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Abstract
Characterizing and understanding the complexity of numerous interactions occurring in mixed farming systems is still a meth-
odological challenge. We hypothesize that farm functioning features in terms of crop-livestock integration practices impact the
agroecological performance of the system, which will be also affected by the farm context. In order to analyze crop-livestock
integration in a holistic way, a set of seventeen mixed farming systems from three contrasting socioeconomic regions of the
humid tropics (Guadeloupe, Brazilian Amazonia, and Cuba) was selected in order to cover a wide range of crop-livestock
integration situations. The ecological network analysis was applied to each farm in order to study the nutrient flow networks,
expressed in nitrogen. The activity and flow organization of crop-livestock integration practices were characterized and the
agroecological performance has been evaluated in terms of efficiency, resilience, productivity, and dependency of N flow
networks. Here, we show for the first time that the range of crop-livestock integration is well characterized by the activity and
organization of flows. Gradients of crop-livestock integration were well detected and described. Some agroecological perfor-
mances were related to a particular socioeconomic context. Resource endowment influenced efficiency, according to the inten-
sification level. The crop-livestock integration however contributed partially to the productivity of the system, being especially
effective in promoting resilience. This study applies a suitable framework to analyze complex farming systems while linking their
functioning and performance in an agroecological approach. Thus, comparison of contrasting systems was feasible here with the
support of numerical and tangible figures for interpreting complex indicators (e.g., resilience), representing a useful tool for
monitoring sustainability of agricultural systems in a dynamic and holistic way.
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1 Introduction

Agricultural systems face the challenge of producing more
and better in a fast-changing world. Future farming systems
must become more productive, if they are expected to feed a
growing population, more efficient at using the available re-
source bases (Garnett et al. 2013), more resilient or less de-
pendent, and thus, less vulnerable to unpredictable hazards
(Darnhofer et al. 2010). In this context, the conceptual frame-
work of agroecology seems relevant in meeting these goals
(Altieri et al. 2012) through the application of ecological con-
cepts and principles for the design and management of sus-
tainable agroecosystems. Mixed farming systems, which ac-
count for almost the half of current world food production and
are present in all edaphoclimatic areas (Herrero et al. 2010),
could provide sound alternatives to progressively achieve
these goals (González-García et al. 2012). Especially in the
humid tropics, agriculture is supported by a significant role
and presence of mixed farming systems, often in a context of
subsistence and smallholder agriculture (Fig. 1).

Several authors highlight the benefits of crop-livestock in-
tegration in mixed farming systems (Ryschawy et al. 2012), in
terms of sustainable food production, livelihood improvement
(Herrero et al. 2010) or efficiency (Thorne and Tanner 2002).
Others consider crop-livestock integration at a practical level
to improve resources used (Rufino et al. 2009), animal feeding
conditions (Archimède et al. 2014), and manure management
or crop residues used (Tittonell et al. 2015). However, study-
ing this kind of complex interactions is still a challenge for the
scientific community.

Wemake the assumption that crop-livestock integration, by
involving complex resource exchanges and cycle interactions
between crop and livestock production sub-systems, is expect-
ed to play an essential role in mixed farming systems’ func-
tioning and performance, considering an agroecological per-
spective (Sumberg 2003). Bonaudo et al. (2014) suggest four
emergent agroecocological properties related to mixed farm-
ing systems: resilience, productivity, efficiency, and depen-
dency, but do not provide indicators to assess these criteria.

Most of the available literature is still presenting interpre-
tation of result outputs since a theoretical or descriptive point

of view. Still, there are few studies available at the literature
however characterizing crop-livestock integration as a whole
process of resource exchanges at the system level and en-
abling the true assessment of associated performances
(González-García et al. 2012). The studies which most closely
meet this objective analyze crop-livestock integration based
on nutrient flow networks (Rufino et al. 2009). Using the
ecological network analysis methodology, an approach used
in ecology to model ecosystems in flow networks to assess
their properties (Fath et al. 2007), these studies explore mixed
farming systems’ performance in terms of resource
endowments and technical performances. Stark et al. (2016)
proposed an advanced improvement of this methodology by
developing a consistent and combined set of ecological and
agronomical indicators for characterizing and assessing both
crop-livestock integration features and agroecological perfor-
mances of mixed farming systems. However, this study, based
on a limited sample of case studies with too similar character-
istics, did not highlight the relationships between crop-
livestock integration and impacts on agroecological perfor-
mance of farms.

