutrient flow network
2.2.1. Conceptual modeling

To analyze both configurations on a common basis and to assess their
agroecological properties and food production capacity, we modeled

d.
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them as nutrient flow networks. By analyzing nutrient flows, one can
account for both the metabolism of the systems and their capacity to
produce and utilize nutrients.

To model these systems as networks of nutrient flows, we perform
two formalization steps: (i) conceptual modeling of the systems studied
and then (ii) quantification of the nutrient flows between system com-
ponents and between the system and socioecological environment (in-
puts, produce sold, losses).

Both configurations are represented using the same formalism
(Fig. 1). While the values of some system-scale indicators, such as inputs
and outputs, are independent of the formalism chosen, indicators of
internal functioning, such as the intensity of flows between production
processes, depend on the relevant components and flows. The aim here
is to compare these configurations according to their different degrees of
diversification and integration, so we have used a single formalism
based on the most diversified system.

Given that one of our strategic choices for managing the systems was
to seek complementarities between the crop and livestock components,
we distinguish between animal species because they use the available
resources in different ways depending on their metabolism (monogastric
or ruminant). Regarding crop production, we distinguish between non-
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Fig. 1. Conceptual model for representing the metabolism of the systems studied. a : conceptual organisation of the components of the systems studied. b : con-
ceptual model of the flows between two component with the information required for ecological network analysis (adapted from Finn, 1980). In accordance with the
conventions described by Latham (2006), each system is characterised by n components; Hi and Hj correspond to component i and j; X; et X; correspond to the storage
of materials of i and j over the study period, f; correspond to internal flows from component i to component j; Zo; and Z; correspond to inputs from the environment
to component i and j (distinguished according to whether or not they are food products); Y; et Yo; correspond to exports from component i and j (distinguished
according to whether or not they are food products); Ly; and Lo; correspond to the losses of component i and j.
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arable areas under permanent grassland and arable land alternating
between temporary grassland and crops.

The systems represented are therefore composed of 5 productive
components (cattle, sheep, pigs, permanent grassland and arable land)
and 3 storage components, i.e., storage of roughage (hay, straw), grain
(consumed by the farm’s animals) and livestock waste (manure). We
assume that a system’s capacity to store certain resources will be central
to its self-sufficiency, as it allows the system to regulate its metabolism
over a period of several years. Therefore, in line with Rufino et al.
(2009a) and Stark et al., (2016, 2018), we consider that the systems
studied are not in a state of equilibrium: The size of each component may
vary over the study period (increase/decrease in herd size, increase/-
decrease in forage stocks or nutrients stored in the soil, etc.).

Different kinds of nutrient flows are considered: (i) internal flows
transiting between two components of the system (e.g., flow of fodder
from storage component to cattle, return of organic waste to the soil on
grazing land, etc.), (ii) inputs (e.g., purchase of animals but also atmo-
spheric deposits, symbiotic fixation), (iii) flows of products intended for
export from the system (e.g., sale of animal products and crops), and (iv)
losses (e.g., animal deaths, losses into the environment).

2.2.2. Data acquisition

In the proposed conceptual model, nutrient flows between system
components and between the system and environment are quantified by
means of flow matrices to analyze them.

We used nitrogen (N) as the unit for quantifying nutrient flows. N is
commonly used to characterize the metabolism of agricultural and food
systems (Garnier et al., 2016; Stark et al., 2016; Tedesco et al., 2017;
Billen et al., 2018) in assessing the functioning of crop systems (fertil-
ization) and livestock systems (feeding). Nitrogen is also a proxy of in-
terest for human nutrition when assessing protein coverage from
animals or plants (a widely debated issue, particularly regarding
changes in the human diet — Couturier et al., 2016; Poux and Aubert,
2018), especially since it is one of the main limiting factors in biological
systems (Barbieri et al., 2021; Morais et al., 2021).

This experiment and the configurations implemented are docu-
mented by a particular information system (Trommenschlager and
Gaujour, 2010; Trommenschlager et al., 2010) that allows quantifica-
tion of most of the material (and hence nutrient) flows within the sys-
tems. Crop production performances are known at the plot level (grain
and straw yields of annual crops, hay yields of grasslands). The nitrogen
content of wheat and fodder is known through annual analyses. For
animal production, the quantities and protein content of milk marketed
and the weight of sold animals are known. Regular animal weighing
makes it possible to monitor herd stock variations and losses (deaths).
The composition and location (plot and land use) of the animals is
known on a daily basis, which makes it possible to calculate and locate
the animals’ grazing intake and output. The quantities of fodder (hay or
concentrates) provided to the animals are measured daily, and the
composition of the fodder (proportion of legumes, chemical composi-
tion) is regularly analyzed. Restitutions by manure/slurry spreading are
known because they are systematically weighed and analyzed. Finally,
meteorological data are collected (temperature, rainfall, nitrogen
composition of rainwater) at the site to calculate N deposits.

