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Abstract

As a result of rising food demand and evolving production technologies, modern agriculture
is now characterised by standardised and efficient monoculture systems. This type of agricul-
tural production is common in rural areas around the world, but is beginning to show signs of
saturation due to its high demand for energy and natural resources. Dependence on chemical
fertilisers has a significant impact on soil fertility, making farming systems increasingly vulner-
able. Integrating livestock into farming systems has been shown to improve system resilience.
In addition, a new approach to fertilisation is emerging, known as systemic fertilisation. This
technique is based on the conceptual framework that fertilisers should be applied during the
phase of the system when nutrient extraction is lowest and nutrient recycling capacity is high-
est. To evaluate the combination of these two promising techniques, this work compared the
macronutrient dynamics and biomass production of soybean (Glycine max (L.) Merr.) in inte-
grated cropping systems with a cropping system subjected to two types of fertilisation in the
Rio Grande do Sul region of southern Brazil. The conventional cropping system consisted of
a soybean crop followed by an non-grazed Italian ryegrass (Lolium multiflorum Lam.) cover
crop. The ICLS system consisted of a rotation of soybean and Italian ryegrass grazed by sheep
in winter. In the conventional fertilisation strategy, phosphorus and potassium were applied
when the soya was sown and nitrogen when the Italian ryegrass was planted. In the fertilisa-
tion system used, all nutrients were applied at the time of Italian ryegrass establishment. The
results indicate that the integration of ICLS and systemic fertilisation improved the availability
of nutrients in the soil. This allowed the plant to assimilate these elements more efficiently
during its vegetative growth cycle, leading to an increase in biomass production compared to
ungrazed systems. Favourable soil nutrient conditions led to an increase in the photosynthetic
parameters of ICLS soybean plants, which declined more slowly at the end of the cycle. How-
ever, no difference in yield was observed between the systems. This could be explained by
methodological limitations, differences in sampling or the possible influence of abiotic factors.
In conclusion, this study has shown that ICLS combined with systemic fertilisation is a po-
tential means of increasing food production and improving the sustainability and productivity
of agro-ecosystems. However, in view of the results of the present study, there are a num-
ber of avenues for further research, such as further investigation of soil-plant interactions at
different horizons or the development of predictive models in different soil and climate contexts.

Keywords: modern agriculture, monoculture, soil fertility, integrated crop-livestock sys-
tems, soybean, italian ryegrass, sustainability, southern Brazil



Résumé

En raison de l’augmentation de la demande alimentaire et de l’évolution des technologies de
production, l’agriculture moderne se caractérise aujourd’hui par des systèmes de monoculture
standardisés et efficaces. Ce type de production agricole est courant dans les zones rurales
du monde entier, mais commence à montrer des signes de saturation en raison de sa forte de-
mande en énergie et en ressources naturelles. La dépendance à l’égard des engrais chimiques
a un impact significatif sur la fertilité des sols, ce qui rend les systèmes agricoles de plus en
plus vulnérables. Il a été démontré que l’intégration de l’élevage dans les systèmes agricoles
améliorait la résilience de ces derniers. En outre, une nouvelle approche de fertilisation, connue
sous le nom de fertilisation systémique, est en train d’émerger. Cette technique est basée sur
le cadre conceptuel selon lequel les engrais doivent être appliqués pendant la phase du système
où l’extraction des éléments nutritifs est plus faible et où la capacité de recyclage des éléments
nutritifs est plus élevée. Pour évaluer la combinaison de ces deux techniques prometteuses,
ce travail a comparé la dynamique des macronutriments et la production de biomasse du soja
(Glycine max (L.) Merr.) dans un système intégré culture-élevage avec un système de cul-
ture conventionnel soumis à deux types de fertilisation dans la région du Rio Grande do Sul,
dans le sud du Brésil. Le système de culture conventionnel consistait en une culture de soja
suivie d’une culture de couverture de ray-grass italien non pâturée. L’ICLS consistait en une
rotation de soja et de ray-grass italien (Lolium multiflorum Lam.) pâturé par des moutons en
hiver. Dans la stratégie de fertilisation conventionnelle, le phosphore et le potassium ont été
appliqués au moment de l’ensemencement du soja et l’azote au moment de la plantation du
ray-grass italien. Dans le système de fertilisation utilisé, tous les nutriments ont été appliqués
au moment de l’implantation du ray-grass italien. Les résultats indiquent que l’intégration
de l’ICLS et de la fertilisation systémique a amélioré la disponibilité des nutriments dans le
sol. Cela a permis à la plante d’assimiler ces éléments plus efficacement pendant son cycle de
croissance végétative, ce qui a entraîné une augmentation de la production de biomasse par
rapport aux systèmes non pâturés. Les conditions nutritives favorables du sol ont entraîné une
augmentation des paramètres photosynthétiques des plants de soja ICLS, qui ont diminué plus
lentement à la fin du cycle. Cependant, aucune différence de rendement n’a été observée entre
les systèmes. Cela pourrait s’expliquer par des limitations méthodologiques, des différences
d’échantillonnage ou l’influence possible de facteurs abiotiques. En conclusion, cette étude a
montré que l’ICLS combiné à la fertilisation systémique est un moyen potentiel d’augmenter
la production alimentaire et d’améliorer la durabilité et la productivité des agro-écosystèmes.
Cependant, au vu des résultats de la présente étude, il existe un certain nombre de pistes de
recherche, telles que l’étude plus approfondie des interactions sol-plante à différents horizons
ou le développement de modèles prédictifs dans différents contextes pédoclimatiques.

Mots-clés: agriculture moderne, monoculture, fertilité des sols, systèmes intégrés culture-
élevage, soja, ray-grass italien, durabilité, sud du Brésil
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Chapter 1

Introduction

The growth in global demand for food and the development of new technologies in agricul-
tural production have contributed to the emergence of standardised and efficient monoculture
systems. These modern systems are distinguished by the extensive utilisation of agrochemi-
cals, irrigation, the expansion of agricultural frontiers, the mechanisation of soil management,
and the intensification, independence and segregation of forestry, livestock and agricultural ac-
tivities. Despite its prevalence on rural farms globally, this model is exhibiting indications of
saturation due to its substantial energy and natural resource requirements (Balbino et al., 2011).

Modern agriculture relies heavily on chemical fertilisers to maintain crop productivity. This
dependence has significant negative impacts, including water pollution, soil degradation and
high economic costs for farmers (Machado et al., 2011). Furthermore, chemical fertilisers can
reduce soil biodiversity and disrupt natural nutrient cycles, making farming systems more vul-
nerable to environmental disturbances.

This situation poses a major challenge to global food security, defined as the availability
of a sufficient quantity of food of acceptable quality to ensure constant nutritional well-being,
where all physiological needs are met. Food security rests on four fundamental pillars: (i) food
stability; (ii) food availability; (iii) food access; and (iv) food utilisation. The mere presence
of food does not guarantee an adequate diet in terms of calories and nutrients. Moreover,
the consumption of high quality, often more expensive, foods can exacerbate global nutritional
problems, particularly for low-income populations. With the world’s population expected to
reach 9.7 billion by 2050 and 10.9 billion by 2100, food security faces considerable challenges
due to growing food consumption. Difficulties in accessing quality food, particularly for small
farmers and landless families in low- and middle-income countries, exacerbate these problems
(Sekaran et al., 2021).

In this context, soybean (Glycine max (L.) Merr.), originally from China, stands out as a
strategic crop on a global scale. It is one of the main sources of vegetable oil and protein for
animal feed. With a protein content of 40 to 42%, the highest among food crops, and an oil
content of 18 to 22%, soybean plays a crucial role in improving global food security. Because
of its nutritional value and versatility, soybean has become essential in meeting growing global
food demand. Countries such as Brazil, the United States and Argentina dominate global soy-
bean production, accounting for over 92% of the world’s supply (Pagano & Miransari, 2016).
Brazil, in particular, has become a major player, exporting a third of the world’s supply using
just 6% of its arable land. The sustainability of soybean production, particularly in tropi-
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cal regions, is increasingly dependent on advances in fertilisation methods, including the use
of biological nitrogen fixation, an environmentally friendly alternative to chemical fertilisers
(Rodríguez-Navarro et al., 2011).

Faced with these challenges, integrated crop-livestock systems (ICLS) are proposed as a
potential solution for improving soil fertility while reducing dependence on chemical fertilis-
ers. These systems combine crop and livestock production on the same plot of land, making
more efficient use of resources and creating synergies between the different agricultural com-
ponents. ICLS can improve soil structure and fertility through the addition of organic matter
and integrated nutrient management, while diversifying income sources for farmers. Integrating
livestock into farming systems has been shown to improve land-use efficiency. In addition, the
introduction of a less risky activity into specialised cropping systems makes it possible to better
withstand climatic hazards and price volatility, thereby strengthening the economic resilience
of the system (Carvalho et al., 2021). According to Vilela et al. (2011), these systems have the
potential to transform current agricultural practices and offer viable solutions to environmental
and economic challenges.

The aim of this study is to investigate the impact of integrated systems and different type of
fertilisation on the dynamics of macronutrients and the biomass production of soybean crop over
time, contributing to the development of more sustainable and efficient agricultural practices
in Brazil and beyond.

2



Chapter 2

State of the art

I ICLS

I.1 ICLS definition

An Integrated Crop-Livestock System (ICLS) is a farming approach that combines the pro-
duction of crops and livestock in a mutually beneficial way (Carvalho et al., 2021). It is defined
by the rotation, consortium and succession of livestock and culture in the same place (Silva
et al., 2022). It aims to create a more diverse and sustainable agricultural system by integrating
grazing livestock into crop landscapes. It represents a shift from specialized to multifunctional
landscapes, promoting biodiversity and various ecosystem services. Most of the time, pastures
follow summer crops and can be sown alone or in combination, producing during a period when
pasture is scarce. The unconsumed parts of the pasture, such as stems and old leaves, serve as
cover for the subsequent crop, helping to suppress weeds and conserve soil moisture.

Indeed, ICLS offer a number of significant advantages. Firstly, they improve the economic
performance of farms. Indeed, these systems also offer greater income stability by diversifying
production sources, which reduces economic risks. The implementation of specialised farming
practices has the potential to reduce the overall income of a production system by up to 75%.
In comparison, the integrated system is observed to experience a loss of only 10% under the
same climate change scenario (Seo, 2010). In addition, they contribute to a reduction in the
use of chemical inputs; for example, integrating sheep into vineyards has reduced mowing costs
and the use of herbicides (Sekaran et al., 2021). Those systems also restore the biogeochemical
cycles (de Faccio Carvalho et al., 2010). Indeed, reintroducing livestock to crop areas can re-
connect decoupled nutrient cycles, enhancing ecosystem functioning. Moreover, the integration
promotes multiple ecosystem services, such as biodiversity, climate regulation and food produc-
tion (Figure 1). Integrated crop-livestock systems can increase biodiversity via the attributes of
organic matter provided by pastures (de Faccio Carvalho et al., 2010). The resulting diversity
of flora and fauna, in conjunction with the soil’s microbial and faunal communities, exert a
modifying influence on the soil and its physico-chemical properties. The integrated systems
can also better withstand weather and market fluctuations, providing biophysical and socioe-
conomic stability.
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Figure 1: Simplified ICLS interaction scheme (Sekaran et al., 2021).

The primary concern among farmers contemplating the implementation of ICLS at the plot
level is the potential impact of ruminant hooves on soil compaction and subsequent crop yield.
However, the existing literature is inconclusive, with studies reporting potential reductions, no
effects, or even increases in crop yields resulting from the integration of animals into agro-
ecosystems (Carvalho et al., 2021).

Furthermore, there are some social and cultural barriers which are holding back the large-
scale development of these systems. Those barriers are due to the complexity of managing
multiple interactions between crops, livestock, and grassland. These systems require a great
deal of agricultural knowledge and commitment, as the livestock need to be constantly moni-
tored by the farmers (Peterson et al., 2020). Government assistance and particular regulations
that safeguard smallholder subsistence farmers are essential for smallholder farmers to succeed
in this endeavour and address the obstacles posed by ICLS (Carvalho et al., 2021). Government
policies and support should give farmers access to the following: (i) capital support in the form
of microcredit, in-kind loans for livestock, and government subsidies; (ii) increased investment
in research into technologies and management related to livestock production; (iii) markets
and support services to help them sell their agricultural products; (iv) education about the
resilience of the ICLS; and (v) agricultural insurance (Sekaran et al., 2021).