The aim of the present study is thus to assess the agroeco-
logical performances of a wide range of contrasted crop-
livestock integration practices at the farming system level,
based on the methodology provided by Stark et al. (2016).
We hypothesize that farm functioning features in terms of
crop-livestock integration practices will determine its agro-
ecological performance of the system, which will be also af-
fected by the farm context.

2 Materials and methods

2.1 Study sites and sampled farms

In order to compare several forms of crop-livestock integra-
tion, we carried out this study on three contrasting territories in
the humid tropics: Guadeloupe, Brazilian Amazonia, and

Fig. 1 Example of mixed farming systems and crop-livestock integration
practices in the three Latino-Caribbean territories. Cuba: pig and fruit
systems associated to feed and fertilize themselves; Brazil: association

of tree and pasture to wood production and cattle feeding; Guadeloupe:
cattle feeding through sugarcane distribution, grazing and fruits, and
organic fertilization of pasture and trees
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Cuba, thus covering a wide range of crop-livestock integration
patterns.

The analysis was carried out on three territories with
contrasted situations of access to production factors. It is as-
sumed that shortage of land or capital would limit the imple-
mentation of integration practices at the farm level; in contrast,
labor availability would encourage the implementation of
crop-livestock integration practices (González-García et al.
2012).

Guadeloupe is a French insular archipelago in the
Caribbean Sea (latitude 16° 13′N, longitude 61° 34′W)where
agriculture is characterized by low access to land (average of
4.1 ha per farm) and mixed systems (80% of farms). In com-
parison with other Caribbean countries, the access to capital is
significant with a high labor costs, because of subsidies from
France and European Union. Moreover, European regulations
guide practices and productions.

In Brazilian Amazonia, (Paragominas municipality, state of
Pará, latitude 2° 58′ S, longitude 47° 29′ W), family agricul-
ture situations were selected as mixed farms rather than the
more specialized big farms (“fazendas”) (Macedo 2009). Such
smallholders present a relative high access to land, compared
to Caribbean islands (between 20 and 100 ha), moderate ac-
cess to labor, and low resource endowment.

Cuba is the largest island of the Caribbean and in the
Matanzas province (latitude 23° 02′ N, longitude 81° 34′
W); as in the rest of the country, the agriculture shifted from
big state farms during the Soviet Union relationship period to
a certain land redistribution to small farmers (Febles-González
et al. 2011; Altieri et al. 2012). Small farms are characterized
by moderate access to land and significant access to labor due
to the limited number of other job opportunities, the low labor
cost of the socioeconomic system, and limited access to cap-
ital, but also due to the leveraging of old equipment and local
resources, strongly supported by an organized system of re-
search, education, and development.

For the implemented study design, the sample of farming
systems consisted on selecting seventeen farms covering a
wide range of integration practices (Table 1). The farms were
chosen according to previous exploratory studies carried out
in Guadeloupe (n = 8) and Brazil (n = 4), and according to
current research-development projects running in Cuba (n =
5). For each of these three contrasted regions, the sampling
objective was to identify mixed farming systems representing
various practices of crop and livestock integration to have an
overview of diversified farming systems of each region.
Finally, these mixed farming systems combine between two
and eight productions, with at least one crop and one livestock
production per farm whereas livestock activities concern
mainly cattle (n = 13) and pigs (n = 12). In Guadeloupe and
Brazil (except in one case), ruminants graze permanent grass-
lands without using forage crops. Crop activities concern for-
age crops for Cuba, export crops (sugarcane and banana) for

Guadeloupe, and market gardening in Guadeloupe and Cuba,
staple food crops for human feeding and fruit crops for the
three sites.