In addition to the data collected by direct observation, we made
several assumptions to estimate missing data and quantify all nitrogen
flows. For some products without protein content analysis (e.g., lentils,
peas, and einkorn), we rely on data from the open database Feedipedia
for crops (Sauvant et al., 2013) and Table A.1 in the appendix of Stark
et al. (2016) for animal production. Soil nutrient return at pasture is
estimated on the basis of annual loads (known at the plot level), esti-
mated at 95 kg N.livestock unit™.year’! for dairy cows, 85 kg N.live-
stock unit.year! for other ruminants (including sheep) and 20 kg.
livestock unit™.year™ for pigs, in line with various studies (Giovanni and
Dulphy, 2008; Anglade, 2015). Grazing consumption is estimated as the
average daily consumption of dry matter, 2 kg of dry matter for pigs
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(Puech et al., 2021) and 16 kg of dry matter for ruminant livestock units
(from which any supplemental hay is deducted to cattle in the pasture).
We estimate symbiotic fixation by legumes (food or fodder crops) using
the "Biological Nitrogen Fixation" indicator developed by Anglade et al.
(2015). Leaching losses are estimated using the method developed by
Anglade in organic farming systems (Anglade, 2015); we estimate
volatilization losses from the synthesis work on livestock waste and
emissions by Peyraud et al. (2012).

Data were collected over the period 2011-2015 for the dairy
configuration and over the period 2018-2020 for the diversified
configuration. The years 2016 and 2017 were transition years between
the two configurations and are not included in this study.

2.3. Agroecological performance and food production

To compare the functioning of the two configurations and the
resulting agroecological and food production performance, we used
indicators from several theoretical frameworks.

Indicators for the characterization of crop-livestock integration and
for the associated performances are derived from Ecological Network
Analysis (ENA). ENA was initially developed in ecology to study the
functioning of ecosystems and the emergent properties associated with
their configurations (Latham, 2006; Ulanowicz et al., 2009). Agrono-
mists first adopted ENA to study the functioning of tropical agro-
ecosystems (Rufino et al., 2009b), drawing parallels between the
functioning of diversified farming systems and that of mature ecosys-
tems, with the aim of identifying the agroecological properties that
would result (Stark et al., 2016; Steinmetz et al., 2021). Based on flow
matrices (Fig. 1), several algorithms can be used to calculate a range of
indicators that reflect both systems metabolism (integration between the
system’s components, cycling and recycling of nutrients) and the agro-
ecological performance of these systems in terms of productivity,
self-sufficiency, efficiency, and resilience (Bonaudo et al., 2014).

Three aspects of these approaches seem particularly relevant to
address our research question.

The first aspect lies in the fact that they consider the functioning of
the system (total system throughflows, TST, Eq. (1)) as the activity of the
system through the intensity of the biological processes involved, i.e.,
the sum of all nutrient flows circulating within the system (through-
flows, T;, Eq. (2)).

ST =Y " T 6]

T, = Zj": lfij +Zip — Xi (2)

This results in a recycling indicator (internal circulation rate, ICR,
Eqg. (3)) that takes account of the contribution crop-livestock integration
makes to the overall functioning of the system, i.e., the nutrient flows
between crop and livestock components (total internal activity, TT, Eq.
(4)), which contribute to the whole system activity (TST).

ICR = TT/TST 3
TT = Zyfy 4

The second aspect is that these approaches also characterize the
functioning of the system in terms of the linkages between these pro-
cesses. This leads to a "network" type approach to flows in addition to the
analysis of flow intensity. The realized uncertainty (AMLHr!) thus
makes it possible to quantify the actual pattern of flows (average mutual
information, AMI, Eq. (5)) with respect to the potential distribution of
flows divided equally among all components (statistical uncertainty, Hr,
Eq. (6)). This indicator allows us to characterize the configuration of the
flow network and assess the distribution of nutrient flows between the
components of the system (connectivity and intensity of all the circu-
lating flows). The closer that the realized uncertainty is to 1, the more
the overall intensity of flows is concentrated on few flows, and the
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network is considered heterogeneous. Conversely, the closer the realized
uncertainty is to 0, the more the overall intensity of flows is equally
distributed among flows, and the network is considered homogeneous
(see Rufino et al., 2009a for a simple numerical application).

_ n+2 n T,] T,]T
AMI =Ky 0T 1082 <T1_ T./-) )
n T, T,
H, = jzoflogz <T7> (6)

The Total System Throughput (T.., Eq. (7)) corresponds to the total
circulating flows of the network in terms of inflows and outflows (unlike
the TST, which considers only inflows).