Producers who have successfully transitioned to ICLS report that while there are challenges,
the benefits of such systems can be significant when managed properly (Carvalho et al., 2021).
Indeed, the use of appropriate grazing intensity throughout the pasture phase, a crucial man-
agement variable impacting sward structure, is in reality an important component. Grazing
intensity affects animal performance by altering the structure of the grassland, which has an
impact on grass intake, as well as potential effects on crop development due to physical alter-
ations to the surface soil or nutrient recycling (Oliveira et al., 2014). The aim of the ICLS
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is to strengthen the resilience of agricultural systems to the effects of climate change. This is
achieved by employing buffering mechanisms at both the field and farm-level, which encompass
a range of strategies including improved crop productivity, nutrient cycling, economic risk mit-
igation and livelihood diversification (Sekaran et al., 2021).

I.2 Origin of ICLS

The ICLS is part of a more global system called : Crop-livestock-forest integration system
(ICLFS). This encompasses diversified production systems for the production of food, fiber,
energy, and forest products, both woody and non-woody, of animal or plant origin, in order
to optimize the biological cycles of plants and animals, as well as the respective inputs and
their residues (Machado et al., 2011). In practice, there are four types of integrated produc-
tion system that can be easily identified, each made up of a large number of arrangements
and models derived from different edaphoclimatic, economic, social and cultural conditions.
There are the crop-livestock integration system (agropastoral or ICLS), the livestock-forestry
integration system (silvopastoral), the crop-forestry integration system (silvicultural) and the
crop-livestock-forestry integration system (agrosilvopastoral or ICLFS) (Wruck et al., 2015).

Although ICLFS systems are considered innovative, in Europe, various forms of plantations
combining annual and perennial crops or fruit crops and forest trees have been known since
the Middle Ages. Systems integrating fruit trees and animal production date back to the 16th
century, and their near-disappearance is attributed to the mechanization and intensification
of agricultural systems, as well as the difficulty of manual fruit harvesting and administrative
issues. Several Roman writers from the 1st century AD, including Caius Plinius, author of the
encyclopedia *Natural History*, and Lucius Junius Moderatus, known as Columella, referred
to integrated systems between trees (walnuts and olives) and pastures (Machado et al., 2011).

The tradition of mixing agriculture, cattle, and forestry—which was initially tailored to
tropical and subtropical conditions—was brought to Brazil by European immigration. For
instance, grazing and flooded rice farming were combined in Rio Grande do Sul. The most
notable example of intercropping in the tropics is seen in the practices of small farmers. Never-
theless, despite recent scientific advancements, Brazil’s use of integrated systems has remained
low throughout time.

I.3 Brazilian context

However, in the current Brazilian context, these integrated systems make perfect sense. This
technique makes it possible to optimise the space used by combining livestock and crops, avoid-
ing the need to clear new areas of native forest. ICLS is the most widely used ICLFS strategy in
Brazil, particularly in the South region, where crop and livestock farming are strongly present.
It is particularly well accepted by soybean growers. Great expectations exist around ICLS as
an alternative for achieving productivity while conserving resources (Wruck et al., 2015). Those
systems are a more efficient land-use alternative, and this is reinforced by the low economic
return from extensive livestock farming and the vast expanse of degraded pasture (Vilela et al.,
2011).
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Great expectations exist around ICLS as an alternative for achieving productivity while
conserving resources (Wruck et al., 2015). ICLS are becoming increasingly important due to
the difficulties faced by livestock farmers in investing in pasture rehabilitation and by farmers in
restoring the productive potential of crops, mainly because of problems linked to the reduction
in soil organic matter and the presence of insects, diseases and nematodes (Machado et al.,
2011).

II Soybean
In the southern region of Brazil, approximately 6.4 million hectares are cultivated on an

annual basis with soybean (Glycine max (L.) Merr.), maize (Zea mays L.) and rice (Oryza
sativa L.). In comparison to continuous cropping, recent studies have demonstrated that the
integration of pasture and livestock into a cereal crop rotation enhances the quantity and qual-
ity of soil organic matter. The present study focuses on the crop of soybeans, the characteristics
of which are described in the following section.

II.1 Growth stages

The soybean plant’s life cycle is separated into two stages: vegetative and reproductive.
When the seed takes in water to initiate the germination process, the vegetative phase starts.
When the first flower buds form in determinate soybean types, or the first raceme appears in
indeterminate soybean varieties, the vegetative phase ends and the reproductive phase begins.
Harvest marks the conclusion of the reproductive phase (Nleya, 2019). Legumes, including
common beans such as soybean, possess the capacity to form symbiotic relationships with mi-
croorganisms, such as the genus Rhizobium, which enables them to fix atmospheric nitrogen
(N2) and transform it into proteins (Reichardt & Timm, 2020).

6



Figure 2: Soybean plant growth stage and time invervals (Nleya, 2019).

The 3 key stages in this study are R1, R5.5 and R8.

R1 : Beginning bloom

Every node on the main stem has at least one open flower at this point. At this stage,
soybean plants are 38–46 cm tall.

R5-R6 : Seed development

Plants are between 76 and 109 cm tall at this point. At one of the four upper nodes on the
main stem, the plant bears pods with seeds that are at least 3 mm long. Rapid seed growth
and the plant’s internal redistribution of nutrients and dry weight are traits of the R5 stage. At
the start of seed development, root growth slows down. At the end of this phase, the soybean
plant has reached its maximum height, number of nodes, and leaf area. The rates of nitrogen
fixation peak and then rapidly decline. Seeds acquire mass quickly. The process of transferring
to the seed commences at the halfway point between R5 and R6, when dry weight and nutrient
buildup in the leaves, stems, and petiole peak. The R5.5 sub-stage is the end of the critical
period for reductions in yield potential (Nleya, 2019). This growth stage occurs approximately
7 days after R5 and marks a phase where node development has ceased and the number of seeds
has been determined. The R6 stage begins when the seeds fill the pod cavity on at least one of
the four upper nodes of the main stem of a plant. The average weight of the pods and the dry
matter of the whole plant are maximum at R6 stage (Marques Pires et al., 2023). The growth
rates of the seeds start to slow down and it’s just after this stage that the leaf yellowing begins
(Nleya, 2019).
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R8 : Full maturity

At this stage, 95% of pods have reached their mature aspect (tane color). Five to ten days
of drying weather are required after R8 before the soybeans have less than 15 percent moisture
(Fehr & Caviness, 1977).

To achieve high yield potential, soybeans must maintain high rates of photosynthesis and
accumulate large quantities of nitrogen in the seeds. Nitrogen exists in the leaves mainly in the
form of ribulose bisphosphate carboxylase/oxygenase, and there is generally a close relationship
between nitrogen per unit leaf area and photosynthesis. Therefore, the crop must have a canopy
that allows complete light interception and sufficient nitrogen storage in the leaves to maintain
a photosynthetic apparatus that is not limited by nitrogen, thus converting incoming radiation
into new biomass and ultimately grain yield (Salvagiotti et al., 2008).

The yield response of soybean to nitrogen fertiliser application depends on the yield potential
of the production environment and any abiotic or biotic constraints that reduce crop growth
and the associated nitrogen demand. When such constraints exist, developing rhizobia strains
capable of fixing N2 under stress conditions appears to be the most feasible way to ensure the
necessary nitrogen supply (Alves et al., 2003). Some data suggest that techniques for providing
additional nitrogen during grain filling without decreasing nodule activity are the most likely
way to achieve a yield response to nitrogen fertilisation. Promising options include the deep
placement of slow-release fertiliser below the nodulation zone or nitrogen application during
the reproductive stages.

Detailed measurements of the uptake efficiency of applied N at different development stages
and for various N application methods are crucial for understanding the reasons behind the
response or lack of response to fertiliser N (Salvagiotti et al., 2008).

II.2 Photosynthesis

Photosynthesis phenomenon is providing the essential physiological basis for plant growth
and biomass production. It represents the anabolic process through which plants convert solar
energy into stable chemical energy in carbohydrates. Leaves, among all the photosynthetic
organs are the most significant one for higher plants (Zhou & Yang, 2023). The majority of
soybean crop biomass is derived from photosynthetic assimilates, with this figure exceeding
90% (Makino, 2011).

II.3 NPK in Soybean

Nitrogen is one of the main nutrients for soybean crops. It is a structural component of
chlorophyll molecules and enzymes, which helps regulate the physiological processes of soybean
cultivation (Bagale, 2021). Soybean crops require 80 kg of nitrogen to produce 1000 kg of
seeds. Thus, efficient management of nitrogen fertilisers is important for achieving good yield
and protein content in the soil. High concentrations of nitrogen fertiliser suppress nodulation
and nitrogen fixation in soybean plants, leading to low grain yield (Pedrozo et al., 2018).

Then, phosphorus fertilisation is the major mineral nutrient yield determinant among
legume crops (Chaudhary et al., 2008). Indeed, phosphorus is essential for the formation and
functioning of root nodules in legumes, where biological nitrogen fixation (BNF) occurs. P is
also crucial for cellular energy and energy transfer processes, which directly influence nitrogen
absorption. A study by Sa & Israel (1991) showed that phosphorus deficiency reduces nodule
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activity and nitrogen fixation efficiency in soybeans, decreasing overall nitrogen absorption by
the plant (Chaudhary et al., 2008). Phosphorus is relatively immobile in the soil, so plants can
exhibit deficiency symptoms if they are located too far from the phosphorus application zones.
It reacts with other nutrients such as aluminum, calcium, and iron to form orthophosphate. If
the phosphorus reacts, it is no longer available to the plant. A soybean plant requires 25 kg of
phosphorus in the form of P2O5 to produce one ton of soybean seeds (Bagale, 2021).

Finally, potassium is a key element in several physiological processes, including protein syn-
thesis, cell turgidity and nutrient transport within the plant. Potassium deficiency can limit
the plant’s ability to transport and assimilate nitrogen. Good potassium availability improves
nitrogen use efficiency, which can increase nitrogen concentration in plant tissues (Tian et al.,
2022). Moreover, this mobile nutrient plays an indispensable role in enzyme activation during
nodulation (Bagale, 2021).

Therefore, combined fertilisation with phosphorus and potassium can have synergistic ef-
fects. Phosphorus enhances nitrogen absorption by increasing the number and activity of root
nodules, while potassium aids in the mobilisation and efficient use of this absorbed nitrogen.
Consequently, the application of P and K at the time of soybean planting can increase nitrogen
availability and its absorption by the plants, reflected in higher nitrogen concentrations in plant
tissues and in mature soybean pods (Chaudhary et al., 2008; Tian et al., 2022).

Soil organic matter (total and its fractions) is a key indicator of soil quality under different
soil management regimes (Carvalho et al., 2018). Soil microbial attributes are also indicators of
short-term changes in soil quality due to the role of micro-organisms in the synthesis and release
of extracellular enzymes(Souza et al., 2014). Those are fundamental for the decomposition of
plant residues and the mineralisation of nutrients (Babujia et al., 2010).

III Soil in ICLS
If only grazing residues are considered, it is expected that lower carbon stocks will be ob-

served in grazed areas, as the lower the management height of the grassland, the lower the
amount of residues, resulting in lower carbon accumulation. However, it is common for carbon
stocks to follow a similar trend to that observed for total forage accumulation (Figure 3) (Car-
valho et al., 2018). Grazing animals act as catalysts in the soil-plant-atmosphere continuum,
modifying the rates and fluxes of processes and recycling organic matter. Moreover, grazing
intensity affects nitrogen flows in the this continuum (Assmann et al., 2015).
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Figure 3: Total carbon, particulate organic matter carbon (POM-C), and mineral associated
carbon (MAC) in 0 to 20 cm (a) and 0 to 40 cm (b) soil layers in an ICLS managed at different
grazed cover crop heights (10 to 40 cm) or non-grazed (UG) in southern Brazil. NF = native
forest. Different letters according to Tukey test (P < 0.05). (Carvalho et al., 2018).

IV Systemic fertilisation
Awareness of the nutritional requirements of plants and the utilisation of inorganic fertilis-

ers facilitate an enhancement in crop yield. On an annual basis, the demand for fertiliser is
increasing by 1.4, 2.2 and 2.6% (FAO, 2015). Therefore, there is a growing concern about
the limited availability of mined fertilisers and the potential for contamination of water bodies
(Farias et al., 2020).