2.2 Data collection

To assess the crop-livestock integration and the performance
of the whole production system, we used the ecological
network analysis, previously adapted to farming system
analyses by Rufino et al. (2009) and improved to agroecolog-
ical performance analysis of farming systems by Stark et al.
(2016) but applied on a limited number of samples or repli-
cates (i.e., farms) in Guadeloupe.

The data were collected by performing three to four semi-
structured interviews to each farmer using a comprehensive
approach to farming systems (Marshall et al. 1994).
Qualitative and quantitative data concerning resource endow-
ment, land use, crop and livestock activities, and management
practices were collected, in order to depict the farm operation
along one whole-round production campaign. The generic
production system was described for each farm by establish-
ing existing compartments, interactions, and flows among sys-
tems, sub-systems, and implied processes (Fig. 2).

All the flows were estimated on a year-basis based on
the same previous annual campaign per region, and
expressed in N, due to the important role of N for both
crop and livestock production development (Rufino et al.
2009). Flows were calculated considering the quantity of
biomass exchanged (information gathered from the inter-
views) and the biomass content (estimated using local sci-
entific available data). Some biomass flow estimations
could not be established from the performed interviews,
i.e., the ruminant’s total forage intake, livestock excretion,
and emissions linked to manure or mineral fertilization.
Rather, we estimated the intake considering zootechnical
parameters like farm animal species and liveweight
(Agabriel 2010). The overall amount of N excreted was
thus estimated as the total N intake minus total N exported
through animal products. The N emissions from manure
were estimated from Peyraud and Cellier (2012) according
to the established husbandry management in the farm, the
manure source, and other further process steps. As N emis-
sions from fertilization are highly variable, according to
climate and soil, type of fertilizer, conditions of applica-
tion, and crop, we assumed an emission coefficient of 2.6%
of N applied irrespective of the situation (Reay et al. 2012).

A matrix was thus drawn up for each farm case, with the
origin of flows in the columns (inputs from exterior and com-
partments), the destination of flows in the rows (compart-
ments, outputs, and losses), and the annual amount of N ex-
changed at the intersection.

Flows are expressed in kilograms of N per hectare per
year and move from one compartment (j = 0, …n; 0
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corresponding to the importation from external environ-
ment and n the number of compartments) to another (i = 1,
…, n + 1, n + 2), where n + 1 accounts for usable exports
(usable exported animal and vegetal products) and n + 2
accounts to unusable exports or losses. Based on the char-
acteristics of the sample, the crops are aggregated into
five cropping compartments (forage, staple, export, fruit,
and market gardening crops). Each animal species is rep-
resented by a compartment (cattle, pigs, poultry, and rab-
bits). In the case of ruminants, permanent grasslands and
livestock are gathered in a sole compartment (grazing cat-
tle). Two storage compartments represent manure and for-
age conservation. Flows correspond to throughflows be-
tween compartments (manure and feed), input flows from
the outside correspond to mineral fertilizers and animal
feed, output flows correspond to usable exported animal
and vegetal products, and finally, losses of flows corre-
spond to emissions and non-used manure from livestock
(building, storage, and grazing) and emissions from crops
(manure and mineral fertilizer applications).

2.3 Data analysis

From this matrix, two sets of indicators are calculated using
the framework developed and described by Stark et al. (2016)
to characterize crop-livestock integration and to assess agro-
ecological performances.

The first set of three indicators allows characterizing the
crop-livestock integration. The system activity is assessed by
the total system throughflows (Eq. 1) as the sum of all the
throughflows Ti (Eq. 2), with fij as the flow between

compartments i and j, Zi0 as the flow into compartment i from
outside the network, and ẋið Þ− as the negative state derivative
for compartment i. The state derivative is equal to the inflows
minus the outflows over a given time interval. The negative
state derivative is equal to ẋi if ẋi < 0 and 0 if ẋi ≥ 0 (Latham
2006).