I.= Z;:lZ::lfU + Z?:]Z"O + Z:L:l Yoi + Z;’:lLUi) @

In a complementary way, the third aspect is the ascendency suite
developed by Ulanowicz et al. (2009) for evaluating the sustainability of
this flow network. It is based on theories developed in ecology, which
consider that the sustainability of an ecosystem is further supported by
its level of efficiency and resilience, formalized and demonstrated by a
system of equations. In line with our objective of evaluating the sus-
tainability of the systems studied and their performance in terms of ef-
ficiency and resilience in particular, the theoretical framework proposed
by Ulanowicz et al. (2009) and used to assess some complex agricultural
systems (Steinmetz et al., 2021; Stark et al., 2018; Alomia-Hinojosa
et al., 2020) seems to us to be the most relevant.

The development capacity (C, Eq. (8)) of the flow network is thus
seen as its current level of development. It made up of both ’effective’
flows (ascendancy, A, Eq. (8)), corresponding to the most efficient flow
paths, and redundant flows contributing to the reserve capacity of the
system (overhead, ®, Eq. (9)), corresponding to paths that are less
efficient in terms of nutrient conversion but that contribute indirectly to
the level of development of the system (indirect effects). As defined by
Ulanowicz et al. (2009), an ecosystem “must be capable of exercising
sufficient directed power (ascendency) to maintain its integrity over time.
Simultaneously, it must possess a reserve of flexible actions (overhead) that
can be used to meet the exigencies of novel disturbances”. In line with
Ulanowicz et al. (2009), in this study, we consider an agrosystem’s
resilience ($.C™!) as its reserve capacity according to its current level of
development (see Ulanowicz et al., 2009 for a simple illustrated appli-
cation). This means that the closer the resilience indicator (®.C') is to 1,
the more system activity is provided by redundant activities, and the
closer it is to 0, the more system activity is provided by efficient flow
paths.

T;T..
A =3, T;log( 2
i ij Og(Ti_ T.,'> (8)
T2
® = —%;T;log <T,-_ %/) 9
C=b+A 10)

From an agronomic standpoint, we propose to supplement these
approaches with indicators classically used to account for an agro-
system’s productivity (its capacity to export food products) and effi-
ciency (its capacity to produce food - animal or plant products -
according to the resources harnessed to produce it). Productivity (P, Eq.
(11)) is defined as the sum of food outputs divided by the cultivated
area:

P=XY, an

For the second approach, we propose to use Nitrogen Use Efficiency
(NUE, Eq. (12)), an indicator conventionally used to characterize the
efficiency of nitrogen use at the component or at the farm scale (Watson
and Atkinson, 1999; Godinot et al., 2014). This indicator corresponds to
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the value of all the products that can be used in relation to the resources
mobilized to produce them. We include in the numerator all outputs
except for losses (leaching, volatilization, animal deaths): (i) food
products, (ii) fertilizing products (manure, grazing returns, hays,
straws), in the same way as Schroder et al. (2003), and (iii) stock vari-
ations (positive or negative, such as changes in the number of livestock)
to overcome the difficulties noted by Godinot et al. (2020). These out-
puts are related to all the inputs of the system or subsystem (organic
fertilizers, fodder, symbiotic fixation, etc.).

Zin:l Y + 2?:1 X

NUE =
2?:1210

12)

However, while NUE takes into account both food and non-food
production (livestock manure), it seems to us important to specifically
characterize the efficiency of the system in terms of food production. We
therefore define a Food Conversion Efficiency (FCE) indicator corre-
sponding to the food part of NUE, reflecting the capacity of a system or
its components to produce food products from inputs. This indicator is
similar to the food chain NUE (Erisman et al., 2018; Congreves et al.,
2021), except that it does not incorporate losses due to processing and
consumption within the food system.

; Yojfooa + ;xi,food
FCE="_—— " 13)
_Z:l Ziy + Z:lf,,
i= Jj=

Although FCE can account for a system’s capacity to convert re-
sources into food products, it does not take into account the environ-
mental conditions in which the system operates. We assume (i) that the
agronomic potential of an environment is dynamic, since agricultural
production is dependent on weather conditions (especially in self-
sufficient grazing systems that make little use of inputs such as fertil-
izers or irrigation) and (ii) that primary production (from photosyn-
thesis in grasslands and annual crops) is a proxy for the interannual
dynamics of these environmental conditions (Dardonville et al., 2020).
Thus, we define Food Production Efficiency (FPE) as the total food
exported or stored in the system (animal and plant products) compared
to the primary production consumed during the production process
(annual crops and conserved or grazed forage, produced on the farm or
imported). FPE thus makes it possible to account for the efficiency of a
system in producing food from its environment. In particular, it makes it
possible to compare asynchronously managed configurations that have
benefited from different weather conditions for their production pro-
cesses and the construction of their agro-ecological and food production
performance.

Z Yj(;ufod + Ziji’aod
FPE= =1 14)
ZY()j - in + ZZA)
P P P

The ENA indicators presented above were calculated using the al-
gorithms described by Rufino et al. (2009a) from a spreadsheet devel-
oped in 2009 by M. Lubbers (Wageningen University and Research),
adapted and completed by the authors for the other indicators described.