Current fertiliser recommendations aim to meet crop needs and increase soil nutrient lev-
els beyond critical thresholds (Sartor et al., 2018). However, conserving nutrients is key to
agroecosystem efficiency. Thus, a new fertilisation approach has emerged: systemic fertilisa-
tion, based on the conceptual framework that fertiliser should be applied during the phase of
the system with lower nutrient extraction and higher nutrient cycling capacity. Sheep grazing
in winter can only export 5% of potassium and phosphorus in ICLS (Alves et al., 2019). An
application of these nutrients in winter would maximise the total production of the system.
This new approach considers all the benefits of well-managed grazing during the grazing phase,
including reduced nutrient extraction by livestock and accelerated nutrient cycling returned
to the soil through excreta (Farias et al., 2020). Due to the lack of studies on the effects of
systemic fertilisation with phosphorus (P2O5) and potassium (K2O) in ICLS and cropping
systems, (Farias et al., 2020) analysed ICLS under different fertilisation strategies in southern
Brazil. Their study found that systemic fertilisation resulted in greater grass production with-
out affecting soybean yield. Livestock production (in this case, sheep) led to a more efficient and
productive system in terms of resource use. It is important to emphasise that the integration
of crops and livestock does not harm the production system; on the contrary, these integrated
systems, when well managed, are beneficial and important for global food production in the
future (Farias et al., 2020).
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Chapter 3

Objectives of the study

The main objective of this study is to investigate the nutrient dynamics and biomass pro-
duction of soybean in no-till integrated crop-livestock systems under systemic fertilisation in
southern in Brazil. In an attempt to achieve this objective from an experimental point of
view, a study was carried out in the state of Rio Grande do Sul in southern Brazil during
the soybean development cycle in ICLS and cropping system under systemic and conventional
fertilisation. This study poses 2 hypotheses. The first is that soybean (Glycine max. (L.)
Merr.) in no-till integrated crop-livestock systems under systemic fertilisation develops better
agronomic characteristics throughout his development cycle. The second is that in no-till inte-
grated crop-livestock system under systemic fertilisation, the dynamics of nitrogen, phosphorus
and potassium (NPK) between the soil and the soybean plant (Glycine max. (L.) Merr.) are
improved.
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Chapter 4

Material and methods

I Field experiment
The experiment was conducted since 2017 at the Experimental Agronomic Station of the

Federal University of Rio Grande do Sul (UFRGS), in Eldorado do Sul in southern Brazil. The
regional climate according to the Köppen classification is humid subtropical (Cfa) (Alvares
et al., 2013). The mean annual temperature and rainfall are 19,4°C and 1440 mm respectively.
The soil in an Acrisol (Selcer, 2015) with low pH (5,3) and high Al saturation. The soil texture
is sandy loam.

Before this experimentation, a preceding was implemented between 2003 and 2017 in an
integrated crop-livestock system (ICLS), focusing on no-tillage practices. It examined various
methods of stocking sheep grazing intensities on Italian ryegrass (Lolium multiflorum Lam.) in
rotation with summer crops such as soybean and maize over a 14-year span. The management
of pasture by moderate grazing intensities, called "Rotatinuous", is used in ICLS (Carvalho,
2013). Notably, the soil in the area was not treated for acidity; instead, it received fertilisation
with nitrogen, phosphorus, and potassium, leading to a significant increase in acidification over
time (Alves et al., 2019).

Since 2017, a randomized block design is implemented with a factorial 2 x 2 and four repli-
cates (Figure 4). The factors studied were 2 no-till production system. The first one represented
the ICLS and involved soybean cultivation in the crop phase and sheep grazing Italian ryegrass
as a cover crop in the pasture phase (Grazed system). The second one, is a system with soybean
cultivation in the crop phase and non-grazed Italian ryegrass as a cover crop in the pasture
phase (Non-grazed system). Moreover, 2 different fertilisation periods for phosphorus (P2O5)
with a dose of 35 kg/ha and potassium (K2O) with a dose of 50 kg/ha were considered. For the
first modality, a conventional crop fertilisation were applicated, where fertilisers were applied
during soybean sowing. For the second modality, a systemic fertilisation were used, where fer-
tilisers were applied during pasture establishment.

A Nitrogen fertilisation (150 kg/ha) in the form of urea was applied during Italian ryegrass
establishment across all treatments. The experimental area covered 4,4 ha and was divided in
16 experimental units (paddocks), each ranging between 0,23 and 0,32 ha, sufficiently large to
prevent nutrient transfer between units. Pest control in the soybean crop was conducted on a
weekly basis, and the use of herbicides, insecticides, and fungicides was carried out in accor-
dance with the technical recommendations. The harvesting period typically occurs in April;
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however, in the 2024 season, the occurrence of extreme rainfall at the conclusion of the cycle
resulted in the inability to harvest, ultimately leading to a complete loss of production.

II Experimental design

Figure 4: Experimental design of the experiment.

III Observations and variables measured

III.1 LAI

During 3 times in march, the LAI-2000 Plant Canopy Analyzer (LI-COR, Inc, Lincoln, Ne-
braska, U.S.A) was used to calculate LAI from light measurements taken above and below the
canopy with a “fish-eye” optical sensor which simultaneously measures light interception at five
zenith angles (LI-COR, Inc., 2024). 6 locations per plot were measured, each with a reference
point above the canopy and 5 measurement points aligned under the plant canopy. The first
date of collection was on 12 March at the R5.5 stage, the second on 22 March at the R6 stage
and the 3rd five days later in the same stage. During this study, the leaf area index calculated,
being a unitless parameter, will be used.
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Figure 5: Remote control LAI 2000 plant canopy analyzer (LI-COR, Inc, Lincoln, Nebraska,
U.S.A)

(a) Complete unit package. (b) Device in field use.

Figure 6: Illustration of the LAI-2000 system in different contexts.

Light Transmission

The LAI-2000 measures the transmission of light through the plant canopy at different
angles. The transmission (T) of light is calculated as follows:

T =
Ibelow

Iabove

where:

• Ibelow is the light intensity measured below the canopy.

• Iabove is the light intensity measured above the canopy.
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Leaf Area Index (LAI)

The LAI is calculated using the Beer-Lambert law for light extinction by the canopy:

I(z) = I0 exp(−K · LAI)

The LAI can be derived from this equation:

LAI = −
ln
(

I(z)
I0

)
K

where:

• I(z) is the light intensity at depth z in the canopy.

• I0 is the light intensity at the top of the canopy.

• K is the extinction coefficient.

• LAI is the Leaf Area Index.

Extinction Coefficient (K)

The extinction coefficient (K) quantifies the attenuation of light as it passes through a
plant canopy. It is influenced by the angle of light incidence, the arrangement and orienta-
tion of leaves, and the density and structure of the canopy. The extinction coefficient K is
often approximated by K = 0.5 for horizontal light incidence and homogeneous canopies. The
approximation of K as 0.5 can be theoretically justified by considering the geometry of leaf
arrangement and the probability of light interception. In a randomly oriented and uniformly
distributed leaf canopy, the average path length of light through the leaves results in an extinc-
tion coefficient that is approximately equal to this value (Gower & Norman, 1991).

III.2 Photosynthesis

During March, a LI-6400 XT (LI-COR, Inc, Lincoln, Nebraska, U.S.A) was used to measure
various parameters related to the photosynthesis mechanism. The LI-6400 is an open system,
which means that photosynthesis and transpiration measurements are based on the difference
in CO2 and H20 concentration in an air stream passing through the leaf cuvette. The output
data correspond to photosynthesis rate in µ mol of CO2 per unit area of intercepting leaf per
unit time (µmol CO2/m²/s).

The LI-6400 represents a significant advancement over conventional open-system systems,
primarily due to the integration of gas analyzers within the sensor head. This configuration
eliminates time lags associated with plumbing, thereby enabling precise and rapid control in
response to foliar fluctuations. For instance, the instantaneous closure of stomata is promptly
detected by the system as a decrease in water vapor, facilitating immediate compensatory
measures. Similarly, an abrupt alteration in light intensity triggers a immediate change in
the rate of photosynthesis, which is discerned as a shift in CO2 concentration. Notably, the
velocity of detection is independent of the system’s flow rate, a characteristic that contrasts
with traditional systems, given the presence of the sample IRGA (infrared gas analyzer) within
the cuvette.
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Figure 7: Particularity of LI-6400 XT system.

Furthermore, the placement of the IRGAs within the sensor head offers an additional ad-
vantage. In traditional systems, there is a potential for concentration changes, attributable to
water sorption and CO2 diffusion, as the air traverses from the reference IRGA to the chamber,
and subsequently, from the chamber to the sample IRGA. However, this issue is circumvented
in the LI-6400, as the IRGA measurements are conducted following the passage of air through
the tubing.

The LI-6400 XT was employed to gather data over a 4-day period during the growth phase of
the soybeans present in the experimental plots. For each plot, a total of 2 leaves were subjected
to analysis using the LI-6400 XT. To ensure the selection of a healthy leaf with a represen-
tative photosynthetic rate, a criterion based on the 3rd youngest leaf was applied. The data
collection sequences were executed in a block-by-block manner, with one sequence conducted
in the morning and another in the afternoon on each day. The collection protocol followed the
user manual provided by the company. The 4 samples were spread over 3 stages. The first
on 6 March at the R5.4 stage, the second on 23 March at the R6 stage, the 3rd on 28 March
at the same stage and the 4th on 3 April at the R7 stage. During this study, the net rate of
photosynthesis expressed in µmol CO2 m-² s-¹ calculated by the device will be used.
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(a) Unit dismantled in storage box. (b) Device ready for use.

Figure 8: LI-6400XT (LI-COR, Inc, Lincoln, Nebraska, U.S.A) before and during use.

III.3 Biomass

The biomass and nutrient study was designed during three distinct soybean stages: R1,
R5.5 and R8, illustrate in Figure 9. To achieve this, a systematic data collection protocol was
implemented, ensuring data consistency and accuracy at the different stages of plant develop-
ment. The following sections describe the methods used to collect the data required for each
growth stage.

Six soybean plants were randomly sampled per paddock at each stage. Care was taken to
handle the plants delicately to avoid damage. At stage R1, the roots were also removed. For
the final R8 stage, i.e. the mature stage of the plant, the 6 samples per paddock were collected,
along with the leaves on the ground at the base of each sample. A 19 x 19 cm quadrat was
used to collect several leaves corresponding to those that had fallen from the plant. With an
average of 12.5 plants per metre and a row spacing of 0.45 m, the number of plants per hectare
was approximately of 278,000. The 0.036 m² quadrat therefore represents the space occupied
by one plant on the soil surface. The sum of the winds was also considered to be homogeneous.

Subsequently, the sampled plants underwent drying in an oven at a temperature of 55°C for
at least 72 hours until their weight stabilized. After drying, the plants were carefully dissected
to separate for the two last stages (R5.5 and R8) the pods and the vegetative biomass and for
the first stage (R1) the aerial part and the root. The pods were then counted to assess pod
development and at stage R1, the nodules were separated from the roots and counted also.

The biomass of each plant organ was then determined using a LG163 precision balance
(BEL Engineering srl, Monza, Italy).
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(a) R1 (b) R5.5 (c) R8

Figure 9: Photo of soybean plants at each stage of collection.

III.4 Nutrients

For laboratory analysis of macronutrients content (NPK), samples of R1 stage were pre-
pared by pairing them in sets of two (samples 1-2, samples 3-4, samples 5-6). This pairing
ensured a sufficient quantity of crushed material for titration. Concerning stages R5.5 and R8,
for pods and vegetative tissue, 3 samples were selected for grinding (samples 1, samples 3, sam-
ples 5). This ensured that multiple locations within each paddock were represented for analysis.

The samples were ground to a fine powder with a TE-650 from (Tecnal, Piracicaba - SP,
Brazil) to facilitate nutrient extraction and analysis (Figure 10a). Laboratory analysis was
conducted to determine the levels of nitrogen, phosphorus, and potassium present in the above-
ground parts of the plants. A method of sample digestion by adding H2SO4 at high temperature
were used. The mixture is homogenised with compressed air (using a laboratory pump) and
after decantation (6-12 hours), aliquots of the extract are taken for the various determinations.
Standardized protocol from Tedesco J. M. et al (1995) was followed to ensure accuracy and
reliability in nutrient analysis. Scans of the sections on plant residue analysis have been added to
the appendices (Appendix I). The laboratory analyses were carried out by the fertility laboratory
of the Secretariat of Agronomy of the state of Rio Grande do Sul.
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(a) Grinder used. (b) Grinded plants for laboratory analysis.

Figure 10: Overview of the grinder and crushed plant samples.

III.5 Soil

In parallel with the plant collections, soil samples were organized. Three samples per pad-
dock were collected, which were then mixed, loosened, and homogenized to analyze the mineral
and organic nitrogen present. To ensure synchronous analyses, four collections of soil of 10 cm
deep were selected for analysis. Among these, three were conducted at key reproductive stages
(R1, R5.5, and R8).