TST ¼ ∑n
i¼1Ti ð1Þ

Ti ¼ ∑n
j¼1 f ij þ Zi0− x˙ i

� �
− ð2Þ

The crop-livestock integration activity is appreciated
through the total internal throughflows (Eq. 3), which quan-
tifies the amount of matter circulating among compartments:

TT ¼ ∑ j¼n
i¼1 f ij ð3Þ

The viewpoint of the information theory applied to ecolog-
ical stability (Rutledge et al. 1976) is used to assess the flow
organization. This indicator, according to the pattern of the
network connections, is calculated through the realized uncer-
tainty (AMI/Hr), quantifying the actual pattern of flows in
terms of the potential distribution of flows divided equally
among all compartments. The average mutual information
(AMI) quantifies the organization of the flows (Eq. 4), for
which Tij is the sum of the flows from compartments j to
compartment i; T.. is the total system throughput, correspond-
ing to the sum of the network links; Ti. and T.j are the total
inflow for compartment i and for compartment j, respectively;
and k is a constant scalar.

AMI ¼ k∑nþ2
i¼1 ∑

n
j¼0

Tij

T::
log2

TijT::

Ti:T: j
ð4Þ

Fig. 2 Theoretical two-compartment network model with information
required to perform ecological network analysis (adapted from Finn
1980) and the common conceptual model performed to analyze the
farming systems of this study. According to Latham (2006) convention,
each farming system is characterized by the following elements: n the
number of compartments; Hi and Hj, the compartments i and j; ẋi and ẋ j

the states derivative for compartment i and j; fij the internal flows from
compartment Hj to compartment Hi; Y0i and Y0j the outflow from
compartment Hi and Hj to the external environment; Zi0 and Zj0, the
inflow from the external environment to compartment Hi and Hj; and
L0i and L0j the unusable exports or losses from compartments Hi and Hj

to the environment
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The statistical uncertainty (Hr) is the upper boundary for
AMI (Eq. 5):

Hr ¼ −∑n
j¼0

T : j

T ::
log2

T : j

T ::
: ð5Þ

The more the realized uncertainty (AMI/Hr) is close to 1,
the more the flows are concentrated on some compartments
(some potential flows are null) and the more the existing flows
exhibit a high variability of amount. In that case, the flow
organization is said to be heterogeneous. Due to the evolution
of this ratio, we consider the indicator of flow organization
as 1 −AMI/Hr, meaning that as far the indicator get close to 1,
the more the pattern of flows is distributed equally among all
compartments and the more the network of flows is said to be
homogeneous (for a better understanding of the realized un-
certainty calculation, see Rufino et al. (2009) who provided a
simple numerical application).

A second set of four indicators, assessing the system per-
formances, is inspired by the criteria proposed by Bonaudo
et al. (2014): resilience, productivity, efficiency, and depen-
dency. The resilience indicator comes from information sci-
ences and allows to characterize the capacity of an ecosystem
for recovering from disturbances, inspired of the ascendency
suite developed by Ulanowicz (2004). It corresponds to the
actual reserve capacity allowed by the configuration of the
network of flows in function of the maximum potential capac-
ity of the system, allowed by the amount of all flows. It is
calculated as the ratio between the overhead (ɸ, Eq. 6) and the
development capacity (C, Eq. 7). The more the ratio is closer
to 1 means that the system keeps reserve capacity for recov-
ering from disturbances.

ɸ ¼ −∑i: j T ijlog
T 2
ij

T i:T : j

 !
ð6Þ

C ¼ −∑i: jTijlog
Tij

T::

� �
ð7Þ

Indicator of productivity is calculated as the sum of valu-
able N outputs whereas the indicator of dependency is the sum
of N inputs. The two sums are divided by the agricultural area
of the farm. The efficiency is defined as the ratio between the
N flow productivity and the N flow dependency.