3. Results and discussion
3.1. Agrosystem metabolism

The forage area of the diversified system (177 ha) was 18% less than
that of the dairy system (216 ha). This reduction was the direct conse-
quence of prioritizing the use of arable land for food production
(cessation of feed grain and meslin). As a result, while both systems had
the same stocking rates (0.8 livestock unithal of forage area), the
diversified system had fewer animals than the dairy system (171
exclusively bovine livestock units in the dairy system compared to 124
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dairy livestock units, 19 sheep livestock units and 4 pig livestock units in
the diversified system, i.e., a 21% decrease — Table 1). Fig. 2 shows a
decrease in sales of animal products in the diversified system (- 36%
compared to the dairy system), due to the decrease in livestock numbers
and to the switch to once-a-day milking (35% less milk produced per
dairy cow in the grazing subsystem) and partly due to the evolution of
the diet for cows in the crop-livestock subsystem of the dairy system.
This decrease in the sale of animal products was accompanied by an
increase in the sale of crop products (+ 40%) due to the prioritization of
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land use for direct human food production and the choice of a strictly
grass diet for ruminants. Fig. 2 shows that sheep and pig production
have slightly altered the internal metabolism of the diversified system
compared to the dairy system (though cattle remain the majority in the
diversified system).

Based on the data from the experimental systems, we established the
flow matrices used to calculate the various indicators (one matrix per
year and per system). The details of the matrices are available in the
INRAE DataSet (Puech, 2021).

a. Dairy system (2011-2015)
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Fig. 2. Metabolism of dairy (a.) and diversified (b.) systems. The flows represent annual flows averaged over the respective study periods of the two systems,
expressed in 10® kg N. Component size is proportional to agricultural area (permanent grassland and arable land) and herd size. Arrow thickness is proportional to

flow intensity. LU: Livestock Unit.
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Table 2 shows that the total activity (TST) of the diversified system is
27% lower than that of the dairy system. This difference is due to (i) the
decrease in animal numbers (less fodder consumed, less manure pro-
duced) and (ii) a 33% decrease in primary production, particularly
grassland production (permanent and temporary). It seems to us that the
main factor explaining this drop in grassland production is a worsening
of the water deficit in the summer period (April - October). Indeed, over
the three years of the diversified system study, this deficit was 140%
greater (—346 mm) than during the dairy system period (—143 mm).

Both configurations are self-sufficient due to the absence of imported
nitrogenous fertilizers and fodder (Fig. 3). Nearly 75% of this self-
sufficiency is ensured by closing N cycles within the system (78% for
the dairy system, 76% for the diversified system), and 25% is ensured by
renewable inputs. The majority (70%) of these inputs are provided by
symbiotic fixation (annual and perennial legumes, a drop of 29% from
the dairy system to the diversified system due to the drop in primary
productivity, in which the legumes are a component). The other 30% of
N inputs came from atmospheric deposition (no difference between
systems). The symbiotic N fixation of legumes in permanent grassland
represents an annual average of 26.2 kg N.ha! for the diversified system
and 35.9 kg N.ha™! for the dairy system. These values are consistent with
those of Billen et al. (2021) and Garnier et al. (2016), who show
respective values of 33 kg N.hal.yr! and 30 kg N.hal.yr!. Similarly,
the average annual symbiotic fixation on arable land represents
51.0 kg N.ha! for the diversified system and 56.8 kg N.ha™! for the dairy
system. These values are lower than those proposed by Billen et al.,
(2018, 2021) and Garnier et al. (2016) — 86.4 kg N.halyr?, 81.3 kg N.
halyr! and 121 kg N.hal.yr'> respectively — due to the nature of the
rotations modeled by these authors, where the amount of annual and
multiannual legumes in the rotations are higher than in the two systems
conducted. On the other hand, the fluxes linked to atmospheric depo-
sition (13.7 kg N.haL.yr! for the diversified system and 15.8 kg N.ha™!
for the dairy system) are similar to those of the authors cited above.
These natural processes have rarely been taken into account in agro-
system studies based on ecological network analysis, even though they
are central to nutrient transfers, especially in crop-livestock systems
with low synthetic input use (Rufino et al., 2009a; b; Stark et al., 2016;
Grillot et al., 2018a; Steinmetz et al., 2021). The calculation of nitrogen
fixation by legumes seems to be essential to take into account in future
studies. The relationship reported by Anglade et al. (2015) appears to be
an interesting and robust proxy from this perspective (Herridge et al.,
2022), insofar as their field of definition is concerned, in particular from
the point of view of practices (organic and mineral fertilization). Indeed,
taking into account fertilization and its consequences on symbiotic

Table 2
Summary of indicators for the analysis of the dairy and diversified systems.
Dairy Diversified
system system