To extract total and mineral nitrogen from the collected soil, preparation was required.
Firstly, the soil was moisturised and dried at 100 degrees in an oven for 48 hours. Part of this
soil is frozen. 5 grams of fresh soil is added to 50 ml of a 1 molar solution of KCL. The solu-
tion is agitated for 30 min. The mixture is then filtered and the extract sent for distillation.
Standardized protocol from Tedesco J. M. et al (1995) was followed to ensure accuracy and
reliability in nutrient analysis. Scans of the sections on soil nitrogen analysis have been added
to the appendices (Appendix II). The analyses were carried out by the fertility laboratory of
the Secretariat of Agronomy of the state of Rio Grande do Sul.

IV Yield study
At the very end of the experiment, before harvesting, a productivity study was carried

out. For this purpose, a final collection was organized to measure the yield parameters of the
experimental plot. For each paddock, 6 samples of plants were harvested, totaling 96 plants.
During each sampling, plants present on 2 meters of row were collected and counted. Knowing
the number of plants on 2 meters allowed for an approximation of the number of plants per
hectare.
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After weighing the total biomass of each sample and counting the number of pods, the
plants were processed using a sorter to extract the grains from the pods. A sieve was then
used for more precise sorting. The weight, number of grains, and moisture content of each
sample were measured. A SL95 Moisture meter from Steinlite was used to measure grain mois-
ture content. This measurements allowed for the calculation of several parameters, such as the
thousand-grain weight, the number of grains per pod, the harvest index (grain biomass/total
plant biomass), and productivity.

(a) Sorter used. (b) Grains before sieving. (c) Grains after sieving.

Figure 11: Elements of the soybean bean sorting process.

Figure 12: Steinlite SL95 Moisture meter.
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V Variable listing
According to following Table 4.1, the variables collected are described and linked to the

harvest stage. Due to different collection dates, Leaf area index (LAI) and net photosynthetic
rate collections have not been added to the table, nor has the 4th collection stage for soil
variables.

Table 4.1: List of variables with their descriptions and corresponding stages for data collection.

Variable Description Stage R1 Stage R5.5 Stage R8

Nodule number Number of nodules per plant ✓ □ □

Pod number Number of pods per plant □ ✓ ✓

Nodule biomass (g) Nodule biomass per plant in grams ✓ □ □

Pod biomass (g) Pod biomass per plant in grams □ ✓ ✓

Root biomass (g) Root biomass per plant in grams ✓ □ □

Vegetative biomass (g) Vegetative biomass in grams ✓ ✓ ✓

N% leaves + stem N content of vegetative parts in % ✓ ✓ ✓

P% leaves + stem P content of vegetative parts in % ✓ ✓ ✓

K% leaves + stem K content of vegetative parts in % ✓ ✓ ✓

N leaves + stem (g) N amount in vegetative parts in grams ✓ ✓ ✓

P leaves + stem (g) P amount in vegetative parts in grams ✓ ✓ ✓

K leaves + stem (g) K amount in vegetative parts in grams ✓ ✓ ✓

N% pod N content of pods in % □ ✓ ✓

P% pod P content of pods in % □ ✓ ✓

K% pod K content of pods in % □ ✓ ✓

N pod (g) N amount in pods in grams □ ✓ ✓

P pod (g) P amount in pods in grams □ ✓ ✓

K pod (g) K amount in pods in grams □ ✓ ✓

N plant (g) N amount in the plant in grams ✓ ✓ ✓

P plant (g) P amount in the plant in grams ✓ ✓ ✓

K plant (g) K amount in the plant in grams ✓ ✓ ✓

N Total soil (g/kg) N total amount per kg of soil in grams ✓ ✓ ✓

NO3 soil (g/kg) NO3 amount per kg of soil in grams ✓ ✓ ✓

NH4 soil (g/kg) NH4 amount per kg of soil in grams ✓ ✓ ✓
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VI Events influencing data collection
Although the experimental conditions were carefully chosen to be as close as possible to

field conditions, space, time and budget constraints influenced the measurements of the study.
First and foremost, access to equipment to measure LAI and photosynthesis rates limited

the collection period. The equipment used was supplied by the agronomy department of the
partner university and required considerable time to learn and understand how to use. As a
result, it could only be used from the R5.4 stage of the soybean. The weather also had an
impact on the use of the LI-6400 XT (LI-COR, Inc, Lincoln, Nebraska, USA). High tempera-
tures prevented the LI-6400 XT from working properly by blocking the calibration of the IRGA.

Then, it is important to note that the dates for collecting photosynthetic parameters depend
on the soybean cycle. Leaf area and net photosynthetic rate decrease throughout the cycle. As
soybean plants lose leaves during late growth, canopy density decreases, which changes the way
light is diffused and transmitted through the canopy. The LAI 2000 Plant Canopy Analyzer
(LI-COR, Inc, Lincoln, Nebraska, U.S.A.) is an instrument that requires a certain leaf density
to be measured in order to obtain accurate light transmission results. At too advanced a stage,
the leaf density of soybean plants is too low to make relevant and accurate leaf area measure-
ments. Under these conditions, the "fish-eye" optical sensor does not discriminate significantly
between the incident rays above the canopy and those below the canopy (Jonckheere et al.,
2004). The LI-6400 XT requires the selection of healthy, photosynthetically active leaves. As
leaves begin to fall, it becomes difficult to select representative, healthy leaves for measurement.
The remaining leaves may be damaged, senescent or dying, affecting the measured photosyn-
thetic rates. In addition, the availability of healthy leaves for measurement decreases, making
repeated and representative measurements more difficult (Kar et al., 2021).

Finally, the laboratory analysis to obtain the soil mineral nitrogen and the macronutrients
present in the different plant organs took longer than expected. Indeed, extreme events oc-
curred at the end of April throughout the Rio Grande do Sul region, preventing any travel
to Porto Alegre, where the analysis laboratories are located. Additionally, these conditions
trapped the student at the Experimental Agronomic Station of the Federal University of Rio
Grande do Sul (UFRGS), preventing him from conducting the analyses.
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VII Statistical analysis
All statistical analyses were performed on Rstudio in R language (version 4.3.1) and the

packages used grouped together inTable 4.2. All samples were assumed to be random, simple,
and independent. All plant biomass and yield data have a n = 24. The plant nutrient data, as
explained above, have an n = 12. All soil data, having already been averaged, have an n = 4
(mean per paddock).

A first analysis of variance is performed with comparisons between the two fixed factors. The
first one is the pasture modality CP and SP (Grazed and Non-grazed paddocks) and the second
one is the fertilisation type AI and AV (Systemic and Conventional). An lme model has been
built for each stage to incorporate the fixed factors and the random paddock factor. ANOVA’s
test type III of the lme model were performed, as well as Shapiro-Wilk and Bartlett tests to
check the normality and homoscedasticity of the residuals. For all the analyses of variance,
the significance level was P <0.05, P <0.01 being highly significant and P <0.001 very highly
significant. Where there was significance, Tukey’s multiple comparison test of the estimated
marginal means (emmeans function) pairwise were used to observe the effects of each modality
group on the dependent variables. For each treatment, a comparison was made between the
modalities of the other treatment. For example, under the CP treatment, a comparison was
made between AI and AV. The same was done for the SP treatment and for the two fertilisation
treatments. These tests revealed some significant differences between groups.

In addition, GGpairs of the variables of interest were generated. One for the global correla-
tion and one by factor combination (Grazed-systemic, Non-grazed-systemic, Grazed-conventional,
Non-grazed-conventional). As a further development, Pearson tests and linear regressions were
performed on the significant correlations retained. To conclude, a discriminant analysis was
carried out with the function "lda". This analysis makes it possible to simplify the data while
retaining as much information as possible about the differences between classes. Histograms
were produced to facilitate interpretation and represent the contribution of the variables for
each discriminant.

Package Version Package Version

readxl 1.4.3 ggplot2 3.5.1

patchwork 1.2.0 ggstatsplot 0.12.3

factorextra 1.0.17 dplyr 1.1.4

nlme 3.1-164 FactoMineR 2.11

factoextra 1.0.7 GGally 2.2.1

multicomp 1.4-25 ggrepel 0.9.1

gridExtra 2.3 gridGraphics 0.5-1

emmeans 1.9.3 car 3.1-2

corrplot 0.92 tidyverse 2.0.0

brms 2.21.0 ggfortify 0.4.17

Table 4.2: R packages used.
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Chapter 5

Results

I Study by stage
The purpose of these section is to provide answers to the hypotheses by analysing the

variables of biomass and nutrient measured in the key stage of this study. The results of
statistical analyses carried out and boxplots of significant effects are exposed. Tables of averages
and standard deviations are presented in the appendix (Table B.1, Table B.2, Table B.3).

I.1 Beginning flowering stage (R1)

Neither the pasture factor nor the fertilisation factor showed significant effects on most of
the variables studied for the soybean flowering stage. However, the fertilisation has an impact
in K content of the vegetative parts (leaves + stem) (Table 5.1). The multiple comparison
test did not reveal any differences between the groups of means (by combination of factors)
for this variable but Figure 14 shows that the plants in systemic fertilisation grazed plots are
less rich in potassium than those in the other treatments. In fact, K% of the vegetative parts
is on average 0.333% lower than in the 3 other conditions. For the soil variables, the pasture
treatment increased the quantities of both NH4 and NO3 in the first soil horizon (p = 0.04).
The comparison test concluded that there was a significant difference between NH4 in the
grazed plots and in the non-grazed plots under systemic fertilisation (Figure 13). The graphic
also shows the significance of pasture factor on the NO3 variable. For systemic fertilisation, a
difference of 0.305 g/kg between the two pasture modalities is observed.
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Table 5.1: Results of ANOVA test of biomass and nutrient levels of the various soybean
organs and soil nitrogen levels studied at the beginning of flowering (R1 stage) under grazing
and fertilisation treatments.

R1 Variables P-values

Pasture Fertilisation Interaction

Plant Nodule number 0.859 0.661 0.901

Nodule biomass (g) 0.519 0.666 0.647

Root biomass (g) 0.231 0.207 0.435

Vegetative biomass (g) 0.344 0.338 0.435

N% leaves + stem 0.935 0.726 0.404

P% leaves + stem 0.933 0.274 0.312

K% leaves + stem 0.112 0.041* 0.258

N leaves + stem (g) 0.406 0.391 0.127

P leaves + stem (g) 0.561 0.382 0.396

K leaves + stem (g) 0.933 0.969 0.725

Soil N Total soil (g/kg) 0.366 0.866 0.194

NO3 soil (g/kg) 0.040* 0.974 0.197

NH4 soil (g/kg) 0.035* 0.966 0.239

Figure 13: Boxplots of nitrogen in the soil at begin flowering stage by factor combination
with the representation of the mean (△), the significant difference of multiple comparison test
between grazing modalities is represented by the letters "A" and "B".
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Figure 14: Boxplots of plant nutrient content at begin flowering stage by factor combination
with the representation of the mean (△).

I.2 End of grain filling stage (R5.5)

Neither the pasture factor nor the fertilisation factor showed significant effects on most of
the variables studied, as shown in Table 5.2 for the soybean at end filling grain stage. However,
the pod variables are sensitive to grazing (p= 0,019 and 0,026). The multiple comparison test
reveals differences between the pasture modalities under systemic fertilisation for pod number
and pod biomass (p= 0,038 and 0.04) represented in Figure 15 with "A" for the highest mean
and "B" for the lowest one. Furthermore, this test shows significant differences in pod number
between the fertilisation modalities for the non-grazed paddocks (p= 0,039) represented in Fig-
ure 15 with "a" for the highest mean and "b" for the lowest one. The ICLS have a significant
higher mean of pod number and pod biomass under systemic fertilisation. However, systemic
fertilisation leads to a lower number of pods in plots that are not grazed. Plant phosphorus
amount are higher of 0,053 g in grazed plots under systemic fertilisation, but the multiple com-
parison test did not reveal any significant difference between the groups.

The significance of the pasture factor and the interaction between the 2 factors in the N
Total soil variable but not in the other soil variables led us to carry out an ANOVA test on the
N organic variable calculated as the difference between N Total and NH4 + NO3. This test
confirms the interaction between the factors and the significant effect of the grazing factor. The
p-value of 0.03 of the multiple comparison test and Figure 16 illustrate the significant differ-
ence between the grazed and non-grazed conditions for systemic fertilisation. Under systemic
fertilisation, N orga variable in non-grazed paddocks is almost twice as high than in the grazed
paddocks (0.908 g/kg and 0,468 g/kg).
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Table 5.2: Results of ANOVA test of biomass and nutrient levels of the various soybean
organs and soil nitrogen levels studied at the end of grain filling (R5.5 stage) under grazing and
fertilisation treatments.