The data are organized through a spreadsheet in order to
build the matrix of flows for each farm. Some indicators may
be calculated directly from the matrix (crop-livestock integra-
tion activity, productivity, dependency, efficiency). The other
indicators are calculated by using the R software, with the
package enaR (Lau et al. 2017). After performing univariate
and bivariate analyses, a principal component analysis was
carried out with six indicators by using the R software (Lê
et al. 2008). Efficiency was not included as an indicator, due
to the strong correlation with productivity and dependency.

Moreover, one farm was removed (C5), as it was too distant
from the sample and tended to smooth out the overall results.

3 Results and discussion

3.1 Agroecological performances of a set of several
forms of mixed farming systems

Depending on regions (Table 1), productivity ranged from 13
to 72 kg N ha−1 and dependency from 1 to 289 kg N ha−1.
Resilience ranged from 0.31 for the less resilient systems to
0.82. The efficiency as the ratio between the N flow produc-
tivity and N flow dependency is useful in characterizing the
performance profiles of various situations (Fig. 3). The cases
above the line presented N efficiency results higher than
100%, meaning that they export more N than what they im-
port. These situations correspond mainly to the Brazilian
cases, which have low levels of outputs (between 13 and
26 kg N ha−1), but much lower levels of inputs (between 1
and 10 kg N ha−1), leading to very high levels of apparent N
efficiency (between 231 and 3303%). The cases below the line
have efficiency results lower than 100%, meaning that they
import more N than what they export. These situations
corresponded to all the Guadeloupian cases which have high
levels of inputs and intermediate levels of outputs, and conse-
quently, low levels of N efficiency. Noteworthy was the fact
that two Guadeloupian cases showed very high levels of in-
puts, without being particularly productive nevertheless, and
generating the lowest level of N efficiency. The Cuban cases
showed intermediate levels of performance. Two of them pre-
sented low levels of production and consume a low level of N
resources, similar to the Brazilian cases. One Cuban farm is
similar to the Guadeloupian tendency, with a high level of
inputs and an intermediate level of outputs. Two other cases
have a high level of outputs while consuming relatively low
quantity of N resources, thus leading to high level of N
efficiency.

An interesting parallel can be drawn between the results
obtained in this study, from real case studies, and the theoret-
ical framework proposed by Bonaudo et al. (2014). These
authors conceptualized trajectories of archetypes from con-
ventional intensification (high-chemical-input systems) or
ecologization (low-chemical-input systems) to agroecological
intensification. Situations analyzed in our study provide em-
pirical evidence nuancing this theoretical framework.
Ecologization could be assimilated to a part of the Brazilian
and Cuban farm cases, with low levels of inputs and outputs.
Conventional intensification could be assimilated to the
Guadeloupian cases and one Cuban case, which presented
high levels of inputs and outputs, and, finally, the notion of
an agroecological intensification tendency could be
assimilated to two Cuban cases, which showed low inputs
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and high levels of outputs, respectively. We perceived that the
theoretical framework proposed by Bonaudo et al. (2014) fo-
cusing in the intensification level is consistent with extreme
situations of conventional intensification and ecologization.
However, a broad range of intermediate situations coexists
as showed by our results, for which the notion of intensifica-
tion and ecologization is not sufficient to characterize them.

Moreover, this theoretical framework fails to encompass
the farm resilience dimension, considered as an essential fea-
ture of agroecological farming systems, which is rarely, see
ever, calculated by assessment studies. Resilience was taken
into account and measured in our study, as the potential resil-
ience (i.e., better, more flexible capacity to overcome distur-
bances) allowed by the pattern of N flows (Ulanowicz 2004).
Consequently, the agricultural practices, modeled as a net-
work of flows, strongly impact the resilience profiles, given
that indirect pathways are less efficient in terms of N use, but
provide adaptive capacity to the system as alternative path-
ways for flows. The resilience approach used in this study is
based on a biotechnical view and is consistent with the other
performances assessed. However, this choice does not allow
to take into account the social or economic dimensions of
resilience as expected for the analyses of socio-ecosystems
(Darnhofer et al. 2010), but lays the groundwork for more
inclusive further studies.