Crop-livestock integration indicators
Total system throughflows (TST-kg N.ha™) ~ 291.7 213.8
Total internal throughflows (TT — kg N.hah) 226.6 161.9
Internal circulation rate (ICR — %) 77.7 75.7
Average Mutual Information (AMI*) 1.22 1.35
Statistical Uncertainty (Hr*) 2.52 2.71
Realized uncertainty (AMLHr! — %) 0.49 0.50
Biotechnical performance
Ascendancy (A — kg N.ha™) 427 332
Overhead (® — kg N.ha') 964 700
Development capacity (C — kg N.ha™) 1391 1032
Resilience (R*) 0.69 0.68
Productivity (P — kg N.hal) 18.4 15.4
Nitrogen Use Efficiency (NUE — %) 34.0 53.2
Losses. TST™ (%) 14.0 10.2
Food efficiency indicators
Food Conversion Efficiency (FCE — %) 29.6 32.7
Food Production Efficiency (FPE - %) 17.4 19.8

* indicators without units.
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fixation could help to refine this relationship.
3.2. Internal metabolism

With respect to internal system activity (TT — Fig. 3), the activity
generated is well distributed and similar between forage production
(60% for the dairy system, 56% for the diversified system) and organic
fertilization (40% in the dairy system, 44% the diversified system).
Although few studies have been conducted to date on systems in
temperate regions, the activity levels (TT and TST) observed in the dairy
system and the diversified system are comparable to those found by
Steinmetz et al. (2021), although they did not take into account atmo-
spheric deposition and symbiotic fixation.

At a more detailed level, the distribution changed between the two
systems (Fig. 3). On the one hand, with regard to the activity generated
by fodder, the proportion of roughage in the conserved fodder was
greater in the diversified system (87%) than in the dairy system (79%).
This can be explained by the fact that ruminants were not fed concen-
trates in the diversified system but differed little in terms of the pro-
portion of forage taken directly from pasture (66% and 65%,
respectively). We also note that the dairy system has an overall surplus
of fodder (production of conserved fodder 7% higher than re-
quirements), whereas the diversified system has a deficit of approxi-
mately 10% and therefore had to draw on reserves acquired prior to the
study period. One of the main reasons for this was the primary pro-
duction deficit observed over the three years of the diversified system
study (hay deficit). On the other hand, concerning the activity generated
by livestock manure, there was a change in the manure recycling
pattern: 64% of soil nutrient return occurred directly at pasture in the
diversified system, compared to 59% in the dairy system. These differ-
ences can be explained by (i) the choice of fully free-range management
of sheep and pigs and (ii) the choice of maximum grazing in the diver-
sified system, inspired by the grazing management decisions for the
dairy “grazing subsystem” (69% of direct nutrient return at pasture,
compared to 54% in the “mixed crop-livestock subsystem”).

Crop-livestock integration flows mainly correspond to non-food
production. In the diversified system, none of the internal flows of
fodder involve food crops, while in the dairy system, some of the annual
crops (grain legumes, coarse grains such as barley, rye and triticale) are
grown for cattle feed. Food production generates feed resources in both
systems. Areas directly producing food crops (all annual crops in the
diversified system, milling wheat in the dairy system) also produce feed
in various ways: commercial crop sorting, straw, and fodder in the crop
rotation (i) in grazed intercropping (sheep and pigs) and (ii) in the form
of temporary grassland (grazed or mowed). The role of the animals in
these systems, especially in the diversified one, is to make use of feed
resources (including permanent grassland that cannot be used to grow
food crops) to produce milk or meat, while their byproducts (manure),
used to fertilize the cultivated areas, are one of the main factors in the
production of food. The production of 1 kg N of food requires, directly or
indirectly, 12 kg N of internal flows for the dairy system and 10 kg N of
internal flows for the diversified system.

There is little difference between the two configurations in the way
their nutrient flow networks are organized, even though the diversified
system has a greater diversity of livestock. This can be explained by the
fact that despite an increase in the number of productions, the flow
network configuration is not fundamentally different, and the quantity
of nutrients transiting through these new productions (sheep, pigs) is
small compared to the total quantity of transiting nutrients.

The values of the indicators used to account for the configuration of
the flow network (AMLHr') correspond to intermediate situations
(AMLHr? = 0.5); this indicator varies between 0 and 1. Indeed, the two
systems are based on a large range of flows (Fig. 3), which connect all
the components together. However, the amount of N is not equitably
distributed among the flows, leading to an intermediate value of the
realized uncertainty. Note that the values of the average mutual
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Fig. 3. Nature of the flows exchanged within dairy and diversified systems. For each system, we represent the sum of inflows (TST in) and outflows (TST out),
according to their nature (crop-livestock integration, renewable inputs, outputs (food sales or losses) or stock variations).

information and the statistical uncertainty are slightly higher for the
diversified system due to a higher number of components and flows,
even if the total activity (TST) and crop-livestock integration (TT) are
lower for this system.

If we compare these values with those obtained by Stark et al. (2018)
on mixed crop-livestock systems in tropical environments, they are
similar to the systems found in Cuba, with diversified flow networks of
varying intensity. The question of the target value in terms of flow
network organization remains unknown. Ecological approaches
consider that more complex ecosystems are more stable and more sus-
tainable. In the case of farming systems, the degree of optimal
complexity, called the “vitality window”, remains to be defined both
from a theoretical point of view and from empirical studies (Ulanowicz
et al., 2009).