R5.5 Variables P-values

Pasture Fertilisation Interaction

Plant Pod number 0.019 * 0.610 0.046 *

Pod biomass (g) 0.026 * 0.696 0.269

Vegetative biomass (g) 0.057. 0.638 0.344

N% pod 0.220 0.457 0.832

P% pod 0.299 0.973 0.773

K% pod 0.286 0.196 0.421

N pod (g) 0.195 0.793 0.520

P pod (g) 0.177 0.984 0.619

K pod (g) 0.447 0.696 0.647

N% leaves + stem 0.487 0.629 0.673

P% leaves + stem 0.399 0.689 0.777

K% leaves + stem 0.278 0.209 0.920

N leaves + stem (g) 0.431 0.932 0.628

P leaves + stem (g) 0.107 0.840 0.346

K leaves + stem (g) 0.906 0.375 0.588

N plant (g) 0.235 0.836 0.527

P plant (g) 0.044 * 0.876 0.324

K plant (g) 0.722 0.450 0.588

Soil N Total soil (g/kg) 0.033 * 0.101 0.016 *

NO3 soil (g/kg) 0.133 0.295 0.197

NH4 soil (g/kg) 0.179 0.136 0.164

Figure 15: Boxplots of biomass characteristics at end grain filling stage by factor combination
with the representation of the mean (△), the significant difference of multiple comparison
test between grazing modalities is represented by the letters "A" and "B" and between the
fertilisation modalities by the letters "a" and "b".
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Figure 16: Boxplots of organic N in the soil at R5.5 stage by factor combination with the
representation of the mean (△), the significant difference of multiple comparison test between
grazing modalities is represented by the letters "A" and "B".

I.3 Maturity stage (R8)

Neither the pasture factor nor the fertilisation factor showed significant effects on most of
the variables studied, as shown in Table 5.3 for the soybean at maturity stage. However, the
pod variables are sensitive to grazing (p= 0,004 and 0,022). The multiple comparison test reveal
differences between the pasture modalities under systemic fertilisation for pod number and pod
biomass (p= 0,040 and 0.032) represented in Figure 17 with A for the highest mean and B
for the lowest one. The same multiple comparison test results were noted for total biomass
and the nitrogen and potassium content of the vegetative parts. The grazing using systemic
fertilisation has a significant impact on these variables. Furthermore, this constrast test shows
significant differences between the fertilisation modalities for the grazed paddocks (p= 0,035)
represented in Figure 18 with △ for the highest mean and ▽ for the lowest one. The ICLS
have a significant higher mean of pod number, pod biomass, total biomass and N content in
vegetative parts under systemic fertilisation. Moreover, systemic fertilisation leads to higher
pod biomass in grazed paddocks. Under systemic fertilisation, plant potassium content are
significantly lower in the grazed plots. The effect of pasture on NH4 in the first 10 cm of soil
is close to significance in ANOVA.
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Table 5.3: Results of ANOVA test of biomass and nutrient levels of the various soybean
organs and soil nitrogen levels studied at maturity (R8 stage) under grazing and fertilisation
treatments.

R8 Variables P-values

Pasture Fertilisation Interaction

Plant Pod number 0.004 ** 0.036 * 0.102

Pod biomass (g) 0.022 * 0.018 * 0.037 *

Vegetative biomass (g) 0.139 0.091 0.262

Total biomass (g) 0,031* 0.127 0.241

N% pod 0.349 0.110 0.795

P% pod 0.484 0.461 0.621

K% pod 0.923 0.657 0.908

N pod (g) 0.332 0.413 0.935

P pod (g) 0.311 0.533 0.985

K pod (g) 0.368 0.690 0.997

N% leaves + stem 0.006 ** 0.364 0.108

P% leaves + stem 0.586 0.116 0.716

K% leaves + stem 0.016 * 0.012 * 0.016 *

N leaves + stem (g) 0.408 0.702 0.476

P leaves + stem (g) 0.267 0.388 0.884

K leaves + stem (g) 0.203 0.146 0.218

N plant (g) 0.251 0.422 0.881

P plant (g) 0.238 0.976 0.958

K plant (g) 0.895 0.616 0.540

Soil N Total soil (g/kg) 0.743 0.379 0.520

NO3 soil (g/kg) 0.070 0.599 0.162

NH4 soil (g/kg) 0.057. 0.303 0.143

Figure 17: Boxplots of plant biomass characteristics at maturity stage by factor combination
with the representation of the mean (△), the significant difference of multiple comparison
test between grazing modalities is represented by the letters "A" and "B" and between the
fertilisation modalities by the letters "a" and "b".
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Figure 18: Boxplots of leaves and stem nutrients (%) at maturity stage by factor combination
with the representation of the mean (△), the significant difference of multiple comparison test
between grazing modalities is represented by the letters "A" and "B".
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II Yield study
No effects of the grazing treatment or the fertilisation method on the thousand weight

grains which ranged between 167 and 172 grams has been noticed (Figure 19). Similarly, the
treatments don’t influence the total soybean yield which ranged from 5490 to 5979 kg/ha. Table
of averages and standard deviations are exposed in the appendix (Table B.4).

Figure 19: Boxplots of plant biomass characteristics at maturity stage by factor combination
with the representation of the mean (△).
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III Global evolutions
This section presents the results of studies of changes in the various parameters measured

over time and the results of statistical analyses of LAI and net photosynthetic rate of stages
measured. Tables of averages and standard deviations are exposed in appendix (Table B.5,
Table B.6).

III.1 LAI

Below are the results of the ANOVA and multiple comparison tests carried out on the
leaf area index, making it possible to observe the evolution of senescence at the end of the
soybean cycle. There is an increase in the significance of the pasture factor over time on LAI
(Table 5.4). The grazing factor has a significant effect on the LAI variability. It is very highly
significant on 22 March and 27 March with a power of 10 difference in the p-value between
the two collects. At the first stage, the average LAI for the grazed conditions, regardless of
the type of fertilisation, is lower than for the non-grazed modality but the p-value of ANOVA
is not significant. Thereafter, however, a clear superiority emerged, especially for systemic
fertilisation (Figure 20). Whatever the method used, the leaf area index decreases over time.

Table 5.4: Results of ANOVA for LAI at each stage under grazing and fertilisation treatments.

Stage P-values

Pasture Fertilisation Interaction

12-march (R5,5) 0.234 0.676 0.466

22-march (R6) 0.0004*** 0.137 0.226

27-march (R6+5D) 3.93 ∗ 10−10*** 0.06 0.226

Figure 20: Boxplots of LAI at each stage of collect by factor combination with the represen-
tation of the mean (△), the significant difference of multiple comparison test between grazing
modalities is represented by the letters "A" and "B".

32



III.2 Photosynthesis

Below are the results of the ANOVA and multiple comparison tests carried out on the
photosynthesis rate of the plants, making it possible to observe changes in the physiological
health of the plants. The results of the analysis of variance tests on the photosynthetic rate
of soybean plants show an increase in the significance of the Pasture factor over time. The
grazing factor has a significant effect on the photosynthetic rate in the last 3 collections. It
was highly significant on 23 March and very highly significant on 28 March and 3 April. The
significance of fertilisation at the R6 stage can be seen in Table 5.5. The mean photosynthetic
rates at the R6 stage differ markedly between the two fertilisation modalities for the grazed
conditions. After this stage, the means of grazed conditions are significantly higher than those
of the non-grazed modality (Figure 21). Just like the LAI variable, the photosynthetic rate
decreases over time.

Table 5.5: Results of ANOVA for photosynthetic rate (µmol/m²/s).

Stage P-values

Pasture Fertilisation Interaction

06-march (R5.4) 0.3751 0.3420 0.5591

23-march (R6) 0.004** 0.01* 0.156

28-march (R6+5D) 1.91 ∗ 10−9*** 0.104 0.761

03-april (R7) 1.19 ∗ 10−10*** 0.895 0.938

Figure 21: Boxplots of photosynthesis rate (µmol CO2/m²/s) by factor combination with the
representation of the mean (△), the significant difference of multiple comparison test between
grazing modalities is represented by the letters "A" and "B" and between fertilisation modalities
by the letters "a" and "b".
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III.3 Pod Nitrogen

Nitrogen levels in pods increase between the last two stages studied for plots with systemic
fertilisation (Figure 22). The opposite trend can be observed for paddocks under conventional
fertilisation. The grazed-systemic fertilisation results in a nitrogen content close to 1.75 grams
per plant on average at maturity, whereas under the other modalities, pod nitrogen does not
exceed 1.5 grams at this final stage.

Figure 22: Evolution in nitrogen amount means (g) in soybean plant in the four soybean
systems and the three collect stages by grazed and fertilisation modalities. 2.00 = end of grain
filling (R5.5) and 3.00 stage = maturity (R8).

III.4 Plant Nutrients

Total nitrogen per plant in the grazed-systemic system is higher at each stage, whereas in
conventional fertilisation it is more variable. Figure 23 illustrates the evolution of the total
nitrogen contained in soybean plants. We can see an increase in the last two stages for systemic
fertilisation and a decrease for conventional fertilisation. Moreover, the nitrogen quantity values
are higher for the grazed modality up to 2 grams for the grazed-systemic combination. However,
no significant effect of factors was observed.
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Figure 23: Evolution in nitrogen amount (g) in soybean plant in the four soybean systems
and the three collect stages by factor combination.

III.5 Soil

Figure 24 and 25 clearly show a higher average for NH4 and NO3 for the grazed-systemic
fertilisation combination in all the cycles studied. The opposite is clearly evident for organic
nitrogen, as shown in Figure 26.

Figure 24: Boxplot of the evolution of NH4 in the soil (g/kg) during the 4 collect days
by factor combination with the representation of the mean (△), the significant difference of
multiple comparison test between grazing modalities is represented by the letters "A" and "B".
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Figure 25: Boxplot of the evolution of NO3 in the soil (g/kg) during the 4 collect days by
factor combination with the representation of the mean (△).

Figure 26: Boxplot of the evolution of N orga in the soil (g/kg) during the 4 collect days
by factor combination with the representation of the mean (△), the significant difference of
multiple comparison test between grazing modalities is represented by the letters "A" and "B".
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IV Correlations
The significant correlations of interest from the divers GGpairs have been included in this

section. After a general study of correlations, matrices were generated for each combination
of factors in order to highlight the significant effects and compare them with the univariate
analyses (Figure 37, Figure 38, Figure 40, Figure 39, Figure 41). Pearson tests and regression
graphs were conducted to observe potential correlations between variables under the different
constraints of the experimental setup.

IV.1 Nitrogen in the plant and total nitrogen in the soil

The results of the correlation, between the nitrogen rate variable in the aerial tissues and
the total nitrogen in the soil at flowering stage (R1) are to follow. Firstly, Figure 27 indicates a
positive correlation and minimal dispersion between nitrogen rate variable in the aerial tissues
and the total nitrogen in the soil at flowering stage (R1) consideration in the grazed conditions
(Table 5.6). The Pearson test provides confirmation of a positive correlation between the two
variables in the two grazed conditions. Based on these results, there is sufficient evidence to
assert the existence of a linear relationship between the variables in these groups.

In the case of the non-grazed modalities, a considerable degree of dispersion was observed,
accompanied by a negative correlation between the two variables in the context of conventional
fertilisation. In the case of the non-grazed-systemic modality, the graph demonstrates a lack of
correlation between the variables, as evidenced by the coefficient approaching 0 of the table 27.
Nevertheless, the high p-value precludes the establishment of a correlation between variables
for the non-grazed modalities. The inclusion of confidence intervals that encompass zero serves
to reinforce the notion that no significant correlation exists.

Table 5.6: Table of Pearson correlation coefficients between nitrogen levels in the plant and
total soil nitrogen at the R1 stage by combination of factors.

R1 PASTURE FERTI estimate statistic p.value conf.low conf.high

1 Grazed Systemic 0.877 5.78 1.77 ∗ 10−4*** 0.611 0.965

2 Grazed Conventional 0.964 11.4 4.6 ∗ 10−7*** 0.873 0.990

3 Non-grazed Systemic 0.00493 0.0156 0.988 -0.571 0.577

4 Non-grazed Conventional -0.331 -1.11 0.293 -0.761 0.300
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Figure 27: Regression graph between N total of the soil and N content in the plant at R1
stage and their significant correlation (p-value<0.001= ***) for each factor combinations with
the global regression line in dotted black and the dispersion in dotted colour.

IV.2 Nitrogen in the plant

In Table 5.7, the p-value<0.05 of the Pearson test indicates a significant negative correlation
between the nitrogen quantity in the plant at flowering and the pod nitrogen quantity at
maturity for the non-grazed-conventional modality (Figure 28). The amount of phosphorus
and potassium in the plant at the R1 stage was also compared with the amount of nitrogen
in the pods at maturity, and a negative correlation was also found between these variables
(p-value near to significance) (Table B.7). The nutrients present in the tissues at the flowering
stage would therefore have an inverse tendency with the nitrogen present in the pods.