3.2 Crop-livestock integration as a complex network
of flows

A new focus on the way of analyzing complex systems was
performed by considering crop-livestock integration accord-
ing to the activity of flows and by their organization as a
network (Stark et al. 2016). To improve the analysis and the
characterization of crop-livestock integration practices, our

study is based on the same framework but applied to a wide
range of situations.

The indicators of flow organization, ranged from 0.09 in
the more heterogeneous networks of flows to 0.61 for more
homogeneous ones. The crop-livestock integration activity
ranged from less than 1 kg N ha−1 for which crop-livestock
integration contributed very slightly to the system activity to
247 kg N ha−1 for systems for which crop-livestock integra-
tion strongly contributed to system activity. When these re-
sults are combined, four types of crop-livestock integration
practices could be identified, i.e., systems with low integration
activity (< 3.4 kg N ha−1) concentrated on few flows (flow
organization AMI/Hr < 0.3), which corresponded to the ma-
jority of Guadeloupian cases, excepted for three of them that
showed quite integration activity and better flow organization
(G1, G2, G7). Systems with low integration activity (< 3 kg N
ha−1) and homogeneous flow organization (≥ 0.6) correspond
to most Brazilian cases. Systems with high integration activity
(> 8 kg N ha−1) spread more or less homogeneously (0.3 ≤
flow organization ≤ 0.51), corresponding to most of Cuban
farm cases and someGuadeloupian farms. One farmwith high
integration activity was concentrated on only few flows pre-
sented in the farm, which corresponded to one Brazilian case
(B4), due to the use of corn silage. This framework, applied to
a wide range of mixed farming systems, bring new opportu-
nities to consider agricultural practices at farming system lev-
el, considering both livestock and cropping systems on the
same dimension, and allowing to take into consideration
emergent properties which result from the actual configuration
of the system. The study was performed through nitrogen
flows. But considering the limited availability of phosphorus
in ferrallisols, frequent in east Amazonia or in Guadeloupe,
the cycling of phosphorus from organic pools is of particular
significance (George et al. 2006). It could be relevant to study
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Fig. 3 Nitrogen productivity in function of N dependency of the
seventeen studied farms. This graph presents the productivity
(expressed as the outputs in kilograms of N per hectare per year)
according to the dependency (expressed as the inputs in kilograms of N

per hectare per year). The curve represents the value of 100% for the N
use efficiency (N outputs = N inputs). In pale gray, Brazilian case studies;
in dark gray, Guadeloupian case studies; and in black, Cuban case studies
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the flows of phosphorus in order to also assess the crop-
livestock integration from the viewpoint of this nutriment.

3.3 Agroecological performances according
to crop-livestock integration features

Multivariate analysis on variable results (Fig. 4) shows that
system activity and dependency are positively correlated be-
tween them and negatively correlated to the flow organization
and resilience, which nevertheless are correlated between
them. These results suggest that the amount of N circulating
through the system is mainly due to the quantity of N entering
to the system and that the homogeneously organization of
flows is strongly linked to the potential of resilience of the
system. An outstanding result is also that these properties are
negatively correlated, meaning that the farming systems
exhibiting the more homogeneous flow network are the less
dependent ones, independently of the quantity of N circulating
between compartments through crop-livestock integration
practices. The integration activity is non-correlated with de-
pendency, whereas the flow organization is non-correlated
with N productivity. Contrary to the assumption we made,
the integration activity is not directly linked to N dependency,
as N productivity which is partially correlated to N dependen-
cy, suggesting that other determinants are involved in the pro-
duction process at farming system level. Indeed, relative ni-
trogen efficiency of each production is not the same and com-
bination of these productions at farming system level will
influence overall productivity and dependency, independently

of farming practices developed. Indeed, the local edaphic and
climatic conditions are various between cases, even in a same
area. The cycles of nutrient and the management practices (as
tillage, fertilization…) are different for each case. Farmers
manage their crops and livestock according to the local con-
ditions they perceived and, in consequence, drive partially
those processes, leading to various level of N efficiency for
the different crops, but also for a same crop between farms.
Our aim was not to explain those differences but to explore if
the integration practices are determinant in the overall perfor-
mances of the farming systems.