3.3. Productivity, efficiency and internal flow configuration

With respect to total productivity (which only includes sales of food
and animals, as non-food products such as manure or fodder are not
exported from the system), the productivity of the diversified system is
lower (P = 15.4 kg N.ha!) than the productivity of the dairy system
(P = 18.3 kg N.ha'!). The percentage of animal protein exported was
reduced from 74% for the dairy system to 57% for the diversified system,
owing to the strategy of diversifying crops for human food, having fewer
animals and keeping dairy cows (once-a-day milking).

The ascendancy suite indicators, which reflect the systems’ resilience
levels, show a 35% greater development capacity (C) for the dairy sys-
tem. These results are consistent with the fact that the dairy configu-
ration has a greater flow intensity (TST) than the diversified
configuration and consequently a higher level of development in terms
of flow network activity. However, the resilience level is similar for the
two systems ($.C~! ~ 0.70), meaning that the system’s current level of
activity is covered mainly by redundant flows. These results are
consistent with the fact that the two systems have similar flow network
configurations (AML.Hr 1), which are supported by a consistent level of
integration (ICR) and distributed among a wide range of flows. The re-
sults of this study support the hypothesis that more integrated farming
systems are more resilient (Bonaudo et al., 2014). Even if the notion of
resilience refers to a dynamic process (shock response), the notion of

reserve capacity, as estimated by the ascendancy suite, brings inter-
esting elements to qualify the resilience of an agrosystem, as is done in
ecology. The capacity of a diversified farming system to substitute an
input by another through internal flows is of interest for the develop-
ment of sustainable and resilient farming systems.

With respect to nitrogen transformation efficiency, the diversified
system is more efficient (NUE = 53%) than the dairy system (NUE =
34%). The diversified configuration is therefore more efficient at uti-
lizing resources, especially at closing the N cycle (animal feed regimes).
These results are consistent with the literature on mixed dairy systems,
which shows that these systems are more efficient than specialized ones
(Hristov et al., 2006; Powell et al., 2010; Godinot et al., 2014). The
diversified system is among the most efficient systems (Godinot et al.,
2014). Comparing the partial NUE of the dairy component, we find that
the cattle herd is more nitrogen-efficient (cattle NUE = 89%) in the
diversified system than in the dairy system (cattle NUE = 75%). From
our point of view, (i) the increase in the levels of useful matter in milk
and (ii) the decrease in the number of unproductive cows (elimination of
the 24- to 36-month-old cohort of heifers linked to the 24-month-old
calving of heifers reared under feeder cows; Puech and Brunet, 2020)
largely compensate for the NUE decrease due to certain rearing practices
in the diversified system (once a day milking, strict herbivory).

3.4. Food production efficiency

Fig. 4 shows that in both the dairy system and the diversified system
configurations, the "system" FCE is greater than the FCE of the compo-
nents taken alone. This result shows that harnessing functional com-
plementarities between the components in mixed crop-livestock systems
(e.g., recycling manure) increases the overall efficiency of the system.
This increase is all the more important as the system is self-sufficient
(importing few inputs such as animal feed and with the animal com-
ponents playing an essential role in the food conversion efficiency of the
system as a whole). On this point, the difference is even greater when the
system utilizes components with a low or even zero FCE (permanent and
temporary grasslands) or non-food byproducts of other components
(sorting byproducts, straw, etc.).

At the system level, we show that the FCE of the diversified system is
slightly higher than that of the dairy system (32.7% and 29.6%,
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Fig. 4. Food Conversion Efficiency of the system and its components. Permanent grassland and storage component (effluent, fodder) do not produce food products,
so the FCE of these components is zero for both systems; they are not shown in the figure.

respectively). These results reflect greater efficiency in utilizing the
available resources. We also show that the diversified configuration
generates less internal flows than the dairy configuration relative to its
exported food products (10.3 and 12.1 kg N of internal N flows per kg of
N exported, respectively). The reduction of these internal flows, 40% of
which are related to livestock manure, reduces the sources of losses and
the overall inefficiency of the system.