Table 5.7: Table of Pearson correlation coefficients between plant nitrogen quantity at R1 and
pod nitrogen quantity at the R8 stage by combination of factors.

PASTURE FERTI estimate statistic p.value conf.low conf.high

1 Grazed Systemic -0.458 -1.63 0.135 -0.817 0.158

2 Grazed Conventional -0.196 -0.631 0.542 -0.692 0.426

3 Non-grazed Systemic 0.300 0.993 0.344 -0.331 0.745

4 Non-grazed Conventional -0.606 -2.41 0.037* -0.875 -0.0488
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Figure 28: Regression graph between the plant nitrogen at R1 stage and pod nitrogen at R8
stage and their significant correlation (p-value<0.05 = *) for each factor combination with the
overall regression line in dotted black and the dispersion in dotted colour.

IV.3 Pod nitrogen content and pod ratio

The p-value<0.05 of the grazed-systemic modality indicates a significant positive correlation
as illustrated in the estimate column of Table 5.8 and Figure 29.

Table 5.8: Table of Pearson correlation coefficients between pod nitrogen levels and
biomass/pod at the R5.5 stage by combination of factors.

PASTURE FERTI estimate statistic p.value conf.low conf.high

1 Grazed Systemic 0.588 2.30 0.0445* 0.0206 0.869

2 Grazed Conventional 0.130 0.414 0.687 -0.480 0.655

3 Non-grazed Systemic 0.204 0.659 0.525 -0.419 0.696

4 Non-grazed Conventional 0.365 1.24 0.243 -0.264 0.776
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Figure 29: Regression graph between the pod nitrogen and biomass/pod at R5.5 stage and
their significant correlation (p-value<0.05= *) for each factor combination and with the global
regression line in dotted black and the dispersion in dotted colour.

IV.4 Photosynthesis and nitrogen quantity in the plant

Table 5.9 shows a high significance (p-value<0.01) in the positive correlation for the grazed-
systemic combination. The relation is clearly observable in Figure 30 .

Table 5.9: Table of Pearson correlation coefficients between net photosynthetic rate at R6
stage and plant nitrogen at R8 stage by combination of factors.

PASTURE FERTI estimate statistic p.value conf.low conf.high

1 Grazed Systemic 0.709 3.18 0.009** 0.229 0.912

2 Grazed Conventional -0.0524 -0.166 0.872 -0.608 0.538

3 Non-grazed Systemic 0.0657 0.208 0.839 -0.528 0.616

4 Non-grazed Conventional -0.436 -1.53 0.156 -0.808 0.184
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Figure 30: Regression graph between the photosynthetic rate at R6 stage and plant nitrogen
content at R8 stage and their significant correlation (p-value<0.01= **) for each factor combi-
nation and with the global regression line in dotted black and the dispersion in dotted colour.
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V Linear discriminant analysis
This section contains the results of a discriminant analysis carried out on 20 variables of

interest from the different cycles harvested. The Wilk’s lambda test revealed a p-value < 2.2−16

for the factor combinations. Therefore, those have a highly significant effect on the 3 LDA dis-
criminants.

Table 5.10: Variables used in linear discriminant analysis.

Variable Description Variable Description

LAI_R5.5 LAI at R5.5 stage Photo_R6_5D Net photosynthetic rate at R6 stage, 5 days later (µmol CO2/m²/s)

LAI_R6 LAI at R6 stage Photo_R7 Net photosynthetic rate at R7 stage (µmol CO2/m²/s)

LAI_R6_5D LAI at R6 stage, 5 days later (g) Biomass/pod R5.5 Biomass per pod at R8 stage (g)

N veg tissue R1 N quantity in vegetative tissue at R1 stage (g) Biomass/pod R8 Biomass per pod at R8 stage (g)

N veg tissue R5.5 N quantity in vegetative tissue at R5.5 stage (g) Productivity Yield (kg/ha)

N veg tissue R8 N quantity in vegetative tissue at R8 stage (g) Root biomass R1 Root biomass at R1 stage (g)

N pod R5.5 N quantity in pods at R5.5 stage (g) TGW Thousand grain weight (g)

N pod R8 N quantity in pods at R8 stage (g) Veg biomass R1 Biomass of vegetative tissue at R1 stage (g)

Photo_R5.4 Net photosynthetic rate at R5.4 stage (g) Veg biomass R5.5 Biomass of vegetative tissue at R5.5 stage (g)

Photo_R6 Net photosynthetic rate at R6 stage (g) Veg biomass R8 Biomass of vegetative tissue at R5.5 stage (g)

Figure 31 exposes that the LD1 discriminant provides good separation between the 2
grazed and non-grazed groups. This discriminant corresponds to the first linear combina-
tion of variables that maximises the separation between classes while minimising the variance
within classes. In this study, the classes represent combinations of factors as shown in Fig-
ure 33. Moreover, discriminant 2 separates the Systemic and Conventional groups under the
non-grazed effect. Whereas, in the grazed treatments, on the left of the graph, the ellipses
merge more closely. Figure 32 reveals a better separation between the Grazed-systemic and
Grazed-conventional groups for the discriminant 3.

Figure 31: LDA between discriminant 1 and 2 of interest variables with ellipses per factor
combinations.
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Figure 32: LDA between discriminant 1 and 3 of interest variables with ellipses per factor
combinations.

Figure 33: Histogram of the population for each combination of factors.

Although having opposite sign coefficients, biomass/pod at R5.5 and R8 stage have a strong
contribution for discriminant 1. LAI R6 and LAI R6 + 5 days and N veg R8 have a significant
negative contribution for this discriminant as well (Figure 34). The coefficients of strong con-
tributions for discriminant 2 are N veg at each stage, N pod as well as the biomass/pod at the
two stages collected. All these variables have negative coefficients except for N veg at the R1
stage. For more details, the relative contribution levels of each explanatory variable to class
separation in the LDA model is exposed in Table B.8.

43



Figure 34: Variable contribution to discriminants.
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Chapter 6

Discussion

The significant effect of grazing on soil mineral nitrogen in the topsoil during the flowering
stage indicates more efficient mineralisation in integrated crop-livestock systems (ICLS). The
0-10 cm soil layer in grazed plots generally contains higher levels of NO3 and NH4 compared
to non-grazed plots at this stage. In ICLS, sheep return most of the nutrients they consume
through their excreta, resulting in an enhanced nutrient cycling process (Alves et al., 2022).
Post-grazing, the rumen processing of cover crops contributes to a faster decomposition of plant
material than microbial decomposition in the soil. ICLS foster an environment more conducive
to soil microorganism coexistence compared to traditional cropping systems (de Moraes et al.,
2013). The efficiency of nutrient recycling through grazing cover crops can reach up to 75%
(Li et al., 2021). Consequently, nutrients become more readily available to the subsequent crop
(Cicek et al., 2014). Conversely, non-grazed plots that receive systematic fertilisation exhibit
significantly higher levels of organic nitrogen in the top 10 cm of soil at flowering stage (Figure
16). This may be due to a denser vegetation cover. Santos et al. (2019) demonstrated that
the implementation of grazing practices led to an enhancement in the quality of the above-
ground litter of cover crops, consequently resulting in a more expeditious rate of decomposition
when compared to non-grazed plots. Moreover, Italian ryegrass, benefiting from potassium and
phosphorus inputs from systemic fertilisation, would produce more biomass, which, not being
consumed by ruminants, takes longer to mineralise.

Nitrogen is evenly distributed between sheep faeces (20-55%) and urine (45-50%). Phos-
phorus is mostly excreted through faeces (>95%), while potassium is predominantly excreted
in urine (70-90%). Grazing increases the mineralisation of nitrogen and phosphorus, as well as
their availability in the soil (Shand & Coutts, 2006). Ghimire et al. (2021) found that integrat-
ing animals into the agroecosystem reduces the crop’s dependency on chemical fertilisers and
enhances nitrogen use efficiency. In the current study, the abundance of mineral nitrogen in the
first 10 cm in ICLS can be linked to the correlation between plant nitrogen content and total soil
nitrogen at flowering. However, despite the significance of grazing in the ANOVA, the multiple
comparison test only presents a significant difference for NH4 in the top 10 cm of soil. This
may be due to the limited data on soil nitrogen analysis (4 per treatment), resulting in a loss
of power in the multiple comparison test. As noted by Lee & Lee (2018), multiple comparison
tests of Tukey may lack sufficient power to detect specific differences between treatment pairs.
Moreover, the conditions of the previous study, which ran from 2003 to 2017, likely influenced
the results of the current experiment as well. Soil measurements were taken in the top 10 cm, so
potential nutrient leaching over the years could not be identified. Focusing solely on the top 10
cm also limits the interpretation of soil health. Nitrogen distribution is not uniform within the
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soil, and its physico-chemical properties vary with depth. Significant amounts of nitrogen can
be found in deeper horizons (10-30 cm and beyond), especially in well-drained soils where water
infiltration and nutrient leaching are common, particularly for nitrate. Ignoring these horizons
may underestimate the total nitrogen availability to the plant (Riley et al., 2001). Even if the
majority of the root biomass is located between 15 and 30 cm deep, soybean roots can often
reach depths of 1 meter or more (Greg Endres, NDSU Extension cropping systems specialist
& Hans Kandel, NDSU Extension agronomist, 2021). Roots extract nutrients and water from
deeper layers, so limiting the study to the surface layer does not fully reflect the reality of root
nutrient uptake. Soils are heterogeneous, and physicochemical properties vary with depth. A
study confined to the top 10 cm may not capture this variability, leading to an incomplete un-
derstanding of nitrogen availability and dynamics in the soil profile. Despite these limitations,
ammonium levels in the studied horizon of systematically fertilised plots were higher in ICLS
compared to non-grazed plots (Figure 13), indicating more plant-assimilable mineral nitrogen
at this stage. However, soybean plants only assimilate about 20% of total nitrogen until the
initial flowering stage (R1) (Ohyama et al., 2017). It is, therefore, crucial not to draw premature
conclusions regarding the cycle of the plant. It is possible that ICLS plants under systematic
fertilisation may exhibit poorer nitrogen assimilation and fixation later in their cycle. How-
ever, the results in Table 5.3 show a significant impact of grazing, with systematically fertilized
grazed plots having significantly more nitrogen in their vegetative tissues at maturity. The
increased nitrogen content in plants under these conditions allows us to hypothesize efficient
nitrogen assimilation throughout the cycle (Figure 23) and good translocation to pods (Figure
22).

The systemic fertilisation approach, where phosphorus (P) and potassium (K) are applied
along with nitrogen (N), can enhance root development and nutrient uptake efficiency, thereby
improving the soybean plant’s ability to effectively assimilate soil nitrogen during critical growth
periods. Moreover, this practice can enhance biological nitrogen fixation by creating a nutrient-
rich environment for nitrogen-fixing bacteria in root nodules (Chaudhary et al., 2008). It is
important to note that nitrogen in pods was analyzed in this study, not nitrogen in grains.
Therefore, it does not fully reflect the nitrogen exported by soybean and its contribution to
crop yield.

Given that P and K exports through meat are minimal (Alves et al., 2019), nutrient availabil-
ity in soils receiving systematic fertilisation is expected to be sufficient for soybean production
after grazing. Consequently, this system-focused strategy, based on periods of high and low nu-
trient exports, can also improve P and K use efficiency (Alves et al., 2022). However, this study
shows lower potassium concentrations in vegetative tissues of systematically fertilised plants at
maturity (Figure 18). Two hypotheses emerge. The first one concerns the interaction between
potassium and the soil. As previously explained, potassium is primarily returned through sheep
urine. In urine, potassium exists in ionic form (K+) and is highly soluble in water. According
to Alves et al. (2019), potassium accumulates in an adsorbed and non-exchangeable form on the
2:1 clay interlayer, with some potentially migrating to lower soil layers, rendering it unavailable
to soybean plants because it is beyond the reach of their roots. The 2:1 clay layer consists
of an octahedral sheet sandwiched between two tetrahedral sheets and is the most common
clay mineral family encountered in sediments. The second hypothesis concerns the dynamics of
potassium in plant tissues. Low potassium content in soybean tissues in ICLS under system-
atic fertilisation could be due to potassium translocation to the pods. During plant growth,
particularly in reproductive stages, potassium is translocated from older to younger tissues and
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from vegetative parts to developing pods and seeds. In the case of potassium deficiency in
the upper soil horizons, initial potassium levels may reach insufficient levels, and redistribution
may deplete vegetative tissues of K as the plant prioritizes reproductive tissues. In addition,
despite the significant effect of grazing on the amount of phosphorus in the plant, no difference
in means was found between treatments. As explained above, this could be due to lack of
power in the post-hoc tests. Nevertheless, the fertilisation history of the experimental field led
to P saturation at the different sites. This reduced the immobilisation capacity of the soil and
converted the phosphorus provided by the different treatments into less available forms (Alves
et al., 2019). This phenomenon could have limited the effects of different treatments on this
variable.