The individual results (Fig. 4) suggest four groups of mixed
farming systems, according to the observed features of crop-
livestock integration and their inherent agroecological perfor-
mances. Three groups are characterized by a low level of
integration activity. The first group is characterized by a ho-
mogeneous flow organization and could be therefore qualified
as resilient in terms of N flow networks, with low levels of
system activity, inputs, and outputs. This group corresponds to
the Amazonian and some Cuban cases, relatively extensive,
consuming few inputs, with low productivity but recycling
several crop residues and manure in small quantity. At the
opposite, a group is characterized by heterogeneous flow or-
ganization (disproportion between throughflows, inputs, and
outputs) and therefore, low resilience performance, high level
of inputs, and an intermediate level of outputs (three
Guadeloupian cases). This group corresponds to more inten-
sive case studies, consuming a large amount of inputs without
achieving substantial levels of productivity, and recycling
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Fig. 4 Principal component analysis of sixteen studied farms according
to crop-livestock integration and agroecological performance indicators.
Results coming out from the principal component analysis output, on the
two first dimensions (explaining 79% of variability). The first graph
represents the distribution of variables and shows correlations between

crop-livestock integration and agroecological performance indicators.
The second graph represents the distribution of individuals, farm case
studies, according to the indicators considered. In white, Brazilian case
studies; in gray, Guadeloupian case studies; and in black, Cuban case
studies
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residues and manure marginally. An intermediate group, with
a medium flow organization, has intermediate levels of inputs
and outputs. This group corresponds to case studies showing a
better level of production according to the level of inputs used,
developing more crop-livestock integration practices of small
amount. Finally, a fourth group is characterized by a high level
of integration activity, with an intermediate to high level of
outputs. Note that one case (C5) which was removed for the
multivariate analysis corresponded to an extreme situation,
with very high level of crop-livestock integration and high
levels of outputs and inputs. These farms correspond to the
more efficient ones, achieving the higher level of productivity
by a moderate use of inputs and by several crop-livestock
integration practices of consistent amount.

All the performances are calculated from a given 1-year
functioning of the farms. It would be interesting to test the
interannual variability of the results, from a long-term moni-
toring, and to verify the consistency of the groups along the
years. This pluriannual approach would be particularly rele-
vant to test the theoretical indicator of resilience.

3.4 Agroecological transition according to farm’s
crop-livestock integration potential

The potential for a successful agroecological transition varies
according to the type of systems, in terms of regions, resources
endowments, combination of productions, and agricultural
practices.

Of concern in family agricultural cases in Brazilian
Amazonia is the family’s food self-sufficiency, with commer-
cialization of the surplus and of some high added value pro-
ductions. Moreover, the Brazilian mixed farming systems
studied presented low resource endowment. Consequently,
they have limited purchasing capacity for inputs coupled with
limited labor availability, leading to low productivity values
but enabling them to meet family food requirements. The
challenge is to produce more based on the same or alternative
resource uses. The crop-livestock integration could help to
achieve these goals through the better use of manure, the in-
troduction of legumes, or agroforestry systems based on nat-
ural vegetation (Altieri et al. 2012; Wezel et al. 2014).
However, the crop-livestock integration practices require
knowledge, labor, and material which are not always neces-
sarily available, particularly in family agriculture in these re-
gions (Hostiou and Dedieu 2009).