Regarding the animal components, the FCE of the cattle herd differs
little between the two systems (14% for the dairy system, 13.3% for the
diversified system — Fig. 4). In the same way as for NUE, the decrease in
milk production (—35% of milk volume produced per cow due to the
switch to once-a-day milking in the diversified system; see Table 1) is
therefore largely compensated by (i) the greater efficiency of the strictly
grass diet, (ii) a decrease in the number of unproductive cattle (21.6%
versus 43.3% for the dairy system, mainly due to a decrease in the age at
first calving) and (iii) an increase in the useful matter content of the milk
(protein content of 35.7 g.kg™ versus 32.9 g.kg™ for the dairy system).
The FCE of the pigs (13.4%) is equivalent to that of the cattle in the
diversified system. In this system, the FCE of sheep (6.8%) is lower than
that of cattle due to the nature of the production (the potential efficiency
of dairy systems is higher than that of suckler systems — Godinot et al.,
2015). Similarly, the FCE of sheep is lower than that of pigs due to the
physiology of the animals (the potential efficiency of pig systems is
higher than that of ruminant systems — Godinot et al., 2015). Finally, the
FCE of arable land is greater for the diversified system than for the dairy
system (16.8%, versus 10.1%). This difference is mainly due to a higher
percentage of annual crops being exported for human food (89.6% of the
grain produced in the diversified system was exported for human con-
sumption vs. 47.2% in the dairy system). However, in both systems, the
presence of temporary grasslands limits the FCE because these fields are
also used for feed production.

As with FCE, we show that the FPE of the diversified configuration
(19.8%) is greater than that of the dairy system (17.4%). This difference
reflects a better efficiency in utilizing the system’s primary production.
FPE should be compared with the gross protein conversion efficiency
indicator proposed by Laisse et al. (2019) for animal production. That
study gave a value of 19% in a lowland grassland dairy system, similar to
the values for our two dairy-dominant systems. However, using the in-
dicator for human-consumable protein conversion efficiency (Laisse

et al., 2019) to compare the two systems’ use of agricultural land for
food production, we show that the dairy system is a net resource pro-
ducer, consistent with recent results for grazing systems (Lagel, 2016;
Peyraud and Peeters, 2016; Steinwidder et al., 2016). This indicator is
not theoretically calculable for the diversified system because, unlike
the dairy system, it involves no competition between feed and food for
land use. Indeed, on the one hand, 24% of arable land (44% of annual
crops) is intended for human food in the dairy system, whereas 61% of
arable land (whole annual crops) is intended for human food in the
diversified system. On the other hand, animals are fed exclusively on
non-food resources on the diversified system (ruminants that are strictly
grass-fed, monogastrics that are fed on waste). More precisely,

e The food production byproducts downgraded for quality reasons
(crop sorting rejects, milk with high cell counts, etc.) used in pig feed
cannot be consumed by humans,

Temporary grasslands have an essential role in crop rotations in
maintaining soil fertility, carbon storage and weed control over the
long term in organic farming systems (Schuster et al., 2020; Domi-
nschek et al., 2021). The number of annual crops in the diversified
system rotations is adapted to the potential of the plots, and tem-
porary grasslands are replanted when experimenters consider the
plots unsuitable for annual crops (low fertility, uncontrolled weeds).
The crop rotation duration ranges from 6 years (including 3 years of
crops) to 12 years (9 years of crops). Therefore, temporary grasslands
cannot be entirely replaced by annual crops without recourse to in-
puts (organic or synthetic) to ensure soil fertility and to manage pests
and weeds.

Permanent grasslands cannot be plowed and sown owing to the very
clayey nature of the soils, which are often shallow and hard to plow
(the farmers call these soils "terres a herbe" or literally “grass soils™).
Animals, and especially ruminants, play an essential role in utilizing
certain resources, thereby ensuring to a large extent the fertility of
the system by closing N cycles and consequently the self-sufficiency
of the system.
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3.5. Trade-off between biotechnical functioning and food production

3.5.1. Analyzing multiyear dynamics to highlight the role of reserve nutrient
stocks in self-sufficient systems

In the preceding paragraphs, we have shown that part of the per-
formance of the diversified system was acquired by harnessing resources
set aside during a period prior to the study period (reduction in fodder
stocks). In other words, performance is built on multiyear time steps: If
there had been no fodder stocks, the number of animals would have been
significantly reduced to match needs to available resources. This would
have resulted in a reduction in food production (milk in particular) and,
more generally, in the metabolism and performance of the system.
Consequently, we posit that in self-sufficient systems, which are
particularly dependent on environmental conditions for their meta-
bolism, nutrient storage (fodder) is a major regulatory lever for limiting
the impacts of environmental variability on the functioning and per-
formance of the system (Aubron et al., 2010; Fiorelli et al., 2018). This
regulatory lever is all the more important since (i) the components of
diversified systems rely on various different operating cycles ranging
from a few months to several years (depending on the nature of the
productions) (Manoli, 2012; Sabatier et al., 2017) and (ii) their
respective inertia makes it impossible to estimate the variability of the
environmental conditions, especially as this variability is expressed both
on an annual scale (marked seasons) and on a multiannual scale, given
the variabilities linked to current and future global climate change
(Arias et al., 2021). We therefore propose to extend this work with a
dynamic study to analyze the transitions of agrosystems to highlight (i)
the key role of storage components in the inter- and intra-annual regu-
lation of diversified systems (Grillot et al., 2018b) and (ii) the logic of
the step-by-step design of such complex systems (Coquil et al., 2014). In
this connection, the wide variations observed in recent years (wet years
in 2016 and 2021 not covered in this study, dry years in 2018-2020)
constitute original situations to be explored. Multiannual farm-scale
experiments conducted on experimental farms (their associated
weather stations and information systems) are exceptional opportunities
for exploring these temporal dynamics, which are difficult to access
through surveys of commercial farms (generally represented by
’average’ functioning due to the lack of reliable multiannual informa-
tion) (Rufino et al., 2009b; Stark et al., 2018; Steinmetz et al., 2021). The
analysis of the system and its adaptations to contrasting production
situations (especially meteorological) will also make it possible to
discuss the results presented in this article (which are based on a limited
number of years for the diversified configuration).