However, no significant treatment differences were observed for nitrogen and potassium
quantities in grams at maturity, despite significant percentage differences. This result could
be due to a dilution effect of nutrient concentration in the tissues. The nutrient percentage
measured is a relative value, indicating the amount per unit mass of tissue, independent of the
total biomass. Having a lower potassium concentration but higher total biomass leads to a
greater absolute quantity in the plant. This could explain why grazing is no longer significant
for nitrogen and potassium quantities in soybean plants (Table 5.3).

Figure 17 shows that plants in these conditions have more pods and higher pod biomass.
According to Singh et al. (2022), the number of pods produced is contingent upon the number
of flowers and the rate of pod formation. Consequently, environmental conditions during the
flowering and pod formation periods are inextricably linked to the number of pods produced.
The present study revealed that the top 10 cm of soil at the flowering stage exhibited elevated
levels of mineral nitrogen in ICLS with systemic fertilisation. The favourable conditions re-
sulted in an increase in the number of pods at the maturity stage. A correlation was found
between nitrogen in pods and pod biomass at the late filling stage in ICLS plots with systematic
fertilisation. Indeed, plants at maturity under this condition have pods that are on average 19%
larger than those under other conditions. Despite the lack of statistical significance for pod
nitrogen content at maturity, the nitrogen dynamics in the plant analysed above suggest that
soybean plants in ICLS with systematic fertilisation tend to produce more pods with higher
nitrogen levels.

Other physiological parameters showed differences, such as the LAI and photosynthesis rate
from the full grain stage (R6). The difference between ICLS and non-grazed plots increases
throughout the soybean cycle. Indeed, the LAI of plants in this system declines less steeply
than that of non-grazed plots (Figure 20). However, the LAI 2000 Plant Canopy Analyzer is
among the devices measuring gap fraction. The gap fraction approach does not distinguish
photosynthetically active leaf tissue from other plant elements, such as stems, branches, or
flowers. The conventional inversion models used by this instrument cannot measure the area
contributed by green leaves only and compensate for the non-random positioning of canopy
elements. In discontinuous and heterogeneous canopies, like in the present study, the potential
of this tool is limited by a general tendency to underestimate LAI. It is therefore important to
qualify the results obtained with this instrument (Jonckheere et al., 2004). It is also impor-
tant to note that higher LAI does not necessarily lead to higher yields. In their study, He &
Matthews (2023) found that a soybean canopy with a lower LAI resulted in higher yields. This
is thought to be due to a change in light use in the vertical canopy profile where a less dense
canopy reduces shading of the upper layers, increasing the light incident on the lower leaves.
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Nevertheless, in the current study, higher photosynthesis rates from stage R6 onwards for
ICLS receiving systemic fertilisation are observed (Figure 21). Kaschuk et al. (2010) found
that soybean plants with higher rates of photosynthesis delayed senescence. This is strongly
linked to nodulation activity and highlights two processes. The first is the fixation of N2 by the
nodules, which delays the remobilisation of nitrogen from vegetative parts to the seeds. The
second process involves the stimulation of leaf activity by carbon sinks, leading to increased
photosynthetic activity. These processes can be correlated with the current study’s results,
which show significantly higher nitrogen levels in the vegetative parts of plants receiving sys-
tematic fertilisation in the ICLS plots at maturity stage. This hypothesis is supported by the
relationship observed between the rate of photosynthesis at the R6 stage and plant nitrogen at
the R8 stage in the grazed-systemic fertilisation combination (Figure 30). Under these condi-
tions, the significant increase in net photosynthesis rate results to the accumulation of nitrogen
in their leaves. The delay in leaf senescence therefore increases grain filling (Kaschuk et al.,
2010). In the current study, no difference between the treatments was observed in grain yield.
The biomass of pods and their number had to be observed to see an advantage of grazing in
the systemically fertilised plots.

According to Gonçalves e Silva et al. (2024), soil organic matter content and total car-
bon content greatly increased under integrated crop-livestock systems because of the higher
addition of carbon through the decomposition of soil cover promoted by these cultivation sys-
tems. In addition, soil organic matter and total organic carbon content show a significant
positive correlation with the photosynthetic rate and aboveground biomass production of soy-
bean (Gonçalves e Silva et al., 2024). The best soil conditions in integrated crop-livestock
systems would therefore improve the physiology and biomass accumulation of soybean. Even
if in the current study, no soil carbon analysis was carried out, it can be observed that grazing
has a positive effect on plant biomass and that, for ICLS with systemic fertilisation, the total
biomass at maturity is significantly higher (Figure 17). The nutritional advantages of systemic
fertilisation mentioned earlier would accentuate the added value of grazing on plant biomass
accumulation. In his study, Makino (2011) noted that the absorption capacity of rice plants
limits yield potential. This means that improving sink capacity is no longer effective and that
improving photosynthesis and biomass production is the only remaining goal for any further
increase in the yield potential. However, this phenomenon cannot yet be linked to soybean
cultivation.

During this work, results from linear discriminant analysis led to the conclusion that pro-
ductivity does not influence the separation of different treatment groups. As a reminder, the
yield variable does not distinguish between non-grazed and grazed plots or plots receiving sys-
tematic or conventional fertilisation. Furthermore, univariate analyses on this variable suggest
no significant difference between the different treatments, although a slightly higher average
(almost 500 kg/ha) was observed between ICLS with systematic fertilisation and non-grazed
plots with conventional fertilisation. As Alves et al. (2022) confirms, there is no reduction in
soybean productivity in plots where animals have been introduced. This is an important result
because soybean is a summer crop that requires high soil fertility. This indicates that the fer-
tiliser applied during the grazing phase was retained in the soil and readily taken up by soybean
plants (Farias et al., 2020). There are several possible explanations for the lack of difference
in productivity between treatments, despite the variations observed previously. Firstly, it is
important to point out that prior to the yield methodology, the biochemical and structural
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composition parameters of all the pods were measured and not just the seeds. Indeed, the
pod hull was also part of the sample for ease of handling when monitoring the soybean cycle
probably played a role in the significant effects of the treatments observed. The differences
observed above are therefore not necessarily linked to the yield results, and may also be due
to an incorrect estimate of the number of plants per hectare. As a reminder, the yield calcula-
tion methodology entailed the collection of six random samples per plot. For each sample, the
plants along a 2-metre row were collected and counted. Subsequently, the number of plants was
extrapolated in order to estimate the number of plants per hectare. However, this extrapola-
tion does not necessarily reflect the actual density of the plants, which could have masked the
differences in yield between the treatments. Finally, it is also possible that stress factors may
have contributed to an alteration in the potential quality of the yield. A lack or excess of wa-
ter or extreme temperatures can disrupt certain metabolisms and damage cell structures. For
example, Staniak et al. (2023) have demonstrated that abiotic stresses release reactive oxygen
species (ROS), which are by-products of altered aerobic metabolism. At high concentrations,
these compounds can damage cells and affect plant yields.

Contribution
This master’s thesis was born out of a personal desire to work on an agroecological project

abroad. This desire to learn how agronomic research works in another part of the world had
been with the student for a long time. Following numerous meetings with his two promoters,
Jérôme Bindelle and Paulo César de Faccio Carvalho, he had the chance to choose to work on
integrated crop-livestock systems in Rio Grande do Sul in southern Brazil. He spent 3 months
at the experimental station of the agronomic faculty of the Federal University of Rio Grande
do Sul, and his experimentation was part of the research group on grazing ecology : Grupo de
Pesquisa em Ecologia do Pastejo (GPEP). Throughout the entirety of the student’s stay, he
engaged with the objective of integrating into the group, acquiring new knowledge, and learning
the national language, Portuguese. In exchange, he was able to receive help from students with
his master thesis.

This work required a great deal of adaptation to the terrain. Indeed, one of the first
constraints was the language barrier. Although some of the university staff spoke English,
most of the people the student worked with did not. Therefore, he had to learn the rudiments
of Portuguese to facilitate his work and his integration. The meteorological conditions and
access to equipment meant that he had to improvise when taking data on certain parameters
such as LAI and photosynthetic rate. The choice of this master’s thesis represented a risk
because of the indeterminacy of harvest dates due to the instability of the evolution of the
soybean cycle. In addition, personal decisions to limit the number of samples were taken to
favour rapid and inexpensive laboratory analysis.
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Chapter 7

Conclusion and perspectives

The principal objective of this study is to examine the nutrient dynamics and biomass pro-
duction of soybean in no-till integrated crop-livestock systems under systemic fertilisation in
the southern region of Brazil. The integration of ICLS and systemic fertilisation would led to an
enhancement in soil nutrient availability. This resulted in the plant assimilating these elements
with greater efficiency during its reproductive growth cycle, leading to an increase in biomass
production compared to non-grazed systems. The favourable nutritional conditions in the soil
led to an increase in the photosynthetic parameters of ICLS soybean plants, which exhibited
a slower decline at the end of the cycle. However, no difference in yield between treatments
was observed. This may be explained by the limitations of the methodology, differences in
sampling or the possible influence of abiotic factors. ICLS combined with systemic fertilisation
is therefore a potential way to increase food production and improve the sustainability and pro-
ductivity of agro-ecosystems. In view of the findings of the present study, there are a number
of avenues for further research.

In this study, the analyses focused on the top 10 cm of soil. A relevant perspective would
be to deepen these analyses by examining the deeper soil horizons (10-20 cm and beyond).
This would make it possible to identify any leaching of nutrients and obtain a more complete
picture of the distribution of nitrogen and other nutrients. As mentioned in the study, soil
organic carbon was not analysed. Analysing the impact of grazing practices on the quality
of soybean beans (protein content, oil content, etc.), in order to understand whether these
practices influence not only the quantity but also the quality of production, would be beneficial
for the farming community. As this study took place during part of the soybean cycle, it would
also be interesting to analyse the biomass and nutrients present in Italian ryegrass (Lolium
multiflorum Lam.) crop in order to gain a better understanding of soil-plant interactions in
ICLS as a function of the type of fertilisation. In order to gain a broader view of the potential
benefits of ICLS and systemic fertilisation, the development of predictive models could be
explored. Modelling nutrient dynamics in ICLS systems could be used to predict the long-
term results of grazing and fertilisation practices. This could include simulations for different
climatic conditions and land use scenarios. Finally, analysing the efficiency of integrated crop-
livestock systems under different fertilisation techniques in other soil and climatic conditions
would enable us to broaden the study and attempt to propose alternatives that are better suited
to specific regions. More in-depth studies would give farmers a better idea of what ICLS are and
how, with careful management and inputs, they can be a means of sustainable intensification
and provide a partial response to land-use issues.
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Appendix A

Laboratory protocols

I Laboratory protocols for extracting macronutrients from
plant residues
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II Laboratory protocols for extracting N total and mineral
of the soil
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Appendix B

Additional graphics

Table B.1: Averages and standard deviations of biomass and nutrient levels of the various
soybean organs and soil nitrogen levels studied at the beginning of flowering (R1 stage) under
grazing and fertilisation treatments. Results of contrast test is exposed with "A" and "B" for
pasture modalities and "△" and "▽" for fertilisation modalities.

R1 Variable Grazed Non-grazed P-values

Systemic Conventional Systemic Conventional Pasture Fertilisation Interaction

Plant Nodule number 102 ±31.3 96.8 ±40.9 105 ±39.0 96.8 ±25.5 0.859 0.661 0.901

Nodule biomass (g) 0.451 ±0.186 0.429 ±0.178 0.418 ±0.176 0.429 ±0.173 0.519 0.666 0.647

Root biomass (g) 4.01 ±0.965 4.06 ±1.46 3.71 ±0.921 3.57 ±0.866 0.231 0.207 0.435

Vegetative biomass (g) 33,7 ±12.9 29.3 ±8.71 29.4 ±8.22 30.3 ±12.0 0.344 0.338 0.435

N% leaves + stem 2.23 ±0.502 2.10 ±0.490 2.20 ±0.515 2.49 ±0.420 0.935 0.726 0.404

P% leaves + stem 0.326 ±0.021 0.311 ±0.023 0.325 ±0.037 0.330 ±0.032 0.933 0.274 0.312

K% leaves + stem 1.83 ±0.343 2.19 ±0.514 2.11 ±0.298 2.19 ±0.212 0.112 0.041* 0.258

N leaves + stem (g) 0.715 ±0.188 0.614 ±0.211 0.617 ±0.123 0.77 ±0.24 0.406 0.391 0.127

P leaves + stem (g) 0.11 ±0.041 0.09 ±0.020 0.10 ±0.034 0.104 ±0.039 0.561 0.382 0.396

K leaves + stem (g) 0.631 ±0.300 0.638 ±0.220 0.616 ±0.185 0.711 ±0.331 0.933 0.969 0.725

Soil N Total soil (g/kg) 1.37 ±0.053 1.40 ±0.225 1.20 ±0.168 1.5 ±0.374 0.366 0.866 0.194

NO3 soil (g/kg) 0.754 ±0.255 0.759 ±0.133 0.449 ±0.165 0.725 ±0.187 0.040* 0.974 0.197

NH4 soil (g/kg) 0.0564A ± 0.018 0.0568 ±0.007 0.0354B ± 0.012 0.0524 ±0.012 0.035* 0.966 0.239
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Table B.2: Averages and standard deviations of biomass and nutrient levels of the various
soybean organs and soil nitrogen levels studied at the end of grain filling (R5.5 stage) under
grazing and fertilisation treatments. Results of contrast test is exposed with "A" and "B" for
pasture modalities and "△" and "▽" for fertilisation modalities.