The concerns of the Guadeloupian cases are different, even
though these cases correspond to small farming systems com-
pared to other specialized farms in the region. Certain specific
types of production such as sugarcane, banana, or cattle are
highly subsidized. Consequently, Guadeloupian cases have im-
portant access to inputs and primarily tend to implement those
types of production. However, this could be used to generate a
large amount of biomass to be valuable for animal feeding

(banana and sugarcane leaves) and manure used for organic
fertilization (Archimède et al. 2014; Sierra et al. 2013). Due
to the effective cost of manual labor, and the level of equipment
required to manage a large amount of biomass, collective ini-
tiatives, driven by the most integrated sectors (i.e., banana, sug-
arcane, or cattle), could be a sound solution to improve the
reutilization of crop residues and manure and, by consequence,
the self-sufficiency and efficiency of mixed farming systems.
The situation of G1 and G2 is rather different. They are very
small (less than 3 ha) and diversified and implement more crop-
livestock integration practices than other cases in the same re-
gion. Agroecological transition, in these cases, could consist of
balancing more nutrients between crops and livestock systems
in order to optimize the valorization of manure according to
crop requirements and by cropping forages to feed their small
livestock systems, in order to decrease input dependency at
system level while improving productivity.

The Cuban cases are also influenced by their particular so-
cioeconomic context. Cuban agriculture is impacted by the US
embargo and by local policies encouraging self-sufficiency.
Consequently, input consumption (and dependency) is limited
to local input (organic fertilizer, farm forage autonomy, on-farm
animal concentrate processed locally, etc.) and production is
mostly destined for the domestic market, often under govern-
ment rules and control. However, the situations on the farms
involved in this study are heterogeneous and different in terms
of agroecological transition. Cuban agriculture is clearly en-
gaged in an agroecological transition based partly on enhance-
ments of the role of crop-livestock integration practices, with a
variety of initial starting points. The challenge would rather
concern the capacity of the implemented system of research-
education-development to maintain the same direction and to
disseminate more widely to more farmers in the current chang-
ing context. The opening up of the national markets would put
in a risky position such agroecological models of agriculture,
intensive in labor, probably to the benefit of an intensive model
of purchased inputs if effective policies and measures are not
taken into account (Nelson et al. 2008).

4 Conclusion

Characterizing the crop-livestock integration and quantifying
benefits from it is a scientific quest made possible by using the
ecological network analysis approach. This study applies a suit-
able framework to analyze complex farming systems while
linking their functioning and performance in an agroecological
approach. Thus, comparison of contrasting systems was feasible
here with the support of numerical and tangible figures for
interpreting complex indicators (e.g., resilience), representing a
useful tool formonitoring sustainability of agricultural systems in
a dynamic and holistic way. By considering the crop-livestock
integration both in terms of structure through the organization of
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flows and in terms of functioning through by the intensity of
throughflows, these various agricultural practices could be char-
acterized at whole system level on a common base. Moreover,
they enable the relationships between these performances to be
analyzed and an appropriate equilibrium to be found between
them, ultimately leading to improvements in future farming
systems.

The aim of the present study is thus to assess the agroecolog-
ical performances of a wide range of contrasted crop-livestock
integration practices at the farming system level. We hypothesize
that farm functioning features in terms of crop-livestock integra-
tion practices will determine its agroecological performance of
the system, which will be also affected by the farm context. This
study highlights the key role played by integration between farm-
ing activities to improve agroecological performances of farming
systems. Higher intensity of crop-livestock integration flows im-
proves efficiency of the systemwhile more complex and homog-
enous flownetwork improves resilience of the system. This study
also confirms that the diversity of farming systems leads to dif-
ferent performances, function of their access to production fac-
tors, and their socioeconomic contexts. This is especially the case
of dependency and productivity which appear to be strongly
connected to the characteristics of traditional agricultural systems
implemented in each geographical area. However, we show that
for similar situations, crop-livestock integration practices could
enhance performances, especially resilience and efficiency.
According to these situations, solutions to implement further
crop-livestock integration should be thought according to region-
al contexts, both in terms of socioeconomics and soil and climate
characteristics.
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