3.5.2. Analyzing trade-offs between the productivity, efficiency and
resilience of agrosystems

The two agrosystems studied in this article were designed with a
view to self-sufficiency and cycle closure. We show that the dairy system
is more productive than a diversified system (per unit area or per live-
stock unit) but less efficient in terms of resource use, particularly
through better cycle closure. However, the three years of the diversified
system studied show a primary production deficit linked to marked
water deficits in the summer period. Ulanowicz et al. (2009) show, in the
context of ecosystems studied with ENA, the existence of trade-offs be-
tween efficient pathways and redundant ones expressed in the form of a
range (known as the "vitality window") within viable ecosystems (Fath
et al., 2019). Furthermore, Ulukan et al. (2022) show the existence of
optimal trade-offs between productivity and self-sufficiency in livestock
systems. They suggest that these trade-offs are factors of resource use
efficiency (especially efficiency in N input use). In line with this
research, our results suggest that in a situation of limited resources,
self-sufficient crop livestock systems are more efficient to the detriment
of productivity. Conversely, where resources are less limited, we can
suppose that these systems are more productive to the detriment of ef-
ficiency (reserves can serve to regulate some resources and transfer
nutrients across time). Analysis of the multiannual dynamics of
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contrasting situations (particularly with regard to environmental po-
tential and primary production) should make it possible to analyze the
trade-offs between these emerging properties (productivity, efficiency,
redundancy, and self-sufficiency; see Bonaudo et al., 2014) in diversified
systems (Sabatier and Mouysset, 2018).

Ecologists, especially those who have developed ecological network
analysis approaches, study ecosystems in terms of carbon and energy
flows (Ulanowicz et al., 2009; Fath et al., 2019). Few studies have
compared different nutrients. However, we can cite the work of Ula-
nowicz and Baird (1999), which highlights differences in dynamics be-
tween carbon cycling and nitrogen cycling in mesohaline ecosystems.
Moreover, agronomists and livestock scientists are very keen to analyze
agrosystems in terms of nitrogen flows (Rufino et al., 2009a; Stark et al.,
2016; Grillot et al., 2018b; Steinmetz et al., 2021), especially since ni-
trogen is the main limiting factor in agricultural systems that make little
use of synthetic inputs (organic farming, systems in tropical countries;
Giller et al., 1997; Barbieri et al., 2021). To our knowledge, few studies
analyzing the ecological networks of agrosystems have focused on en-
ergy flows (Bénagabou et al., 2017) or nutrients other than nitrogen
(Fanjaniaina et al., 2022). Taking into account several types of nutrients,
as well as energy, could enrich this type of approach and better respond
to challenges according to specific limiting pedoclimatic and socioeco-
nomic conditions.

We suggest continuing this work by studying the trade-offs to be
found (i) in the use of nutrient or energy flows and (ii) between pro-
ductivity, efficiency and resilience. In this respect, ecological network
analysis is a useful approach and should be further developed, for
example, with regard to food production (indicators proposed in this
article) or soil organic matter storage (in relation to fertility mainte-
nance or carbon sequestration in the context of climate change).

4. Conclusion

It is useful to study diversified agricultural systems integrating crops
and livestock to produce knowledge in support of agricultural and food
transitions. We assumed that metabolic analysis, along with additional
methods, would be suitable for studying these complex systems and
assessing their capacity to produce food with little use of nonrenewable
resources. Based on the study of nitrogen flows in two asynchronously
managed agrosystems, we show that for both systems studied, *system’
efficiency is greater than the efficiency of the individual components.
Our results show (i) that crop-livestock integration is a key factor in
some emergent properties of these systems and (ii) that to understand
how performance is constructed, it is useful to couple a whole-system
approach with investigation of each component. Farm-scale experi-
ments (and data chronicles produced) are an essential tool for analyzing
how the system’s performance is constructed. We also suggest that
environmental conditions are a first-order factor in the performance of
self-sufficient agrosystems (symbiotic fixation) and that fodder storage
capacity is a key factor in the pluriannual regulation of such systems as a
measure against the hazards of weather and climate (primary produc-
tion). Finally, we show that the system prioritizing the use of land for
food production was less productive but more efficient in terms of
resource use. We thus broaden the notion of biotechnical efficiency in an
agricultural system by proposing indicators of food conversion effi-
ciency and food production efficiency.
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