R5.5 Variable Grazed Non-grazed P-values

Systemic Conventional Systemic Conventional Pasture Fertilisation Interaction

Plant Pod number 86.5A ± 14.6 86.0 ±21.3 76.2B▽ ± 21.3 86.4△ ± 23.9 0.019 * 0.610 0.046 *

Pod biomass (g) 28.1A ± 4.53 27.3 ±6.62 23.8B ± 7.06 26.9 ±6.25 0.026 * 0.696 0.269

Vegetative biomass (g) 43.6 ±7.39 44.9 ±9.42 38.5 ±10.8 43.4 ±10.2 0.057 0.638 0.344

N% pod 3.95 ±0.222 3.87 ±0.271 3.82 ±0.255 3.77 ±0.273 0.220 0.457 0.832

P% pod 0.362 ±0.093 0.363 ±0.091 0.311 ±0.146 0.332 ±0.140 0.299 0.973 0.773

K% pod 1.85 ±0.191 1.99 ±0.303 1.96 ±0.304 1.98 ±0.185 0.286 0.196 0.421

N pod (g) 1.14 ±0.160 1.10 ±0.269 0.962 ±0.231 1.05 ±0.355 0.195 0.793 0.520

P pod (g) 0.104 ±0.030 0.104 ±0.040 0.081 ±0.046 0.093 ±0.050 0.177 0.984 0.619

K pod (g) 0.533 ±0.090 0.555 ±0.117 0.488 ±0.105 0.549 ±0.176 0.447 0.696 0.647

N% leaves + stem 1.54 ±0.209 1.49 ±0.223 1.63 ±0.317 1.50 ±0.388 0.487 0.629 0.673

P% leaves + stem 0.322 ±0.062 0.312 ±0.065 0.300 ±0.059 0.300 ±0.063 0.399 0.689 0.777

K% leaves + stem 1.19 ±0.375 1.39 ±0.293 1.36 ±0.287 1.53 ±0.331 0.278 0.209 0.920

N leaves + stem (g) 0.706 ±0.140 0.697 ±0.226 0.628 ±0.112 0.687 ±0.262 0.431 0.932 0.628

P leaves + stem (g) 0.147 ±0.033 0.143 ±0.042 0.117 ±0.028 0.138 ±0.051 0.107 0.840 0.346

K leaves + stem (g) 0.546 ±0.202 0.646 ±0.227 0.533 ±0.131 0.718 ±0.331 0.906 0.375 0.588

N plant (g) 1.84 ±0.238 1.80 ±0.463 1.59 ±0.291 1.74 ±0.559 0.235 0.836 0.527

P plant (g) 0.251 ±0.036 0.247 ±0.074 0.198 ±0.055 0.231 ±0.084 0.044 * 0.876 0.324

K plant (g) 1.08 ±0.263 1.20 ±0.320 1.02 ±0.221 1.27 ±0.490 0.722 0.450 0.588

Soil N Total soil (g/kg) 1.32 ±0.056 1.48 ±0.169 1.52 ±0.121 1.35 ±0.124 0.033 * 0.101 0.016 *

NO3 soil (g/kg) 0.790 ±0.117 0.638 ±0.198 0.572 ±0.214 0.685 ±0.199 0.133 0.295 0.197

NH4 soil (g/kg) 0.059 ±0.006 0.044 ±0.013 0.045 ±0.020 0.050 ±0.007 0.179 0.136 0.164
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Table B.3: Averages and standard deviations of biomass and nutrient levels of the various
soybean organs and soil nitrogen levels studied at maturity (R8 stage) under grazing and
fertilisation treatments. Results of contrast test is exposed with "A" and "B" for pasture
modalities and "△" and "▽" for fertilisation modalities.

R8 Variable Grazed Non-grazed P-values

Systemic Conventional Systemic Conventional Pasture Fertilisation Interaction

Plant Pod number 83.6A ± 18.6 71.2 ±24.8 66.7B ± 19.9 68.0 ±18.0 0.004 ** 0.036 * 0.102

Pod biomass (g) 35.1A△ ± 6.32 29.5▽ ± 7.50 29.8B ± 7.61 31.1 ±7.83 0.022 * 0.018 * 0.037 *

Vegetative biomass (g) 32.9 ±5.59 31.4 ±5.60 29.9 ±8.28 33.3 ±7.81 0.139 0.091 0.262

Total biomass (g) 71.5A ± 15.4 66.6 ±19.2 60.1B ± 15.6 64.4 ±14.5 0,031* 0.127 0.241

N% pod 4.59 ±0.345 4.37 ±0.196 4.46 ±0.345 4.30 ±0.282 0.349 0.110 0.795

P% pod 0.493 ±0.038 0.478 ±0.036 0.478 ±0.050 0.478 ±0.040 0.484 0.461 0.621

K% pod 1.88 ±0.221 1.92 ±0.126 1.87 ±0.118 1.90 ±0.226 0.923 0.657 0.908

N pod (g) 1.56 ±0.275 1.41 ±0.568 1.38 ±0.384 1.21 ±0.336 0.332 0.413 0.935

P pod (g) 0.167 ±0.025 0.155 ±0.065 0.147 ±0.040 0.134 ±0.037 0.311 0.533 0.985

K pod (g) 0.642 ±0.137 0.610 ±0.218 0.571 ±0.114 0.539 ±0.173 0.368 0.690 0.997

N% leaves + stem 0.976A ± 0.136 0.924 ±0.108 0.820B ± 0.185 0.897 ±0.112 0.006 ** 0.364 0.108

P% leaves + stem 0.219 ±0.039 0.262 ±0.056 0.204 ±0.097 0.233 ±0.065 0.586 0.116 0.716

K% leaf + stem 0.672B ± 0.339 1.03 ±0.352 1.02A ± 0.389 0.887 ±0.317 0.016 * 0.012 * 0.016 *

N leaves + stem (g) 0.488 ±0.156 0.429 ±0.156 0.370 ±0.120 0.371 ±0.098 0.408 0.702 0.476

P leaves + stem (g) 0.074 ±0.033 0.086 ±0.034 0.060 ±0.028 0.074 ±0.026 0.267 0.388 0.884

K leaves + stem (g) 0.225 ±0.156 0.328 ±0.148 0.315 ±0.155 0.294 ±0.154 0.203 0.146 0.218

N plant (g) 2.05 ±0.398 1.84 ±0.714 1.75 ±0.486 1.58 ±0.422 0.251 0.422 0.881

P plant (g) 0.242 ±0.046 0.241 ±0.088 0.207 ±0.059 0.208 ±0.055 0.238 0.976 0.958

K plant (g) 0.867 ±0.237 0.938 ±0.308 0.886 ±0.249 0.834 ±0.298 0.895 0.616 0.540

Soil N Total soil (g/kg) 1.28 ±0.108 1.37 ±0.213 1.32 ±0.061 1.31 ±0.117 0.743 0.379 0.520

NO3 soil (g/kg) 0.731 ±0.181 0.673 ±0.172 0.467 ±0.171 0.661 ±0.206 0.070 0.599 0.162

NH4 soil (g/kg) 0.052 ±0.011 0.043 ±0.012 0.035 ±0.011 0.044 ±0.012 0.057. 0.303 0.143

Table B.4: Average and standard deviation of weight of thousand grains and total soybean
yield according to the grazing and fertilisation treatment.

Yield Variable Grazed Non-grazed P-values

Systemic Conventional Systemic Conventional Pasture Fertilisation Interaction

Thousand grain weight (g) 167 ±8.60 169 ±8.80 172 ±10.1 172 ±7.83 0.083. 0.579 0.576

Productivity (kg/ha) 5979 ±691 5841 ±753 5833 ±711 5490 ±1017 0.650 0.668 0.651
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Table B.5: Averages and standard deviations of LAI by combination of factors at each stage.

Stage Grazed Non-grazed P-values

Systemic Conventional Systemic Conventional Pasture Fertilisation Interaction

12-march (R5,5) 4.50 ±0.508 4.60 ±0.587 4.79 ±0.462 4.64 ±0.488 0.234 0.676 0.466

22-march (R6) 4.07A ± 0.296 3.92 ±0.312 3.71B ± 0.342 3.73 ±0.306 0.0004*** 0.137 0.226

27-march (R6+5D) 3.42A ± 0.250 3.25A ± 0.278 2.76B ± 0.348 2.75B ± 0.364 3.93 ∗ 10−10*** 0.06 0.226

Table B.6: Averages and standard deviations of photosynthetic rate (µmol CO2/m²/s) by
combination of factors at each stage.

Stage Grazed Non-grazed P-values

Systemic Conventional Systemic Conventional Pasture Fertilisation Interaction

06-march (R5,4) 26.0 ±1.95 25.2 ±1.50 25.2 ±2.07 25.1 ±3.63 0.3751 0.3420 0.5591

23-march (R6) 24.0A△ ± 1.94 20.9▽ ± 3.68 20.5B ± 2.78 19.8 ±3.35 0.004** 0.01* 0.156

28-march (R6+5D) 20.1A ± 2.15 18.8A ± 2.64 15.2B ± 2.27 14.2B ± 2.14 1.91 ∗ 10−9*** 0.104 0.761

03-april (R7) 15.6A ± 2.05 15.5A ± 2.60 11.3B ± 1.39 11.1B ± 1.14 1.19 ∗ 10−10*** 0.895 0.938

Figure 35: Boxplots of leaf + stem nutrients (%) per plant at R1 stage by factor combination
with the representation of the average (△).
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Figure 36: Boxplots of N total in the soil (g/kg) at R1 stage by factor combination with the
representation of the average △.
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Figure 37: GGpairs general.
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Figure 38: GGpairs of the Grazed-systemic combination.
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Figure 39: GGpairs of the Grazed-conventional combination.
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Figure 40: GGpairs of the Non grazed-systemic combination.
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Figure 41: GGpairs of the Non grazed-conventional combination
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Table B.7: Table of Pearson correlation coefficients between P and K levels in the plant at
R1 stage and pod nitrogen quantity at the R8 stage.

Variable PASTURE FERTI estimate statistic p.value parameter conf.low conf.high method

P plant (g) R1 Non-Grazed Conventional -0.553 -2.10 0.0622. 10 -0.855 0.0306 Pearson’s

K plant (g) R1 Non-Grazed Conventional -0.574 -2.22 0.0508. 10 -0.864 -0.000710 Pearson’s

Table B.8: Table of the relative contribution of each explanatory variable to class separation
in the LDA model.

Variable LD1 LD2 LD3

Root biomass R1 -0.154 0.079 -0.160

Veg biomass R1 -0.057 0.130 0.250

Veg biomass R5 -0.179 0.330 -0.112

Biomass/pod R5.5 -0.107 -0.382 0.008

Veg biomass R8 -0.140 0.123 0.045

Biomass/pod R8 -0.047 0.106 -0.205

N veg tissue R1 0.032 0.373 0.360

N veg tissue R5.5 -0.124 0.157 -0.015

N veg tissue R8 -0.264 0.169 0.095

N pod R5.5 -0.237 0.169 -0.002

N pod R8 -0.277 -0.213 0.114

N total R5.5 -0.211 0.183 -0.008

N total R8 -0.301 -0.146 0.121

TGW 0.252 -0.021 -0.032

Productivity 0.039 -0.301 0.037

LAI_R5.5 0.119 -0.246 -0.203

LAI_R6 -0.419 0.184 0.177

LAI_R6_5D -0.705 -0.108 0.027

Photo_R5.4 -0.118 -0.165 0.366

Photo_R6 -0.461 0.061 0.314

Photo_R6_5D -0.734 -0.216 -0.166

Photo_R7 -0.725 -0.022 -0.355
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